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4.1

« core cooling systems (ECCSs) were published in

. coolant accident description are as follows:
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10CFR50.46 - BASES

" - Learning Objectives:

1. State the five acceptance criteria for emergen-

cy core cooling systems as presented in
* . 10CFR50.46.

2. Explam the basxs for each criterion covered in - *

IOCFRSO 46.

4.1.1. Background

.. Interim criteria for the design of emergency

1971 and submitted to the various vendors and -
owner groups.” - These criteria applied for a set

"grace period, to allow the vendors a reasonable

amount of time to compile data for the public *

hearings prior to the establishment of the final ~
"~ ECCS acceptance criteria. The final criteria were -
- to provide reasonable assurance that the ECCSs - -
. would be effective in limiting core damage in the

highly unlikely event of a loss of coolant accident:

o Qoca).

“The 1mt1a1 condmons used in the loss of

1.°102% Reactor Power. . L

" <Operating .at this power level for an
“rindefinite period ‘accounts for the avail-.

* % able 'stored-heat. Even though such
¢ “operation is unlikely, this power level is

" th. 27 used to mclude margms for instrument .’
.- of the core and the post-LOCA heat rernoval by

error. .- " -~ . T

of the adjacent coolant, or approximately
600°F.
3. 2000 F UOz average temperature and
_ 4000°F peak centerline temperature.

The average and peak centerline tempera-

_ -tures are selected as calculated tempera-

-, tures at the onset of the LOCA. It is

realized that the hottest fuel pellets (hot

- spots) ‘will be well above both of these
figures. . - .

The excess heat contained in the fuel pellets is

_-.called stored heat and is approximately propor-

tional to the.power density-and the thermal

_ resistance of the gap. Stored heat is an important

. factor because it will significantly, contribute to
.the cladding temperatures durmg the LOCA
scenario. .

After all the documentation was submitted

and testimonies heard, the AEC made its deci-

sions, and the -final acceptance criteria were
published in ‘December 1973. - Some of these
criteria were highly contested by the vendors and
utility groups. Their arguments and the bases for
these criteria are discussed in section 4. 1.3.

4.1 2 ‘ECC&“» Acceptance Criteria

During a large LOCA some clad&ing damage

. will occur; however, this cladding damage must

be limited to ensure that the health and safety of
the public is protected. The amount of damage
. experienced depends on the initial heat generation

‘T, - the ECCSs._ A set of emergency eore cooling

2. 600°F Cladding Temperature

- -

> At the initiation of the LOCA, the clad-
ding would be at a temperature near that

system performance acceptance criteria has been

- developed by the Nuclear Regulatory Commls-

sion; they are listed below:

T 4.1-1 -
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1. The peak cladding temperature shall not
exceed 2200°F. '

2. Only 17% of the c]addmg thickness shall
oxidize.

3. Hydrogen generation shall be limited to
one percent of the value that would be
generated if all of the core’s cladding
underwent a zirconium/water reaction.

4. The core shall remain in a coolable
geometry.

5. Long-term core cooling must be main-
tained in order to remove core decay heat.

The cold-leg break in a pressurized water
reactor is the worst-case break due to the tortuous
flowpath for the steam that must exit the reactor
vessel. This flowpath would be from the vessel,

‘through the hot leg, through the tubes in the

steam generator, through the impeller of the
reactor coolant pump, through a portion of the
cold leg, and then out the break. As steam
accumulates in the reactor vessel, its pressure
increases and retards- the core reflood rate,
thereby allowing the hot spots in the core to
increase to attain even higher temperatures.

4.1.3 Bases

The bases for the limits established in
10CFR50.46 are discussed in the following
paragraphs.

4.1.3.1 Peak Cladding Temperature and
Oxidation

To maintain the integrity of the fuel rods the
ductility of the cladding must be maintained.
“There are two phyélcél changes that will affect
the ductlhty of the cladding; one is metallurgical
(crystal phase change), and the other is chemlcal
(oxidation).

Zirconium has two different crystal struc-
tures, of which one is the alpha phase, and the
other the beta phase. At room temperature
zirconium is in the alpha phase, which is a brittle
crystal structure.

When this metal is heated above 1150°F, the
crystal structure is transformed into the beta
phase, which is ductile. However, if the zirconi-
um cladding oxidizes, even though its tempera-
ture is above 1150°F, the crystal structure of the
zirconium dioxide is the brittle alpha phase.

Oxidation of the cladding is a chemical event
that is normally referred to as a metal/water
reaction. At high temperatures, water molecules
are absorbed at the surface of the cladding and
dissociate into hydrogen and hydroxyl radicals.
Within the cladding the hydroxyl radicals, after
several chemical steps, are converted into oxygen
ions and hydrogen atoms. The hydrogen atoms,
wherever formed, will combine into hydrogen
molecules and escape from the surface of the
cladding. The oxygen ions, however, diffuse
further into the cladding and are dissolved in the
metal. As this reaction continues, and if the
concentration of oxygen is high enough, zirconi-
um dioxide is.formed. This oxidation process
takes place between 1400 and 1700K (2060 and
2960°F, respectively), and even though the value
is in dispute, somewhere between 2400 and
2600°F the oxidation process becomes more
pronounced. Where zirconium dioxide is formed
the cladding becomes brittle, and the loss of
ductility of this metal may cause the fuel rods to
burst upon quenching.. The thickness and the
rate of oxidation is temperature dependent.

4.1.3.2 Hydrogen Generation

This criterion ensures that hydrogen would
not be generated in amounts that could lead to

USNRC Technical Training Center
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explosive concentrations. This criterion is the
same as the interim acceptance criterion, with the
exception that it is more explicit in detailing how
much of the zircaloy is to be in the one percent
hydrogen calculation.

4.1.3.3 Coolable Geometry

Calculated changes in core geometry shall be
such that the core remains amenable to cooling.

4.1.3.4 Long-Term Cooling

After any calculated initial operation of the
ECCSs, the calculated core temperature shall be
maintained at an acceptably low value, and the
decay heat shall be removed for an extended
period of time.

The long-term maintenance of cooling is
considered from the time the cladding is cooled to
300°F or less, and the intent of this criterion is
self-evident.

4.1.4 10CFR50 Appendix K

10CFR50 Appendix K provides the guide-
lines for the ECCS evaluation models. Some of
the highlights of this appendix are listed below:

1. The appendix provides the parameters and
initial assumed values that shall be used in the
ECCS design calculations. When the com-
puter runs are made to evaluate the effective-
ness of the ECCSs and the maximum temper-
atures reached in the core, they must involve
conservative assumptions as to the amount of
stored heat, power history, decay of fission
products, etc.

2. The appendix specifies the single failure
criterion for the ECCSs. The ECCS evalua-

tions must assume the most damaging single

failure of the ECCS equipment.

————
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4.2 INTERSYSTEM LOCA
Learning Objectives:

1. Define an\d{explain the‘significance of‘: an

. intersystem loss of coolant accident (LOCA):
2. Explam the changes made to reduce the I'lSk
" of anintersystem LOCA.

4.2,;1‘Intr5odu.cti_on e

Several systems connected to- the reactor -
coolant pressure boundary have desxgn pressures
considerably less than the reactor coolant system
(RCS) operating pressure. The Reactor Safety

loss of coolant accident in a pressurized water
reactor as a significant contributor to the risk of .

- core damage.

' The particular intersystem LOCA identified in
WASH-1400 involved the failure of two check
valves in the injection lines of the low pressure -

- safety injection system, which would allow the

high pressure reactor coolant to pressurize the
low pressure safety injection piping located
outside the containment. The resultant rupture of,

- this low pressure piping would cause a loss of
_coolant outside the contamment -As a result, no
"inventory .in the contamment sump would be
.available for recirculation; this plant state wou]d

- . lead to a subsequent core rpeltdown L .o

. .The probability of af‘ailnre was eyaluated for
various valve configurations which include check

. . valves and motor-operated valves. The five-year

failure rate of the check valves was ca]culated to -

be somewhat large (4 X 10-6 per;reactor year) .
_with an estimated error factor. of ten.

-

.. MV1and MV2 are normally open

. 4.2.2 Description

S RO A
. 4.2.2.1 Intersystem LOCA Scenarios

The systems of most.concern are the low

.-pressure safety injection systems that are con-

nected to the reactor coolant system pressure
boundary. Figure 4.2-1 illustrates a Westing-
house four-loop design low pressure safety
injection system, wherein the residual heat
removal (RHR) pumps take a suction from the
refueling water storage tank (RWST) and inject

. into each of the four cold legs of the RCS.

The prpmg from the RCS to the motor-

. operated isolation valves located out51de the
. containment is designed for full system pressure

(2500 psia). The drscharge piping of the low
pressure injection (RHR) pumps is rated at 600
psig, which is based on the allowable suction

-pressure for. decay heat removal operatlon plus

the differential pressure developed by the pumps.
The accident of concern is a postulated LOCA in
the auxiliary building, which could occur if the
series check valves, labeled CV1 and CV2, leak,

_thereby overpressurizing and possrbly causing
_the failure of the 600-psig RHR discharge
_piping. ThlS is very ( concetvable because in most

Westmghousc desxgned p]ants the valves labeled

o

In those units that operate with low pressure

.,‘ 1n_]ect10n motor—operated va]ves MV] and MV2

closed, the closed 1solauon valves minimize the
possibility of an intersystem LOCA. However,
technical specifications require that surveillances

‘of safety-related systems be perforrned in accor-
. dance with the American Socrety of Mechanical

Engmeers (ASME) Bor]er and Pressure Vessel

-, Code. Sectlon XTI of the ASME code requxres the
tmung of safety-related va]ves as they are stroked

from their norrnal posmons to their "accident

F2-1 - o o
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positions. The time for each valve to stroke must
be less than or equal to the operating time as-
sumed in the safety analysis report. The motor-
operated isolation valves in the low pressure
safety injection system must be tested quarterly in
accordance with ASME Section XI. If leakage
exists through both series check valves, possible
overpressurization and rupture of the low pres-
sure piping could occur during testing.

4.2.2.2 Operating Expei'iences

With two series check valves the probability
that at least one of the check valves is seated and
not leaking is extremely high. In addition, if
leakage were to occur to the point of causing a
LOCA in the low pre'ssure piping, the high
differential pressure across the check valves
would cause them to seat, which would terminate
the accident. However, both of these statements
are weakened by revnewmg actual operating
expenences

The Nuclear Power Expenences Manual

shows that between 1974 and 1978 there were

nine dilution events (of which sxx occurred at
Wesnnghouse plants) in the cold leg accumula-
tors. The dilution of the boric acid was due to
leakage of reactor coolant through series check
valves CV1 and CV3, as shown in Fxgure 4.2-1.
In response to these events, a letter, dated Febru-
ary 23, 1980, was issued from the Office of
Nuclear Reactor Regulation to all light water
reactor licensees,

This letter in part reviéwed the concerns of
the predicted accident as stated in WASH-1400,
“and the letter advised the llcensees to preform
leakage tests as soon as possxble ~ In addition,
the plants were requxred to review the piping and
valve confi igurations of the low pressure safety
injection systems and to report any known

failures or valves found to lack mechanical
integrity.

4.2.2.3 Fiqal Results

Plant technical specifications (RCS operation-
al leakage) have been revised to limit the amount
of leakage through any reactor coolant pressure
isolation valve and to require increased surveil-
lance testing of these valves in order to provide
added assurances of valve integrity, thereby
minimizing the possibility of an intersystem
LOCA. If excessive leakage exists through any
one of the check valves, the low pressure portion
of the system piping must be isolated by at least
two manual or deactivated automatic valves.
However, operability of most units’ emergency
core cooling systems (ECCSs) cannot be main-
tained with injection paths isolated in this man-
ner, which requires those units to shut down in
accordance with the technical specification action
statements for the ECCSs.

In order to comply with the leakage require-
ments for ti_lese check valves, methods for
detection and measurement of any leakage must
be provided. - The section of piping between
series check valves CV1 and CV2, as shown in
Figure 4.2-2, assitming no leakage, should be at
the same préssure as the cold-leg accumulators.
If a pressure sensor is located at this point, any
increase in the indicated pressure above the
accumulator pressure would be indicative of a
leak from the reactor coolant system into this
portion of the system. In addition, a pressure
sensor located on the pump side of the second
series check ‘'valve should indicate the head of the
refueling water storage tank. Therefore, any
pressure iricrease sensed here would indicate
leakage past the second of the two series check
valves.

USNRC Technical Training Center
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Some plants have installed pressure transmit-
ters at the appropriate points in their low pressure
injection systems (see Figure 4.2-2), with remote
indication and/or alarms in the control room, to
provide indications of leakage as decribed above.
The amount of leakage through various check
valves can be determined by opening test valve
TV1, 2, 3, or 4 as appropriate, depressurizing
the associated line, then reclosing the valve and
measuring the time required for repressurization.
Another method would be to depressurize the line
by opening the appropriate test valve to
depressurize the system, and then to open test
valve TVS5 to collect the leakage. This approach
would provide the most accurate measurement of
any suspected leakage.

Changes to technical specifications required
additional testing of the pressure isolation valves.
A typical surveillance that each valve be tested:

1. At least once per 18 months,

2. Each cold shutdown period in excess of
72 hours, if leakage testing has not been
performed in the previous nine months,

3. Prior to returning the valve to service
after preventative or corrective mainte-
nance, and

4. Within 24 hours following valve actua-
tion due to automatic or manual action or
flow through the valve.

4.2.3 PRA Insights

The intersystem LOCA is of major concern
because it involves the loss of coolant outside of
the containment building. Therefore, the water
will not be available for recirculation upon the
emptying of the refueling water storage tank.
With these conditions there is no method avail-
able for cooling of core, with core damage
resulting soon after the emptying of the refueling

water storage tank. Also, since the low pressure
injection system is located in the auxiliary build-
ing, the radioactivity associated with the break
can be released to the environment.

NUREG-1150 considered the intersystem
LOCA and its effects on the core damage fre-
quency. The intersystem LOCA is caused by the
failure of series check valves in the low pressure
injection system, allowing the high pressure from
the reactor coolant system to pressurize and
rupture the low pressure piping. The contribu-
tion of the intersystem LOCA to the total core
damage frequency varies from about 3.6% for
Surry to 0.4% for Sequoyah. One of the reasons
that Sequoyah has a lower probability than Surry
is that the operators may be able to isolate an
intersystem LOCA at Sequoyah by shutting the
low pressure injection valves.

4.2.4 Summary

The intersystem LOCA is a safety concern
due to its relatively high probability. Recall that a
LOCA outside of the containment would result in
the inability to provide core cooling after the
injection phase of the accident is over, which
could then result in a core melt. In order to
reduce the probability of this type of accident,
licensees’ technical specifications have been
changed to limit the maximum leak rate past the
valves of concern, and to increase surveillance of
these components.
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- 43 REACTOR COOLANT PUMP

SEAL FAILURES
- Learning ‘ Objectives:

. .1, Describe the operation of the Westinghouse
" reactor coolant pump (RCP) seal. = ...-

2. Describe mdlcatlons of an RCP seal fallure
that are avallable to the operator. :
. 3. =Describc how the RCP seal is designed to
** pérmit pump operation with a failed number 1
. seal. o

4. Describe the possible results of not isolating -

..number 1 seal return flow after the number 1
- ~seal fmls + .

' 4.3.1 Introductlon

For the a pressunze’d water reactor (PWR),
~ the integrity of the reactor coolant pump seals is
~necessary for the operation of the large coolant
pumps needed for heat removal from the reactor
: ¢core, and at the same time essential to the integri-
ty of the reactor coolant system (RCS) pressure

- . boundary, by permitting essentially zero leakage :
. from the RCS to the containment. The Westing- -
house RCP seal package consists of three seals : -

which must perform properly for -continued

pump operation. Seal failures can be minimized :.

by propeér installation, maintenance, and opera-
tion, but numerous occurrences of RCP seal

. failures have prompted close scrutiny by the .-

NRC.

i

Commercial PWRs have RCPs ‘made by -
several different manufacturers, including West- - *,
inghouse, Byron Jackson, Bingham, and KSP (a : -
German firm). Each pump has a different seal

. design, but many similarities exist. This section

presents a description of the Westinghouse RCP
seal assembly in terms of its design and opera-
- tion. The indications of a degraded RCP seal are
discussed, as well as the operator response to a

;" seal failure to minimize RCS inventory loss and
- to safely shut-down the plant.

Finally, brief
- descriptions ‘of .some of the reported incidents
~involving RCP seal failures are discussed to
!illustrate, among other things, -how..operator

.responses can significantly .affect the conse-

- quences of seal failures. -~ = . I+ -~

4.3.2 Reactor Coolant Punip Description

The reactor coolant pumps provide sufficient
forced circulation flow 'to ensure adequate heat
transfer for power operation and adequate decay
. heat removal-when the reactor is shutdown.
Each reactor coolant pump is a vertical, single-

: stage, centrifugal pump designed to pump large
volumes of reactor coolant at high temperatures

- and pressures. The pump (Figure 4.3-1) con-
sists of three sections from bottom to top:

*1. The hydraulic section, which consists of
the inlet and -outlet-nozzles, casing,
..flange;-impeller, diffuser, pump shaft,
.pump bearing,-thermal barrier and ther-
"« .« mal barrier heat exchanger.
. 2.--The shaft seal section (shown in Figures
_~4.3-2 and 4.3-3), which consists of the
number 1 controlled leakage seal and the
numbers 2 and 3 rubbing face seals.
These seals are located within the main
* flange and seal housing.
- 3. -The .motor section,-which consists of a
»  «vertical, squlrrel-cage, induction motor
with an oil-lubricated double Klngsbury
_thrust bearing, two oil-lubricated radial
' bearings, and.a ﬂywhecl with an anti-
- reverse rotatlon dev1cc, and appropriate
-« _support equxpment

USNRC Technical Training Center
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4.3.2.1 Radial Bearing Assembly

The pump bearing is a self-aligning, spheri-
cal, graphitar-coated’ journal bearing. The
bearing provides radial support and alignment for
the pump shaft. It is water cooled and lubricated.
It is essential that the water circulating through
the bearing be kept cool. High temperatures can
damage the graphitar coating and cause bearing
failure. The cooling water is normally supplied
as seal injection from the chemical and volume
control system (CVCS).

4.3.2.2 Thermal Barrier Assembly

The thermal barrier assembly (shown in
Figure 4.3-1) consists of the thermal barrier and
thermal barrier heat exchanger: The thermal
barrier is designed to limit the rate of heat transfer
from the hot reactor coolant to the pump radial
bearing and thermal barrier heat exchanger. It
consists of a number of concentric stainless steel
cylinders extending vertically from the top of the
impeller to the thermal barrier flange, and a
number of stacked horizontal plates at the flange.
The barrier to heat transfer is provided by the
gaps between the cylinders and plates. The
thermal barrier heat exchanger is located at the
bottom of the thermal barrier assembly below the

pump radial bearing. " The function of this heat -

exchanger is to cool any reactor coolant leaking
up the shaft to protect the radial bearing and shaft
seals. .

Seal injection water is'normally supplied to
the reactor coolant pump from the CVCS (see
Figure 4.3-2). This water is-injected into the

' pump at a point between the radial bearing and
the thermal barrier'heat exchanger. (In later
model pumps [Westinghouse model 93A-1 - see

"Figure 4.3-3}; seal injection water is supplied
between the number 1 seal and the radial bearing.

~

This feature eliminates the need to provide
number 1 seal bypass flow at low RCS pres-
sures.) Of the eight gpm supplied to each RCP,
three gpm flows upward through the radial
bearing and pump seals and five gpm flows
downward through the heat exchanger and into
the RCS. - This downward flow acts as a buffer
to prevent the hot reactor coolant from entering
the bearing and seal area.

