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EXECUTIVE SUMMARY

This report contains results of additional verification studies on
Holtec computer code DYNARACK performed to demonstrate DYNARACK's
capability to simulate certain unusual and arcane characteristics
exhibited by some nonlinear systems. This report is a sequel to
the original DYNARACK Q.A. validation report, and it was undertaken
to establish DYNARACK's ability to simulate the so-called "jump"
and subharmonic response phenomena associated with certain
nonlinear systems. Towards this end, sample dynamic problems were
selected from the literature and were analyzed on DYNARACK. These
problems demonstrate DYNARACK's ability to capture both standard
and special characterizations of nonlinear systems.



1.0 INTRODUCTION

This report provides verification that the Holtec dynamic
simulation code DYNARACK is able to predict certain classical
nonlinear phenomena that have been foum:l to exist in certain
dynamic systems. In particular, we address here the simulation of
Coulomb friction by piecewise linear springs, the development of
subharmonic resonance, the establishment of limit cycles, and the
prediction of nonlinear "jumps" in the solution depending on the
direction of loading.

Four problems are addressed in this report which show that the
computer code is capable of predicting the classical phenomena.

Holtec Proprietary Reports: User's Manual (HI-89343, Revision
0); Theory, (HI-87162, Revision 1 and HI-90439, Revision 0),
and Verification (HI-87161, Revision 2.)
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2.0 NONLINEAR DYNAMIC ANALYSIS PROBLEMS

2.1 Subharmonic Resonance

Consider the generic single degree-of~freedom system shown in
Figure 2.1. A mass m is subjected to a driving excitation F(t) or
a base excitation y(t). The mass is attached to the surrounding
environment by a friction interface, by a gap element F(t) with
spring rate K,, and by an elastic spring-damper system that can
exhibit at most nonlinear cubic behavior (in Figure 2.1, §; is the
extension of the elastic spring). Figure 2.2 shows the behavior
of the different elements qualitatively. All of these "spring"
elements are coded in DYNARACK; the user need only input the
information regarding the degrees-of-freedom that cause the spring
extension, and the information concerning spring rate magnitude;

etc.

In the initial problem, we assume F(t) = 0, and the coefficient of
friction g = 0 (note that |Pipy] = wFipy where Fipy is an input
value or the load from an adjacent compression only stop element
that represents the contact). We also assume in this problem that
X, 1s large so that the gap element never acts. The nonlinear
spring is assumed as (K; = 0)

F, = =[K 6 + K, 6]
and the input excitation is ¥(t) = 10g sin (27ft).
We assume m = .1036 lb.sec.?/in., ¢, = 0., K, = 90 lb./in., K, = 10

1b./in.2, f = 9.4 HZ, and g = 386.4 in./sec. For a low amplitude
linear excitation, the linear natural frequency is







5
) = 4.69 HZ

K,

£, = (

21 m

If we integrate ¥(t), and require that there be no rigid body base
motion, then

. 10g
y(0) = = -65.4228 in./sec. y(0) =0
2nf

To ensure that the spring is initially unstretched, we assume the
same initial conditions on the mass m.

Figure 2.3 shows the accelération of the mass versus time. The
subharmonic resonance is clearly visible in that there is a strong
response at 4.7 HZ (half the frequency of the imposed driving
excitation). Appendix A contains numerical results for the same
problem done in Reference 6.6.

2.2 Sliding Friction and Dead Bands

Consider Figure 2.1 for the case %, - ©, Fg = 0, C;, = 0,

F(t) = B sinrt. That is, we consider a mass resting on a frictional
surface which generates a frictional resisting force *R and is
driven by an external sinusoidal force. Tou and Schutheiss’ have
given solutions for this situation. The interesting features of
the motion are that if R/8 < .536, the motion is roughly
sinusoidal, but has discontinuities in acceleration. If R/B >
.536, then the motion is sporadic, there being so-called dead bands

"Static and Sliding Friction in Feedback Systems, J. Tou and
P.M. Schultheiss, Jour. Appl. Physics, Vol. 24, 9, September
1953, pp 1210-1217.
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within which no motion occurs. When R/B8 > 1, no motion is possible
except for an initial transient. Appendix B contains a copy of the
reference. Here, we use DYNARACK to model the phenomena. The
governing equation is

d? X
m-———= 8 sinwt £t R
at?

We simulate the event for m = 8 = 1, and R/B ='A= .3, .7, and
1.01. The friction spring constant (Figure 2.2) is set at K =1
x 107 1b./in. to simulate an "infinite" siope. Figures 2.4 - 2.6
show the results for the three values of A. It is clearly evident
that DYNARACK is capable of reproducing the expected phenomena.
In Figure 2.6, the small non-zero velocity components subsequent
to the initial transient are due to the presence of the finite K.

2.3 Jump Phenomena i

Consider the differential equation

mME+bx+cx+d =Esinv t
— %. — %
We let %, = (d/c)” x; £ = (¢/m)" t

Then the differential equation becomes

a? X ax,
+ &

5 + % + % =E sin v, t
dt, dat,

where x;, t,, E;, vy, 6§ are dimensionless and

§ = b/c (c/m)* E, = E/c (d/c)® v = v(m/c)®







An approximate first order asymptotic ,solution 1is obtained
analytically by Bogliubov and Mitropolsky. '

For an assumed oscillatory solution
X, =acos (vt +0) a-=a(t); 6 = 8(t)
the approximate solution for the v-a resonance curve is

3

w‘.'2 = (1 + — a%)?
8
E?
%
v = i) [ —— - &%)
a
For the parameters § = .2, E = 1, the resonance curve can be

constructed using using the above approximate analytical solution.
A typical result is shown in Appendix C, and tabular results,
sufficient to plot the resonance curve, are also given in that

appendix.

Note that the solution to. the linear non-dimensional equation
(neglect the x,° term) predicts the peak amplitude |¥;|g, = 5.0 at
a frequency of .99 rad/sec. It has been shown that a system with
a hardening spring has a resonance curve whose central spine is
tilted to the right as shown in Figure -1 in Appendix C. The
resonance curve is obtained for a given amplitude of excitation.
In practice, the resonance curve shows areas of insﬁability. If
the excitation frequency rises, the response follows the resonance
curve to a certain point, and then drops abruptly to a smaller
amplitude. Similarly, if the excitation frequency is decreased
through the resonance region, the response will pass along the

Asymptotic Methods in the Theory of Non Linear Oscillations",
by N.N. Bogolinbov and Y.A. Mitropolsky (Translation by
Hindustan Publishing Corp., 1961), pp 244-245.

-







lower curve, to the inflection point, and then abruptly increase
to the higher branch. It is found in actual shaker tests that the
onset of the instability is sensitive to the sweep rate of the
shaker. We attempt here to demonstrate the ability of DYNARACK to
predict a jump phenomena. We simulate the resonance curve by doing
a time history analysis with E; =1, §= .2, and vy slowly increased
from a value less than 1.0 rad/sec. The sweep rate is set low

enough to be able to ascertain the maximum response amplitude.
Figures 2.7 and 2.8 show the result of the DYNARACK simulation.
Figure 2.8 also contains the two branches of the resonance curve
plotted from Table C-1 in Appendix C. Both figures show that the
simulation code is able to model the jump instability; however, the
results show that the onset of instability is very sensitive to the
time step size. Figure 2.7 represents a run for 5000 seconds with
step size .004 sec. while Figure 2.8 shows the curve obtained with
a step size of .0001 sec. We see that the amplitude at the onset
of instability is relatively insensitive to the step size but the
frequency at which the instability occurs is sensitive to the step
size. It is apparent that to exactly follow the resonance curve
(itself an approximate solution), an extremely fine step size is
called for. We did not attempt any modeling of the resonance with
a decreasing forcing frequency.

2.4 LIMIT CYCLES
We consider the problem studied in Shaw and Holmes. to investigate

the ability of DYNARACK to predict the existence of stable limit
cycles. In the Shaw and Holmes paper, the model

S.W. Shaw and P.J. Holmes, "A Periodically Forced Piecewise
Linear Oscillator", Journ. of Sound and Vibration, Vol. 90,
1983, pp 129-155,
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described in Figure 2.1 is investigated under the assumptions that
friction is absent, the spring Fg is linear, and the excitation is

by a harmonic force. The non-dimensionalized equation can be

written as

% + 2a¢ X + H(x) = B cos w t

: X X < X,
where H(x) = ’

2

wix + (1 -whHx, X

v
OK

and -W- 2 = (Kl + K4)/K1

Figure 2.9, reproduced from Shaw and Holmes shows different cases
of the above equation. The case x, = 0 is considered so the
problem is essentially that of a piecewise linear spring having a
different spring constant in tension and in compression.

The results from DYNARACK, for the same problems of Figure 2.9, are
shown in Figures 2.10 - 2.14. The computer simulation started from
a specified initial condition and covered a sufficient number of
cycles so that a limit cycle could be established. Figures 2.10
and 2.11 show the match with two problems shown in Figure 2.9. The
simulation predicts the one or two stable limit cycles. Figures
2.12 - 2.14 show results of the similar analysis for the third case
considered. Figures 2.12 and 2.13 show the effect of different
starting conditions. It is clear that only the stable period one
orbit is being tracked by the numerical solution. Figure 2.14 is
a plot of only the last few hundred time steps and confirms the
tendency toward the stable period one orbit. The period three
orbit appears unstable which seems to contradict the conclusion in
Shaw and Holmes. However, if one reads the text in Figure 2.9,
Shaw and Holmes appear to conclude that an unstable period three
also exists at the same paraméter values. We can only conclude
that it is extremely fortuitous if the numerical solution can
simulate a stable’orbit when an unstable orbit with the same period
exists concurrently.
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FIGURE 2.2 SPRING CHARACTERISTICS
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Jump Phenomena (increasing frequency with time)
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FIG. 2.9 (REPRODUCED TEXT)

S. W. SHAW AND P. J. HOLMES
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Figure 8, (a) Stable period on¢ orbit atw = 2-40, & #0:125,x=0, 8 i 1, and &5 = 4, lrom digital simulatios;
(b) stable period two orbit 3t w =2:42, a »0-125, f = 1, 100, and & =4, from digital simulation. Both h
projected phase plane (x, y).

