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POLEWORD

This Technical Evaluation Report was prepared by Pranklin Research Center
under a contract with the U.8. Nuclear Regulatory Commission (Office of
Nuclear Reactor Regulation, Division of Operating Reactors) for technical
assistance in support of HRC operating reactor licensing actions. The
technical evaluation was conducted in accordance with criteria established by
the NRC,
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This Technical EBvaluation Report (TER locuments the Franklin Rescaro!
Centei's (FRC evaluation ¢of wvork performed to determine the cause of a tube
rupture in the Rochesiel Las and EieCtl i RGAL Corporation's Ginna B stean
generator ¢ January 25, A98g An independent assessment was conducted of
the Qaln gene’ fur RGAE @ Westinthouse Research and Development Cente!
and by Battelle Luabus Lebhorstories and 4) the '‘nalysis carried out for the

Wuclear Regulatory COommias ) NK i en National LADOratory

i eternining the actua ause Of the tube faliure the primat el
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4. TECHNICAL EVALUATION

The scope of the work included the following:

i
2.
3.

4.

Attend meetings concerning the cause of tha tube rupture.
Feviev documentation relevant to the tube rupture.

Visit Brookhaven National Laboratury to discuss work in progress and
to view sanples,

Prepare a technical evaluation report (TER) based on Tasks 1 through
3 above.

MEETINGS AND SITE VISITS

The following reetings were atterded:

1. Rochester Gas and Electric Corporation, April 6, 1982

2. Brookhaven National Laboratory, April 14, 1982

3. Westinghouse Researcan and Development Center, April 27, 1982

4. Nuclear Regulatory “ommission, Bethesda, MD April 0, 1982

DOCUMENTS

The follow.ng documencs were reviewed:

1, Examinations PerformeC on Tube R4SCSZ from the B Nuclear Steam
C::;n:uw: ot the Rochester Gas and Elsctr.c Ginna Plant, August 10,

4. Notes: RGAE/URC Meeting, Pebruary 10, 1982

3. Cteam Generator Tube Experience, NUREG-0B86, Pebruary 1982

4., Summary and Notes on March 1. 1982 Me« 'ng, RGEE/NRC, March 3, 1982

S. ARC Report on the January 25, 1982 Steam ““ers*~r ™ & Rupture and
R. E, Ginna Nuclear Power Plant, NUREG~0809, April 19862

6, Metallurgical Examination of Ginna Steam Generator Tubes, April 23,
i982 (also included (n 8)
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» Documentat Lor Diagrams, Photographs, and Mici raphs from Battelle
l nous Labora ties Fresente [ & Mesetin € Westinghouse Ri
l entet Apri ‘ 04
o Steann enerator Evaluatiorn dinna Stean Generator Tube Falliure
n dent, Apri ét 84
y dinna Station Steanm Generator Evalual Ny, NRC Meeting, Aprii 3 e
4 TECHNIO EFFORTS
é Me ta . i 4l -
i
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mechanically deteriorate’ tubes. In fact, fresh fracture detalls were evident
on tubes that clearly had failed early in the ssquence of events leading to
the tube rupture,

It is important to note that (1) a critical event in the sequence of
events leading to the tube fallure was the continuing degradation and ultimate
severing of plugged tubes and (2) a plugged tube was no longer subject to
inspection in the routine maintenance program. Accordingly, there was no way
of anticipating either the type of failure that occurred or the degree of
plugged tube degradation in Wedge Area 4,

The failute analysis performed at Battelle &nd Brookhaven corroborated
the Westinghouse results, None of the examined tubes exhibited deterioration
due to any mechanisw otner than wear and fatigue in conjunction with foreign
object damage.

The flov model and simulated wear tests conducted by Westinghouse
(Document §) indicate that nothing in the postulated sequence of events
leading to the failure is inconsistent with experimental data,

Television viewing of in-place peripheral tubes revealed some tubes with
minor dings of nicks on the outer diameter (OD). On samples removed from the
stews generator, it was evident that such damage was ninimal and should not
detract from the tube's service capability. Accordingly, as long as excessive
eddy current indications are not noted, it does not appear necessary to remove
of plug ouher tubes with similar indications.

2.3.2 Poreign Oblects

The foreign objects recovered from the generator are tabulated on pages
3.51 and 3.5-2 of Document 8, The largest items were three pieces of 0,5«in
thick carbon steel plate, one about 4 x C.3 in, one 1.5 x 3.5 in, and one
eliptical with axes 2 and 2.4 in. The Westinc'. se calculations and tests
demonstrated that the largest object would readily induce the type and extent
of damage noted on the peripheral tubes.