The reactor coolant pump is designed to
operate’ with either seal injection or thermal
barrier heat exchanger cooling. However, it is
desirable to maintain bearing and seal cooling
with the purified and filtered seal injection water,
rather than with the contaminated, unfiltered
reactor coolant leaking up the shaft from the
RCS. The thermal barrier heat exchanger acts as
a backup in the event of a loss of seal injection
flow. Without seal injection, approximately three
gpm (the normal shaft seal leakage) flows from
the RCS through the heat exchanger to the pump
radial bearing and the seals. Labyrinth seals
between the shaft and heat exchanger force most
of this water through the heat exchanger. Opera-
tion of the reactor coolant pump under these
conditions is permitted only for a short period of
time because the unfiltered coolant flowing
through the seal package could damage the seals.
Component cooling water is the cooling medium
for the thermal barrier heat exchanger.

4.3.2.3 Coupling/Spoolpiece

A spoolpiece connects the pump and motor
shafts. The spoolpiece can be removed to make
the shaft seals accessible for maintenance without
removal of the motor.

4.3.2.4 Shaft Seal Section

The function of the shaft seal assembly is to
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provide essentially zero leakage from the RCS
“along the pump shaft to the containment atmo-

i sphere during normal operating conditions. The
" “assembly consists of three seals, two of which

are full design pressure seals and a third which is

simply a leakage diversion seal. Figures 4.3-2
"~ and 4.3-3 show the relative positions of the three
* seals. The seal assembly is located concentric to .
- the pump “shaft -as it passes through:the main:
‘ ﬂahge The seals are contained in a seal housing, - -

[

whlch is bolted to the top side of the main ﬂange

Number 1 Seal

1

Thé number 1 seal is the main seal of the

- “pump. Tt is a controlled-leakage, film-riding seal .
in which the sealing surfaces do not contact each™ - -
“Its primary ‘components are a runner:

other.
which rotates with the shaft and a non-rotating

- seal ring.  The seal ring and runner are faced with -

aluminum oxide ‘coatings. If the two surfaces
come in contact during operation, the seal is
damaged and excessive leakage results. The
number 1 seal produces a 2200-p51 pressure
drop

Durmg normal operation, cool mjcctlon

water, at a pressure greater than RCS pressure,-
- enters the pump through ‘a connection on the -
- -slight-increase in the opening force. The in-

_ thermal barrier flange at a rate of about eight gpm
(Figure 4.3-2). About five gpm of this injection

*2 ‘water flows downward ‘through the thermal

-~ ‘barrier/heat exchanger and into the RCS.. This.
- ‘downward flow of water prevents the primary .

- coolant from entering the seal area of the pump.

“ The rémairiing three gpm of the injected water -

passes through'the pump radial. bearing and

number 1 seal. This seal is termed a “controlled- .
~ leakage” seal because the leakage through the seal -

is controlled to a design value, which is main-

© tained by floating the seal ring so that the gap -
between the non-rotating seal ring and the rotat- -

ing seal runner is always held to a constant value

‘ (Flgurc 4. 3-4) i ¢ n e

To understand thc concept of why the gap
between the seal ring ‘and the runner stays con-
stant, it is necessary to examine the hydrostatic
forces on the seal ring by dividing them into

. “closing forces” (those forces tending to close the

- gap) and “opening forces” (those forces tending
to open the gap).. A constant closing force

. -proportional to the pressure differential across the
- seal is imposed on the upper surface of the seal

ring. This is shown in Figure 4.3-4 as a rectan-

- gle on the force balance curve.

At equilibrium conditions, an equal and
opposite opening force acts on the bottom of the
ring. The non-uniform shape-of the opening

-force is due to the taper on the underside of the
ring. The taper causes the rate of change of the
pressure drop, and thus the associated force, to
be different from those in the parallel section of
the ring. If the gap closes, the seal ring moves
downward, and the percentage reduction of flow
area in the parallel section is greater than that in

- . the tapered section. This causes the resistance to

flow in the parallel section to increase more
‘ rapidly than it does in the tapered section. This,
~in turn, distorts the force diagram and results in a

.creased -opening force_pushes the seal ring
upward, causing the gap to widen until equilibri-
-um conditions are again established. A similar

.- discussion would show that if the gap increases,

the opening force decreases. The closing force
(being greater) would then push the seal ring
down and close the gap. . Again, the seal ring is
restored to its equilibrium position.
If the pressure in the- i)ﬁmar); system is
dccreased the shape of the force balance diagram
does not change. . However, the actua] values of
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the forces decrease. If the pressure in the RCS
continues to decrease, the weight of the seal ring
becomes a large part of the closing force.

At pressure differentials below about 200
psid, the hydrostatic lifting forces are insufficient
to float the seal ring, and contact between the seal
ring and its runner may occur, causing damage to
both rings. Therefore, to prevent damage to the
number 1 seal, it is not permitted to operate the
" pump with the number 1 seal differential pres-
sures less than 275 psid. The minimum required
differential pressure of 275 psid should be
obtained when the RCS pressure is 400 psig.

At lower RCS pressures, the flow rate

through the seals is less than that required to cool

" the pump radial bearing. A penetration is provid-

ed to bypass some flow around the number 1 seal

when the pressure in the RCS is less than 1500

psig (see Figure 4.3-2). This feature ensures
adequate radial bearing cooling flow.

Numbers 2 and-3 Seals

The number 2 seal is'a rubbing-face seal
consisting of a graphitar-faced seal ring which
rubs on an aluminum oxide coated stainless steel
runner. During normal operation, the number 2
seal directs the leakage from the number 1 seal to
the CVCS (see Figures 4.3-2 and 4.3-3).

The function of the number 2 seal is to act as

a backup in case of number 1 seal failure. The:

number 2 seal has full operating pressure capabil-
ity. If the number 1 seal fails; it passes water at
greater flow rates. The increased flow is sensed
by leakoff flow detectors which indicate and
alarm in the control room. The operator should
then shut the number 1 seal leakoff flow control
valve. This action directs all number 1 seal
leakage through the number 2 seal, placing it into

service as the primary seal. The plant should
then be shut down using normal procedures to
replace the failed seal. Normal leakage through
the number 2 seal (number 1 seal not failed) is
three gph.

The number 3 seal is a rubbing-face seal
similar to the number 2 seal, except that it is not
designed for full RCS pressure. It is provided to

. divert the leakage from the number 2 seal to the

reactor coolant drain tank (RCDT). The number
2 seal leakoff is directed to a standpipe, which
maintains a backpressure sufficient to ensure
flow through the number 3 seal for cooling
purposes. The leakoff from the number 2 seal is
piped from the top of the standpipe to the RCDT.
High and low level alarms on the standpipe alert
the operator to malfunctions of the numbers 2
and 3 seals.” Number 3 seal leakoff is also routed
to the RCDT. Normal leakage through the
number 3 seal is 100 cc/hr.

The primary, components of the number 3
seal are a 304 stainless steel rotating runner with
a chrome-carbide coated rubbing face and a
graphitar 114 stationary ring, which is fitted to a
304 stainless steel holding ring. The operation of
the seal package provides a near zero leakage
from the RCS at the reactor coolant pump shaft.

The number 3 seal in a model 93A-1 RCP is
a face-rubbing seal with a double face, called a
double dam (see Figures 4.3-3 and 4.3-5). The
number 3 seal is located above the number 2 seal,
and its backpressure forces the three-gph leakoff
from the number 2 seal into the RCDT via the
number 2 seal leakoff connection.

The double-dam design permits the injection
of clean water (800 cc/hr) at a slightly elevated
pressure between the dams. A portion of this
flow (400 cc/hr) goes into the cavity between the
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numbers 2 and 3 seals and then out the number 2
seal leakoff connection. The remaining flow
* (400_cc/hr) is discharged .as number 3 .seal
leakoff into the normal containment sump. -The
_ injected flow provides the number 3 seal with
. clean water for lubrication and prevents dissolved
.. radioactive gasses in the fluid which passes
«_through the number 2 seal from entering the
containment atmosphere. - )

’ 4 .3.2.5 Instrumentation

Temperature detectors are provided to moni- - -
tor the temperature of the seal water inlet to the_ -
pump bearing and the number 1 seal outlet -

* temperature. - These temperatures are indicated,
and alarm conditions are annunciated, in the
control room.

" The differential pressure across the number 1
+ seal-is also indicated and annunciated in the

.+~ - “control .room to ensure a minimum AP for pump

. .operation. This ensures a sufficient gap between
- the number 1 seal ring and its associated runner. .
- - Each seal supply.to each RCP contains a flow
-transmitter and flow indicator followed by a seal
. . injection throttle valve; all are located outside- -
-’ containment. -
The number 1 seal leakoff flow is monitored, -
recorded, and annunciated in-the control room.,
~ A high leakoff flow indicates a failed number 1 -,
* + seal and alerts the operator to close the number 1
seal leakoff valve to place the number 2 seal in
service. A low flow is usually associated with a
low RCS pressure and indicates that insufficient
seal leakoff exists to ensure proper cooling of the
. pump bearing. The operator should then open ,
the number 1 seal bypass valve (a common valve _

for all pumps) to increase the leakoff flow and to - w: '

provide sufficient cooling. .- S

‘4' 3. 3 Seal Fallures

4.3.2.6 Cooling Water

- It is essential that cooling water be supplied

' to the motor bearing coolers and thermal barrier
_heat exchanger during pump operation. Al-
. though it is possible to operate the pump without
‘damage with no cooling.flow to the thermal

barrier heat exchanger, operation.under these
conditions should be minimized., If seal injection

- were lost while thermal barrier cooling is not

available, hot reactor coolant would leak up the
shaft into the bearing and seal area and damage
these cornponents Lo L

- The component cooling water system sup-
plies the reactor coolant pump heat exchangers.
The piping to the thermal barrier heat exchanger

.is designed to withstand full system pressure in
- case of a leak in the heat exchanger.- The remain-

der of the system is low pressure piping.

E Intheeventof a lt;ak f:rom the R(fS into the
thermal barrier heat exchanger, a high flow is

-sensed in the component cooling return line.
.This condition initiates an alarm and automatical-

ly isolates the return line. Isolation of the return
line stops the leak flow, and the high pressure
piping of the component cooling water system

. becomes part of the RCS pressure boundary.

; Component cooling water to the reactor coolant

~pumps is automatically isolated on]y by a con-

tainment isolation phase B signal. -

-

If component cooling water is unavailable,
the reactor coolant pumps must be secured within
approximatcly two minutes.

The followmg arc bnef summanes of some
-of the more 51gruﬁcant RCP seal fallure events at
operating PWRs.
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4.3.3.1 Oconee Unit 2 (1/74)"

Oconee Unit 2 (a Babcock and Wilcox plant)
was at power when a leak was detected in the
seal injection line to the 2B1 RCP. Isolation of
the one seal injection line for repairs was not
successful, so seal injection to all RCPs was'
secured. About six hours after the work com-
menced, the operators started to receive alarms
on high seal inlet temperature, high seal leakoff
flow, high quench tank pressure; and various
other temperatures and flows associated with the
2B2 RCP. Unit load was reduced from about
22%, and the reactor was manually tripped
because of the indications of a seal failure on the
pump.. The unit was cooled down and
depressurized to allow inspection and repair of
the failed seal. Approximately 50,000 gal of

“reactor coolant leaked into the containment. The

maximum leak rate was about 90 gpm. Appar-
ently a mechanical failure of an upper seal com-
ponent had caused higher-than normal seal
leakoff, which overloaded thé pump seal heat
exchanger (similar to the thermal barrier heat
exchanger in a Westinghouse RCP). The flow of
hot reactor coolant through the seal package
caused distortion and further damage. The pump
seal was replaced, and steps were taken to
" increase the heat removal capability of the seal
heat exchangers to ensure that they would be able
to handle higher heat loads in the future. Addi-
tional instrumentation was added to monitor
leakage from the seals.

4.3.3.2 H. B. Robinson (5/1/75)

H. B. Robinson (a Westinghouse plant)
experienced a failure of the number 1 seal in one
of its model 93 RCPs while operating at 100%
power. Indications of fluctuations in the number
1 seal leakoff flow had been present for about 20
minutes prior to definite indication of number 1

seal failure. The definite indication of a number
1 seal failure was the leakoff flow indication for
that RCP reaching and remaining off-scale high
(greater than five gpm). The number 1 seal
return isolation valve was not shut immediately,
and the high flow of hot reactor coolant through
the thermal barrier heat exchanger caused flash-
ing of the component cooling water and automat-
ic isolation of cooling water to all RCP thermal
barrier heat exchangers. The RCP was secured
after reactor power was lowered below the P-8
permissive setpoint (the plant tripped during the
power reduction), and the seal return isolation
valve for the failed seal was eventually shut. The
prolonged flow of hot reactor coolant through the
pump’s lower radial bearing evidently caused
bearing damage because when the pump was
subsequently restarted, severe damage to the
pump and the other seals in that pump resulted.
The additional damage to the pump’s thermal
barrier labyrinth, lower radial bearing, and
numbers 2 and 3 seals resulted in an RCS leak of
450 gpm, versus the maximum of 200 gpm
previously predicted by Westinghouse for a
failed RCP seal. The total leakage from the RCS
was 200,000 gal. The plant was eventually
brought to cold shutdown, and the damaged
seals, lower radial bearing, and thermal barrier
assembly were replaced. No specific cause of
the number 1 seal failure was identified. The
Westinghouse RCP seal technical manual (as
well as plant procedures) was revised to ensure
that the number 1 seal return isolation valve is
closed immediately and the pump:is secured
within 30 minutes after indication of a number 1
seal failure.

4.3.3.3 Indian Point Unit 2 (7/2/77)

Indian Point Unit 2 (a Westinghouse plant)
experienced an'RCP seal failure while at two
percent power. Indications of decreasing pres-
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surizer level and pressure prompted the operator
. to place a second charging pump in service.

rControl room alarms and 1nd1cattons (high .

. "leakoff flow) caused the operator to suspect a

. seal failure, so the RCP was trrpped and the

_reactor shut down Total, RCS leakage was

~ - failure was 1dentrﬁed but it was assumed that the

_number- 1 seal lost its lubricating film, and. the - - -

‘subsequent co‘ntactwof the seal faces caused gross
failure. The pump’s rotating element, including
_.the seal package, was replaced.

" 4.3.3.4 Salem Unit 1 (10/21/78)

Salem Unrt l (a Westmghouse plant) was -

. heating up in preparatron for a reactor startup.
The operator noted no seal flow to one of the
RCP’s and secured the. pump. There were

~indications that flow from the operatmg chargmg

,,,,, pump had ‘been lost, so he started another pump.

_ At this time he noted off-scale hrgh leakoff flow

.from the secured RCP. The alarm computer also

indicated that the containment sump and RCS

drain tank pumps had started, indicating leakage ;
into the containment. The seal return isolation |

valve for the suspected pump was shut in accor-

- dance with procedure, -and the remaining RCPs .

were secured due to the loss of RCS inventory.
A plant cooldown and depressurxzatron was

i

initiated. Before the plant was in cold shutdown.
and depressurized, about 15, 000 gal of reactor )
. coolant was: ‘leaked to the contarnment .No . ..

. specific cause of the seal farlure was 1dentrfted
. The seal package was replaced but additional
o problems with high leakoff.flow were experi-

enced during the subsequent heatup It was,

suspected that debris from the initial seal fmlure
was backflushed into the number 1 seal because

the operators normally.left the leakoff isolation
valves open during low pressure operations.

. . . RCP Seal Failures

Plant procedures were .changed :to require a
minimum seal differential pressure of 200 psid

. during low RCS pressure conditions and to keep
Vthe seal return and bypass isolation valves shut.

A check valve was subsequently mstalled in the

. :lme
estrmated to be 90, OOO gal the maximum leakage .

rate was 75 gpm. No spccrflc cause for the.-/ ‘4 3\3 5’ ANO-l (5}10)8‘6) -

Arkansas Nuclear One Umt 1 (a Babcock and
ercox plant) experrenced an RCP seal failure

;_whrle at power. Increased RCS leakage was
- noted by operators momtormg the makeup tank

level. RCP instrumentation conﬁrmed a problem
with one pump’s seals. A load reduction was

.commenced and ‘the RCP was taken out of
_ service. Seal leakoff flow mcreased srgmﬁcantly

when the pump was stopped Reactor building
pressure and radiation levels also increased.

-Approximately 64,000 gal of makeup water were
_used to maintajn the RCS rnventory during the

subsequent cooldown and depressurrzatton for

. seal repairs. The maximum leakage rate was 200

‘to 300 gpm. An rnspectron rcvealed that the
. third-stage seal experrenced gross damage No
.specific cause could be identified, though it was

suspected that the seal mrght have lost cooling
due to a closed bleedoff valve or that the seal had
not been 1nstalled properly Jt was concluded

: that the upper seal farled first and that debris and

distortion caused the subsequent damage to the
first- and second-stage seals

In all hundreds of events mvolvmg RCP
seal-related failures have been reported since
1967, and the NRC has concluded that seal

_ failure is the leading cause of RCP.outages and a
. srgmficant contrrbutor to the risk assocrated with
“small loss of coolant accxdents
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~ 4.3.4 Regulatory History

NRC studies based on the 'occurrences of
RCP seal failures at operatmg PWRs have shown
that they occur with a frequency of an order of
magnitude greater than the small pipe break

frequency used in WASH-1400, “Reactor Safety’

Study.” Since ‘the small-break-loss of coolant
accident (LOCA) is a significant contributor to
core damage in WASH-1400, the NRC has
concluded that the overall probability of core
damage due to small breaks could be dominated
“by RCP seal failures. Generic Issue 23, “Reac-
tor' Coolant Pump Seal’ Failures,” was estab-
lished, and a task action plan was developed in
1983 to'study the issue and to make recommen-
dations if it became apparent that the original
design requirements were inadequate.

The proposed resolution for Generic Issue 23
is still in progress, but studies indicate that the
Westinghouse seal package is pamcularly vulner-
able to failure due to several of i 1ts design fea-
tures. The film riding design of the number 1
seal makes it susceptible to stxckmg open and
allowing higher than normal leakoff flows, and
the fact that it relies on a film of water to prevent
contact of the seal faces makes it more vulnerable
to failure if the film is lost. Rubber O-rings used
in the seal packages are likely to degrade when
subjected to hot reactor coolant which means
that the seal package could experience significant-
ly increased leakage if cooling to the RCP seals is
lost due to a malfunction or to a loss of all ac
power.

NUREG/CR-5167 ““Cost/Benefit Analysxs
for Generic Issue 23: Reactor Coolant Pump Seal
Failure,” issued in Apnl 1991, identifies several
modes of RCP leakage that may be in excess of
those assumed in licensee coping analyses for
implementing the requirements of 10CFR50.63,

the station blackout rule. Generic Letter 91-07,
“GI-23, ‘Reactor Coolant Pump Seal Failures,’
and Its Possible Effect on Station Blackout,”
provided this information to licensees and re-
minded llcensees that higher seal leakage rates
could affect licensee analyses and actions ad-
dressing the station blackout rule.

As reported in Information Notice 95-42 (IN-
42), in March of 1995 the Commission voted
against the adoption of a proposed rule that
would have resolved Generic Issue 23. The
Commission concluded that the proposed rule did
not provxde a sufficient gain in safety to justify its
issuance. The Commission was also concerned
about potential inaccuracies in the NRC’s seal
leakage evaluation model and that the wide range
of plant-specific considerations regarding RCP
seals would result in the spending of excessive
resources by some licensees without commensu-
rate safety benefits. IN-42 further noted that
some licensees are addressing the issue through
the Individual Plant Evaluation Program and
accident management strategies. Further action
regarding this issue is forthcoming.