By using digital simulations, other subharmonic orbits are also found to exist. Figures
9(a) and (b) show the coexistence of si }e impact stable period one and stable period
three orbits for xo=0, a« =0-026, & =V2 and w =3-5. We conjecture that the pesiod
three orbit appeared in a saddle-node bifurcation [21] and that an unstable period three
orbit also exists at these parameter values. Analysis of this bifurcation is much more
difficult since no reasonable assumption regarding the times of flight can be made and
higher iterates of the mapping (multiple impacts) appear to be involved.

Tl
Rl

I 2 1 [l [l (1
-0-4 [ 04 08 CR)
x I 4

oe

Figure 9. Coexistence of stable period three and stable petiod one at & = ﬁ. a=(026, 8=, xou0acd
w =35, (3) Period 3; (b) period 1. Both in projected phase plane (x, y).

4.3. THE IMPACT LIMIT, ANALYSIS

In the impact limit an important simplification occurs, since the time of flight during
the impact is taken to be zero. This allows more analysis to be done on periodic orbits.
We also rescale: x - 8x, and take unit forcing amplitude.

The return map for the impact oscillator is very similar to the one for the general
system. From points 0 to 1 in Figure 4 one uses the impact limil, i.c.,

=19, and Yi==ryo. (49)

From points 1 to 2 one uses the same mapping as described in the general case. Thus
the mapping P still cannot be written down explicitly. As before, however, one can
compute DP analytically. Moreover, in this limiting case one can compute periodic points
corresponding to single impact, period a1 orbits directly. Such orbits correspond to those
motions which strike the wall (the very stiff spring k,) and then remain in x <x, for

PIECEWISE LINEAR OSCILLATIONS

exactly 2nn/w in time and then strike the wall again with the same velocity as the
prcleUS impact. The conditions for the existence of such an orbit are .

(50, 51)
These two conditions allow one to compute the period n point (7, 7). First one writes
equation (7), using equatlons (5), (50) and (51), to obtain

- 0= =xol+ Ay + 318 -+ Ajw) +cy(y[ -~ Abw), (52)

where we have dropped the minus subscripts on vy, §, and 2 and where 'a = 1 = Ectad,
AnEs/f), E=e” male s wmsin (2mn()/w), and c=cos (27nfd/w). Next onc writes
equation (51) using equation (50) and the time derivative of equation (5) to obtain

b=~to=2mnfw, yi=yo=—y/r, with yg>0.

0=y~ ~r+rl)+ Arxotsyr(yole = A8) = cir(Swl, + A7) (53).

Since y; appears in a linear manner in both equations (52) and (53), it may be eliminated
10 obtain a single equation involving only r; as an unknown (in the terms ¢, = cos (wt;)
and sy =sin (wty)):

0="(xo/A)ra* = -1 +s\[rywl" . = Adr + (@] A)OT -+ Ayw))
+ei[~rbwl v~ Ayr + (@] ANy -— Abw)), (54)

where ¢ = 1+r—rl,. Straightforward association of terms allows this equation to be
wiitten as

-

0=X+s3,Y+c,2Z, (5%)
which has a solution

£1= (1/0)[arctan (Y/Z) +arccos (—X/ W), (56)

shere W =YY +Z2. This expression gives the time (i.c., forcing phase) at impact on
the period n orbit. The velocity just after impact ¥, is then easily computed by using
either equation (52) or equation (53).

It is important to note that a solution obtained as described above only satisfies
() =xo and () =—ri(ts). If the value of yy=2x(f;) is positive, then the solution
corresponds to a non-physical, or “penetrating” orbit (13]. The orbits for y; negative
must also be checked since nowhere has one been assured that the desired xo crossing
is the first on the orbit. In fact, the above conditions can be satisfied after several xo
ctossings, for some parameter values. Care must be taken to determine which of these
orbits are physically possible.

Knowing the periodic point, one can now compute its stability. As before, onc breaks
the calculation of DP into two parts, from point 0 to 1 and from point 1 to point 2. Here

a(t1, YI)] [ ] - [a(fz. h)][ ]
[3(10. ¥o) 0 ~rt and DP Ay, y)JLO =S’
where {3(¢;, y2)/3(ts, y1)] was derived above in the analysis of the finite stiffness case.

From this calculation one finds that DP has determinant
D =(~ry,/y;) €349, (59)

(57,58)

ud trace
T =™/ Dy J(Ny +1N3) sin (2(t2 = 1)) + 2{y1 = ry2) cos (B2~ 1)), (60)
Evaluating on a period n orbit gives

D=rE* and 7-'=(E/ﬂio)[(l+r)(é;+xo)s—2r';-oﬂc], (61, 62)
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Limit Cycle Behavior (x0=v0=0.)
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Limit Cycle Behavior of a Bi—Linear Spring. x0=.2, vO=0
Fig. 9a shaw and holmes..cycles of order 1 and '3
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APPENDIX A

SEC. 2.14 From Textbook
"Component Element Method", McGraw Hill (1976)
by S. Levy and J. Wilkinson

(Subharmonic Resonance)
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in the third, and 60 Hz to 120 Hz in the fourth. Let the g-level be 031g at t=0,
1257 at t= 10, 50g at ¢ =20, 50g at ¢ =30, and 00g al 1 =40. This description
corresponds to constant displacement amplitude excitation below 30 Hz, and a roll-off to

0g between 60 Hz and 120 Hz,
246 In some cases at resonance, the forces are severe enough (o cause a bolt to lift off its seat.

In such a case, the effective spring stilfess drops markedly at lift-ofl. Rerun the example
problem with ¢ = 015 Ib sec/in. and add k, = —800 1b/in,, y, = 0222 in,, corresponding
to lift-off at 50y (900 x 0-222/4 = 50g). The total stiffness after lift-6ff is 900 — 800 = 100
1b/in. How docs (he peak amplitude compare with the value in Fig. 2.382

247 Repeat problem 2.46 for decreasing frequency, (Hint: Let frequency be 100, 60, 30, 5 and
glevel be 1, 5, 5, 1 for times 00, 1-0, 2:5, and 30, respectively.) Note the dillerence in
response for increasing and decreasing frequency for this nonlineaf system,

248 Repeat problems 246 and 247 with ¢=020. Does the increased damping cause a
marked decrease in amplitude for this nonlinear problem? )

2.14 SUBHARMONIC RESONANCE

Subharmonic resonance can occur in mechanical systems if the spring force is non-
linear. As an example, we will consider a system for which

spring force = 90(y — x) + 10(y — x)?

We take the mass as 0-1036 1b sec?/in., so that the low amplitude natural frequency
is 47 Hz. The system is cxcited by a support movement at 9-4 Hz. | R

The response is shown in Fig. 2.39. The response is quite nonlinear with bofh
¢ =00 and ¢ =03; however, it is evident that the 47 Hz component is much
larger than the 94 Hz component. An interesting feature of the response curves is
their tendencv (o treat the +54 level as a barrier. In the spring force sketch, we
note that the maximum compressive force developed bv tne nonlinear spring is
2025 Ib at 4'5 in. comnression, Here m represents a weight of 407Tb. so the spring
can at most apply 202:5/40°= 5064 of upward acceleration The dampe. night
modify this value slightly. ¥or e spring clongation, however, the restoring force
hecomes quite high and results in downward accelerations as high as 15¢.

v
»

Problems
249 Repeat the example problem with the support g-level increased from 10y to 15¢.
2.50 Rcpeat the example problem with the exciling frequency at three times the low amplitude

natural frequency.
2.51 Repeat problems 2.49 and 2.50 with k; = 5 Ib/in. instcad of 10 Ibfin.

2.15 SUMMARY

This chapter has concerned itsell with the single mass system. In general, restoring
forces of the system were nonlinear, consisting of nonlinearly hardening or softening
* springs, friction, or stops. Numerous examples of such systems were studied by
means of a computer program given in FORTRAN in scction 2.4 of this chapter. The
numerical examples were designed to illustrate each feature of the computer program:
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‘ ] 1 v ! '\ \ : ' "
: H l= : r : ' 1 ll
il ' I A A
if R
P N R 1 i il
------ support motion 3"
5 — e damped mass, ¢ = 0-3'1b sec/in. .7
undamped niass I "
m = 0°1036 Ib sec¥in. _f‘y lOOQ Ib
spring
force = force -
- -2 ~5i »
90(y = x) + 10 {y = x) Sin. Siaspring
x * clongatign
~10001b.
a’/g = 10sin 229*41)
FIGURE 2.39

Response of nonlinear system with spring force = 90 (displacement) + 10 (displacement®™ it
excitation at 94 Hz. Low amplitude natural frequency wo = 47 Hz Responsc shows «:b-
harmonic resonance effect

namely, each element (springs of various types, stops, friction), and cach typz o
excitation (forces on the mass, acceleration of the support, and time-varying ex¢’ a-
tions of one kind or another). In addition, we made comparisons between i
numerical results of the computer program and some of the known solutions exist: 1y
in the literature for nonlinear systems.

We have reached a point where we can inquire into the behavior of a syswem
having more than onc mass, each mass interacting with others by means of spriisys,
dampers, friction, and stops. Such multi-mass systems will be discussed in the + *xt
chapter, where computer programs suitable for their study will also be given.
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Static and Sliding Friction in Feedback Systems

> J. ‘Tou® axp . M. Scuvrnmiziss .
Department of Electrical Engincering, Yole Unicersily, New Haven, Connecticul
{Reccivad January 16, 1953) -

Oneoi the most common nonlinearities encountered in servomechanisms design is tre friction phenomenon
in electrornechanical systems, Conventional linear theory fails to predict its effect upon svstem petformance.
This paper extends familiar techniques to the treatment of friction nonlinearity in servosystems. Frequency-
response methods are emploved throughout and the thearetical zeeults are verified by means of an analog
computer. Sliding [ciction and static friction ure represented hy describing functions which form the critical
factors in determining system stahility. The analysis indicates that certain series cqualizees designed from
linear theory may fail to achicve eiffective compensation in the presence of sliding and statie friction, Cn the
other hand, a subsidiary loop may avoid the stability problem while still realizing an essentislly equivalent

loog gain function

N re mene . ——

L INTRODUCTIUN

HILE basic analysis and svnthesis procedures for
linear feedback sy<tems have hecome weli os-
tablished during the last decile, there is no correspond-
ingly broad approach o noniinear preblems. Except in
very simple cases, no general solutions are possible, and
the designer must rely either on machine computation
or on various linear or quasi-lincar approximations. A
variety of such approximations has been developed to

oniy e fundamental component of the outpgir:
Since the ampliwde and pnase of the fundrmenal
component. varies with the amplitude of ihe applied
sinugoid, the approximate characteristics of the rou.
lincar daevice are represented by an “amplicude -is-
scribing function” Huo{x)= f(x)e’® (sce Fig. 1), i ~