Since the presence of such foreign objects had never been suspected, no

anspections had Jeen carried out to assure that this type of debris was not

P g "
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present. 1f a video inspection system or an scoustic monitoring system had
been in place, it now appears certain that not cnly would the foreign object
have baen found, but the severe deterioration of the peripheral tubes would
Also bave been detected.

4.3.3 Impact Model
4:3.3.1 Theory

In the theoty given in Document 8, an impacting mass (foreign .bject) is
accelerated by cross flow in the space between the wrapper and the outermost
(periphecal) tubes in a4 wedge area. Upon !mpact with a tube, the impacting
“88 mOves toqether with the tube. The tube moves in its lowest resonant
mode. The tube is rigarded as *f .ed-fixed" at the tube sheet and the first
support plate. The maximunm force between the impacting mast and the tube must
be sufficient to cause local plastic deformation in order to contribute to the
eventual collapse of the tube. Collapse of a plugged tube will occur as a
result of a sufficient number of impacts, especially if there is excess
pressure outside the tube. This excess pressure, about 1,000 pei, will ocour
if the plugged tube has no leak,

This model of the interaction betweoen impacting object and tube is open
to question, There is a local deformation near the location of the impact.
Toas local deformation is entirely elastic unless the peak stress exceeds the
elastic limit, whereupon some plastic deformation will occur. We now assume
that the impact is “orderline, that is, not yuite strong enough to cause

plastic deformation, Tue elastic deformation may be modeled as a spring with

4 large spring constant, k., The impacting mass, li. strikes this spring,

which is mounted on the effective mass, lt. of the tube. L is, 4in turn,

attached to ground via another spring, with spring constant Ky

The resonant frequency of m. joined to L by k is very high compared

i
to the resonant frequency of It joined to ground by 'l' Consequently, the

-t
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duration of contact between the impecting mass and the tube is short compared
to the pericd of the tube osc'llation. 8Spring 'l is negliyibly deflected
during the impact. The theoretical calculation of the peak fo.ce should not
be based on the nodel used in Document 8.

2.3.3.3 Consequences of Asternative Model

it L] impacts with nlocuy Vi its momentum and kinetic energy are,
respectively, .V, and -‘v‘/z. The peak force owcurs when the distance
between the ends of the spring reaches its minimum., This occurs when
. and L have the same velocity. Conservation of momentum requires

that this volocity be wv ‘/(.‘ + @, ). The combined kinetic energy is

(n‘ ¢8) (ltvl/(l e, ))2/2. Subtracting this from -‘v:/z ve obtain the
energy (elastic plus pluuc. if any) stored in the spring. FProm this, we
find the fraction of the initial kinetic energy that is delivered to the
spring. This fraction is 't/"t +8.). If m, is small compared to

; almost all the incoming kinetic energy is delivered to the spr.ng.

2.3.3.) Efftect of Particle Size

We consider a reference impacting particle of mass L and cross section
area (perpendicular to the flow) ‘o‘ We also consider a geometrically
similar paruicle with linear dimension 8 times that of the reference
particle. The mass of the particle is IOI’ and its cross section area is
Aooz. The acceleration produced hy the drag force is =-du/dt, given by

3 3 .3
dy/dt = nk°| oY /2
where:

. Y -
u 'V

<
.

velocity of wa%er = constant
velocity of particle

<
.

¢ = density of water
*= drag coefficlent = |}

" o
.
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This equation may be integrated, leading to
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where v is assuvmed to be = 0 for ¢t = 0, The distance traveled in time t is

f. nd by another integration to be
s-v't-g-m(%v't+1)

Eliminating t between these two eguations,

B . y < in(yed)

B
where
.
L

A plot of Br/s versus v/vv is shown in Figure 2~1.

Por v small compared to

v', Yy is small and Bx/s i, approximately y2/2. 80 that, for large »

compared to Bx,

- # (veevy)
AT T

1f » is small compared to Bx, y is large and v is nearly equal to Vo'

Por large s, v is rough’  proportional to 1//8.

The kineti. energy of

the impacting particle (ass 37 that the travel distance, x, before impact is
the same for all particles) ir Iroportional to 1°s’ (1(,5)2. That is,

the kinetic energy is proportional to o,

For small s, the kinetic energy is proportional to u’.