4.3.5 PRA Insights

A reactor coolant pump seal failure can result
in a small-break loss of coolant accident. For
example; the seal failure at H. B. Robinson
resulted in a leak rate of 450 gpm. For a small-
break LOCA, the hi gh pressure mjecnon system
must be operable to supply the reactor coolant
system with injection water for cooling. The
reason the lower pressure emergency core
cooling systems are not of use for this accident is
the slow depressurization of the primary.

NUREG-1150 evaluated several accident
sequences which include a seal failure. Most of
the sequences are initiated by either a loss of all
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ac power or a loss of component cooling water.
With these losses, the high head injection system
is not available to provide normal seal injection,
and the component cooling water system is not
available to cool the thermal barrier heat
exchangers and the emergency core cooling
system pumps. The reactor coolant pump seals
fail due to the loss of cooling, and a small-break
LOCA results.

The seal failure at H. B. Robinson could
have led to core damage if the plant had subse-
quently lost all ac power, the high head injection
system, or the component cooling water system.
The accident sequences with a seal failure result-
ing in a loss of coolant accident represent a total
of 35.4% of the core damage frequency for
Sequoyah (primarily due to the loss of compo-
nent cooling water), about 80% for Zion (primar-
ily due to the loss of component cooling water),
and about 26.3% for Surry (primarily due to the
loss of all ac power).
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4.4 REACTOR COOLANT PUMP
- .« TRIPPING REQUIREMENTS

.- Learning Objectives:

-1. -Explain the effects on the reactor coolant’

system (RCS) inventory -and peak clad
temperatures following a small-break loss of

condmons

coas Reactor coolant pumps (RCPs) tripped .

. prior to the RCS drammg to the break -

. .. .- elevation. 3
" b. RCPs tripped after the RCS has dramed
to the break elevation. -
c. RCPs.remain running throughout the
transient. :

2. Explain why it is advantageous to maintain .

the RCPs in operatlon during non-LOCA
’ accrdents

3. State the basrs for tripping the RCPs durmg
. SBLOCA condmons

4, State the two criteria that must be satisfied
- prior to tripping the RCPs during an accident
‘scenario. . ! P

.nuclear industry and the NRC, particularly after

the event at Three Mile Island Unit 2 (TMI-2) and
the steam generator tube rupture (SGTR) at the

... Ginnaplant! - . 0.7

-

Section 4.4.2 presents background discus-
sions on plant conditions (i.e., normal operation,

© anticipated transients, and accident conditions)
coolant accident (SBLOCA) for the followmg ;

during which an RCP trip may be required. A \

: v..detailed description of the RCP trip crrtena is
_provided in'section 4.4.3. '

B

oy

4.‘4 ‘.2 Transrent xDescnption

-4.4.2.1'_Normal Operation and Antici-

pated . Transients ...

~ The RCPs are designed to provide forced
reactor coolant flow during all phases of plant

- power operation. The performance of the RCPs
- is one of several key component design parame-

- ; .o .- _throughout the transient.
5. List the three alternative RCP trip parameters. -~

6. Discuss the bases for the three alternative .

- RCP trip parameters.

7. Discuss the methodology used to select the
' appropriate altemative RCP trip parameter.

4. 4 1 Introductlon e e

-t

™

Tnppmg reactor coolant purnps under acci- -

. dent conditions has been under evaluation by the -

ters which is integrated -into the overall plant
design, . oLl T

The performance of the RCPs must also be
considered during the - anticipated -transients
postulated for plant design. - For most of the
anticipated transients (Condition II events), the
RCPs are assumed -to remain in operation
" However, in certain
Condition II transients, the RCPs will be affected
by the postulated transient. For example, a loss

" of offsite power will impact the operation of the
RCPs (and other equipment). The RCPs normal-

ly receive power from the unit turbine-generator
and should remain fully powered for a load
rejection transient. - For certain types of loss-of-
load or turbine-trip transients, the RCPs would

.. be switched .to offsite -power automatically,
. ~,w1thm 6 to 10 Hz. .These conditions, too, should

'not result in any adverse impact on RCP opera-
-tion. e oo ..
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One Condition II event that is integrally
related to RCP performance is the partial loss of
forced reactor coolant transient. For this event,
the loss of one RCP is postulated, and an analy-
sis is performed to determine the effects on core
and plant performance. The specific cause of this
transient is not significant because the transient
analysis encompases.a very broad range of
mechanical and/or electrical faults which result in
the trip of one RCP. The basis for the analysis is
that the trip affects only one RCP, and that there
is no consequential damage to other portions of
the plant or to the pressure boundary function of
the RCP. For these events, the RCP trip may be
initiated manually by the operator or by any of a
number of RCP protective trips.

The purpose of tripping' an RCP during
Condition I and II events is largely economic; an
out-of-range parameter is indicative of an off-
normal condition and the RCP is tripped to avoid
continual degradation of the situation which
could potentially result in damage to the RCP.
During Condition IIT and IV events, the operator
is also trained to trip the RCPs when off-normal
conditions in the RCP support systems are
encountered.

In summary, the RCP trips which can poten-
tially occur during normal power' operation are
considered in the plant design. ‘The trips are
established largely to provide economic protec-
tion of the components and do not result in plant
darﬁiige or challenges to the protective and/or
safety systems.

4.4.2.2 Accident Conditions

-The performance of the RCPs during accident
" conditions has been considered in component and
plant design. In the plant safety analysis reports
(SARs), RCPs are assumed to trip during acci-

dents when an RCP trip would be detrimental to
meeting safety criteria. Most frequently, the
effect of an RCP trip deals with the lack of forced
reactor coolant flow and effective heat removal
from the reactor core. Other effects such as RCP
overspeed, integrity, and missile generation have
also been addressed.

During accident conditions, there are some
situations which warrant an RCP trip. For
example, during the initial stages of a small-break
loss of coolant accident, if selected parameter
setpoints are reached, the RCPs should be
tripped to avoid more serious problems. During
the long-term recovery from many accidents, it is
desirable to trip selected RCPs to make recovery
operations more easily achievable. These situa-
tions arise when the additional heat input to the
RCS from the RCPs is large enough to hinder
plant cooldown.

There are also situations in which the RCPs
should remain operating or should be restarted if
they have been removed from operation earlier in
an accident sequence. These situations are
associated with the need to provide normal
pressurizer spray and forced RCS flow. Also, a
RCP restart may be necessary in response to
accident conditions beyond the plant design
basis, such as an inadequate core cooling (ICC)
condition.

For events within the plant design basis,
safety and licensing criteria must be met assum-
ing that the RCPs are not in operation. In almost
every one of these cases, continued operation of
the RCPs is beneficial. However, certain acci-
dent sequences have been identified in which it is
possible that the accident is very negatively
affected if the RCPs are tripped during a particu-
lar time interval. As a result, criteria have been
developed to provide an RCP trip prior to reach-
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ing the critical time interval.

Loss of Coolant Accident (LOCA)

For large-break LOCAs (LBLOCAsS), the .

- operation of the RCPs has little if any effect .
.. during mitigation and recovery. During the initial
.phases of.an LBLOCA, the RCPs are continu-
ously powered for some minimum time period to
*-avoid the possibility of RCP motor overspeed,

since this could lead to the possibility of flywheel

tory and the impact on core heat removal.

Following the-accident at TMI-2, industry
and NRC attention focused on the role of RCP

“operation during SBLOCAs. -The NRC issued
. IE-Bulletin 79-06, which required plant operators

to ensure continued operation of at least one of

the RCPs to provide forced cooling to the core.

Industry evaluation of this directive pointed out

. conditions under which the SBLOCA conditions
. -could be degraded rather than mitigated by such

-actions. The NRC then directed that RCPs be

" - -fracture and the attendant missile generation ™
;. problems. For SBLOCAs, the primary concern ..
is related not to the mechanical stability of the . ;
components but rather to the RCS coolant inven-

~tripped if indications of a SBLOCA were ob--

tained.- The dialogue continued between .the

. during SBLOCAs. .These analyses were per-

formed utilizing the Westinghouse Small Break

. Evaluation Model and the results were presented

in WCAP-9584. The safety analyses for West-
inghouse PWRs contain analyses of a spectrum
of small break sizes in which the loss of offsite
power, and ‘thus:an RCP trip," is -assumed to
occur coincident with the.reactor trip. In the
WCAP-9584 study, a range of break sizes and
locations was considered assuming an RCP trip
_ at various times following break initiation.

. Evaluation-of .the cases included in the
WCAP-9584 study indicates two distinct charac-
‘teristic behavior modes, depending on the RCP
trip time. - This is illustrated in Figure 4.4-1,
which presents integrated break discharge mass
versus time for various RCP trip times. The

. change of slope of each-curve-in Figure 4.4-1

represents -a-shift in break flow quality from
nearly zero (all water) to one (mostly steam), as
the RCS drains to the break elevation. Case A is
.the final safety analysis report (FSAR) three-in.-
. diameter break calculation for a three-loop plant
design, in which an RCP trip-at the time of
reactor trip is assumed. For Case A, the RCS
_drains to the break elevation and the break flow
changes to all steam flow at approximately 575
_ seconds after break initiation. Cases B and C

; NRC and the industry until the NRC-issued a :- -represent scenarios in which the RCP trip occurs

. revised position in NRC Generic Letters 83-10c
and 10d. - These letters recognize that there are - -elevation.

. “ . certain accident conditions for which the RCPs
---= should be tripped, and others for which RCP
- _operation should be continued if possible. Under

either set of accident conditions, safety criteria

‘prior.to the time the RCS drains to the break
-Figure 4.4-1 ‘illustrates that the

--difference in the total mass depletion is insignifi-

cant for these cases. Therefore, the liquid mass
inventory remaining in the RCS is also compara-
_ble, yielding -peak clad temperatures (PCTs)

- must be-met and maintained for those events °--similar to the FSAR case results, which are

—

- within the plant design basis.- ' -

Extensive analyses have been performed for..
- Westinghouse pressurized water reactors -

.-~ Cases D thro

., below the regulatory limit of 2200°F. .

ror -

T i ~

R ﬁgh G reﬁresc_:nkt scem;uios in
which the RCPs remain running for times equal

(PWRs) to evaluate the effect of an RCP trip ." ;to or greater than the time required for the RCS to
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drain to the break ‘elevation; they demonstrate
significant differences in the total mass depletion
through the break. Forced flow induced by RCP
operation maintains the inner vessel mixture level
above the hot-leg nozzle elevation. This allows
for-continued circulation of liquid around the
loops, providing a source of liquid to the break
region. Therefore, continued RCP operation
prolongs the period of liquid break discharge as
the RCS drains. The difference in time of the
slope change for the delayed RCP trip cases is
associated with additional mass loss through the
break. The prolonging of the liquid break
discharge further depletes the liquid mass inven-
tory remaining in the RCS. Immediately follow-
ing the RCP trip for these cases, loop flow rates
decrease and steam/water phase separation
occurs. A rapid reduction in the vessel mixture
level results, and the fuel may be partially uncov-
ered. Prolonged RCP operation and the resultant
additional liquid mass depletion can greatly affect
the degree and duration of core uncovery.
Depending on plant type and break size, a range
of RCP trip times may yield PCTs greater than
the FSAR case result.

The effect of RCP trip time on calculated
PCTs is illustrated in Figure 4.4-2. As can be
seen for a break size of three in. in" diameter, if
the RCPs are tripped during the time interval of
575 - 650 sec following the break initiation, the
resulting peak clad temperature would exceed the
limit of 2200°F. This is also true for a two-in.
break and RCP trip after 2,000 sec.

If the RCPs remain’ operational throughout
the transient (Case H of Figure 4.4-1), depletion
of primary liquid mass is maximized. However,
the PCTs remain well below the FSAR case

restlts due to enhanced core cooling caused by-

the high core steam flow rates associated with
two-phase loop flow. Continuous operation of

the RCPs during a LOCA cannot be guaranteed,
since tripping of the RCPs would occur upon a
loss of offsite power or other essential support
conditions, which can be postulated to occur at
any time. The reason for purposely tripping the
RCPs during accident conditions is to prevent
excessive depletion of the RCS water inventory

- through a small break in the RCS, which might

lead to severe core uncovery if the RCPs were
tripped for some reason later in the accident. The
RCPs should be tripped before the RCS liquid
inventory is depleted to the point where tripping
of the pumps would cause the break to immedi-
ately uncover.

- Non-LOCA Accidents

During virtually all non-LOCA accidents, it is
advantageous to have the RCPs in operation.

- Continued RCP: operation provides additional

margin to safety criteria limits and makes opera-
tor actions during recovery easier. However,
whether the RCPs remain in operation or are
tripped, safety criteria must be met. Plant opera-
tors are provided with guidance to mitigate and
recover from accidents. For accidents involving
the loss of secondary coolant, control of RCS
pressure, RCS temperature, and pressurizer level
is the major concern, rather than core cooling.
For the various types of SGTR events (either
single or multiple ruptures), control of the leak
rate, RCS pressure, RCS temperature, and
pressurizer level is important. In all cases, RCP
operation provides enhanced core heat removal
and makes RCS pressure control by the operator
a more straightforward matter. In general, for
non-LOCA accidents, it is desirable to have the
RCPs in operation throughout the event to:

1. Maintain normal pressure control using
pressurizer spray and thereby avoid
opening of the pressurizer power-operat-

USNRC Technical Training Center

4.4-4

Rev 0296



Westinghouse Technologi,Advanced Manual .. .-Reactor Coolant Pump Tripping Requirements

- ed relief valves (PORVs), . - . .condition is not met, the RCPs should not be

2. Prevent the formation of a stagnant water  tripped regardless of whether.the plant parame-

. ~,- volume-in the upper head region of the ters indicate that a trip setpoint has been reached.
- _vessel, which may flash and form a steam . - - Analysis has shown that if the SI system is not in

. bubble during the subsequent cooldown - - operation, the RCPs can be operated to provide

, and depressurization, Coe  core heat removal.. For SBLOCAs with the high-
U 3. Minimize .potential pressurized thermal  head safety injection pumps not in operation, the
shock challenges, and .- RCPs continue to provide core heat removal via

4. Minimize operator actions such as trip- the break and the SGs. .With the RCPs running,

. ping the RCPs and then restarting them  the RCS can safely be depressurized to the point

s - later. P + ¢ - 1 where the accumulators and the low-head safety
e C . : - ~- _-injection pumps can ensure core heat removal
- .The NRC has required development of RCP - -before symptoms of inadequate core coolmg are

_ . trip setpoints based on parameters which allow. exhibited. If the RCPs are tripped during the
.the operation of some (or all) of the RCPs during. RCS depressurization because of a loss of offsite
.-those accidents which will benefit from RCP  power or other . support condition, the
operation, yet result in a trip of -the RCPs for  depressurization rate can be increased to the

~ . - SBLOCAS and other accidents which require it.,  -maximum rate to obtain the benefits of injection
. from the accumulators and low-head safety
4 4.3 RCP Trxp Crltena <~ . injection pumps sooner. - - ' ..

The RCP trlp cntena have been developed 4.4. 3.1 Alternatlve RCP Tnp Parame-

ahd incorporated into the emergency operating ters -~ -
.-+ .+, proceduress to require RCP trip when required
(e.g., in.response to an SBLOCA) and to mini- - .It is possible to conservatively establish a

©~ . mize the probability of an RCP trip when one is. .parameter and corresponding setpoint which can

_not required. The RCP trip criteria consist of . --be used as a symptom for operator action to

4 - two fundamental parts: - _ ensure that the RCPs are tripped early during a
A . ST . -, - small-break LOCA.- ‘However, the use of an

SRS B ~Successful operation-of the safety injec- .- overly conservative parameter and setpoint could

-~ tion(SI) system and . - also result in an RCP trip during a steam genera-
. . 2. -Selected plant parameters reachmg critical | tor tube rupture or other non-LOCA accidents for
~ _setpomts . - Wthh it is de51rab1e to keep the RCPs running.

- P g Therefore it is de51rable 1o have an RCP trip

In the Westmghouse emergency operatmg ., parameter and setpoint whnch ensure a pump trip
procedures, the RCPs are-not tripped unless . for the range of small- break LOCAs during

these criteria are satisfied. It cannot be empha- . whlch a pump trip is requlred but do not lead to

-+ sized too strongly that a fundamental condmon ~a-pump trip for most SGTRs and non-LOCA
~which must be satisfied for an RCP trip durmg “accidents. Tnppmg the RCPs for an SGTR or

_ an emergency condition is that at least one high  non-LOCA accident would not violate any safety

. pressure. SI pump be in operatlon and capable of  criteria.. The design of plant safety systems and

. . ----delivering flow to the RCS. If this fundamental . the FSAR analyses for these accxdents are based
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on the concurrent loss of offsite power and thus
on a concurrent RCP trip.

In NRC Generic Letters 83-10c and 10d, the
NRC addressed the question of developing RCP
trip setpoints. The NRC concluded that the need
for an RCP trip following a transient or accident
should be determined by each plant, with consid-
eration of Owners Group input, and provided
guidance for the development of satisfactory
RCP trip setpoints. This guidance indicated that
the setpoints should be designed to ensure that
the RCPs would be tripped for all LOCAs for
which an RCP trip is considered necessary, but
should also ensure continued RCP operation
during SGTRs up to and including the design-
basis tube rupture. The’ evaluation to establish
the RCP trip parameters ‘and setpoints should be
capable of demonstrating and justifying that the
proposed RCP trip parameters and setpoints are
adequate for SBLOCAs, but would not result in
an RCP trip for other non-LOCA transients and
accidents (e.g., SGTRs).

For a small-break' LOCA, the RCP trip
parameter must provide an indication of the need
for an RCP trip before the RCS coolant inventory
decreases to the point where the break would be
uncovered if the RCPs were tripped. Parameters

*that are indicative of® decreasing RCS coolant

inventory should be suitable for use as potential

' RCP trip parameters The evaluation of alterna-

tive Rcp trip parameters was limited to parame-
ters which could be measured with existing
qualified instrumentation. The alternative RCP
trip parameters which have been evaluated are
RCS pressure, reactor coolant subcooling, and

‘steam generator-pressure-dependent RCS pres-

sure.

‘In establishing the §ctp§)fnt for any of the
potential RCP trip parameters, the uncertainty in

P P

the instrument readings must be considered. One
of the factors which can affect the instrument
uncertainty is.environmental conditions. The
environmental conditions inside the containment
during an accident can vary, depending on the
type and severity of the accident, from normal
conditions go'tlie worst case post-accident condi-
tions.

Although a large LOCA or secondary break
inside containment may result in adverse contair:-
ment conditions, there are many LOCAs and
other non-LOCAs which are not expected to
result in adverse containment conditions. In
addition, a design-basis SGTR is not expected to
result in adverse containment conditions, even

- for those plants in"which the condenser air ejector

exhaust is diverted to the containment on a high
radiation indication. If adverse containment
conditions exist, then the setpoint with instru-
ment uncertainties associated with post-accident
containment conditions should be utilized in
determining the need for an RCP trip, whereas
the setpoint with normal instrument uncertainties
should be used if adverse containment conditions
do not exist. This requires the use of two RCP
trip setpoints in the procedures, with the appro-
priate one being selected by the operator based on
an indication of containment conditions. Since
most SGTR and non-LOCA events are not
expected to result in adverse containment condi-
tions, the lower setpoint resulting from the use of
normal instrument uncertainties reduces the
likelihood of tripping the RCPs for these events.