J(z) is the ratio of the fundamental output te the ing:
amplivnde and 3(x) is the phase shift of the eui)m

- .y

fundamental ,eiative to the input signal. Note ‘i
Ilwx) s frequency invariant, it depends oniy on e .
inpit amplitude. .
Cnee Zalc) is known, it stabdity analvsis can praceea
essentizily as in the linear ense, Consider the simpie Laep
shown in Fig, 2. Svstem stability is goveened by i "
roots of the equation

fit numerous types of systems and successiul desitn
procedures have been discovered for a great many prae-
tica: problems. It is the purpose of this puper to extend
one of these technigues so as to make it applicable to
the analysis of feedback systems involving sliding and
static friction. Particular attention will be paid to cer-
tain icop gain functions which appear to he quite satis-
factory on the basis of lincar analysis but are {ound- t¢

o

EL IR,
-

" s 7o \ 0 ¢ ST I E T Y i .
be unstable in practice as a result of {riction pherentana, )
Methods of predicting, and hence presumaiiy prevent.’ — - M
ing, such behavior will be cutlined. - Hackasar onssmentat oo )
— Ores O vt s £l

II. REVIEW OF BASIC PROCEDURE - l-

The technique to be employed was first evised by fFus. 1. Deseribing function of a nonlinear device, :
Koclum!mrgcrl for the analysis of contractar servo- or e
mechanisms and subsequently adapted for use with sy = — 17 Ha(x). () i

other nonlinear devices.*? The basic procedure has been
desrribed extensively. i the literaturc*~* and will

Stvely. v U aturct™ 4 . In the linear case Ha(x) = { and the stability probiem o
therefore be outlined oniy briaily. It is unique in that it .

reduces to the conventional nue, solved easily by meass 5.

can therefore be obtained in many cases by <onsidering

permits use of the irequency domain in an approach to  of a Nyquis. plot. ihe only modifira‘isn seomizzd for 5

pmbl?ms involving certain types of nonlinear elesents, ~ the nontinear case under the assumptions stated is a2 gk

If a sinusoidal voltage is applied to a noniinear device, change in tke critical point which now becomes fgj

the output is generally not sinusoidal. However, under —t /IIs(x) instead of —1. Thus the critical point &%

“ERH rather general conditions the fundamental component " changes with the signal® amplitude, and it becomes 3::
3l - of the output will Le greater than any harmonic, a  pecessary to plot an amplitude locus —1/Ho(x) in addi- ° '55{{‘
o difference which will be {urther emphasizeul by effective  tion to the frequency ' ‘cus H(s), If the amplitude locus e
- B low-pass filters such as servomotcrs, Adequate accuracy  lies completely outside the frequency locus, the system 2

is stable under all conditions of operations.? Figure 3 ¥

" e

2l

P
: - ' . . soctiine loch. Hote o abia for -
‘ * Now with Fhilco Corporation, Philadelphia, Penosylvania, shows '!“cr‘ cting loci. Here the sys.cm 3 unsiabiz fo ".35,‘;_,
B 'R, J. Rochenburger, Elec. Fng. 69, 687 (301, See also  small disturhances, but stable for large disturbances so N
Trans. Am. Inst. Elec, Engrs. 69, 270 (1950, . R

1 E, C, Johason, dissertation, Massachusetts [astizuts of Tech.  Feequently the inverse Inci, 8/0{e) and = 4(x), are plonsi, A

nolegy, 1951; Trans. Am. [nst. Elec, Engrs. 7111, 169 (1052). The chaice ik governed simply bee computational coaventen. « in L

3 E. S. Sherrard, Trans. Am. Inst. Elec. Engrs. 7110, 312 (1932),  pacticulur instances, o

1210 -;;f :

B

B

= =






" that oscillations will tend to stabilize near the intersec-
tion point P which thus specifies the steady-state condi-
tions, at least to a first approximation.'

In summary, analysis of the stability problem will
~ require the following steps.

(a) Determination of the wave form at the output

- of the nonlinear device resulting from a sinusoidal input.

(b) Calculation of the describing function f7a(x) from
the wave shape obtained in (a).

{c) Plot and interpretation of the amplitude and
frequency loci for the system under consideration. For
the cases of particular interest here this step requires
rearrangetnent of the ccaventional block diazeam in
order to secure eﬁ'ective scpasation of aii trauster func-
tions into two ¢l : The cla.s of all linear bhut {re-
quency sensitive components and that of all nonlinear
but frequency i insensitive clements.

The following definitions will be used throughout this
paper. Static friction is the torque required to initiate
~rotation. Sliding friction is the velocity- mdc[x:ndcnt
component of the torque necessary to maintain such
motion once started. Viscous friction is that comj-nent
of the torque which is linearly proportional to the angu-
lar velocity of the rotating member.

Hold) H{s)
nout Nantmneor Lwvery nuteut
Elment Element

F1G. 2. Feedback loop with nonlinear element.

., UL SLIDING FRICTION [N SERVCSYSTEMS

A. Wave Form Resuiting from a Sinusoial’ Input
Torque to a System with Sliding Friction

If only sliding friction is considered the entire friction
phenomenon can be represented by the characteristi
curve of Fig. 4.

Consider a rotating member with moment of inertia
- J and angular acceleration 4. Because of sliding iriction
... .the effective accelerating or deceleratiag torque r, is’
~.related to the ap;lied torque 7. through the equatinn

Te= Tai‘Tf' (3)
whcre T, is defined by Fig: 4. From -\ewton s law nf
. motlon,
£l . Ta= T'+J4 for angular velacity 0>() (4)
: re= =T o+Jb for §<0. g a)

~From Egs. (3), (4), and (5), the angular acceleratxon
.of the rotating member is given by

. §()=r.(0/J. (6)
Hence §(¢) has the same wave form as 7,(¢).
" If the applied torque r, is sinusoidal,
. re(t)= Iy sinwl, S )]

o STATIC AND SLIDING FRICTION
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e 3. Amplitude and frequency b,

The corresponding steadv-state wave forms are sketched
in Figs, 5 ~ia 5. The effective torque wave derived from
«q. {$) is shown in dotted ifines. The discontinuitics of
the r, wave correspond to zeras of the & wave because
the frictional torque 7. changes sign at those instants.
On the 9 curve, poine £ is the point of inilection, corras
sbonding to maximum acceleration, Since the steady
stote i of primary i mrost, the reference time is choten
afi2r the vseillation has reached its steady-state value,
4( passes through zem az -

".—.l)' !’ Z'J. .o,

wli=nx—q,

D ad

Ta={. Wl wl=a,

Freetion Targue

Te

-Te

-

Fi16, 4. Sliding friction characteristic, .
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P. M. SCHULTHEISS

F1G. 5. Steady-state wave forms without dead zones,

It follows that

Only the angle g corresponding to the first discontinuity
point remains unknown. Once it has been evaluated in °
terms of A, the wuve form is completely determined.
There are two possibilities: If a<3, there is no dead
ne in the r, wave (Fig. 5). If «>g3, therc are dead
es as indicated in Fig. 6. These two cases swill be
sidered separately.®

Mathematical Representation of the
Steady-Slate Wace Foeins

Case (1).-;No dead zone. a<p.
Refer to Fig. 5. In the absence of viscous friction, th.
foilowing steady-state conditions exist.

Shaded area No. 1=shaded area No. 2
; =shaded area No. 3
. =shaded area No. 4, ctc.*
But between a and §,
re=Tasinuw4T.
= T.(sinwl-f:sma)= Tasinuwd+N);
and between & and ¢,
T,= Tg Sinwl—Tp .
= T (sinwl—sina) = T, (sinwl—2X).

-3
area No. 1= f T o (sinust-+sina)d (wt)

= T (—cos8+3 sinc.-+;:osa:i-a sinc).'

a dead zone or region of zero effective torque and
6 occurs whenever the applied torque
3 smaller in magnitude than T, at the instant when the ve-
.ty reaches zero

roportional to the integrr! of torque in the absence

and

area No. 2= f T (sinwi—sina)s (wh)
K|

=T (cosu— (xr—a) sina +cogf+g sina]. (13}

If Eqgs. (12) and (13) are set equal and simplified, the
result is
‘ cosg=x sina/2
or
B=cos~'(x\/2). (14}

For the extrem: case, B=a, e (1:4) beeemes

sie Y =, (7Y
or
AN{xAi2it= 1,

A solution ibre A yields
A=N\.=10).330, {13,

A is the critical value of the quantity T./T,. There is
no dead zone for A<\, and there are dead zones for
A>N\.. '

Cuse (N =Wt dead zones. a>d.

In like manner, one obtains from Fig. 6:

shaded area Nu, 1=shaded area No. 2
=shader area No. 3
=shaded area No. 4, etc.

But, between o and 5,

r.= Talsinwl~=\1, {14

between b and ¢,
) r,=f(); R I
and between ¢ and #,

. rom Ta(sinwl = \3, ’ {13)
Hence,

4 .
area No. 1= f T o(sinwt-A)d(wt)

«

= Ta(—cos8-+pr+cosatad), {19)

area No. 2= j Te(sinwl—2A)ed (wi)

. =T[cosa— (a-—&))f-f:cosa-i-ak]. (20)
Equating (19) and (20) and simpiifying N
* M—cogf= (1—=A)— (x—sin=\)\. 2D
For the extreme case as=g=sar-i\,
A sinI\—(1=23)1= (1 =AM = (x—sin~"\)A.

or .

o A=A, =0.530 as before, (i35)

13 4
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¢ B. Calculation of the Describing Function T
ce r.(t) is a periodic function of time, it can be

T
2 /‘\
in terms of a Fourier ‘series: 2$ 2 Te
ll D,
[}

b bt - = rasm
r.(t)-_2°'+2 (G Sinstad4-bq cosned).  (22) /y [| S
wel rd

&
A
L d

l

3
It has been pointed out that, to a first approximation, ¥
* r7,() can be reprasented by the fundamental component
" . of its Fuuder scsies. From symmetry consideratious, /\
" bem0. This implies oscillation about the rest position £ & B
~ - which is a condition of primary interest in stability . }/' C . "\ v /‘ . ) -
{

« analyses.” Then _
Y

‘

ro(8) =4y sinwd+ 5, coswd, (23
where ) Fre. 6. Stewly-state wis . torms with dead zones,
2
(== f 7.{8) sin(wh)d(wt) (Y effective torque s
x v
and : TR
’ 1 pir! A)=T 1—-4(1——)]
b|=—f * r.(8) coslwt)d(wt). (25) m-lf) a[ e
X vy