Applying the

fraction l‘/(nl * n‘) found in Section 2.3.3.2, the energy delivered to

the spring is proportional to

n

-
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CDJeCty were 8180 measured and compared with the minimum static concentrated
iload capable of causing local plastic deformation, In addition, the mobility
of small foreign objects may have been observad, The large foreign object
temained trapped in the modeled wedge area for the duratinsn of the test run
that vas shown on videotape at the April 30, 1982 meeting., It could be 9ren
to strike the target tube several times in approximately the same spot. This
supports the scenario for damage, in which a peripheral tube is ultimately
tlattened and torn 80 that it becomes separated from the tube sheet and then
wears its neighboring tubes., If observations have alsc been made with
sufficiently small foreign objects, with 8 = 0.1, say, there may be
experimental supyott for the expection that such small objects are so highly
mobile that they never strike & tube in the same place twice., But even if
such expetriments have not been performed, it Ls reasonable to conclude that if
objects larger than, say, 0.25 inches in typical dimension ate removed, the
above scenaric will not be repeated,

2,3.3.5 Laboratory Test Models

Two labOratory test setups were shown after the meeting on April 27,
1982, the first of which is shown in Document 9, In this test, a model
impacting mass 18 propeiied upward against the side of a horizontally mounted
tube specimen, The mounting fixture enables an external pressure to be
applied to the tube. The impacting peak force is measured, the tube is moved
axially or rotated about its axis bDetween successive impacts, and the tube is
backed 80 that it does not bend.

This experiment appears t~ bDe well designed to leld valid data relating
(L) the peak force to the occurrence of permanent deformation and (2) the
effect of external pressure in collapeing the tube once substantial ovality s
produced.,

Since a statically applied force produces the sane local stresses and
Strains as the same peax force applied dynamically, it would appear to be
sutficient to apply tne force statically. This might have led to a sianpler
experiment, Purthermore, bacring the tube to prevent it from bending should
make no difference in the final result, provided the peak applied force

e =40
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pressure, althougn Document & shows Lhat external pressure can he a
significant contribution. Por some of the collapsed tubes, it may have played
an essential role, Collapse (or flattening by impact alone) 20uld have
occurred because thete was no intelnal pressure opposing or preventing it.
However, even if internal pressure “ad somehovw Leen provided, thus preventing
tube collapse, severe tearing after many impacts by large foreign abjects
still might not have been prevented., Thevefore, removal of foreign objects is
necessary, as well as sufficlent, to prevent a repetition of the tube burst
incident.

P =ld
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3, CONCLUSIONS

3.1 METALLURGIOAL

i.
2.

The tube burst failure resul from rubbing~induced wall thinning.

Damage to the burst tube and to other tubes was caused by mechanical

means, with initial major tube deterioration having been initiasted by
foreign objects.

Theis “%8 ho eviderce that embrittlement or corrosion of the tube
material contributed to the failure,

The sequence of events leading to the failure required foreign obje *
induced deterioration of plugged tubes. Accordingly, an adequate
inspection system to monitor the presence of foreign objects should
be implemented to preclude another tube burst failive,

3.2 FLOW DYNAMICS

3.2.0 Zheoretical Icoact Model

The use of *fixed~pinned® tube end conditions may be more appropriate for
the models used than the "fixed-fixed® conditions that were used. An
alternative model is suggested in which the tube effective spring constant
d0¢ not enter, Instead, the spring constant representing local tube
delormation is inuluded.

Por impacting objects of a given shape, the peak energy stored in the
Spring varies rougnly as ln. where s is the linear size scal+4 factor 'nd n
is between 2 and J. Because of the fairly sensitive dependence on s, the
impecting mass that causes incipient plastic deformation does not have to be
determined very precisely.

- 13.
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3.3.4 Jumps Tiow Modes

This flow model is suitable for its intended purposes. It was used to
Show that the largest foreign object found can remain trapped in a wedge area
long encugh %9 strike & peripheral plugged tube many times with enough force
Lo Caule it eventually Lo be flattened. It is also capable of being used with
smaller fureign objects, say 0.1 times the size (linear dimension) of the
Largest one studled, thereby providing experimental verification that peak
impacting force is much less than that needed to cause plastic deformation,
and confirming that such objects are so highly mobile that they do not lmpact
twice near the same location on a tube.

3.2.3 Plew-induced Vibration

The stability limit for round tubes with fixed-piuned ends {s high enough
that it is very unlikely that round tubes will experience excessive
flow=induced vibration even if local flow velocities are highet near the
region from which tubes have been removed. In the unlikely event that
excessive [low-induced vibration were to occur, collisions between tubes would
be detected by the acoustic monitoring system to be employed in the future.

3.2.4 Test Models

The two test models snown at Westinghouse Researcrh and Development Center
on April 27, 1982 are valid for their intended purposes, although simpler
exparimental setups may also have served,

3.2.5 jScensrio Leading to Tube Rupture

The scenario is reasonable and accounts for the tuba rupture. In view of
the results obtainsd, it is reasonable to expect that removal of large foreign
Gbjects will prevent the recurrenca of the tube burst scenario.

,'__‘ -ld-
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