RCS Pressure

The purpose of tripping the RCPs during
accident conditions is to prevent the excessive
depletion of RCS inventory through a small
break. RCP operation does not lead to excessive
RCS inventory loss through the break until the
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- time is reached when tripping the RCPs would  established by the safety valves.. These are the
cause the break to immediately uncover. The steam generator secondary side conditions that
break cannot be uncovered until the steam gener-:... will be used to determine the RCS pressure
ator tubes have begun to drain. Also, the steam. ‘setpoint for an RCP trip because they result in the
-generator "tubes cannot begin draining until -  highest possible saturation pressure during a

- ,--saturation pressure is reached at the top of the small LOCA. -Therefore, the steam generator
steam :generator tubes.. Only then can steam . . pressure is assumed to.be ‘established by the
: reside in the top of the steam generator tubes and ~ steam generator safety valve set pressure.
volumetncally compensate for the fallmg liquid | R _ oL -
level.- .. . - LT = -~ = The RCS pressure setpoint that is determined
‘ . : N .. from this steam generator pressure is developed
Therefore, the ob_]ectxve is to estabhsh an . in accordance with the following considerations.
RCP trip setpoint which is indicative of satura- - The RCS wide-range’ pressure used for this

. tion pressure being-reached at the top of the. . purpose is normally-measured in the hot leg.

steamn generator tubes. The determination of this : There is-a pressure ‘drop between the RCS

. . saturation pressure depends on the conditions in . _pressure measurement location and the top of the

the primary system, the conditions in the steam : * steam generator tubes (where the occurrence of

- generator secondary side, and the location and - -saturation is key),a pressure difference across

... - accuracy of the instrumentation used. - _.~. the steam generator tubes due to the temperature

R U P PR L ” .gradient required for heat transfer, and a pressure

~ - . Abounding decay heat generation rate at two - - drop from the top of the steam generator tubes to

minutes after a reactor trip from full power will  the steam generator safety valves.” Thus, the

x be used to determine the primary system condi- RCS pressure for RCP trip should be the pres-

_ . tions. The value of decay heat at-this time is ' sure established by the steam generator safety

. .about 3.5 -percent of full reactor power. The valves plus the calculated pressure differential

. RCP heat input to the primary system should also  from the steam generator safety valves to the
be included. -With the RCPs operating, the . RCS pressure measurement location. -

primary system is able to transfer the 3.5 percent - - _ ST e T -

decay heat and RCP heat input with a very small_ . - - The: appropriate instrument uncertainties

- .- change in the reactor coolant temperature across . -should be added to the RCS pressure value

. the core. However, the actual temperatures in the _ established by the above procedure. For normal

_ RCS will depend on the conditions in the steam: :containment conditions, the normal instrument

‘: 1 - generator secondary side. . o ... - uncertainties should be, used, whereas with
- AT e adverse contamment condmons, the instrument
The pressure in the steam generator second- uncertamtles associated with post-accident
*.. "~ ary side will depend on the availability of the~ contau_lment conditions should be used. The
condenser for steam dump operation and the _resulting two pressures are the RCS pressure
operability of the secondary PORVs. The . setpoints at which the operator should trip the
_ highest pressure in the steam generator secondary  reactor coolant pumps, depending upon the
-~ side will occur if the condenser is not available, containment conditions. )

. the secondary PORVs are not operable, and the

steam generator secondary ‘side pressure is -
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RCS Subcooling

As discussed previously, RCP operation
following a small-break LOCA does not lead to
excessive RCS liquid inventory loss through the
break until the time is reached when tripping the
RCPs would cause the'break to immediately
uncover. The break cannot be uncovered until a
significant amount of voiding has occurred in the
RCS. Since it is expected that voiding will occur
first at the core exit, it is not necessary to trip the
RCPs as long as subcooling is maintained in the
RCS hot legs. RCS. subcooling based on the
temperature measured by either the wide-range
hot-leg resistance temperature detectors (RTDs)
or the core-exit thermocouples can be used for
this purpose. To ensure a conservative RCP trip
setpoint when subcooling is lost, the instrument
uncertainties associated with, RCS subcooling
must also be considered. The RCP trip setpoint
using RCS subcooling would be zero degrees
plus instrument uncertainties.

Secondary-Pressure-Dependent RCS
Pressure ’ )

The RCS pressure parameter described above
provides for tripping the RCPs at the time when
saturation pressure is reached at the top of the
steam generator tubes. -This RCS pressure
setpoint is based on the conservative assumption
that the steam generator pressure is fixed at the
steam generator safety’ valve set pressure.
However, the steam generator pressure may
actually be less than this value, depending on the
availability of the steam dump system and the
steam generator PORVs. With the- method
described in this subsection, the RCS pressure
setpoint is determined based on the actual steam
generator pressure.

The RCS pressure for RCP trip would be the

highest indicated steam generator pressure, plus
the calculated pressure differential from the steam
generator pressure measurement location to the
RCS pressure measurement location. This
pressure differential consists of the pressure drop
between the RCS pressure measurement location
and the top- of the steam generator tubes, the
pressure difference across the steam: generator
tubes due to the temperature gradient required for
heat transfer, and the pressure drop from the top
of the steam generator tubes to the secondary
pressure measurement location.

The appropriate instrument uncertainties
should be added to the RCS pressure value
established above. .For normal containment
conditions, the normal instrument uncertainties
should be used, whereas with adverse contain-
ment conditions, the instrument uncertainties
associated with post-accident containment condi-
tions should be uséd. The instrument uncertain-
ties should be determined for both the RCS
pressure measurement and the steam generator
pressure measurement, and the values should be
combined in an appropriate manner to obtain the
total uncertainty. The resulting two pressures are
the indicated RCS pressure setpoints at which the
operator should trip the RCPs, depending on the
steam generator pressure and the containment
conditions. To facilitate the use of this parame-
ter, a curve or table can be used which shows the
RCS pressure setpoint for RCP trip as a function
of steam generator pressure for normal and for
adverse containment conditions.

4.4.3.2 Evaluation of Alternative RCP
Trip Parameters

Analyses have been performed to evaluate the
effectiveness of the three alternative RCP trip
parameters for small-break LOCAs, SGTRs and
non-LOCA accidents. For each of the accidents,
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a design-basis accident was defined and analyses -

were performed for representative Westinghouse
plants. The objective of the small-break LOCA

"analysis was to demonstrate that tripping the: -
- RCPs in accordance with one of the the alterna- -

-~ tive parameters ensures that the RCPs are tripped
) pr10r to the time when a trip is actually reqmred

The results of the small-break LOCA analysw

" demonstrate that the three alternative RCP trip-

i

¥

LOCA. The results also show that each of the -

" parameters will provide the indication for an RCP
trip sufficiently early such that more than two ..

minutes are available for operator action between

‘the time the RCP trip setpoint is reached and the
- time when a trip is required. This was demon- . .

strated for each of the RCP trip parameters
without adding any instrument uncertainty in

- “determining the RCP trip setpoints. Each of the

alternative RCP trip parameters will satisfactorily
indicate the need for an RCP trip during a small-

-break LOCA with the instrument uncertainties

based ‘on either normal or adverse containment -

* conditions. Because each of the alternative RCP

" “trip parameters is provides a timely indication of -

5

"~ and on other p]ant speclflc ,mstrumentatxon

USNRC Technical Training Center -

the nieed for a trip during a small-break LOCA,
the choice of which one to implement at a given |

* plant may therefore be based on its discrimination

capability'for SGTRs and non-LOCA accidents -

PR

consxderauons

design-basis accidents were defined and analyses
were performed to determine the behavior of the -
alternate RCP trip parameters. The design-basis
SGTR was defined as a double-ended rupture of

" one steam generator tube on the outlet side of the .

steam generator. The non-LOCA analyses were
performed for credible steam line and feed line

“breaks since it was determined that these acci-

dents result in the most limiting transients among
the ‘non-LOCA accidents consic_lered. The
design-basis steam line break was defined as an
unisolable break approximately 4.5 in. in diame-
ter in one steam line, which is equivalent to one

. .steamn generator PORYV failing open. -For the feed
_ line break, .a full double-ended rupture of one
parameters (RCS pressure; RCS subcooling, and ..+

". RCS/steam generator AP) are essentially equiva-
lent in providing an -effective indication to the ..
* “operator to trip the RCPs during a'small-break

main -feedwater pipe was -assumed:- to occur

_between the steam generator and its associated

feed line check-valve: The SGTR and non-
LOCA analyses were performed for 100 percent
steady-state power using best-estimate assump-
tions. These assumptions provide for a realistic
assessment of the capability of each parameter to
prevent an'RCP trip for these accidents.

) It should be heted that theiebjeetiye of the
SGTR and non-LOCA analyses was to consider

_these design-basis acmdents W1th reahstxc as-
-sumptions to enable the development of an RCP
- trip parameter which would provide reasonable

assurance of contmued RCP operatlon for these
accidents. . It is possxble -that various other

‘accident conditions could result in more limiting

parameter values than those obtamed from these
analyses. However, the desxgn-basxs accidents
which were defined for the analyses, combined
with the conservatisms Wthh are incorporated in
‘the analytical model, provxde assurance that the
analysxs results wxll be bounding for most SGTR
and non-LOCA events. It would not violate any

-_safety criteria if the RCPs are trlpped during an
~ PR ++ . -SGTRor non-LOCA event, smce the plant safety
Fof the SGTR and -non-LOCA events, .

an RCP tnp “Tti lS desu‘able however, to ensure
that the RCPs remam operatmg during most of
the expected cases of these accxdents so that the
operator can retam normal pressunzer pressure

4.4-9 "
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control and is not required to open the pressurizer
PORVs. Since the primary reason for this study
is to provide information which-will facilitate
operator actions, it is reasonable to use realistic
analysis results for the SGTR and non-LOCA
events. ‘

- Analyses were performed for the defined
" design-basis SGTR, feed line break, and steam
line break for representative Westinghouse
plants. The RCS pressure, RCS subcooling and
RCS/steam generator AP values were calculated

for 4 total transient time of 10 minutes from the

event initiation, and the minimum values of these
parameters were determined for each transient.
The transient time of 10 minutes was consideréd
to be a reasonable interval in which an operator
could evaluate the need for an RCP trip immedi-

ately following the design-basis SGTR, feed line .

break, or steam line break. For the feed line and
"steam line breaks, the potential RCP trip parame-
ter values reach a minimum within 10 minutes
and are stable or increasing at the end of this
interval. However, since no operator actions
were assumed for the analysis,: the continued
addition of full alixiliary"feedwater flow to the
steam generators results in a gradual cooldown of
the RCS durmg the design-basis SGTR. This
cooldown causes some of the potential RCP trip
parameter values to continue to slowly decrease,
such that their minimums are not reached during
the 10-minute penod However, in accordance
with the emergency operatmg procedures, it is
expected that operator action will be taken within
" 10 minutes during’ a- design-basis SGTR to
throttle the auxiliary feedwater flow to control the
levels in the steam generators.: This action tends
to stabilize the RCS conditions at the point where
the safety injection flow rate is approxxmately
equal to the break flow rate. Thus, it is expected
that the minimum values of the RCP trip parame-
ters calculated for the 10-minute transient period

conservatively bound the expected values for the
desxgn-basxs SGTR.

The SGTR general]y results in the minimum
values of the potential RCP trip parameters. The
minimum values of RCS pressure, RCS
subcooling and RCS/steam generator pressure
differential were determined from the SGTR,
steam line break, and feed line break analyses for
each of the categories of Westinghouse plants;
the results are presented in Table 4.4-1. These
results represent the minimum values of these
parameters for SGTRs and non-LOCA accidents
and are to be compared to the appropriate RCP

- trip setpoints for each plant after they have been

developed by the utilities using plant specific
information. This comparison will enable each

" of the utilities to determine which of these alter-

native parameters is most effective in preventing
an RCP trip for SGTRs and non-LOCA accidents

. for its respective plants.

4.4.3.3 - Selection of RCP Trip Parame-
ter

Since it was determined that the three alterna-
tive RCP. trip parameters are equally effective in
in providing an indication of the need for an RCP
trip for a.small-break LOCA, the parameter
selection can be based on the capability to prevent
an RCP trip'for SGTRs and non-LOCA acci-
dents. In order to determine which of the param-
eters prevents an RCP trip for SGTRs and non-
LOCA accidents, it is necessary for each plant to
determine an RCP trip setpoint for each of the
parameters. If the setpoint for any of the parame-
ters for a specific plant is less than the minimum
value of the corresponding parameter in Table
4 .4-1 for that plant, then that parameter would be
effective in preventing a pump trip for SGTRs
and non- LOCA accidents, and would satisfy the
discrimination requirement in Generic Letters 83-
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10c and 10d.

E

It is noted that the setpoint for the RCS.

pressure parameter is dependent on the steam
generator safety valve set pressure. In addition,

the setpoints for each of the parameters are - |

. dependent on the instrument uncertainties associ-
ated with that parameter, which are plant specific.
- These considerations result in different setpoints
for each of the parameters for most of the plants.

The results in Table 4.4-1 also show that there is
a significant variation in the minimum values of
the potential-RCP trip parameters between.the
different plants.

an RCP trip for SGTRs and non-LOCA accidents

* with any of the three alternative parameters,,

- whereas some of the plants will only be able to_--
-, demonstrate an acceptable discrimination capabil-
-~ ity with one or two of the parameters. There may
- also be other plant-specific considerations, such -

-as instrument qualification, operator training,

:+.human factors, etc.,-which could influence the

selection of the RCP trip parameter. Thus, it
would not be practical to generically select one

.. parameter which: would provide the required

discrimination and also be the most suitable
choice for all of the plants

1 re

On thrs basrs, it was decided that each Utlllt}'—
- would evaluate the discrimination capability of
the parameters and then determine which RCP....
trip parameter should be used for its plant. The
RCP trip setpoints for the alternative RCP trip,

_.parameters can be determined for each of the

-. plants based on the plant design and instrument
.uncertainties. The RCP trip parameter setpoints ..

. for each plant can then be compared with the

minimum values .of RCS pressure, .RCS

subcooling, and RCS/steam generator pressnre_
* differential to determine which of the criteria are

Based on these results, it.is -
expected that some of the plants can demonstrate . -
an acceptable discrimination capability to prevent -

effective in preventing an RCP trip for SGTRs

. and non-LOCA accidents. The utility can then

select the most suitable parameter for its plant

.based on this information and any other plant-

specific considerations. )

As an example, the RCP.trip setpoiints have
been determined for a sample plant and are
compared with the limiting SGTR and non-
LOCA .accident results in Table 4.4-2. The
sample plant is a three-loop plant with a high
pressure safety injection system, type 51 steam

_ generators (tube LD. of 0.775 in.), and a no-load

temperature of 547°F. The limiting results of the
SGTR and non-LOCA analyses for the sample

-plant are the same as those presented in Table

4.4-1 for the Farley, North Anna, Surry, and

_ Beaver Valley plants. The RCP trip setpoints for

the sample plant were determrned for both normal
and adverse containment condmons The RCP
trip setpoints presented in Table 4.4-2 for the

-sample plant are intended only as an examp]e
-..and are not 1ntended to represent recommended

values for use by any plants, since only typical
instrument uncertainties were used. As shown in
Table 4.4-2, the minimum RCS pressure from

-the SGTR and non-LOCA analyses is less than

the correspondmg RCP trip setpoint with normal
containment condmons, whereas the minimum
RCS subcoohng and RCSlsteam generator
pressure differential are greater than their respec-

- tive RCP.trip setpomts w1th normal containment

conditions.. Thus, for the sample plant, the use

-of the RCS pressure ‘parameter would not be

effectlve in preeludmg an RCP trip for the
desrgn-basrs SGTR and non-LOCA events and
would not meet the discrimination requirement in

:Generrc Letters 83 10c and 10d. However, the
.-use of either the RCS subcooling or the RCS

lsteam generator pressure differential parameter
would effectlvely preclude an RCP trip for

'SGTRs and non-LOCA accidents for the sample

4.4:11 -
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plant and would satisfy the NRC discrimination
requirement. The companion RCP trip setpoints
which would be used with adverse containment
conditions for the sample plant are also presented
in Table 4.4-2 for completeness. Each utility
must perform an evaluation similar to that in
Table 4.4-2 for its plants.

4.4.3.4 Calculation of RCP Trip Pa-
rameter Setpoint (RCS Pres-
sure)

The steps for calculating’ the RCP trip’
setpoints based on RCS pressure are discussed

below. The setpoints for both normal and
adverse containment conditions aré calculated.
The instrument uncertainties are calculated on a
plant-specific basis for both normal and adverse
containment conditions to determine the
setpoints. )

~ The formula for detérmining‘the RCP trip
pressure setpoint is given in the following three
steps: )

1. Secondary System Pressure: Based on

the number and size of the secondary
system safety valves, the secondary
pressure will be establishéd by determin-
ing the pressure setpoint for that valve in
which the calculated steam relief is less
than 60 percent of ‘the valve’s relief
rating. If the calculated steam relief is
greater than 60 percent of the rated
capacity, then the next hlghest pressure
setpoint should be used:

2. R_CS_E[QM The RCS pressure for
"RCP trip should be the secondary pres-

sure as established by step 1 above plus
the calculated” pressure dxfference from
the secondary safety valves to the RCS

pressure measurement location. This
pressure differential should include the
pressure drop from the top of the steam
generator tubes to the secondary safety
valves, the pressure difference across the
steam generator tubes due to the tempera-
ture gradient required for heat transfer,

“and the pressure drop from the RCS
pressure measurement location to the top
of the steam generator tubes.

3. The appropriate instrument uncertainties
should be added to the primary system
pressure value established in step 2
above. For normal containment condi-
tions, the normal instrument uncertainties
‘should be used, whereas with adverse
containment conditions, the instrument
uncertainties associated with post-acci-
dent containment conditions should be
used.. The resulting pressures are the
RCS pressure setpoints at which the
operator should trip the reactor coolant
pumps, depending on the containment
conditions.

A sample calculation is performed in the
following ten steps:

1. Decay Heat Level: For all plants, the

decay heat generation rate used in this
determination is 3.5 percent of full reactor
power.

2. Steam-Flow Rate - Using 3.5 percent
decay- heat and RCP heat addition,
calculate the required steam flow to be
vented through the steam generator safety
valves in the absence of condenser and
atmospheric relief capability:

HEAT INPUT PER STEAM GENERATOR,

USNRC Technical Training Center
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Q = Core Power (Mwt) x (Decay Heat Fractlon)
Number of Loops

+ RCP Heat

For a three-loop; 2785-MWt plant, with + -
2775 MWt core power and 10 MWt RCP .

heat mput -

[ A

3 Loops 3 Loops -
3412141 BTU '=:1.218 X 108 B
hr-Loop

. ¢t MW-hr

. For conservatlsm and ease of calculatxon, T

. assume that the heat mput will be used to

. evaporate saturated water in the steam -

- generator shell:
STEAM FLOW RATE PER LOOP,
M= __ 0

- Latent Heat of Vaporiztion (Hgp)

where Hgg is chosen at the lowest safety

valve setpoint pressure. For a three-loop, -
2785-MW?t plant with type 51 steam -

". generators and a 1100-psia shell design -
~ pressure, the lowest safety valve setpoint

can be no hxgher than 1100 psia. There- =7 :

fore: ..

631.5 . .BTU/Ibm

1929X 105 _Ibm__
hr-Loop EAR

.~ T - - . -

. For such a plant, the rated steam flow at-;"

100 percent power is about 4.04 X 106

Ibm/hr-Loop, so the above calculation -

.~ it -vyields a steam flow that is about five

-.- percent of the rated flow. Generally, the
- . rated steam flow for a given loop as-
- sumes that all RCPs are 6perating. Some
. plants have one or more RCP motors
powered by the station turbine-generator.
Subsequent to the turbine trip, this power
source is lost, and unless the source of
. - power for these pumps is automatically
. transferred to offsite power, credit should
- not be taken for the idle pumps and loops
for the above portion of the calculation.