)<.<inI'c.:t-¥-mn e

N[/ =\
J (315
L=\

Evaluation of the Fourier Coefficients

Case (1)—No dead zane, A<X. or a<3. In accordrace .ath the definition of Sec. II, the de-

2 8 . scribing function for the sliding-friction element is
. 01: TebinatR) snfalet HalN)= [N 25\ '
' RNEY ALQ/f=A
W 2 pm LN SNEEY (P o Wb A ¥
“ e f  Ta(sinwt—A) sinfwt)d(w) ,‘[' 4( t i)"’] ganThom—mo e 2
LU "xdy’ - : A\
.. = Ta(1=2N).  (26) Cuse (2).- =1/ ith dead zones, A> M. era> g,
Similarly . . . .
by= 2T AL(2/x)* =N, (27) p e
. .:.----j T . (sinwt=\) sinfwtidw!)
... Equation (23) may also be writterr in the form *Va
' —Cr sin (el ) | pires ‘
e+ - 7o(t)=Cysin(ul+3), e f © Ty {sinwtN) sin wdd{wt)
- where . e 4 } X 7 eta
C1= (ad+-63) = T.[l;"*(l":)”] (29) = (T"s/z)[x— (11— L) = sina(cusacos3)
and . - B —cosglsinateingg) (33
b [ (2/x)2= N\ Sunilarly - ,
. = tan"L'3= tan-‘ [( /xl N El . (3‘» th bx‘-" :Tg/ﬂ'}(:;ina'i Si(‘.ﬁ)’. : (34}
=2\ ‘ . . :
> ) @ . . . o . Hence in complete aralogy with case (1) the friction-
. Hence, with an applied torque r,({)=T%,sinwt, the dcscribing function is given by the expression
;:-» . < . - ; . . . - . “ . !IO(A) ;/(x)rzs(;\)h r . . ‘ ' _. e --- (35)
.. where . ° g Lo e T o ) - | :
i .t fQ)=—{[x— (a—B)—sina(cosa+casB) — cosB(sina+sing) J+[ (sina+sing)* '}
. . L 2 ‘ ; . ) . ‘
: . ' ' ) - (sinasinB)?
. §(A)=tan™! - " P
21N x— (a—p)—sina(cosa--cosd) — cosg (sina-t-sinf)

"1 Extensions to nonzero means are possible but éomplicate the analysis appreciably. See ceference 1.

»

> Ser £o% RS S AL 2
N b 5 18T fup




[

et

,.'f-r(.z’ .

PR N T N PLL P

Ao

p et ]
isc »
]

Ty

J'—'\"""-:s:";""’("' L9 -
AN

EEN IR S b

RN
R
AT

*acteristic curve of Fig, 8. [t

DIER LR

J. TOU AND P,

Fie. 7. The U locns,

C. Clowus

The C locus will be detined as a polar plot of the
quantity (—1/Hs). For any given system T, is con-
stant and Hq is a function of T. (because To=T./\).
For a fixed value of T,, Hg is 2 complex quantity which
may be represented by a vector in the complex plane.
‘The curve of (—1/,), the C locus, forms the “critical
locus” for system stahility considerations, with the
“critical point” (—1,0) as a special case for linear
systems. ‘The C locus is plotted in Fig. 7

IV. SLIDING AND STATIC FRICTION IN
SERVO SYSTEMS

A. Wave Form Resuiting from a Sinusoidal Input
Torque to a System with Sliding and
Static Friction

If both sliding and statie friction are considered, tiwe
friction phenomenon can he represented by the cher-
will be satisiactuey o
most Purpases to assume instintaneous transition {rom
the static to the sliding friction value although this
procedure does imply a degree of idealization.

Wave forms of 7.(f) corresponding to an applicd
torque r4(#)=T,sinwé are easily sketchad by a pro-
cedure identical with that used in Sec. TII (Figs. 9
and 10). As before, there ate two mades of ascillatisn,
with and without dead zones. The latter is incistinguish.
able from the corresponding case discussed in Sec. (71
because the system is continually in metion, Thus only
ihe former rrquires detailad diswussion,

Mathemaltical Representation of the
Steady-State Ware Forms

Case (1).—No dead zone, A<A,, or u,\ <8,
From Sec. III, Egs. (10) and (11), one imwmerlintely

»

.*"-obtains the equations for =,(¢),

7o) =Ty (sirat+N)  for
r.(8)=Ta(sinwt—=N) for B<wl<r—ay, (37)
where A=T/7". ay=sin~'\ and 3=cos='(x\/2).

—q<al<yg (36)

M: SCHULTHEIISS

Cuse (2).—With decad zancs,
AD>A.
On Fig, 10,

or ai=sin"'T/ °>0.

shaded area No. 1

y~=at
= f T4 (sinwt — sine Wi (wl)

nt
= T'[cosay— (x~ay) sitagcosaztas sinag J, LaRe
shatded area No, 2

I‘““
.- ’ 1 Jlsineg! — <ingrg et

‘"2 .
= 1" eosd ~ (x4g) sinay— cosayd- (x =) sinay ). S0

tei81v,n Mog,e

¥, 8. Stiding and atativ friction charactesistic,

Vlith pure inertia load and under steady-state condi.
tion the shaded areas are equal. Equating (38) and {478
and simplifying, .
A—cosfB={1~(\T/T.;p}

, —{=z=sin"\QAT/TNT. (48

Pqua ivn (10) :icﬁ(ncs 3 in terms of knov'r parzmetars,

Tt i clear-liat the system will noz move at all i

)\> T.-/T,, for th"n T.> Ta

B.. Calculauon of the Desmbmg Function

Approxxm:uc expreasxons for effectwc quue are ob-
tained by rcason;ng simudr to that in Sec. I1T.

'3

r.(l)==a; sinwl+-by coswt, (23

where «, and 0y are given by Lqs. (24) and (22,

rcspetuvcly
ase (1).—=No dead zone. AL\, ar<8.
Smce the equations for 7,(1) are identical with thox







-,

- - “

STATIC waw weveldG Fall iy N FEEDRAVOK SYSTEMS 1215

A € A,

4
*

Fic. 9. Steady-state wave forms without dead zones. Fie. 11, Static {friction loci, S locus.

in case (1) of Sec. !, the describing functinn [{4(\) Cose (2 —Wiath dead zones, A>) | as> 4.

= f(\) £&()) is given by Eqg. {32}, and J(\) 'md 8(X) o aris
have the following limiti.ig values: ,,'___.'.j 27 o{5un = Nibin(whiatwt)
T Y

0= T./T. 410 =(Ta/'x) v~ (_a,—.\i)-i—c'nm,(sina:T 2 5inu..,1

[2.46+ (T./T )1} ~ensd(2 sipoysing) ] 143

. in like manner
-1 (4/7) (T:/Te) bl = \T r)[smd(2 blﬂal""llﬂﬁ)

3(\c)=tan . +sinas(2.sinay—sinas)}. (44}

(x/2P+(T/ T =2 (=/ 2+ (T./ TP
c ( ] Hence the describing function for the static friction

(#2)  element iz

Ho(\)=f(N) £8(N),

where

1
JN)=={{x— (a2—B)—cosas(2 sinay—sinaz) — cosB(2 sinay+sind) J*

x
L an2{2 singytsing) 4 sinas{2 singy—sinaa) T 145
and
. sin2(2 minaysingh-+sina:(2 siay = sinwg)
d(A)=tan™! - - - -, {30)
. x— {ay—3)~ cosxz(2 sinuy —sinas) —cos@(2 siney+sing)
C. Static Friction-Loci and S Locus Y. PLOT AND INTERPRETATION OF THE AMPLITUDE

AND FREQUENTY LCCL EXAMPLES

The static friction loci are polar plots of the quantity L v .
Once the friction-describing function has been cakown-

" (=1/H,) for various ratios nf static friction to siiding k SCTibl ) :
. friction. The S locus is the locus of the tzrmini of the lated, the desired stability information can be obtained
static friction loci. The static friction loci and the § ¢2Sil by the method outlined in Sec. LI The procedure
locus are plotted in Fig. 11. ] _ will be explained with the aid of a specific example
. . whicih has h.en'so chiosen that 3 commen tyraof corree
tiz network will produce instability whereas another
.type of equalizer, apparently equivalent on a linear

. l)asxs, will lead to a stable performance.
*  Consider the positioning loop shown in Fig. 12. In
_the absence of {riction the loop gain functmn 4 (:)' has

wt the form .

cale N W (x5

-

Afs) =, 47
() TS (s). ¢

A block dingram for tnis {oop is shown in Flg 13, The

Fra. 10. Steady-state wave forms with dead zones. *L1(5 isdefined as the pegative of the lovp gain,
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J. Tou

s friét:iqg describing function relates applied torque to

aa cffective torque, neither of which appears as an explicit
h\guantity in Fig. 13. This diagram therefore does not lend
tself readily to the analysis of friction. However, it is
easy to construct the equivalent block diagram of
Fig. 14 by rearranging the basic equations describing
motor performance. Torque now appears explicitly,
and it is a simple matter to write the loop gain equation
in terms of the friction-describing function and the
systeru parameters defined in Fig. 12. The equation

aonx 59
e i
1 rotoat O
te i g [Tag 3 3—lInaa UL Y

F1c. 12, Simple positioning system, T =JR/X,Xr=motor time
constant; H,(s) =equalizer transfer functivn; /X r=motor torque
per unit armature current; X, = motor counter emf per unit speed;
J=motor and load inertia; Kj=gain of amplifier and seisyn
w K1Xo; Re=armature loop resistance.

JS R . Az ’ J.

!‘*lotc that viscous damping due to counter emf is
" represented by the additional feedback path rather than
»"  the conventional velocity-dependent load on the output

member, This step is necessary hacause the frictisn-
» . describing function was derived for the case of a pusc
. inertia load. The procedure i3 abviously based on the
assumption that a sinusoid applied to the nonlinear

L]
Ny 2] « 19
Y

Fin. 13. Conventional hleck diagram.

so that only sinusoids of the same frequency need be
considered. This’ assumption becomes proaressively
-poorer as damping, and hence the interior loop gain,
increases. However, it will he seen that the method still
eads to acceptable first appioximations in cases of

nsiderable practical interest.

Consider the system of Fig. 12 with the following arhi-
<rary numerical parameters, all given in a consistent

AND PJOM,

device yields an output signal of which ocly the funda-
mental is significant in transmission around each loop, *

pY

SCHULTHEILSS .

set of units,

Kr=ak,=20.1, R=1, J=0.001, K;=30),
Ky=30, T=0.1l (4%
Equation (47) now becomes
A(s)=————H (5). (S0
s(1+0.1s)

In the absence of an equalizer f1.(s) the loop would be
closz to instability. Let /7,(s) be 2 two stage lag network
or integral equalizer

Il.(:)='(

H—O.S:)’

. 1+3s

Witnoat friction the aystom vonl exhipi 1 rhase me- . in
of 26* and it fuirly we " '~iamngped tro. s recpons.., The
Nyquist diagram of Fig. 15 confirms that deductics,
Note, however, that the sliding friction {C) locus intcr-
sects the Nyquist piot at two points. The system is
evidently stable for exceedingly small isturbancay; it
becomes unstable as soon as a significant input sigral
is applied and then sustains oscillations at an amplituds

;me-‘ d—:'.‘—.‘

Ve 0% (7% ' G2 prm BUX. D
El =t e LT

fr ]
=

¥ra. 14, Fguivalent hiock dlagram.

and frequency determined by the intersection point
closer to the arigin. Aa cxperimsatal chack hy anglay
computer resulted in oscillation at 1.6 rad/sec as cum-
pared to a theoretical value of about 2 rad/sec.

If 2 mino. loop is used in place of the series equalizer
(F-g. 16), the result is quite dilferent. By a process ¢n-
tirely equivalent to that used in cearranying the Livoh
diagram of Fig. 13 the loop gain function may be written
in the equivalent form '

L K [Rexa(s) K
A (:)am,(x)—-[——-—-;-- . (52}
. N ‘rs ) P‘
Using the équalizcr transfer functiont®
(55)2(1-+0.15
) (53)

« o Hy(s)=
- 10(14-0.55)*(1+40.003s)

¥ A more elaborate equalizer ~ould probably be used in practice.
This primitive form was chosen becanss it illustrates clearly the
difficulties encountered because of friction effects.

9 IT4(s) has been chosen 3o as tn yield a system with tranafer
fram input 2o output =1 close as practical to ihe ceries ey alizet
structure. Without the last denominatos temm (required foc
cealizability) the two would be alinest identical in the absence
of friction, As it {3, the step functinn e2sponses ave virtually in
distinguishable,







STATIC AND SLIDIN

“and the same numerical values as in the previous case
. one obtains the Nyqumt diagram shown along with
« the series equalizer case in Fig.'15. The plot dces not
- intersect the C locus so that the system remains stable
in the precence of friction. Measured results from an
" analog computer bear out this conclusion,
=+ The equalizer used in the above example introduced
. attenuation with ‘the third power of frequency over a
10:1 frcquency range, so that the resultant frictionless
system is condxtxcnally stable. It may therefore not
apne=r surprising that oscillations should develop when
a nozlinear element is introditced into the loop. Similar
results can, however, be obtained with a single stage
lag network and a resultant loop of absolute stability.
Consider the series equalizer

H(2)=(1+0.25s)/ {4 1003). (34;

The gain factor X; is chosen as 100, all other parameters
remain unchanged from the previous example. Figure 17

. C Locus
&"—‘-§ ~
”‘ﬂ’ . \.
-~ ]
2.0
vodluc
bt 1
\\ \:_',/
» \___.-/
. ’ G Locuy

s ewee= H(s) miih geries equalier
. e Hish with poroftel equoiter

l-‘m 15. Rough sketch of amplitude and frcqucncy loci. Intersec-
. 1= tion at P is actually at a far greater distance from the origin.

shows the’ Nqust plot as wcll as the curve for a corne-
sponding minor loop structure. The latter is ‘clearly
. stable. The Nyqulst. plot . for the series equalizer case
. -shows no intersection with the C locus and measure-
" ments in the presence of sliding fricticn alone indicate
e stability. However, the Nyquist diagram does crozs the
w8 locus twice, indicating that cscillations ruay occur
‘ = when static-as.well as sliding friction is considered.

* Since the'S locus traces the termini of the describing

“it is evident that stability depends critically on that

- *»ratios only for values between those correspondmg to
" the two intersection points.can oscillations exist, It is
also evident that the frequency of escillations should
rise from a theoretical minimum of C.7 rad/sz=c tca
maximum of 2.25rad/sec. The correspending range from

_ computer measurement is 0.8 rad/sec to 2.0 rad/'sec.
The expcnmental correlation at intermerdiate values of

G FRICTION

- functions for various static-to-sliding-friction ratios, .

SYSTEM

7

IN FEEDBACK 1217
the static-to-sliding-friction mtin i3 about equally close
so that the method may be said to yield a reasonable
first approximation.

V1. CONCLUSIONS

The describing function technique has been extended
to cover problems of stalic and sliding friction in feed-
back systems, Under .ertan :msumptxons the stability
problcm can be handled adequateiy, and the fremxency

1]
<, 4 () 3 enea
1e T3 I 3

I'15. 16. Block diagram wisth minar oep (parallel aeqalicss;

of any sustained oscillations can be predicfﬁl toa Broe
approximation. In pxrtxru.ar it has been shown that
the use of integral equaiization in series with the loop
may casily lead to instability when friction phenomena
are imporiani. Essentially equivalent minor loop equal-
izers may yvield an entirely satisfactory system.
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APPENDIX C

JUMP PHENOMENA
(MATHCAD SOLUTION)
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CALCULATION OF HARDENING SPRING RESPONSE CURVE

Ref. Asymptotic Methods in the Theory of Non Linear Oscillations
by N.N Bogoliubov and Y.A. Mitropolsky, (U.of.Pa. Math/Physics)
Hindustan Publishing, 1961.

Theory....For assumed amplitudes, find frequencies

a := 1.5 § := .2 E := 1
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Table C-1
NONLINEAR RESONANCE CURVE

a Yy 7]

1 1.694 954

1.1 __ 1.732 1101

1.05 1.711 1.033

5 1.785 IMAGINARY
6 1715 IMAGINARY
4 1901 IMAGINARY
3 2.097 IMAGINARY
7 1.678 IMAGINARY
8 1.665 551

75 1669 305
704015078 1677 .002

1.2 1.703 1.25

1.029 1.704 1.0

1.5 2.009 1.662

2 259 2.407

2.3 3.048 2.918

2.5 3.395 3.292

28 3977 3.902

5.0 10375 10375

e
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FIGURE C-1 RESON‘ANCE CURVE SHOWING JUMP PHENOMENA .
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1.1

1.2

1.0 INTRODUCTION

PLANT DESCRIPTION

The Donald C.' Cook Nuclear Plant is owned by Indiana Michigan Power
company and is located five miles north of Bridgman, Michigan. The Plant
consists of two nuclear power 'units, each employing a Westinghouse
pressurized water reactor nuclear steam supply system. Each reactor unit
employs an ice condenser reactor containment system. The American
Electric Power Service Corporation was the architect-engineer and
constructor. ' |

Unit 1 and 2 reactor design power output (and licensed rating) are 3250
MWt and 3411 MWt, respectively. Unit 1 approximate gross and net
electrical outputs are 1056 MWe and 1020 MWe, respectively. Unit 2
approximate gross and net electrical outputs are 1100 MWe and 1060 MWe,
respectively. The main condenser cooling method is open cycle using Lake
Michigan water as the coolxng source for each unit.

REPORT PREPARATION

This report was compiled by H. B, Brugger/J. F. Kurgan with the follow1ng
individuals contributing information as follows:

D. C. Loope - Personngl Exposure Summary
C. A. Freer - Steam Generator ISI Summary.
B. A. Svensson - Changes to Procedures
B. A. Svensson - Challenges to Pressurizer PORVs and
: Safety Valves
B. A. Svensson - Reactor Coolant Specific Activity
D. ﬂ. Malin - Results of Irradiated Fuel Inspectiomns
J. B. Kingseed - Changes to Facility - RFCs, MMs, ;Ms
B. A. Svensson ‘ - Changes to Facility - Temporary

- Modifications to Unit 2






2.0 PERSONNEL RADIATION EXPOSURE SUMMARY

Table 2, below, provides a summary of the radiation dose to stationm,
utility, contractor (and other) personnel receiving exposures greater than

100 mRem in 1990. All of the doses shown in the table were measured by

thermoluminescent dosimetry (TLD).

The grand total person-Rem dose shown in Table 2 is 484.537 Rem, and was
determined in accordance with NRC Regulatory Guide 1.16. (The total
record dose for Cook Nuclear Plant in 1990 was 579.589 Rem.)







PERSONNEL RADIATION EXPOSURE SUMMARY

REG.

TABLE 2

GUIDE 1.16

# of Personnel >100 mR

Total Person-Rem

Contract

Stat. util. Cont. Station Utility
Rx Operations and Surveillance
Maintenance Personnel 9 1 56 1.169 0.098 9.833
Operations Personnel 67 s 1 14 13.600 0.401 3.468
- Health Physics Personnel 22 0 93 5.182 0.000 36.847
Supervisory Personnel 1 0 0 0.167 0.000 0.000
Engineering Personnel 7 0 1 2.068 0.000 0.086
Routine Maintenance 3
Maintenance Personnel 83 1 362 24.680 0.346 142.976
Operations Personnel 10 2. 20 2.380 0.596 7.820
Health Physics Personnel 9 0 34 1.408 0.000 8.427
Supervisory Personnel 0 0 0 0.000 0.000 0.000
Engineering Personnel 5 0 2 0.936 0.000 0.308"
In-Service Inspection
Maintenance Personnel 9 0 146 1.164 0.000 51.425
Operations Personnel 3 1 12 0.544 0.117 5.440
Health Physics Personnel 1 0 8 0.226 0.000 2.253
Supervisory Personnel 0 . 0. 0 0.000 0.000 0.000
Engineering_Personnel 0 0o - 0 0.000 0.000 0.000
Special Maintenance
Mainenance Personnel 8 0 307 1.418 0.000 90.0811
Operations Personnel 2 0 12 0.728 0.000 2.313
Health Physics Personnel 2 0 4 0.242 0.000 0.453
Supervisory Personnel o 0 1 0.000 0.000 0.097
Engineering Personnel 4 4 9 0.635 1.545

0.604
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# of Personnel >100 mR