Each utility must use its plant’s rated

. power, number of loops, shell design

.- pressure, and latent heat of vaporization
-.corresponding to that shell pressure.

-

:3. Safety Valve Set Pressure Selection:
Using the steam flow rate/loop deter-
mined in step 2 and the capacity and set
pressures of all the steam generator safety
valves on one main steam line, determine
how many safety;valves must open such

_that the steam flow is less than or equal to
.- 60 pérccnt of the cumulative capacity of
those valves.. Since a typical safety valve
. relieves about 20 percent of the rated
- - . .steam flow for a given loop, it is expected
, that the steam flow derived in step 2 will
-be less than 60 percent of the capacity of
the steam generator safety valve having
. -the lowest set pressure. For the sample
.. - plant this safety valve has a set pressure
- ;- of 1100 psia‘(1085 psig). Each utility
_must use the capacities and set pressures
of its plant’s safety valves in this determi-

©  nation. . . - . o~ -
4, i te erator
SﬂQLYQEdZEmmﬂﬁQﬂL_VWMCmC

- . safety valve in the above example is set to

USNRC Technical Training Center
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open at 1100 psia, the ASME Boiler and
Pressure Vessel Code, Section NC-7600,
only requires that the safety valve achieve
a full open/full capacity condition with
103 percent accumulated pressure. Since
the actual steam flow required is probably
considerably less than the valve capacity,
the valve may partially open and remain
open in a partially open position. There-
fore, the steam generator pressure at any
time may be as much as three percent (or
33 psi for a 1100 psia set pressure) above
the set pressure of the chosen safety
valve. The three percent value applies to
all plants. Also, the code allows for a
one percent.tolerance on; the popping
pressure from the set pressure. This one
percent tolerance is included in the three
percent accumulated pressure allowance,
since both are applied to the set pressure.

. etween the Safety Valves and the

Steam Generator Shell: Since the pressure
of interest is that which exists in the tube
region of the steam generator secondary
side, the pressure. differential between
that location and the safety valves must be
taken into account. Typically, this AP for
rated steam flow is about 20 - 30 psi. At
five percent of rated stéam flow, there-
fore, the AP should be about 30 psi x
(0.05)2 = 0.075 psi. A'value of one psi
is chosen to bound the situation. Each
utility should verify that the rated steam
flow AP for its plant does not make this
number greater than one psi.

. AP Acr a era ubes: The

sample plant steam generators have a log-
mean-temperature difference (LMTD) of
" 47.2°F (primary to secondary) at full
power. The LMTD must be determined

for 3.5 percent power with the secondary
temperature at saturation for the steam
generator safety valve set pressure plus
three percent accumulation. This requires
the calculation of the primary inlet and
outlet temperatures needed to transfer 3.5
percent reactor power plus the RCP heat
input at this secondary temperature. This
calculation requires an iterative solution,
since the overall heat transfer coefficient
is dependent upon the temperatures. At
3.5 percent power, the LMTD is 3.0°F
for the sample plant. Thus, at the top of
the steam generator tubes there is approx-

imately a 3.0°F AT (primary to second-
ary). At the set pressure plus three
percent accumulation for the chosen
steam generator safety valve, this corre-
sponds to about a 27 psi change in
saturation pressure. So the saturation
pressure in the top of the tubes of the
steam generator is about 27 psi above the
steam generator pressure. Each utility
must perform the above calculation of AP
based on its expected plant conditions.

The LMTD used above assumes that all
RCPs are operating. Some plants have
one or more RCP motors powered by the
station turbine-generator. Subsequent to
a turbine irip, this power source is lost,
and unless the source of power for these
pumps is automatically transferred to
offsite power, credit should not be taken
for the idle pumps and loops for the
above calculation.

The LMTD for the above determination
can be rigorously calculated or can be
conservatively estimated using the fol-
lowing simplified method.

USNRC Technical Training Center
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~

~ . LMTD ="

. . The LMTD is calculated using the follow-
ing equation:

" (Thot— T cold)
[ (Thét— Tsec)
i (Tcold— Tsec)

“'1ln

where: Ty,=Vessel Outlet Temperature (°F)

where: ATgyy power = Thot = Tcold (from 100% .

-

P

T oa=Vessel Inlet Temﬁerature @)

Tsec=Secondary Steam Temperature ('F)

‘The reactor coolant AT (Tyq -

3.5% power is calculated by:

_A_T3.5%;Powc; ,-=ﬂATFull i’;)wcr x Power F-rac‘:ion .

power calc )
Power Fract NSSS Power @ 3.5%
ower rrachon= ~ NSSS Power @ 100% -

" "NSSS Power @ 3. 5% ="
Core Power x 0.035 + RCP Heat Input

“If it'is conservatxvely assumed that, at  -.

.. Tcold - Tsec + AT3 S%Power , then: et

3.5% power:

- N HE

7
N

«t Thot = Teota + AT3 sgPower = - .

Tsec + 2 ATE! S%Power . o

Substltutmg these valucs mto the LMTD
equanon gives: s o

AT3.5% Power

LMTD 3.5%Power = ———n—— =

‘In 2
1 433 AT3 5% Power

Tcold) at T

The LMTD at 3.5% power can be conser-
vatively estimated using this relationship.

~ It should.be noted that the estimated

7.

LMTD using this method is not depen-
dent on the secondary steam temperature.

‘AP “Between ' the . Wide-Range RCS

Pressure Instrument and the Top of the
Steam "Generator _Tubes: The reactor

coolant pressure ‘drop across a typical
steam generator is 30 - 40 psi. Also,

‘there is a’small AP between the pressure

"~ tap in the hot leg and the entrance to the

-~

steam generator. Therefore, during a
LOCA 'the fluid in the top of the steam
generator tubes will reach saturation
pressure before the pressure tap indicates
it. Therefore, a AP should be included in
the final RCP trip setpoint pressure to
" account for this. A value equal to half of
the total steam generator pressure drop
_ during normal operation is adequate (i.e.,
.20 psn) Each utility must determine its
. plant’s normal steam generator AP. The
. elevation ‘change pressure drop between
thé:RhCS pressure measurement location

- and the top of the steam generator tubes

(typlcally 10 psx) ‘should also be included.

. This results in a pressure drop of 30 psi

8

3 fér the sample plant.,

Any Other Factors: If there are any other
" factors which would make the RCP trip

_ setpomt pressure, as. indicated by the

. RCS w1dc-rangc pressure instrument, not
appropnately reflect saturanon conditions
in the top of the stcam generator, they

. should be mcluded

o USNRC Technical Training Center
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a.

9. Nominal Sample Calculation:

Set pressure of chosen steam generator safety
valve (step 3 above) - 1085 psig

. Other factors:

i) 3 percent accumulation pressure

(step 4 above) ) 33 psig
ii) Steamline AP (step 5 above) 1 psig
iii) Primary-to-secondary AP

(step 6 above) - 27 psig
iv) RCS wide-range pressure instrument

to top of steam generator tube AP

(step 7 above) 30 psig
v) Other factors (step 8 above)

vi) TOTAL 91 psig

RCP trip pressure for sample plant: 1176
psig.

10. Wide-Range RCS Pressure Indiczitign

Uncertainty: To the 1176 psig from step
9.c, the ‘uncertainty in the wide-range

pressure 1nd1cat10n should be added. The
normal mstrument unccrtamty should be
used to determine the RCP trip setpoint
for normal contammcnt conditions, and
the instrument uncertainty based on post-
accident containment conditions should
be used to determine the setpoint for
adverse containment conditions.

The instrument uncertainties are plant
specific and must be calculated by each
utility for 1ts ‘tespective plant. The
instrument’ ‘uncertainties have been
determined for the samp]c plant, but the
values are only applicable for the sample
plant and are not intended to represent
recommended values for use at other
plants. For the sample plant, the instru-

o ammcarr

ment uncertainty for the RCS wide-range
pressure measurement is 90 psi for
normal containment conditions and 390
psi for adverse containment conditions.
These values result in RCP trip setpoints
of 1266 psig for normal containment
conditions and 1566 psig for adverse
containment conditions for the sample
plant.

4.4.4 Applicability of RCP Trip Criteria

The RCP trip criteria discussed in section
4.4.3 have been developed from a set of analyses
and evaluations to address the need for an RCP
trip during a small LOCA and to reduce the
likelihood of an RCP trip for SGTR and non-
LOCA events. The conditions wherc the RCP
trip criteria apply are:

* Following a reactor trip and safety injection
actuation initiated from power operation, and

* During recovery actions or at hot standby
conditions, before initiation of an operator-
controlled RCS cooldown.

The conditions where the RCP trip criteria do
not apply are:

» Following a safety injection actuation initiated
from cold shutdown, hot shutdown, or
startup conditions (refueling is not considered
in the context of applicability),

 During recovery actions or at hot standby
conditions, following initiation of an opera-
tor-controlled RCS cooldown,

« Following any RCP restart specified in
emergency operating procedure recovery
instructions, and

»  When the emergency operating procedures
specifically state that the RCP trip criteria do
not apply.

USNRC Technical Training Center
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In general, the RCP trip criteria do not apply
after an operator-controlled RCS cooldown has
been initiated. When an operator-controlled
cooldown has been initiated, sufficient time after
the reactor trip should have ellapsed such that any
subsequent failure, beyond that causing the
reactor trip, should not require an RCP trip in
order to ensure acceptable clad temperatures,
even if it is a small LOCA of critical size. This is
due to the reduction in decay heat generation with
time and because the RCS cooldown will result
in less time to cold-leg accumulator injection for a
small LOCA. Therefore, if an operator-con-
trolled RCS cooldown results in reaching the
RCP trip criteria, the RCPs should not be trip-
ped.

In summary, the emergency operating proce-
dures provide multiple levels of contingency
actions that are symptom-based and function-
related. In addition to the RCP trip parameter
and setpoint, vessel level indicated by the reactor
vessel level indication system (RVLIS) and
temperatures from the core-exit thermocouples
are used to direct operator action if a critical
safety function is challenged. The operator is
thus provided with actions to maintain critical
safety functions that are dependent only on
parameters available in the control room and that
are independent of the specific event sequence.
If the RCP trip criteria step is missed by the
operator and conditions degrade to the point
where core cooling may be challenged if RCPs
are stopped, then the operator is provided with
appropriate contingency actions.
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South Texas 1 and 2

- "||'TABLE 4.4-1 - Limiting Results of SGTR and Non-LOCA Analysis
PLANTS . MINIMUM RCS . MINIMUM RCS MINIMUM :. -
O, ’ PRESSURE (psig) SUBCOOLING (°F) RCS/SECONDARY

] DIFFERENTIAL
C PRESSURE (psi)
I Vogtle 1 and 2 1738 58 685 .
Seabrook 1 and 2
Millstone 3 .. -
Callaway 1
Wolf Creek 1
Byron 1 and 2 1683 57 669
Braidwood 1 and 2 oo
McGuire 1 and 2 ‘
Catawba 1 and 2 v
Marble Hill 1 and 2 . :
Watts Bar 1 and 2
Comanche Peak 1 and 2
Trojan1 *°* 1511 52 535 ..
Zion 1 and 2 1482 61 604
Diablo Canyon 2 1458 57 564
Salem 1and 2 a
Sequoyah 1 and 2
Cook 1 and 2 1428 55 - 542 i
Diablo Canyon 1
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TABLE 4.4-1 Limiting Results of SGTR and Non-LOCA Analysis (cont'd)
PLANTS " MINIMUM RCS MINIMUM RCS MINIMUM .
PRESSURE (psig) SUBCOOLING (°F) RCS/SECONDARY
DIFFERENTIAL
PRESSURE (psi)

Indian Point 2 1175 31 293
Indian Point 3 1196 32 315
Virgil Summer 1421 51 549
Shearon Harris 1 and 2

| Farley 1 and 2 1219 37 350
North Anna 1 and 2
Surry 1 and 2
Beaver Valley 1
Beaver Valley 2 1132 30 278
Robinson 2 1232 31 309
Turkey Point 3 and 4
Prairie Island 1and2 1348 39 389
Kewaunee 1238 38 361
Ginna 1166 29 305
Point Beach 1 and 2
Connecticut Yankee Results were not obtained for these plants
San Onofre
Yankee Rowe
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TABLE 4.4-2  Evaluation of RCP Trip Parameter Discrimination Capability for

Sample Plant*

RCP TRIP CRITERIA
RCS RCS
ITEMS EVALUATED Pressure Subcooling RCS/Secondary AP
Minimum values for SGTR 1219 psig 37°F 350psi
and non-LOCA transients
SBLOCA - RCP trip setpoint with 1266 psig 17°F 157 psi
normal containment
conditions

Does criterion meet
discrimination requirement
in NRC letters 83-10c and 10d

SBLOCA - RCP trip setpoint with 1566 psig
adverse containment
conditions

*Sample plant: 3-loop plant with high pressure SI system, type 51 steam generators (tube LD. =
0.775 inches), and no-load Tavg = 547 °F.
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4.5 STEAM GENERATOR TUBE
DEGRADATION AND

INSERVICE INSPECTION

Learning- Objectives: VI

1. Describe the followmg types of steam genera- -

_ tor tube degradanon and their effects on the .
» tubes: - o T

.a. Denting . ..
.. b. Fretting
TN Plttmg
~d. " Wastage
.- Intergranular attack .
f. . Stress corrosion crackmg

+

2. Define the following terms:

a. Degraded tube
b. Defective tube
c. Repair limit

_-. 3. Discuss the following types of steam genera-
itor reparrs ; and when they are used:

. e Tuberf)ltfgging“
+ . .b. . Tube sleeving
c. . Steam generator replacement

. :2_1.5».1 Introduction
Steam generator tubes in pressunzed water _
;. reactor (PWR) plants have exhlblted a vanety of
~ tube degradauon mechamsms as a ‘result of
corrosion, mechanical condmons or both.”

alloy 600, resulting in scheduled and unsched-
uled outages for steam generator repair and

_ replacement. In addition to interfering with plant

availability, these repairs and replacements have
increased occupatronal radlauon exposure.

Tl)g: primary safety goal for steam generator
tnbes is that they retain adequate structural and

leakage integrity over the full range of normal
- operating, transient, and postulated accident
.-, conditions. ’
operated safely, the plant technical specifications
(1) place limits on primary and secondary system

_ activity and on pr,imary_-to-,secondary leakage, (2)

To ensure that each.plant-can be

contain requirements to periodically perform
inservice inspections of the steam generator tubes
(typrcally with eddy current testing [ECT] meth-
ods) and (3) dictate the extent of tube degrada-
tion for ‘which tube repair is required. Two tube
repalr techmques are authorized: tube pluggmg
..and tube sleeving (if the NRC has approved tube

o sleeving for-a partlcular plant s steam genera-

tors)

P : PR 4
o7 v

-4

All commercrally operatmg Westmghouse-
designed steam generators are vertical shell
recrrculatxon-type units. . Ear]y-generatron steam
generators have feed rmgs above the tops of the
tubes, while some later-generatlon steam genera-
tors have lower-entry feed nozzles and preheater
sectlons in the tube bundle regions. Figure 4.5-1
.shows a typical Westinghouse steam generator.
_The use of drilled tube support plates 'shown in
Flgure 4 5-2,in early generation Westmghouse

; steam generators is srgmﬁcant because several

. forms of degradatron occur in the annular spaees

Corrosion and mechanically induced damage are ', between the steam generator t tubes and the drilled

. _caused by complex interactions of water chemis-

’ try, thermal-hydraulrc desrgn, matenals ‘selection,
fabrication methods, and operating condmons

‘ Vanous types ‘of corrosion have affected steam

) generator tubes fabricated from mill- annealed

support plates "Newer steam generators have
tube support plates of different desrgns (e.g.,
broached-hole or lattice-grid support plates) and
different materials of construction (e.g., stainless
steel), which limit the potential for these forms of

" 7" USNRC Technical Training Center - - --
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degradation to occur.

All currently operating Westinghouse steam
generators contain tubing manufactured from a
nickel-based alloy (alloy 600 or al]oy 690). All
of the originally installed steam generators have
or had tubing manufactured from alloy 600,
whereas some of the later (i.e., beginning in the
late 1980s) replacement steam generators have
tubes manufactured from alloy 690 (e.g., D. C.
Cook Unit 2, Indian Point Unit 3, V. C. Sum-
mer, and North Anna Units 1 and 2). A key
distinction between steam' generators with alloy
600 tubes is in the type of heat treatment that the
tubes have received. In general, the older West-
inghouse steam generators (models 27, 44, 51,
D2, D3, D4, D5, and E) have mill-annealed alloy
600 tubes, whereas the newer Westinghouse
steam generators (models F and delta-75 and the
replacement steam generators) have thermally
treated tubing. (Note that Callaway has model F
steam generators with both ‘mill-annealed-and
thermally treated tubes.) To date, steam genera-
tors with thermally treated tubing have exhibited
very little or no corrosxon-related damage

4.5.2 Types of Steam Generator Tube
Degradatlon

The primary modes of steam generator tube
degradation that have been observed are defined
in the following paragraphs. and 1llustrated in
Figure 4.5-3. The term “degradation” refers to
any chemical or mechanical mechanism affectmg
a tube’s integrity. As noted above, the corro-
sion-related degradatlon mechamsms pnmanly
have affected steam’ generators with mill-annealed
alloy 600 tubes.

' 4.5.2.1 Wastage

Wastage is the localized secondary-side

corrosion of alloy 600 tubes caused by chemical
attack from acid phosphate residues concentrted
in low flow areas.

Degradation experience at Westingk .se
units before the mid-1970s included wastage
(localized thinning of tube walls) and caustic
stress corrosion cracking (SCC) on the second-
ary sides of tubes. The major method of control-
ling the secondary water chemistry during this
period was coordinated phosphate control. The
early problems of wastage and SCC have been
attributed to difficulties in adequately controlling
phosphate concentrations and to impurities
carried into the steam generators by feedwater.
The adoption of all-volatile treatment (AVT)
control in the mid-1970s succeeded in arresting
any further significant wastage by phosphates.
All operating units in the U.S. currently operate
with AVT water chemistry control.

4.5.2.2 Denting

Denting is the plastxc deformation (constric-
tion) of steam generator tubes; it typically occurs
when tube support structures (e.g., carbon steel
tube support plates) corrode. Such corrosion
results in the buildup of corrosion products
(typically magnetite) in the crevices between
tubes and tube support plates. This buildup of
magnetite (iron oxide) leads directly to the
mechanical deformation of tubes where they pass
through the tube’ support plates; when the buildup
is extensive, denting can lead to the deformation
and cracking of the tube support plates them-
selves.

Denting was first identified in 1975, when a
number of plants which had shifted from phos-
phate water chemxstry control to AVT control
began to develop anomalous ECT signals at the
tube support plates. Subsequently, steam gener-
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ators which had never operated with phosphate
water chemistry developed dents. '

Many Westmghouse steam generators have
exhibited denting.-In the mid-to-late 1970s,
.excessive denting of tubes near tube support
plates resulted in (1) pnmary-to -secondary leaks
as a consequence of SCC which initiated pnman-
ly from the inside (pnmary -side) surfaces of
- dented tubes, (2) crackmg of tube support plates,
and (3) the inability to pass standard-stze inspec-
tion probes through tubes. In some instances,
.Steam generators were replaced as a result of _

.. extensive denting. Steam generators with carbon )

steel support plates are potentially suscepuble 0
denting if sufficient condenser m—leakage occurs,
because dentmg is caused by the formatxon and
concentration of acid chlortdes in the crevices
between tubes and tube support plates Because
copper oxide has been demonstrated to act as a
catalyst for dentmg-related corrosion, plants with _
« copper in their secondary systems are even more
susceptible. ‘ J o

N
1 PR

-- Denting is presently ‘not a major threat to

operating steam generators as a result of im-
proved water chemistry and secondary system .
improvements. Furthermore, the denting seen in,
_the field today is relatlvely minor compared to

. that of the 19705, in that the extent of tube

“"USNRC Technical Training' Center - -

deformatlon is much less, and that standard-sxze
- probes can typlcally be passed through dented
tubes. The 1mprovements in water chennstry

- include more restrictive limits on lmpunty levels..’