Total Person-Rem

Stat. Util. Cont. Station Utility contract

Waste Processing

Maintenance Personnel 0 0 73 0.000 0.000 20.635

Operations Personnel 1 0 10 0.136 0.000 3.059

Health Physics Personnel 4 0 16 0.427 0.000 3.856

Supervisory Personnel 0 0 0 0.000 0.000 0.000

Engineering Personnel 1 0 0 0.194 0.000 - 0.000
Refueling

'Maintenance Personnel 7 0 50 0.852 0.000 9.668

Operations Personnel 7 0 57 2.687 0.000 14.881

Health Physics Personnel 2 0 23 0.212 0.000 5.269

Supervisory Personnel 1l 0 0] 0.098 0.000 0.000

Engineering Personnel 1- 0 2 0.223 0.000 0.261
TOTALS

Maintenance Personnel 93 2 700 29.283 0.443 324.619

Operations Personnel 81 3 105 20.077 1.115 36.981

Health Physics Personnel 25 0 126 7.693 0.006 57.106

Supervisory Personnel 2 0 1 0.265 0.000 0.097

Engineering Personnel 17 4 13 4.026 0.634 2.199
GRAND TOTALS

218 9 945 61.343 2,192 421.001






3.1

3.2

3.0 STEAM GENERATOR IN-SERVICE INSPECTION

UNIT 1 INSPECTION SUMMARY

One hundred percent of the tubes in all four steam generators of Unit 1
were bobbin coil eddy current inspected. All tubes were tested utilizing
a 0,720 inch diameter probe with the exceptions of rows 1 through 4 U-
bends that would not allow a 0.720 inch probe to pass. A 0.700 or 0.680
inch probe was used for the U-bend inspections only.

The bobbin coil test frequencies used were as follows:

400 kHz as the prime test frequency.
200 kHz and the 100 kHz as supplemental frequencies.
10 kHz as the locator frequency :

A total of 70 tubes were removed from service following this inspection
due to the eddy current results. Appendix A provides inspection details
concerning the indications found in each tube and whether or not the tube
was plugged. . -

UNIT 2 INSPECTION SUMMARY

Six and one-half percent of the tubes in Unit 2 steam generators were
inspected using the same method and test frequencies described for Unit 1
inspections.

All tests were conducted with a 0.720 inch diameter probe with the
exception of three tubes 'in steam generator 23, located in Rows 1 and 2.
These three tubes were tested with a 0.700 inch probe.

No degradation or pluggable indications were found.

[l ]
|
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UNIT 1

Steam Generator 11

All tubes tested from the inlet (HL)
624 full length (TE-CL TO TE-HL)
2,584 U-bend (7TSP-CL to TE-HL)

Steam Generator 12

All tubes tested from the inlet (HL)
615 full length (TE-CL to TE-HL)
2,625 U-bend (7TSP-CL to TE-HL)

Steam Generator 13

‘ All tubes tested from the inlet (HL)
: 634 full length (TE-CL to TE-HL)

2,612 U-bend (7TSP-CL to TE-HL)
Steam Generator 14
All tubes tested from the inlet (HL)

619 full length (TE-CL to TE-HL)
2,602 U-bend (7TSP-CL to TE-HL)

TABLE 1 -

STEAM GENERATOR INSPECTIONS

UNIT 2

'Steam_Generator 21

None

Steam Generator 22

All tubes tested from the inlet (HL)
67 full length (TE-CL to TE-HL)
169 U-bend (7TSP-CL to TE-HL)

v

Steam Generator 23

All tubes tested from the inlet (HL)
68 full length (TE-Cl to TE-HL)"
167 U-bend (7TSP-CL to TE-HL)

Steam Generator 24

None



4.0 CHANGES TO PROCEDURES

This section contains a brief description of the procedure changes implemented
under the provisions of 10 CFR50.59 and the associated safety evaluations.

MAINTENANCE PROCEDURES

*4.,1,1 Procedure NO, 12 MHP 502.010.001, Revision 2

Description of Change:

During preparations for the complete replacement of the ice
condenser containment divider barrier seal, it was discovered that
the actual seal installation did not agree with the description in
the subject maintenance procedure entitled "Removal and Replacement
of Sections of the Ice Condenser Divider Barrier Seal”. Further
engineering review determined that the divider barrier seal was
properly installed per the plant design drawings. It was also
discovered that the description of the seal installation details in
the UFSAR was the same as the maintenance procedure but different
than the actual design. Specifically, page 5.2.-80 of the UFSAR
states that the spacing between bolts holding the seal is three
inches, and that the seal is laid with one-half inch extra length
between bolt holes. Plant design drawings show the studs being
three to five inches apart in various locations, and the seal having
between zero and one-quarter inch extra length between bolt holes.

The procedure was revised to requlre lnstallacxon of the seal as
shown on the design drawings

Safety Evaluation Summary: .

The review of this issue indicated that during a loss of coolant
accident, steam from the bredk is directed through the ice condenser.
and condensed, thus preventing containment pressure from exceeding
design values. To ensure the maximum amount of steam is condensed,
the flow area from lower to upper containment which bypasses the ice
condenser must be limited.

The 1ice condenser is supported f£from *the crane wall inside
containment. During a seismic event, the relative movement between
the crane wall and the containment wall is 1.3 inches. To
accommodate this movement, a gap was left between the crane wall and
the containment wall. This gap is sealed with a barrier designed to
withstand the differential pressure between lower and upper
compartments during postulated loss of coolant accidents and seismic
events.

4



4.2

1.2

4,2.1 Procedure Numbers:

The statements on page 5.2-80 of the UFSAR regarding hole spacing

and length imply that the extra one-half inch length is necessary to
prevent failure of the seal due to elongation during a seismic
event. A review by our design engineers determined that there is

-sufficient resiliency in the material to prevent failure during the

maximum elongation provided the seal is' installed per the design
drawings.

The safety evaluation concluded that changing the divider barrier
seal installation procedure to require installation of the seal per
the design drawings does not involve an unreviewed safety question
as defined in 10 CFR50.59.

»The UFSAR will be revised to reflect the actual seal installation in

the next annual update.

Procedure Numbers: 12 MHP 5021,001.016
12 MHP 5021.005.003

Description.of Change:

These maintenance: procedures were implemented to permit the use of

“Chesterton" valve packing on safety related valves in systems

described in the UFSAR. The Chesterton valve packing differs from
the valve packing configurations described in the UFSAR for certain
safety related valves.

Safety Evaluation Summary:

A technical evaluation determined that the packing system described
in the UFSAR has been rendered obsolete by advances in technology.
The Chesterton system of packing currently being installed in the
majority of the safety related valves is a direct development of an
EPRI study and is technically superior to that described in the
UFSAR. -

The safety evaluation determined that the changes do not involve and
unreviewed safety question as defined in 10 CFR50.59., Changes to
the UFSAR will be incorporated in the next annual update.

OPERATING PROCEDURES

1 - and 2 - OHP 4021.008.002
1 - and 2 - OHP 4020.STP.053A
1 - and 2 - OHP 4030.STP.053B
1 OHP 4030.STP 1055

'
»
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4.3

4.4

Description of Changes:

The above procedures were changed to require the RHR pump discharge
cross-tie valves to be closed during normal plant operations. The
changes were implemented as corrective action in response to NRC
Bulletin 88-04, "Potential Safety Related Pump Loss". Closing the
RHR pump discharge cross-tie valves makes the miniflow circuits for
each RHR pump independent, thereby removing the potential for dead
heading the weaker pump. When'the RHR cross-tie valves are closed
the safety injection pump discharge cross-tie valves must remain
open.

Safety Evaluation Summary:
The changes were implemented after receiving NRC approval via a

"Change to the Licensing Basis for SI and RHR Cross-ties (TACS Nos.
64962 and 64963)", dated January 30, 1989.

CHEMISTRY PROCEDURES

4.3.1 Procedure Number: 1 - and 2 - THP 6020.LAB.200

Description of Change:

The above procedures were implemented for the  purpose of
chlorinating the Unit 1 and Unit 2 main turbine condenser
circulating water systems. The UFSAR, Section 10.6.2, describes
chlorination of circulating water using chlorine gas. These
procedures will accomplish the clorination wusing a sodium
hypochlorite solution rather than chlorine gas.

Safety Evaluation Summary:

The use of sodium hypochlorite results in the same chemical compound
in the water as would be the case if chlorine gas were used. The
use of sodium hypochlorite is preferred because it is in a liquid
form at room temperature and, therefore, does not present a toxic
gas concern.

The safety evaluation concluded that the change does not involve an
unreviewed safety question as defined in 10 CFR50.59. Changes to
the UFSAR will be incorporated in the next annual update.

ENVIRONMENTAL MONITORING PROCEDURES

Procedure Number: 12 THP 6010 ENV.051, Revision 3



»




Description of Change:

Revision 3 to the_ above procedure included changes to the sample location
map to reflect the updated sample station locations for all sample media.

Safety Evaluation Summary:

The changes have no effect on the environmental sampling requirements of
Technical Specification 3.12. The safety evaluation concluded that the
change does not represent an unreviewed safety question. The UFSAR will
be revised to reflect the additional sample station location in the next
aunual updace.

10






5.0 CHALLENGES TO PRESSURIZER POWER OPERATED
RELIEF VALVES AND SAFETY VALVES

There were no challenges on,either Unit 1 or Unit 2 to the pressurizer power ’
operated relief valves (PORV's) or the pressurizer safety valves as a result of
the valves being called upon to mitigate an actual overpressure condition.

One event occurred on Unit 2, on October 6, 1990, the inadvertent opening of
pressurizer PORV, 2-NRV-153. The event occurred while performing a surveillance
test on the residual heat removal pumps suction valves isolation actuation .
bistables. When the event occurred, the reactor coolant system (RCS) was in Mode
4. RCS average temperature was approximately 250°F and the RCS pressure was
approximately 350 psig. The cold overpressure protection system was not required
to be operable since the RCS temperature was greater than 152°F. However, the
cold overpressure protection block switch was in the "unblocked" position to
provide added protection for the RHR system.

During the cesc, when the bistable was made up to verify the automatic isolation
of the RHR system from the RCS, a signal was also directed to the actuation
bistable for PORV, 2-NRV-153, causing it to open.

To prevent recurrence, the surveillance test procedure has' been revised to

require the "cold overpressure block" switch to be placed in the position to
block the RCS pressure signal prior to performing this test. -

11
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6.0 REACTOR COOLANT SPECIFIC ACTIVITY

There were no instances on either Unit 1 or Unit 2 in which the reactor coolant
1-131 specific activity exceeded the limits of Technical Specification 3.4.8.