_Secondary -system xmprovements 1nclude the,
. -replacement of copper—beanng components, ‘the

replacement of, condenser tubes to reduce the :

replacement steam generators, the model F steam
_ generators, and some model D and E steam
.- generators contam ferrmc stamless steel support
plates e .

* a‘

Recent dentmg has been noted at plants that
current]y have steam generators w1th carbon steel
, -support plates although the dentmg is minor, as
‘discussed above. Nevertheless, ax1ally and
cxrcumferentlally oriented .SCC continues to
occur at dented locations. Axially oriented SCC
generally initiates from the inside of a tube, and
cucumferentrally oriented SCC generally initiates
from the outside of a tube. ‘In a few instances,

' cxrcumferentlally onented SCC that has initiated

) secondary leakage L -

from the inside of a tube has been reported

@

4.5.2.3 Pitting

Classical pitting is generally considered to be

_ a localized form of general corrosxon resulting

. from nonuniform corrosion rates caused by the
“formation of local corrosion cells

.

Mmor shallow pitting (i. e.; an occasronal
isolated pit) has been seen in ‘several tubes
removed from service for destructive examination
.since the 1970s. This pitting was not detected by
_ECT methods and was of such a small’ srze that it
drd not constitute a concern for prrmary-to-

<%
v

pMp )

MaJor plttmg was flrst seen at Indian Point
Umt '3in 1981, where more ‘than *1000 tubes

' were found to be affected. * This pitting was

potential :for leakage, and, in the’ newer steam ’_

generators, the mstallatton of tube’ support plates
(broached- -hole and latttce-grrd support plates)

-constructed from stainless steel, a more COrTo-_ '

sion-resistant materral

The Westmghou,se :_

readlly detected ‘with ECT methods against
background sxgnals sxmllar to those observed in
laboratory tubes contammg surface copper
deposrts It was confined to the cold-leg side of
" the tube bundle and concentrated within a range
of 6 to 20 in. above the tubesheet, with decreas-
1ng degradatxon up to 36 in. above ‘the tubesheet.

-
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The unit had been subjected to continuous
condenser in-leakage, and an examination of
steam generator sludge showed that it contained a
high level of copper oxide, which is indicative of
severe oxygen ingress through the condenser.
The pitting at Indian Point Unit 3 resulted in an
extensive campaign to insert sleeves in the pitted'
tubes. In addition, the pitting contributed to the
decision to replace the Indian Point Unit 3 steam
generators in 1989.

With improved water chemtstry control and
design changes in secondary systems (e.g.,
replacement of copper-bearing components and
installation of titanium-tubed main eondensers),
pitting of steam generator tubes is not a major
concern for PWR owners at present.

4.5.2.4 Fretting

Fretting is the loss of tube matena] caused by
excessive rubbing of a tube agalnst a support
structure. Fretting can be caused by either
primary-side or secondary-side flow-induced
vibration of the tubes.

In the mid-1970s, tubes in early-generation
Westinghouse steam generators at San Onofre
Unit.1 and Haddam Neck experienced fretting
(wear) near the anti-vibration bar (AVB) supports
located in the U-bend regions of the tube bun-
dles. This problem was corrected with the
installation of additional AVBs of a revised
design. The revised AVB design employs
,chromium-plated Inconel bars with square cross
sections that increase the area of contact and
reduce the clearances between the bars and the
tubes. The original AVB design included round
carbon steel bars. The improved AVB design
has been mcorporated into later-generatton
Westinghouse steam generators to address the
problem of high wear rates at AVBs affecting a

significant number of tubes.

Tube fretting continues to occur near support
structures, such as AVBs and tube support
plates. To date, AVB wear is the dominant
degradation mechanism affecting Westinghouse
model F steam generators (e.g., Vogtle, Wolf
Creek, and Callaway). Tube wear near tube
support plates has also been observed in steam
generators at a number of plants. In the early-to-
mid-1980s, excessive wear in the preheater
sections of steam generators led licensees to
expand tubes into the support plates in model D4,
D5, and E steam generators and to modify the
original impingement plate assemblies in the
preheaters of model D2 and D3 steam generators
to minimize tube vibration/motion and, hence, to
decrease wear at these locations.

4.5.2.5 Intergranular Attack

Intergranular attack (IGA) is the general term
denoting the uniform or generally uniform
corrosive attack of all grain boundaries over the
surface of tubing with no preferential (stress-
related) orientation.

Corrosion of steam generator tubes in the
crevices between tubes and tubesheets was first
identified in 1977 at Point Beach Unit 1. In
many early-generatlon Westinghouse steam
generators, the tubes were not expanded over the
full depth of the tubesheet, thereby forming
crevices between the tubes and the tubesheet,
where a concentrated aggressive environment can
lead 10 IGA and to eventual SCC of the alloy 600
tubmg Corrosxon (IGA and SCC) in tube-to-
tubesheet crev1ces has occurred in steam genera-
tors at a number of plants (Kewaunee, Point
Beach Unit 2, Prairie Island Units 1 and 2). This
corrosion has necessitated extensive sleeving
activities at these plants.
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4.5.2.6 Stress.Corrosion Cracking

v el

. Intergranular stress corrosion crackingf
(IGSCC) of stressed tubes, without reference to .

a causative chemical agent, is.a term used either
to encompass a number of known IGSCC
mechanisms or to indicate that the chemical
causing the . _corrosion is unknown. IGSCC
generally consrsts of one or more major cracks
with minor to moderate amounts of branchmg
These cracks can . be either axrally or
crrcumferentrally oriented (or both) and are
sometimes associated with IGA. A combmatton

. Axially oriented SCC has-been detected at
several locations on steam generator tubes at the
(expansion transitions. in tube-to- tubesheet
crevices (in steam generators with partral depth-
expanded tubes), in sludge ptles where tubes
pass through tube support plates, in the U-bend
portions of tubes.(tubes with small-radius U-

K bends), and in tube freespans

i -

The small radrus U bends in the frrst two
rows of tubing 1n several ‘models of Westmg-
house steam generators (e.g., models 51 and D)
have exhtbtted PWSCC These cracks have been

of axially and circumferentially oriented IGSCC . found either at the apexes of the U-bends or at

. at the same location ,on a tube 1s sometrmes .

the transitions between the U bends and the

referred to as “rmxed-mode” crackmg Through— - stratght-span portrons of the tubtng In 1976,

., out this section, the term “SCC” denotes IGSCC.

agent has been identified as a caustic material.
Prtmary water stress corrosion crackmg
(PWSCC) is the term used to 1dent1fy SCC that
‘initiates from the primary side (msrde) of steam
gcnerator tubes. The causative agent for this type
. of corrosion is unspeciﬁed.

‘

Outsrde drameter stress corrosron cracking

(CDSCC) is the term used to 1dent1fy SCC on the
.'secondary side (outsxde) of steam generator
. When this term is used, the specrﬁc

(i.e., bulk water chemrstry analysis does not

- - indicate the presence of free causttc, -SO the

) corrosion mechanism cannot be 1dentrfied as.

CSCC)

3

.. affecting steam generator tubes in .the U.S.

today. | - - -t - <

Caustic stress‘corro‘sion cracking (CSCC) is’
. the term used when the specific SCC causative

- SCC lS the dormnant degradatron mechantsm 5

,PWSCC at the U- bend apex caused an axially
“oriented tube rupture in one of the original Surry
Unit 2 steam generators, with a resultmg prima-
ry-to-secondary leak rate of 330 gpm. The high
stress in the U-bend of the cracked tube resulted
“from tube support plate deformatton caused by
. denting. Due in part to dtfﬁcultres in 1nspectmg
this regron with conventional (bobbm coil) ECT
* methods in the 1970s and early 19805, several
utilities plugged all the’ tubes in row 1 of their
steam ‘generators as a preventlve measure . With
“the development ofa techmque to heat treat the
tubes in this region to reduce the resrdual stress-
es, some utilities have heat’ treated ‘the small-
radtus U-bend pomons of tubes in rows 1 and 2
to provnde resrstance to SCC at these locations.
As a result of applymg thts heat-treatment tech-
mque some utilities have recovered ‘tubes that
had been preventrvely plugged thereby allowing
" them to be retumed to service followrng satrsfac-
tory ECI‘ mspectrons of the entrre tubes )

Another category of U-bend cracks is SCC in
the transrtton areas between the U- bends and
stralght porttons of tubmg These cracks have
" generally been observed at plants whrch have not

“USNRC Technical Training Center - --
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experienced denting. This tangent-pomt cracking
phenomenon has been responsible for numerous
small leaks affecting Westinghouse model 51
steam generators, although this mechanism is not
prevalent today.

Predominantly axially oriented ODSCC has
been observed at the tube support plate elevations
of Westinghouse steam generators with drilled-
hole carbon steel support plates. This mecha-
nism has had a significant economic impact on
the nuclear industry and‘ contributed to the
decisions to permanently shut down the Trojan
nuclear plant and to replace the steain generators
at a number of plants (e.g., Braidwood Unit 1,
Byron Unit 1, and Catawba Unit 1).
phenomenon has affected pnmanly model 51 and
D steam generators, whxch have mxll annealed
alloy 600 tubes. Due in part to the’ complex
nature of this form of degradatlon ‘tube-repair
criteria based on ECT voltage mdlcatlons (rather
than length-based or depth-based repalr criteria)
have been developed for llcensees to use, subject’

_ to NRC review and approval in evaluating the -

structural and leakage integrity of affected tubes,
as discussed in Generic Letter 95-05, “Voltage-
Based Repair Criteria for Westmghouse Steam
Generator Tubes Affected by’ Outside Diameter
Stress Corrosion Crackmg

Axially oriented ODSCC has also been

detected in the freespan regtons of tubes at’

vanous elevations. This’ mechanism has affected
the steam generators at only a few plants to date
(e.g., McGuire Units 1 and 2, Farley Unit 1, and’
Point Beach Unit 2). In'thé case of McGuire
Unit 1, freespan ODSCC on the cold- -leg side of
one steam generator resulted in a tube rupture in
1989.- The freespan crackmg at Pomt Beach Unit
2 and Farley Unit 1 was located i in_the hot-leg
portxons of the steam generators and, to'date, has
only affected a few tubes.

This

Circumferentially oriented SCC has been
noted at expansion transitions (full-depth hard-
roll transitions, Westinghouse explosive
[WEXTEX] transitions, and hydraulic transi-
tions), in the-small-radius U-bend portions of
tubes (rows 1 and 2), at dented locations (primar-
ily tube support plate intersections where the
tubes are dented; these are commonly referred to
as dented tube support plate intersections), and in
parent tubes at sleeve joints. Circumferential
cracking is the subject of Generic Letter 95-03,
“Circumferential Cracking of Steam Generator
Tubes.” '

Circumferentially oriented inside- and out-
side-diameter SCC at tube expansion transitions
is currently a major issue for the industry; due in
part to the inability to accurately determine the
size of this form of degradation. This problem
has led to the' practice of plugging or repairing
tubes 'with circumferential indications upon
detection. Extensive outside-diameter-initiated
circumferential cracking was observed at Byron
Unit 1 in 1995‘, resulting in the repair of approxi-
mately 2500 tubes by sleeving, and in 1996,
when approximately 3500 tubes were found to
have circumferential indications. The licensee for
Byron Unit 1 removed 10 tubes for destructive
examination in 1995 to characterize the nature of

* the degradation and to assess inspection capabili-

ties. These tests indicated that the circumferential
indications were attributed to small
circumferential cracks that were not coplanar and
were separated by ligaments of sound material.
The extent of the circumferential cracking ranged
up to 360 degrees of the tube circumference.

A small number of circumferentially oriented
indications have also been detected in small-
radius U-bend portions of tubes. This degrada-
tion mechanism is primarily limited to Westing-
house model 51 and D steam generators.
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Circumferential SCC at dented tube support

.plate intersections has been detected at a few

plants. This craclung has generally initiated from _
the outside diameters of tubes, and only a limited
number of tubes has been affected In the early-

..to-mrd 1990s, such circumferential indications
. were detected by eddy current examination at
,,Sequoyah Umt .1,'North Anna Umts 1and 2

.. (original- steam generators), Salem Unit 1, and

.- Diablo Canyon Unit 1. Destructlve exammatron

et

[}

- _]omts

(of tubes removed from the North Anna and
Diablo Canyon Umt 1 steam generators con- - .

firmed :the nature of the indications as
crrcumferenual SCC

Crrcumferentral 1nd1catrons have also been

- detected in the parent tubes associated wrth sleeve

These 1nd1catrons have been detected

_ most ‘often in tubes with Westtnghouse hybrid _,

- morphology), .but have also been detected in {

expansion joint (HEJ) sleeves (crrcumferentlal
SCC initiating from the inside diameters of the
parent tubes with a segmented noncoplanar

. tubes with Babcock & Wilcox (B&W) kmetrcal]y
. welded sleeves (crrcumferentlal PWSCC) and in

»

tubes wrth Combustlon Engineering (CE) tung-
sten inert gas (TIG) welded sleeves (fabrication-
mduced crrcumferenttal and volumetric defects
that were not attrxbutable to SCO). "These types

of sleeves are further described in Section

4533, .. ..

-

As a preventrve measure, tubes with B&W
;kmetrcally welded sleeves have been removed
- -from servxce at several plants by plugging the’ '
- tubes. Thrs actlon was taken as a result of the A

PWSCC phenomenon that resuilted i in a tube leak
at McGulre Unit 1 (Informatron "Notice 94- 0s,
“Potentral leure of Steam Generator Tubes wrth

. Kmeucally Welded Sleeves”) As of 1996 only

“2USNRC Technical Training Center - -

. - one .plant, Arkansas Nuclear One Umt 2, has'~

steam generator tubes thh B&W kmetrcally

welded sleeves in service. A number of plants

_have Westinghouse hybrid expansion joint

sleeves installed (Kewaunee, Point Beach Unit 2,

“and D. C. Cook Unit 1), and a number of plants

have CE TIG welded sleeves installed (Byron
Unit 1, Prairie Island Umt 1, and Zion Units 1
and 2).

Table 4. 5- 1 llsts the more recent steam
generator tube leaks Wthh have occurred at

Westmghouse-desrgned plants ) K

4 5. 3 Steam Generator Inservrce Inspec-
tions

The, program for 1nserv1ce inspection of

4

steam generator tubes, as ‘presented in earlier

. versions of the Westmghouse Standard Technical

Specrﬁcauons is a modification of Regulatory
Gutde 1.83, “Inservrce Inspéction of Pressurized
Water Reactor Steam Generator Tubes ” Itisa
program desrgned to provrde more extensive
‘inspection of steam generators with evrdence of
“tube degradatlon Table 4.5-2, which is similar

_to tables appearing in many plants techmcal

spec1ﬁcatrons, outlines the mspectron require-
ments. A degraded tube has a wall thickness
reduced in excess of 20% but less than the
plugging/repair limit (typically 40%). Historical-
ly, the plugging/repair limit has been a depth-
based limit_ that bounds the amount of degrada-
tion that a tube can have when it is returned to
servxce followmg an mspectton A tube with an
lmperfectxon that exceeds the technical specifica-
tron pluggmg/reparr limit is considered to be a
defectlve ‘tube.” The terms “pluggmg lrmlt and
“reparr hmrt” tend to be used mterchangeably,
however “repatr limit” is more suitably used for
those plants where tube sleevmg is authorrzed by
the NRC SR ‘

T

The NRC has approved modlﬁed versions of

%

4.5'7 .- -

Rev 0796



. Westinghouse Technology Advanced Manual

Steam Generator Tube Degradation

the inservice inspection program provided by the
Westinghouse Standard Technical Specifications.
These versions treat tubes in areas of unique
operating conditions or physical construction
separately from the randomly selected tube
samples. Inspection of these tubes is not consid-
ered to be part of the required three percent
random inspection, and the results of the inspec-
tion of these tubes are not used in classifying the

random inspection results into the C-1, C-2, or’

C-3 categories (these categories are defined in
Table 4.5-2). This form of i mspectton therefore
dlstmgulshes between random and deterministic
forms of degradation.

At present, techmcal specxfrcatlons for
nuclear power plants requrre that inservice

inspections be performed every 12 to 40 months,

depending on the conditions of the steam genera-
tor tubes. In cases where the degradatron pro-
cesses are hrghly active, mspectlons are per-
formed at even more frequent mtervals (typrcally
referred to as mid-cycle mspectlons) Require-
ments for plants committed to customlzed techni-
cal specifications may vary from those described
in this section.

4.5.3.1 Technical Spec}ﬁcation Bases

“The surveillance requrrements for the inspec-
tron of steam generator tubes ensure that the
structural and leakage integrity of this portion of
the reactor coolant system is maintained.
Inservice mspectron of steam generator tubmg is
essential in order to maintain’ surveillance of the
conditions of the tubes in the event that there is
evrdence of mechamcal damage or progressive

] degradatron due to desrgn, manufacturing errors,
or inservice conditions that lead tio_‘corroswn
Inservice inspection of steam generator tubing
also provides a means of charactenzmg the nature
and cause of any tube degradatlon so that correc-

tive measures can be taken.

To ensure that steam generator tubes retain
sufficient integrity for continued operation,
unscheduled inservice inspections are performed
on each steam generator following (1) primary-
to-secondary tube leaks, (2) a seismic event
greater than the operating basis earthquake, (3) a
loss of coolant accrdent requiring actuation of the
engineered safety features, which for this specifi-
cation is defined as a break greater than that
equivalent to the severance of a one-in. (inside
diameter) pipe; and (4) a main steam line or feed
line break greater than that equivalent to a steam
generator safety valve failing open. Transients
less severe than those listed above do not require
inspections because the resulting stresses are well
within the stress criteria established by Regulato-
ry Guide 1.121, “Bases for Pluggmg Degraded
PWR Steam Generator Tubes,” that inservice
steam generator tubes must be capable of with-
standing.

A plant is expected to be operated so that the
secondary coolant will be maintained within
those chemistry limits found to result in negligi-
ble corrosion of the steam generator tubes. If the
secondary-coolant chemistry is not maintained
within these limits, increased degradation of
steam generator tubes may occur.

To address the potential for tube dgradation
to develop and grow at higher rates than expect-
ed, limits are Set on primary-to-secondary leak-
age. Technical specifications typically have a
primary-to-secoﬁdar} leakage limit of 500 gpd
per steam generator. For plants with extensive
steam generator tube degradation, lower leakage
limits have been adopted either admmrstratlvely
or in the teehmcal specifications. These limits
range from 50 gpd to 150 gpd per steam genera-
tor (e.g., plants that conform to the guidance of
Generic Letter 95-05 implement a 150-gpd limit).
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- mspectmg tubes.

volves inserting a test coil inside the tube and

_ pushing and pulling the coil so that 1t traverses .
. the entire tube length. .The test coil is then

excrted by alternating current which creates a oy

., magnetic field that induces eddy currents in the
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Leakage in excess of the technical specification,
limit requires a plant shutdown and an unsched-

.uled inspection, during which the leaking tube(s)

are located and plugged or repatred The prima-
ry-to-secondary leakage limit is a defense-in-
depth measure that gives added confidence that,

. should a tube leak, the plant will be shut down in

a timely manner. |

Tube degradauon is typlcally found durmg
scheduled inservice examinations of steam .
generator_tubes. Tube repair (pluggmg or
sleeving) is required for all tubes with 1mperfec-

tions exceeding the tube repair hmrts . Various '
- -tube repair limits have been approved however,
- all plants have a depth-based limit that is apphca—

ble to all forms of degradation. , Altemattves to
this depth-based limit have been approved ona
plant-specific basis; such alternatives include the

-voltage-based - repair limits .for tubes with’
_ODSCC at drilled-hole tube support plate eleva- .

tions in specific Westmghouse steam generators

The depth-based limit varies from plant to plant -
. but is typically 40% of the tube wall thickness
(i.e., tubes with imperfection depths greater than
or equal to 40% of the tube wall thickness must _

be p]ugged or repalred)

.+ 4.5.3. 2 Eddy Current Testtng

Eddy current testmg is the pnmary ‘means for
- This .- mspectlon method in-

tube wall. Dlsturbances of -the ‘eddy. currents
caused by flaws in the tube wall produce corre- _
sponding changes in the electrical 1mpedance

-, -_-measured at the test coil termma]s Instrumenta-
.tion translates these changes in test coil lmped-

. frequency . .ECT. methods.

‘ance into output voltages which can be momtored
by the data analyst The depths of certain types
of flaws can be determmed by ‘the observed
phase angle responses The test equ1pment is

, cahbrated using tube specxmens contammg

aruﬁc1ally mduced ﬂaws of known depths

Geometric discontinuities, such as eipansion
. transitions-and dents, and support structures,

. such as the tubesheet and tube _support plates,

also produce eddy current 51gnals making it very
dtfﬁcult to dlscnmmate defect srgnals at these
“locations. Very small volume flaws, such as
IGA .SCC,- faugue cracks, and small pits,
tradmonally have been hard to detect ‘with smg]e-
The ‘use of
mulufrequency techniques, whereby the test coil
is excited at multiple frequencies rather than at a
smgle frequency (mtroduced in the mid-1980s),
and the use of. spec1alxzed nonstandard probes
have ‘improved detection capabrhttes in this
regard although further 1mprovements are

, warranted and are bemg pursued o

Inspecuons of stéam generator tubes general-
ly employ both a bobbin coil probe ‘and an

. additional probe or probes such as a rotatmg

_probe, a Cecco’ probe, or both The bobbin coil
establishes a magnetic ﬁeld oriented along the
“tube’s axis and sets up ‘éddy currents in the
c1rcumferent1al direction. This type of coil is
" thus quite sensmve to axrally oriented flaws. The
~ bobbin coil probe enables arapid screening of a
tube for degradation; it ‘can be pulled through a
tube at speeds in’ excess of 48 in. per second.

" The bobbtn coxl however, has several limita-
_ tions: 4)) a general mabthty to perm1t character-
“jzation of the degradatton (e g., - axial,

cu'cumferenual or volumetric; ! mgle or multiple
ax1a1 mdtcatlons ‘etc.), (2)'an mabxhty to detect
cxrcumferetmally oriented degradatron (the
bobbm c011 is relattvely msensmve to

4.5-9 .
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circumferentially oriented tube degradation), and
(3) a limited capability to detect degradation in
régions with geometric discontinuities (e.g.,
expansion transitions, U-bends, and dents) or
deposits. These limitations have led to the use of
other probes, such as rotating probes and Cecco
probes.

A rotating probe generally has one to three
specialized test coils. These test coils usually
include at least a pancake coil that is sensitive to
both axially and c1rcumferent1a11y oriented
‘degradation. The pancake coil is a smaller probe
which establishes a magnenc ﬁeld perpendxcular

to the tube surface and’sets up eddy currents ’

paralle] to the tube surface. The pancake coil is
thus effective in 1dent1fymg cracks of any orienta-
tion. Other test coils mounted on the rotating
probe head are an axially wound coil (which is
sensitive to clrcumferentxally oriented degrada-
tion), a circumferentially wound coil (which is
sensitive to axially oriented degradation), and a
plus point coil (which reduces volumetric influ-
ences and is sensitive to both axially and
circumferentially oriented degradation). Each of
these test coils can be driven at specific frequen-
cies to ensure an optimal inspection of the tubing.
In general, lower frequencies” are better for
detecting degradation initiating from the outside
diameter of a tube, and higher frequencies are
better for detecting degradation initiating from the
inside diameter of a tube. The advantages of the
rotating probes are that they are sensitive to
circumferentially oriented degradation (a major
disadvantage of the bobbm coil probe), that they
can produce better charactenzauons of defects,
and that they are less sensmve to geometric
_discontinuities. The maJor disadvantage of the
., rotating probes is thelr slow inspection speed
(typically less than one in. per second) Because
of these slow mspecﬁon speeds, a rotatmg probe
is only used at specxfic locations (e.g., U-bends,

sleeves, expansion transitions. dents, locations
where there are bobbin coil indications, and
locations where more sensitive inspections are
needed).

Cecco probes operate differently from rotat-
ing probes. -A Cecco probe contains an array of
transmitting and receiving pancake coils, rather
than a single combined transmit/receive coil
which is rotated inside the tube; the Cecco probe
is not rotated as it is pulled through the tube.
Like the rotating: probes, Cecco probes are
sensitive to circumferentially oriented degrada-
tion; however, characterization of degradation
with these probes is currently limited." The major
advantage of the Cecco probe is its much faster
inspection speed (12 to 15 in. per second) than
that of the rotating probes.

The various types of eddy current probes are
pictured in Figures 4.5-4, 4.5-5, and 4.5-6.

Inspections of stéam generator tubes at

" operating plants have demonstrated the capability

to reliably detect certain forms of degradation that
have penetrated deeper than 20% of the original
tube wall thickness (e.g., tube wear and wast-
age). However, the reliable detection of other
forms of degradation (e.g., SCC) continues to be
an issue. Nonetheless, with properly qualified
techniques, procedures, and analysts, and with
appropriate restrictions on operating parameters,
SCC can be ‘detected before tube structural and
leakage integrity is significantly impaired. For
those forms of degradation (e.g., SCC) that
cannot be reliably depth sized, plugging of the
affected tube is typlcally performed upon detec-
tion of the degradanon

As discussed above, even though ECT
probes ‘have' limitations, flaws of structural
significance are generally detectable when prop-
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erly qualiﬁed probes and techniques are used. In
" addition, with a knowledge of the limitations of
" the techmques employed and appropnate restnc-
tions on operatmg parameters (e.g., hot-leg
it temperature water chemlstry, and operating.
interval duratlon), tube mtegrlty can be ensured

. the plant ‘technical specifications provide added .
assurance that ifa tube leaks, the unit will be shut’
’ 'down in a tlmely manner for the approprrate
corrective action. If necessary, preventive

limits on prlmary-to-secondary leakage, hydro-
. ,Static testing of the tube bundle, in situ pressure
testing of tubes with crack indications, and
" corrective measures to slow the rate of further -

" .corrosion are addmonal steps whrch can be taken )

,to ensure safe operatron
i ,4.5.'3.3 Stearn’ Generator Repairs

Techmcal specrﬁcatrons prov1de lmuts for the
) maxrmum allowable’ pereentage of wall degrada-
...tion beyond which degraded tubes must be
. removed from service by plugging or repaired by
sleevmg The plugging/repair hrmts are based on
the mmrmum tube wall thickness _necessary to
provide adequate structural margms (in accor- .
dance with Regulatory Guide 1. 121) during _
normal operating and postulated accident condi-
_ _tions. These limits allow for eddy current testing
" errors and for mcremental wall degradatron that

rmght occur pnor to the, next mservrce mspectxon .
of steam generator tubes. These pluggmg/reparr ,

" limits are conservatively based according to an
) tube wall i is umformly thinned over a srgmﬁcant
axral drstance
"additional . structural rnargms assocrated wrth
defects that create sma]l-volume thinning, such 2 as’
pitting, nor do they consrder the external structur-
al constramts against gross tube fmlures prov1ded

" The primary-to- secondary leakage rate ‘Timits i in -

These limits do -not consider

by tubesheets and tube support plates. There-
fore, a depth-based limit tends to be inappropriate
., for’such highly localized flaws as stress corro-

sion cracks and flaws at elevations below the top
.of the tubesheet Asa result the nuclear industry

has developed and the NRC has approved,

:.various alternate repair criteria for specific forms

of tube degradatron (e.g., the Generic Letter 95-

05 voltage-based limits for predommantly axially
. oriented ODSCC at tube support plate elevations
. and the F-star lrmlts for degradation confined
. repairs (see Sectron 4.5.3. 3), more restrictive )

within the tubesheet below the tube expansion
transitions). This approach to addressing tube
integrity is referred to as *‘degradation-specific”
management. o

¥

In the 19703 operatmg expenence demon-

\ 'strated that additional pluggmg/repatr criteria are
. Anecessary to address. tube denting.. Tubes are
,susceptrble fo SCC.at. the dent locations; the
'extent of degradatron is dependent on stress

level, strain rate, time, and material properties.
Tests have shown that dented tubes with small
through-wall cracks near support plates have
adequate margins to prevent bursting or collaps-
ing durmg normal operatmg and postulated

accrdent condrtlons Severe SCC could, howev-

er, reduce the margms to unacceptable levels.
The objectrve of the pluggmg cntena for dented

" tubes adopted dunng the 19705 was 1o remove

from service any tubes which could develop
through-wall cracks or that could become severe-
ly degraded before the next steam ‘generator
mspectlon These criteria were plant-specrﬁc and
 were generally based on operatmg expenence that

PO

wluch could be passed through a dented location.
For plants w1th especially hrgh rates of “denting,
addmonal pluggmg criteria were established
" based on the rate of dentmg and the interval of
time before the next inspection.

USNRC Technical Training Center --. --
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As mentioned above, improved water chem-
istry and better steam- generator design have
limited recent denting and the growth of existing
dents.’ Also, many steam generators with large
numbers of severely dented tubes have been
replaced. As a result, large dents (i.e., those that
restrict the passage of a normal-size bobbin
probe) remain prevalent only in the steam genera-
tors at Indian Point Unit 2 and Haddam Neck,
and the plant-specific pluggmg criteria which
address denting remain in effect only for those
plants.

Plugging

The plugging technique involves the installa-
tion of plugs at the inlet'and outlet of a defective
tube. After pluggmg, the tube no longer func-
tions as the boundary between the primary and
secondary coolant systems. A typlcal mechani-
cally expanded tube plug is shown in Figure 4.5-
7.

Sleeving

To prolong the life of severely degraded
steam’ generator tubes, some utxlrtles with prior
NRC approval, have repalred defectxve tubes by
sleevmg After sleeving, a repaired tube may
remain in service.

The tube sleevmg procedure mvolves msert-

_ing a tube of smaller diameter and length (a‘
_ sleeve) inside the tube to be’ reparred (see Figure

4.5-8)." The sleeve is positioned to span the
degraded pomon of the original tube (i.e.,
parent tube), and the ends of the sleeve are
secured to the parent tube forrmng a new pres-
sure boundary and structural element Between the
attachment points.

Sleeves vary in length and may be attached to

the parent tubes i in a variety of ways. As aresult,
a variety of sleeve designs exists. The name for
a particular sleeve type typically reflects the
methoc’ by which the sleeve is secured to the
parent tube. Hlstorlcally, a sleeve was either
hydraulrcally, mechamcally, or explosrvely

'expanded above ‘and below the degraded tube

region. For example installation of a Westing-
house HEJ sleeve involves initially expanding the
sleeve into the parent tube by hydraulic means
and then hardroll expanding a portion of this
hydraulxcally expanded region of the sleeve/tube

‘configuration (this process is used only for the
" upper joint of the sleeve). Installation of a B&W

kinetically welded sleeve involves expandmg the
sleeve into the tube by detonating a kinetic weld
device. Installation of a CE TIG welded sleeve
involves initially expanding a portlon of the
sleeve into the tube hydraulically and then TIG
weldmg the sleeve and tube together at this
location (i.e., within the hydraulically expanded
regic;n) Currently, a typical sleeve is hydrauli-
cally expanded-into its parent tube and then
welded (laser or TIG welded) to ensure addition-
al leakage mtegrtty Sleeves made from alloys
600 and 690 have been used throughout the
industry. Currently, the material of choice for
sleeves is alloy 690.

Sleevmg reparrs to restore pnmary coolant
boundary integrity have been performed on the
stralght portions of tubing degradedby such
mechanisms as wastage, IGA, and SCC. Se-
verely dented locations have not been sleeved.

Degradation at sleeve joints_has been ob-
served at a number of plants. This degradation is
normally assocxated with the parent tube rather
than with the sleeve itself. The parent tubes of
some Westtnghouse HEJ sleeves and B&W
kinetically welded sleeves have exhibited service-
induced SCC at the sleeve joints (as discussed in

USNRC Technical Training Center
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Section 4.5.2.6). Extensive cracking in West-

" “inghouse HEJ sleeves was first identified at
Kewaunee in 1994. Significant cracking of

B&W klneucally expanded sleeves was first

identified ‘at McGulre Umt 1in 1993, Fabrica-.
" “tion- 1nduced sleeve joint degradatlon has also
' been observed in CE TIG welded sleeves (also

discussed in Section 4.5.2.6). Thrs volumetrxc o

(weld suckback) and circumferential (weld
mclusnon) degradatlon has been attributed to
inadequate tube cleaning before sleeve insertion.

Steam Generator Replacement

) To avoid the need for deratmg plants and the
" ‘extensive downtlmes requxred for steam genera-
tor inspections, some utilities have either replaced
severely degraded steam generators or are con-
_sidering their replacement. The decision to

replace a steam generator is made largely for

' economic, rather than technical, reasons. Rather

than replace their original steam generators, some

utilities have chosen to operate with their original
" steam generators until it is no longer economical-

‘ 'ly vxab]e to operate their plants. The duration of
an'outage for steam generator replacement varies;
currently, steam generators can be replaced in
two to three months

#

A'utility must consider the following factors

before replacing steam generators: (1) the size of
_the equipment hatch opening, (2) the vertical

clearance within the containment bulldmg, and _ .
(3 lts preference with respect to reactor coolant

[

pipe cut or channel head cut -

To minimize the potential for several modes

of tube degradatton which have’ been identified to
date, the replacement generators currently bemg
installed include the followmg improvements:

-------

-

‘1. NUREG-0523, '

lattice-grid tube support plates to reduce

the potential for denting -and for the

accumulation of deposits Wthh can result
. in SCC. S A PR

2. They ~haveat_hermally treated alloy 690
tubing, with stress relief of the innermost
rows of the tube bundle-to reduce the
'potentlal for SCC. Thermal treatment
involves subjectmg ‘the mill-annealed

. », . tubesto afinal heat treatment for approxi-

o _\mately 15 hours, which relieves fabrica-
tion stresses and further improves the
tubes’ microstructure, thus improving
their corrosion resistance.

-t - B o ULT T
3. Their tubes are hydra—uli‘cally expanded
over the full depth of the tubesheets to
- climinate crevices and to reduce -the
’ stresses atthe expansxon transmons

* Plants that have replaced steam generators are
listed in Table 4.5-3.

T
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TABLE 4.5-1

*‘_“MMH

Recent Westinghouse Steam Generator Tube Leaks

kinetically welded sleeve
Prairie Island 1 Mar 92
McGuire 1 Jan 92

Unit Date Failure Mechanism

Zion 2 Mar94  IGA in tubesheet crevice region

South Texas 1 Mar94  Leaking plug

McGuire 1 Jan94  Circumferential PWSCC in parent tube associated with a B&W kinetically
welded sleeve

Braidwood 1 Oct 93 Axial ODSCC located in tube freespan between two AVBs

IMcGuire 1 Aug93  Circumferential PWSCC in parent tube associated with a B&W kinetically "
welded sleeve

Kewaunee Jun 93 Leaking plug

Trojan Nov92  Circumferential crack associated with an improperly heat treated B&W

Axial crack in roll transition region
Axial ODSCC located in tube freespan
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.- TABLE 4.5-2 Steam Generator Tube Inspection

1ST SAMPLE INSPECTION N ~ 2NDSAMPLEINSPECTION || 3RD SAMPLEINSPECTION

Sample Size | Result |‘Action Required ™ || - Result _ | Action Required - || Result | Action Required

. 7| Aminimum of } C.1***| None ST ™A T NAT T INAATT T NA
* | STubes per : - Z .
S.G.** - - (- R EEEIE | B -
o C-2*** | Plug defective ubes || -1 None NA | . NA
L R andin;pectaddiﬁong - — — :
. 2S tubes in this S.G. ‘oz mgdcfmnmb“ c1 " Nem |
- . ... |and inspect addidonal

4S tbes in this S.G. || C-2 | Plug Defective tbes

e C-3. | Perform action for
B C-quunofﬁm

R R B R N | B ' DR " |sample’,.
. .- . . .. . | Performaction for A . agga -
o C-3 result of first NA I NJAﬁ
. S DR | I sample . . __ - .
JC-3*** | Inspect all tubes in ] j. SRR | R - )
this S.G., plug de- Nooe NA| - NA
) _ _|fectivetubesand S ~ )
. inspect 28 tubes in . 1 - -
each other S.G. Perform action for | - N/A N/A
T ) . T C-2resultofsecond || © | >
"| Prompt notification sample -
to NRC pursuant - - -
tospecxﬁcanon “
—1: - - -~ - |{Additional | Inspect all tubes in - o e
o 1 : P S.gtij-Bt each S.G. and plog » - )
o " | Gefectivembes. “ || N/A [ T NA
Prompt notification Coe
to NRC pursuant
to specification S RSP
6-91,_‘-‘,,“ <
*Source: Standard Technical Specifications
** S= 3(N/n)%WhacNuthenumberofsmmgenummsmthcmm,andmslhenumbaofsmgm
. inspected during an inspection.
=s* C.1: Less than 5% of the total tubes inspected are degraded tubes and none of the inspected tubes are
defective.
wee C.0: One ormare tubes, but not more than 1% of the total tubes inspected are defective, or between 5% and
10% of the total tubes inspected are degraded tubes.
=es C.3; More than 10% of the total tubes inspected are degraded tubes or.more than 1% of the affected
tbes are defective
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TABLE 4.5-3 Steam Generator Replacements
Plant Name No; of Loops Original SGs New SGs Com alt‘iztion
Surry 2 3 W/s1 W/51F Sep 80.