12






7.0 IRRADIATED FUEL EXAMINATIONS

During 1990 two separate examinations were performed on the irradiated fuel
discharge from Unit 2, Cycle 7. These examinations were conducted in parallel
with, or shortly after, the core was unloaded. The intent was to determine fuel
pin failures and gross structural defects in the fuel assemblies. Also, during
1990 an examination was performed on the irradiated fuel discharged from Unit 1
Cycle 11. This examination was conducted in the same manner and for the same
purpose as the examinations of Unit 2 discharged fuel.

7.1  VISUAL EXAMINATIONS

The first examination of Unit 2 fuel, (and the only examination of
Unit 1 fuel) was by routine binocular inspections of the fuel
assemblies per procedure numbers: *%12 THP 6040 PER.353 and 12 SHP
4050 QC,002. As each assembly is downloaded to the spent fuel pool,
it is visually examined on all four sides. The examiner is looking
specifically for torn or missing gridstraps, missing or damaged fuel
pins, excessive clad hydriding, or rod bow to gap closure. This
inspection is primarily intended to detect fuel damage caused by
mechanical interaction between assemblies or baffle jetting, and is
done during each refueling. There was no indication of any fuel
damage. -

7.2 ULTRASONTIC EXAMINATIONS

Because the Unit 2 steam generators were replaced, and because all
" previous plants that replaced steam generators experienced
subsequent cycle fuel failures, a contract was let to Advanced
Nuclear Fuels (ANF) to provide ultrasonic (UT) examination of the
116 irradiated assemblies out of 193 assemblies making up the
Unit 2, Cycle 8 core. The ultrasonic system works by a probe
cransceiver sending a high frequency sound wave into a fuel pin and’
measuring the strength of the returning signal, or “ring back". A
fuel pin can be determined to have water in it by monitoring the
relative strength of this ring back. 1In this way, not only can an
assembly be determined to have leaking pins, but the numbers and
locations of the bad pins can be identified. None of the 116 fuel
assemblies were found to contain leaking pins.
In addition, a 117th Unit 2 assembly, T24, was also examined. It
was known to have leaking fuel pins after Cycle 6 but was reused in
Cycle 7. The examination provided a. check of the testing
methodology. Fuel assembly T24 was again determined to be leaking.

13






8.0 CHANGES TO FACILITY

Brief descriptions and summary safety evaluations for design changes made to the
facility as described in the UFSAR are presented in this section. These changes
were completed pursuant to the provisions of 10 CFR50.59

8.1 COLD TO HOT LABORATORY CONVERSION

8.2

<

Description of Change:

RFC 01-1959 involved the conversicn of the cold laboratory to provide
additional hot laboratory space. The change did not affect systems
required for safe plant shutdown nor did it affect systems whose failure
could impair safety related systems. The change increased the amount of
space available for performing analyses of radioactive materials and will
reduce congestion in the hot lab.

Safecy Evaluation Summary:

The changeS made in this RFC did not affect safety related systems or

.« components; however, changes were made to systems which handle radioactive

materials.

This change was reviewed and it was concluded that it did not constitute
an unreviewed safety question as defined in 10 CFR 50:59.

NUCLEAR INSTRUMENTATION SYSTEM UPGRADE

Description of Change:

The purpose of this subtask (RFC 12-2900, Subtask B.01l, Unit 2 only) was
to upgrade the nuclear instrumentation system (NIS) to meet the guidance

.provided by R.G. 1,97, Revision 3. ‘ .

The neutron flux instrumentation was installed so that the performance of
the reactor protection system (RPS) is not degraded. The scope of work
for this subtask included providing two Gamma-Metrics environmentally and
seismically qualified detectors inside containment, installing a pre-
amplifier just outside containment, modifying the NIS cabinets, and
running cable for signals and power supplies.

Safety Evaluation Summary:

This subtask has been classified as safety related. The instrumentation
installed by this subtask will not provide any reactor trip signals to the
reactor protection system (RPS). However, the neutron flux indicators
will be mounted in Channels I and III of the safety related NIS cabinet.
Furthermore, R.G. 1.97, Revision 3, classifies neutron flux as a category

14






8.3

8.4

1 variable whose purpose is to verify accident mitigation. Category 1
classification is intended for key variables important to safety. Conse-
quently, the installation requirements for Category 1 variables include
full equipment qualification, class 1lE -power supplies, redundancy, and a
quality assurance program. :

This change was reviewed and it was concluded that it did not involve a
change in the T/S, did not constitute an unreviewed safety question as
defined in 10 CFR50.59, "Changes, Tests and Experiments,” and did not
create a substantial hazard to the health and safety of the public.

CONTAINMENT ATMOSPHERE TEMPERATURE DETECTORS

Description of Change:

The purpose of RFC 12-1900 D.22, (Unit 2 only) was to upgrade six of the
seventeen containment atmosphere temperature RTDs to meet R.G. 1.97,
Rev. 3, requirements. Commitment for this change was made in
AEP:NRC:07790, "June 12, 1984 Confirmatory Order - Final Status Report on
Regulatory Guide 1.97 Compliance," dated October 15, 1985. Specifically,
we agreed to replace six containment atmosphere temperature RTDs (ETR-12,
14, 18, 20, 21, and 22) with environmentally qualified equipment having a
temperature range of 0 to 400°F. In addition, this RFC expanded the range
of all seventeen containment atmosphere temperature RTDs by replacing them
with wider range instruments.

Safety Evaluation Summary:

This RFC was classified as safety-interface in accordance with R.G, 1.97,
Rev. 3. Containment atmosphere temperature serves no function associated
with reactor trip or ECCS actuation, and failure of the RTDs will not
result in an increase in the 'severity of an accident or prevent proper
functioning of safety systems.

This change was reviewed and it was concluded that it did not constitute
an unreviewed safety question as defined in 10 CFR50.59, "Changes, Tests
and Experiments," and did not create a substantial hazard to the health
and safety of the public.

PLANT RADIO COMMUNICATIONS UPGRADE
Description of Change:

RFC 12-2950 upgraded the Cook Nuclear Plant communication system radio to
facilitate required operator actions during normal and emexgency
operations. The new radio incorporates two existing security emergency
and fire protection radio frequencies as well as two recently obtained
frequencies.
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Safety Evaluation Summary:

This change upgraded existing equipmenc and it does not adversely impact
any safety related equipment. The change provides a more reliable
communications radio system to assist in normal operation and it provxdes

a more efficient means of coordinating the safe shutdown of the reactor.

This change was reviéwed and it was concluded that it did not constitute
an unreviewed safety question as defined in 10 CFR50.59, "Changes, Tests
and Experiments," and that the change did not create, a substantial hazard
to the health and safety of the publiec.

FUEL TRANSFER SYSTEM UPGRADE

«

Description of Change:

RFC 12-3024 replaced the existing air motor-driven fuel transfer system
with a winch cable-driven fuel transfer system. The previous system was
an underwater air motor-driven conveyor car that ran on tracks extending
from the refueling canal through the transfer tube and into the transfer
canal. Critical components were underwater, thus making repairs and
maintenance difficult. The cable-driven system eliminates underwater
operation for critical components making the system more reliable.

Safety Evaluation Summary:

RFC 12-3024 did not alter the function of the fuel transfer system. It
changed the drive mechanism and moved major components to a more
accessible area, making repairs and maintenance easier and quicker. No
safety-related actions are assocxated with the fuel transfer mechanism.

This change was reviewed and it was concluded that it did not constitute
an unreviewed safety question as defined in 10 CFR50.59, "Changes, Tests
and Experiments," and that the change did not create a substantial hazard
to the health and safety of the public.

ADDITIONAL AUXILIARY BUTLDING RADIATION MONITORS

Description of Change:

RFC 12-4036 involved the installation of nine area radiation monitors.
The monitors, which are located in the auxiliary building, measure
radiation from the refueling water purification filter, north and south
seal water injection filters, seal water filters and reactor coolant
filters: The monitors were installed to measure dose rates in the filter
cubicles, thereby preventing overexposure to workers changing the filters.
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Safety Evaluation Summary:

The changes made via this RFC do not impact safety related equipment. The
changes were made to aid in minimizing the exposure of personnel working
in the areas where the monitors are installed.” No accident analyses are
impacted by the addition of these radiation monitors.

This change was reviewed and'it was concluded that it did not constitute
an unreviewed safety question as defined in 10 CFR50.59, "Changes, Test
and Experiments," and that the change did not create a substantial hazard
to the health and safety of the public.

MONITORING REDUCED RCS INVENTORY CONDITIONS

Description of Change:

The purpose of RFC 12-4058 is to comply with commitments to the NRC
regarding Generic Letter 88-17. This RFC added a new, independent system
for monitoring half loop and reduced inventory in the RCS, as well as
‘other indications to enhance the ability of the control room operator to
monitor and maintain RCS water level during reduced inventory conditions.
Two instrument carts were set up in the control room to monitor wide and
narrow range levels, incore temperatures and RHR flows during half-loop or
reduced RCS inventory conditions.

Safety Evaluation Summary:

This RFC added instrumentation to measure RCS level as well ‘as other
parameters of importance during half loop. s

This change was reviewed and it was concluded that it did not constitute

an unreviewed safety question as defined in 10 CFR50.59 and that it did
not create a substantial hazard to the health and safety of the public.

CONTROL_ROOM VENTILATION MODIFICATION

Description of Change:

Minor Modification 12-094 adjusted the control room ventilation system
such that flow through the normal intake ductwork from the outside
atmosphere is limited to 150 cfm. The adjustment was accomplished by
modulating the existing manual balancing damper HV-ACRDV-1. (No hardware
changes were required.) The modification was performed on both units.

The change was necessary to fulfill a commitment made to the NRC to
satisfy concerns regarding the analyses found in Chapter 14.3.5 of the
present Unit 1 UFSAR. The revised analyses assumed that flow through the
normal intake damper was limited to 200 cfm for cases that assumed failure
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of the normal intake isolation damper (HV-ACRDA-1) to isolate when
required. The flow was limited to 150 cfm to provide margin to the 200
cfm analysis limit. :

Safety Evaluation Summary:

The: change was reviewed and it was concluded that it did not constitute an
unreviewed safety question as defined in 10 CFR50.59, "Changes, Tests and
Experiments," and did not create a substantial hazard to the health and
safety of the publiec. : ‘

CONTAINMENT ATRLOCK DOOR SEAL MODIFICATION

Description of Change: -
MM 12-098 involved the replacement of the packing gland from the interlock
and handwheel hubs on the containment upper and lower airlock doors. A
modified packing gland that used EPDM O-ring seals was installed in lieu

of grafoil packing. The modification was made to avoid past difficulties

in adjusting the handwheel packing gland cover to adequately compress the
packing around the handwheel shaft while retaining rotational freedom of
the shaft.

The containment airlocks are Seismic Class I structures. Further, the
modification to the airlock doors had the potential to adversely increase
the consequences of a loss-of-coolant accident. As a result, the seal
modification was considered a safety related design change.

Safety Evaluation Summary:

This change was reviewed and it'was concluded that it did not represent an
unreviewed safety question. This conclusion was based, in part, on the
performance of a post-installation test of the airlock doors to verify
their functionality. )

CONTROIL,_ATR DRYER FILTER MODIFICATION .
Description of Change:

PM 12-805 consisted of replacing the control air dryer after-filters with

a filter incorporating a pressure guage which measures differential.

pressure across the filter. The change required piping modifications to
the control air system, a'non-safety related system, but did not alter the
system’s function nor did the change impact any safety related system or
equipment,
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Safety Evéluation Summary: 'f

The change was made to a non-safety related system." The filters are
located in the turbine building, and there is no safety related equipment
in the vicinity. The change did not alter the function of the system and
the inclusion of the differential pressure guage is considered to be a
system enhancement. :

This change was reviewed and it was concluded that it did not constitute
an unreviewed safety question as defined in 10 CFR50.59, "Changes, Tests
and Experiments," and that the change did not create a substantial hazard
to the health and safety of the publiec.

CHLORINE TINJECTION METHOD MODIFICATION
Description of Change:

The purpose of modification PM 12-810 was to change the method of

‘injecting chlorine into the essential service water system. The change

consisted of modifying non-safety-related piping to allow the use of
liquid sodium hypochlorite .rather than chlorine gas. ;

Safety Evaluation

Chlorination of the essential service water system is not a safety related
function, and the change in the chemicals used to perform the chlorination
does not adversely impact the capability of the essential service water
system. "

The physical changes required were made to non-safety gfade piping which
does not interface with any safety related systems.

This change was reviewed and it was concluded that it did not constitute
an unreviewed safety question as defined in 10 CFR 50.59, “Changes, Tests
and Experiments," and that the change did not create a substantial hazard
to the health and safety of the public.

TEMPORARY JUMPERING OF BATTERY CELLS .
Description of Change:

The UFSAR describes the plant 250 volt DC battery systems as to the number
of cells in each battery. The "Train AB" and Train CD" batteries consist
of 116 cells connected in series and the "Train N" battery system (turbine
driven auxiliary feed pump DC power supply) consists of 117 cells.
Temporary Modification No. 164 provided for jumpering three cells in Unit
2 Train N battery and Temporary Modification No. 171 provided for the
jumpering of two cells in Unit 2 Train AB battery. 1In each case the
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batteries had been declared inoperable per Technical Specification
4.8.2.3.2.6.1 due to the individual cell voltages having dropped more than
0.05 volts from the value observed during the original acceptance test.

Safety Evaluation Summary:

A technical evaluation and a safety evaluation was performed and it was
concluded that jumpering of the cells did not significantly degrade the
batteries capacity to perform their intended safety function and that the
changes did not involve an unreviewed safety quescion as defined in

10 CFR50.59. .
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APPENDIX A

Steam Generator Inspéction Details



APPENDIX A

' ’ STEAM GENERATOR NUMBER 11
{
ROW COL INDIC LOCATION  PLUGGED ROW COL INDIC LOCATION  PLUGGED
5 3 DI 2SPH + 0 IN NO 8 11 - DI TEH + 20.6 IN YES
T8 3 37% '2SPC + 0 IN NO 18 11 DI  TEH + 20.4 IN . YES
10 3 47% 1SPC + 0 IN  YES 21 11 DI 1SPH + 0 IN NO
13 3 15% 1SPC + 0 IN NO 26 11 DI TEH + 20.4 IN VYES
15 3 22%° TSC + 14.2 IN NO 29 11 DI TEH + 20.7 IN YES
5 4 DI TEH + 19.9 IN YES 24 12 DI 1SPH + 0 IN No
7 4 14% 1SPC + 0 IN NO 5 14 DI 3SPH + 0 IN NO
9 4 DI 2SPH + 0 IN NO 31 14 DI TEH + 20.4 IN VYES
» 16 4 DI 1SPH + 0 IN NO 10 15 DI TEH + 20.4 IN VYES
15 5 32% TEH + 20.3 IN YES 1 16 35% 2SPH + 0 IN NO
5 18% 2SPC + 0 IN NO 18 16 DI TEH + .20.9 IN YES
5 DI TEH + 20.6 IN YES 23 16 DI TEH + 20.8 IN YES
18 6 14% 1SPC + 0 IN NO 9 17 DI = TEH + 21.0 IN VYES
4 7 DI TEH + 20.3 IN YES 25 17  57% TEH + 20.7 IN YES
17 7 29% 1SPC + 0 IN NO 32 17  11% 2SPC + 0 IN . NO
18 8 DI 1SPH + 0 IN NO 35 17 DI TEH + 20.0 IN YES
20 8 DI 1SPH + 0 IN NO 17 18 DI 'TEH + 20.7 IN YES
23 8 34% 1SPC + 0 IN NO 31 18 DI 1SPH + 0 IN NO
17 9 DI TEH + 20.5 IN VES 35 18 33% 2SPC + 0 IN NO
22 9 DI TEH + 20.5 IN YES 36 18 28% 2SPC + 0 IN _ NO
16 10 DI TEH-+ 20.5 IN YES 36 20 47% 2SPC + 0 IN YES
19 10 DI TEH + 20.2 IN YES 37 20 18% 1SPC + 0 IN NO
22 10 DI~ TEH + 20.5 IN YES 18 21 DI TEH + 21.2 IN VYES
5 10 DI TEH + 20.8 IN YES 20 21 DI 2SPH + 0 IN NO
‘3 11 DI TEH + 20.6 IN YES 37 21 31% 2SPC + 0 IN NO







30
33

36

42

43

16

21

22

22

25
27
27
27
29
30
30
30
30
31
31
31
31
32

35

35

36
37
37
37
37
38

COL INDIC LOCATION

38%
DI
26%
38%
DI
DI
96%

DI

DI

DI
DI
DI
DI

DI

37%
DI
DI
DI
DI
DRI

DI

STEAM GENERATOR NUMBER 11

2SPC + 0 IN
2SPH + 0 IN
2SPC + 0 IN
2SPC + 0 IN
2SPH + 0 IN
TEH + 20.3 IN
TEH + 20.3 IN
TEH + 20.4 IN
1SPH + 0 IN
1SPH + 0 IN
TEH + 20.1 IN
TEH + 20.2 IN
TEH + 20.2 IN
TEH + 20.5 IN
2SPC + 0 IN
1SPC + 0 IN
TEH + 20.7 IN
1SPH + 0 IN
TEH + 20.6 IN
TEH + 20.8 IN
TEH + 2.3 IN
TEH + 20.2 IN
2SPC + 0 IN
2SPC + 0 IN

2SPH + 0 IN

PLUGGED

NO
NO
NO
NO
NO
YES
YES
YES
NO
NO
YES
YES
YES
YES
NO
NO
YES
NO:
YES
YES
YES
YES
NO
NO

NO

ROW

36

39

33

40

44

43
34
22
38
39
42
22
14

33

41
12
31
46
33
27
45
18
16

25
25

OL INDIC LOCATION

39 -

39
40
40
40
41
42
43
43
43
43
44
45
47
48
48
49
49
49
51
52
52
53

54

54
54

DI -
DI
DI
DI
33%
DI
DI
DI
DI

DI

DI

DI
DIE
DI
DI

25%

DI
DI
DI
DI
32%
DI
DI

DI
DI -

TEH + 20.6 IN
TEH + 20.3 IN
1SPH + 0 IN
2SPH + 0 IN
1SPC + 0 IN
TEH + 20.5 IN
TEH + 20.5 IN
TEH + 20.5 IN
TEH + 20.7 IN
TEH + 20.5 IN
3SPH + 0 IN
2SPH + 0 IN
TEH + 15.6 IN
1SPH + 0 IN
2SPH + 0 IN
AV4 + 0 IN
TEH + 14.9 IN
1SPH + 0 IN
1SPH + 0 IN
1SPH + 0 IN
1SPH + 0 IN
2SPC + 0 IN

TSH + .8 IN

"PSH + 1.8 IN

1SPH + 0 IN
2SPH + 0 IN

PLUGGED

YES
YES
NO
NO
NO
YES
YES
YES
YES
YES
NO
NO
YES
NO
NO
NO
YES
NO
NO
NO
NO
NO
YES
YES

NO
NO



13
21
45
33

43
43

45
45

44
45

42
29
39
18

oL

55

55

56

56
56

56
56

57
58

58

. 58

59
59
59
59
60
60

61 -

61

62

62

63
63

63

INDIC LOCATION

DI

DI

DI

DI

DI

37%
25%

DI

‘DI

DI
DI
DI
DI
DI

DI
27%

23%
21%

STEAM GENERATOR NUMBER 11

TEH + 20.9 IN YES

TEH + 13.2 IN YES.

1SPH + 0 IN NO

1SPC + 0 IN  NO
1SPH + 0 IN . NO
_1SPH + 0 IN NO
2SPC + 0 IN NO
3SPC + 0 IN NO
2SPC + 0 IN NO
3SPC + 0 IN NO

2SPH + 0 IN NO
2SPC + 0 IN NO
1SPC + 0 IN NO
TEH + 20.6 IN YES
1SPH + 0 IN NO
2SPC + 0 IN NO
2SPC + 0 IN NO
1SPH + 0 IN NO
1SPH + 0 IN NO
1SPH + 0 IN NO
2SPH + 0 IN NO
3SPH + 0 IN NO
TEH + 20.3 IN YES

1SPH + 0 IN NO
2SPH + 0 IN NO

AV2 + 0 IN NO
AV3 + 0 IN NO

PLUGGED

e e e et

13
26
43
s
26
27
36
33
36

40

25

11
14
19

27

'63
63

63

64

65

65
65
65
66
66
66
66
67
68
70
71
71
71

72
72

73
74
74

74

74 -

75

-

25%
18%

DI
DI
DI
DRI
DI
35%
DI
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