- Surry 1 3 W51 W/S1F Jul 81
Turkey Point 3 3 wW/a4 W/44F Apr 82
Turkey Point 4 3 K/44 " W/44F May 83

Point Beach 1 2 w/44 W/44F Mar 84
H. B Robinson 3 w/44 W/44F Oct 84
D. C. Cook 4 Ww/s1 W/54F Mar 89
Indian Point 3 4- M W/44 W/44F Jun 89 .
Palisades 2 CE CE Mar 91
Millstone 2 2 CE-67 ‘ BWC Jan 93
North Anna 1 3 EISI' W/54F Apr93
V. C. Summer 3 w/D3 W/A7S Dec 94
‘North Anna 2 3 w51 W/54F May 95
Ginna 2 Ww/44 BWC Jun 96
Abﬁfe;/iaﬁons:
%Ei\ggsr:ligg?t?gg%n ineen’ng;
BWC = Babcock & Wilcox Canada
TSNRC Techmical Training Center 4.5-18 Rev 0796
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Figure 4.5-1 Typical Westinghouse Steam Generator

PRIMARY COOLANT OUTLET

4.5-19



Figure 4.5-2 Drilled Support Plate

4.5-21

SUPPORT
PLATE
SECTION

0796



0796

U-Bend Cracks
{(PWSCC)

/ Fatigue

Free Span
ODSCC

[

ODSCC or PWSCC

Denting

Fretting, Wear, Corrosion
Thinning i

PWSCC or
0DSCC

Expansion
Transition

Tubesheet Tubesheet

Figure 4.5-3 Examples of SG Tube Degradation Mechanisms
4.5-23



0796

TUBE SUPPORT PLATE

PROBE BODY

Bobbin Coil

\

7,
7,
”
o~
Z
£4

7

W

2
7
/3
7
/I/ 4
J /A
\\\
£
3
4
'z
Z
'z
4

7
#

Rotating Pancake Coil

Figure 4.5-4 Bobbin and Rotating Pancake Coils

4.5-25



$/PLUS POINT COIL

R
/—AXIALCOIL
CIRCUMFERENTIAL 1
COIL ]

Figure 4.5-5 Plus Point Probe

4.5-27

0796



0796

Bobbin Coils

2 Bracelets of Transmit Coils and Receiving Pairs for Complete Coverage

Figure 4.5-6 Cecco Probe

4.5-29



0796

I

Tubesheet

Expanded plug

Unexpanded plug

Figure 4.5-7 Tube Plug

4.5-31



SLEEVE
5/8" OD X 0.032
WALL

1 2“

3

<— RADIAL
DEFORMATION
0.010" TYP

/ STRUGTURE
o

AN

DEGRADATION I

STEAM
GENERATOR
TUBE !
3/4" OD X 0.048
WALL

1 .

1" TYP

l |

1/4" TYP

INTERFERENCE
MECHANICAL
JOINT

: ‘

Figure 4.5-8 Tube Sleeve

4533

0796



Westinghouse Technology Advanced Manual
Section 4.6

team erator Rupture



Westinghouse Technology Advanced Manual s . .- . Steam Generator Tube Rupture

TABLE OF CONTENTS

4.6 STEAM GENERATOR TUBE RUP’I'URE .............. e e . 4.6-1
4.6.1 Introduction .........c.iiiiiinerii i ittt aaneas o 4.6-1
4.6.2 Expected Plant Response to SGTR Event with Tlmely Operator Interventlon e 462

4.6.2.1 SGTR Transient: Offsite Power Available ......... *. Ciieaa.s 462
4.6.2.2 SGTR Transient: Offsite Power Not Available ~..:............ 4.6-6
4.6.3 RE. Gmna Tube Rupture .......:1....... e N < 4.6-8
4.6.3.1 Event Phase 1: Steady-State 0perat10n (Penod bcfore 9:25 am., 1/25/82) 4.6-8
4.6.3.2 Event Phase 2: Tube Rupture and Imtlal Depressunzatlon (9 25 am. to
L. LLRCT LI 1 1) T R Pt 4.6-9
4.6.3.3. Event Phase 3: Natural erculatlon and Reactor Coolant - N
. System Repressurization (9:30 am. to 10:07 am.) .......... 4.6-10
4.6.3.4 Event Phase 4: Pressurizer PORV.Operation (10:07 a.m. to 10: 15am.) 4.6-11
4.6.3.5 Event Phase 5: Prolonged Safety Injection (10:15 am. to 10:38 am.) - 4.6-12
4.6.3.6  Event Phase 6: Safety Injection’ Terrmnatlon and Leakage Reductxon
(10:38am.toll:2lam.) “ ... iv e i i e i e .. 4.6-13
4.6.3.7 Event Phase 7: Reactor Coolant Pump Restart (11: 21 am.to 11:37 am.)4.6-14
4.6.3.8  Event Phase 8: Leaking Steam Generator Safety Valve (1 1:37 a m.
10 12:27 PIM) vttt e et e 4.6-15
4.6.3.9 Event Phase 9: Leak Termination and Cooldown (12 27 p m., 1/25/82

to 10:45am., 1/26/82) .....covieiei it i .i. 4.6-16

LIST OF TABLES

4.6-1 Typical Sequence of Automatic Actions Following a2 Double-Ended SGTR ......... 4.6-19
4.6-2 GinnaSystemParameters ........... ..ttt ot 4.6-20
4.6-3 GinnaEventChronology . .. oo vt v it iieieneeeetenetoreneacaeasssen 4.6-22

" 'USNRC Technical Training Center 4.6-1 . . " -7 Rev 0296



Westinghouse Technol%y Advanced Manual Steam Generator Tube Rupture

LIST OF FIGURES

4.6-1 Closeup View of SGTR . ...... .. it ittt 4.6-33
4.6-2 Initial Pressurizer Pressure and Level Response . . ....................... 4.6-35
4.6-3 RCS Temperature FollowingReactor Trip . .............ciuiiveeenn ... 4.6-37
-+.6-4 Steam Generator Response FollowingReactor Trip ...................... 4.6-39
4.6-5 EquilibriumBreak Flow . ........ ... .. ittt 4.6-41
4.6-6 RCS Response - Offsite Power Available . ................c.covven... 4.6-43
4.6-7 Multiple Tube Failure Response ........ e e e e 4.6-45
4.6-8 SIFlowandBreakFlow .......... ... it innninnnnennnn. 4.6-47
4.6-9 Pressurizer Level Response - Offsite Power Available . ................... 4.6-49
4.6-10 Pressurizer Level Response - RCS Cooldown and Depressurization ........... 4.6-51
4./-11 RCS and Ruptured SG Pressure Following SI Termination ................. 4.6-53
4.0-12 Steam Generator Levels .~ .. ................... et 4.6-55
4.6-13 Steam Generator Pressure Following Reactor Trip With and Without Offsite Power.  4.6-57
4.6-14 RCS Pressure Following Reactor Trip With and Without Offsite Power......... 4.6-59
4.6-15 RCS Temperature Following Reactor Trip Without Offsite Power............. 4.6-61
4.6-16 Natural Circulation Flow Following Loss of Offsite Power ................. 4.6-63
4.6-17 Intact RCS Temperature, Without Offsite Power ........................ 4.6-65
4.6-18 RCS Pressure Response, Without Offsite Power . ...... et e 4.6-67
4.6-19 Schematic Diagram of GinnaNSSS ........... A 4.6-69
4.6-20 Ginna RCS Piping and Instrumentation Diagram .. ... et 4.6-71
4.6-21 Ginna SGTR - Pressurizer and Steam Generator Level Response . ............ 4.6-73
4.6-22 Ginna SGTR - Initial Pressurizer Pressure and Level Response . ............. 4.6-75
4.6-23 GinnaSGTR -SIandBreak Flow .............ciiiiiiiiiinnnnn.n. 4.6-77
4.6-24 Ginna SGTR-Cold-Leg Temperature . .........ovieieionnnnnennnnnns 4.6-79
4.6-25 Ginna SGTR-RCSand SGPressure ...........ciiiiiiiinnnnnnnn. 4.6-81
4.6-26 Ginna SGTR-PRT Parameters .............0iittmiininnunnnnnns 4.6-83
4.6-27 Ginna SGTR - Long-Term Cooldown and Depressurization ................ 4.6-85

USNRC Technical Training Center 4.6-ii R Rev 0296




:’~WestinghousefTechnology Advanced Manual

Steam Generator Tube Rupture

1.

- 4.6 STEAM GENERATOR TUBE

RUPTURE

.~ Learning Objectives:

“Discuss why operator intervention is neces-
-- sary to limit or prevent radiological releases .

.- during a steam. generator tube rupturc

- (SGTR) event.

~ T

. Discuss the primary-side.and secondary-side .

- indications of an SGTR in the control room. -

.

.z Discuss how the affected generator may be
identified either prior to or following -the"

. reactor/turbme trip.

Rix

. List the mmal actions taken by the operator

once the affected steam generator has been
identified.

following:

a. Secondary-to-primary leakage °

_b.” Steam generator overfill.

.- List™ the principal systems/components:

affected by a loss of site power (LOSP)._

L

. stcuss how plant cooldown and prcssurc

control are accomphshcd with an SGTR and

. LOSP

4

. DlSCUSS what affect the following events had
"on the SGTR transient at the Ginna plant: = -

"l - I3

P .- LY

' a. Tnppmg of the reactor coolant pumps -
‘b. Failure of pressurizer power-operated

. Discuss the actions required to stop the
- primary-to-secondary leakage.

.- Discuss the problems associated with the *

. relief valve (PORYV)
c.. Automatic operation of letdown valves
d. Pressurizer relief tank failure _ .
" e. Steam generator safety valve failure.

4.6.1 Introductlon

of al] the major accidents that have actually
occurred at operating PWRs, steam generator
tube failures have occurred most frequently. The
nuclear industry has implemented many pro-

. grams to reduce the incidents of tube failures,

such as secondary side inspections, improved
steam generator designs and water chemistry
control, and more reliable eddy_current tube

" inspection techniques. Nevertheless, a steam

generator tube failure may remain one of the
more likely accidents. Such accidents provide a

-direct release path-for- contaminated primary
_coolant to the environment via the secondary side
- safety and relief valves. Accumulation of water

in the SG secondary side can.also lead to an
overfill condition which can severely aggravate
the radiological consequences and increases the
likelihood of subsequent failures. -

Unlnke other loss of coolant acc1dents

» (LOCA), a steam generator tube_faxlure demands
- substantial operator involvement early in the
_event. Timely operator intervention is necessary

to prevent steam generator overfill and limit the
radiological releases. -

bt

peat

'I‘he followmg sectxons descnbc the plant
response to an actual and a postulated steam
generator tube failure. A-steam generator tube
rupture event begins as a breach of the primary
coolant barrier between the reactor coolant

- system and secondary side of the steam genera-

tor, i.e., the steam generator tube, Figure 4.6-1.

- AlthoughA thls (clatxvcly thin barrier is designed

with substantial safety margin to preclude burst-

. USNRC Technical Training Center
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ing even when subjected to full primary system
- pressure, the harsh secondary side environment
may attack the steam generator tubes resulting in
excessive tube wall thinning or cracking over
time. Although improved secondary side chem-
istry has greatly reduced the frequency of tube
failures attributed to chemical corrosion, foreign
objects in the steam generator secondary have
resulted in relatively rapid tube degradation and
eventually tube failure (Prairie Island [1979] and
" Ginna [1982]). Even more recently (North Anna
[1987]), tube failure was caused by flow-induced
fatigue cracking. -
4.6.2 Expected Plant Response to SGTR
Event with Timely Operator Inter-
vention - ‘

This section contains’ a description of the
expected plant response to a postulated steam
generator tube rupture accident and the actions,

" both operator initiated and automatic, which may
occur during recovery. System response and
recovery actions with offsite power available,
section 4.6.2.1, and the effects of a loss of
offsite power coincident with turbine trip, section

*4,6.2.2, are discussed. As previously noted, the
trends described are only representative since
variations in manual actions or operable equip-
ment as well as rupture size and specific plant
design will result in slightly different system
conditions. In the transient plots presented, a
tube failure is to be the initiating event and it
occurs when the plant is at full power.

4.6.2.1 SGTR Transient: Offsite Power
Available - ’

" Since the primary system pressure (nominally

- 2235 psig) is initially much greater than the steam
generator pressures (nominally- 1000 psig)

" reactor coolant flows from the primary into the

" e -

secondary side of the affected steam generator.
In response to this loss of reactor coolant,
pressurizer level and pressure decrease at a rate
which is dependent upon the size and number of
failed tubes, as shown in Figure 4.6-2. The
Pressure decreases as the steam bubble in the
pressurizer expands. Normally, charging flow
will automatically increase and pressurizer
heaters will energize in an effort to stabilize
pressure and level. However, if leakage exceeds
the capacity of the chemical and volume control
system (CVCS); reactor coolant inventory will
continue to decrease and eventually lead to an
automatic reactor trip signal. If turbine load is
not reduced, reactor trip will most likely occur on
overtemperature AT. For the expected case,
however, turbine load will be decreased either
automatically or manually so that reactor trip will
occur on low pressurizer pressure. Normal
letdown flow would isolate and pressurizer
heaters would turn off on low pressurizer level.

On the secondary side, leakage of contami-
nated primary coolant will increase the activity of
the secondary coolant resulting in high radiation
indications from the air ejector radiation monitor
and blow down line radiation monitors. Al-
though these alarms may lag indications of a loss
of reactor coolant, depending on the transport
time to the radiation monitors, they have sounded
nearly simultaneously with pressurizer low level
indications during past tube failure events and
generally provide the earliest diagnosis of a steam
generator tube rupture. As primary coolant
accumulates in the affected steam generator,
normal feedwater flow is automatically reduced
to compensate for high steam generator level.
Consequently, a mismatch between steam flow
and feedwater flow to the affected steam genera-
tor may be observed. This potentially provided
early confirmation of a tube failure event and also
identifies the affected steam generators. Howev-
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- er, such a mismatch may not be noticeable for -

smaller tube failures because of the relatively.

- large normal feedwater/steam flow rates. -The
. water level in the affected steam generators may
" not be significantly greater than that of the intact

- steam generators prior to reactor trip as the
- .normal feedwater control system automatically

compensates for changes in steam flow rate and
steam generator level due to primary-to-second- .

aryleakage S0 . N

The time between. 1n1t1a1 tube fallure and~'
reactor trip also depends on the leak rate..In -

. most "cases sufficient -time will be available
> (greater than three minutes) for the operator to -
- - perform a limited number of actions to either -
. prevent or prepare for reactor trip. Such actions

are likely to include starting additional charging

-, pumps, energizing pressurizer heaters if not done
" . automatically, reducing the load on the turbine,
“and possibly manually tripping the reactor.

These actions, with the -exception of manual

. reactor trip, will tend to delay an automatic trip..
. .signal. - In addition, these ‘actions can have a
. significant effect on the system response follow- -

ing reactor trip which may impact the longer term -

recovery. ‘For example, as turbine run back -
proceeds, the mismatch between core power and -

turbine load causes the average coolant tempera-

- ~ture (Tavg) to increase until the rod control and

- steam dump system actuate to restore.pro-
grammed Tayg. A period of time may exist when
“+Tayg is greater than nominal-full power condi-

tions. If reactor trip occurs during this time, the
resulting cooldown of the primary system is

larger when the steam dump system actuates to .

-~ .” establish no-load conditions. The combination of

a'delayed reactor trip and greater shrinkage of

reactor coolant may result in a significantly lower . -
.- minimum RCS pressure following reactor trip.

In that case RCP trip criteria may be met. This
' ’may also result in a-greater steam generator -

.inventory before recovery actions are initiated
- which would reduce the time available to steam

generator overfill.

2, . -
t -ty

Following reactor-trip, core po}yer rapidly
decreases to decay heat levels, steam flow to the
turbine is terminated, and the steam dump system
actuates to establish no-load coolant temperatures

_ in the primary system (Figure 4.6-3). Shortly

thereafter, the normal feedwater control system

- increases feedwater flow to compensate for

shrinkage in steam generator level due to reduced
steam flow. RCS pressure decreases more

. rapidly as energy transfer to the secondary

shrmks the reactor coolant and tube rupture flow

. continues .to deplete primary mventory This

decrease in RCS pressure results in a low pres-
surizer pressure SI signal soon after reactor trip.

_ Normal feedwater flow is automatlcally isolated

on the SI 51gna1 Wthh also actuates the auxiliary
feedwater (AFW) system to deliver flow to all
steam generators. For some plants, low water
level is a combmatlon of the steam generators
comcrdent thh the SI srgnal is requrred to actuate
some components of the AFW system Howev-
er, since level drops below the narrow range on
reactor tnp from full power (Flgure 4.6-4) the
AFW system will also actuate on the SI signal for
plants with AthlS loglc If trip occurs at a lower
power for these plants, AFW flow may not be

- initiated untll sometime after the SI signal occurs.

Eventually, manual action is requxred to decrease

. auxiliary feedwater flow to maintain the steam
. generator water level on thé narrow range span.

The expected sequence of automatic actions
followmg reactor trip is presented i in Table 4.6-1.

Secondary-srde pressure wxll mcrease rapidly
after reactor trxp as automattc 1solatlon of the
turblne momentanly stops steam ﬂow from the
steam generators (Flgure 4, 6-4) Normally,
automatxc steam dump to the condenser will
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actuate to dissipate energy transferred from the
primary, thereby limiting the secondary pressure
increase. Since the intact and ruptured steam
generators are connected via the main steam
header, no significant difference in pressures will
be'evident at this time.

Initially, SI flow and AFW flow will absorb
decay heat and decrease the reactor coolant
- temperature below no-load until AFW flow is
manually throttled to maintain steam generator
level in the narrow range. Steam flow should

stop when the reactor coolant temperature de- -

creases below no-load temperature (Frgure 4.6-4)
and the steam generator pressures-may slowly

decrease as the cold AFW ﬂow condenses steam.”

At low - decay heat levels or for’ multiple tube
failures the reactor coolant temperature may
continue to decrease due to SI flow even after
AFW flow is throttled.
Pressurizer level decreases more rapidly
following reactor tnp as’ the reactor coolant
shrinks during the post-trlp ‘cooldown and
prlmary -to- secondary ‘leakage’ continues to
Jnlete coolant mventory Although the mini-
I.um pressurlzer level is dependent upon a
number of parameters, mcludmg initial pressuriz-
_er level, initial power 1ével, the size of the tube
- farlure, operatmn of pressunzer heaters, and pre-

tnp operator actions, it is likely that lével will be -
nearly off-scale low when SI is'actuated. With’
Sl actuated, the primary system will tend toward-

“an equrhbnum condition where break flow and
coolant shrinkage are matched by SI flow (Figure
4, 6-5) If break flow and shrmkage are initially
greater than SI flow, pressurizer level and
pressure will contmue to decrease until quasi-
equrhbnum conditions are reached. In some
' cases, such a mult1ple tube failures or reduced SI
capacrty, RCS pressure may momentarily de-
crease to saturation until SI flow and AFW flow

" approximately equal flow to all SGs.

cool the primary system below the saturation
temperature of the steam generators. Converse-
ly, if SI flow exceeds primary-to-secondary
leakage and coolant shrinkage, the pressurizer
level and pressure will increase until equilibrium
is achieved.  The equilibrium RCS pressure
depends on the size of the tube failures, capacity
of the SI system, and cooldown rate of the
primary. However, since leakage from the RCS
is a function of both pressure and temperature,
RCS pressure may continue to slowly decrease
until reactor coolant temperatures are stabilized.

For high pressure SI plants, the pressurizer
may refill 'to‘a relatively high level prior to
operator intervention if the tube failure is small.
However, in the more likely case, pressurizer
level will return on span and will stabilize at a
value significantly below nominal level, as
shown in Figure 4.6-2. A point of confusion
often noted occurs during simulation of a steam
generator tube failure' event where pressurizer
level continues to-increase toward an overfill
condition following actuation of the. SI system.
While the pressurizer could fill for small tube
failures'in high pressure SI plants, in some cases
this response has been attributed to modelling
limitations of the pressurizer. The operator

- should be aware that although filling of the

pressurizer is possible, it is not generally expect-
ed. It should also be clear that the reactor coolant

- temperature trend and operator actions, such as

throttling AFW flow, will affect the pressurizer
level.

As previously mentioned, the steam generator
level may drop out of the narrow range following
reactor trip, as shown in Figure 4.6-4. AFW
flow will begin to refill the SGs, distributing
Since
primary-to-secondary leakage adds additional
inventory which accumulates in'the ruptured SG,
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the level will return significantly earlier and will -
continue to increase more rapidly. This response
provides confirmation of a SGTR event and also
- identifies the -affected SG. . Although these

- symptoms will be evident soon after reactor trip -

for larger tube failures;-the SG level response
may not be noticeably different or may ‘be

tube failures in one or more SGs. In that case;
- high radiation indications may be necessary for
. positive identification of a ruptured SG. In such
+ instances of smaller tube failures, the break flow .

- would be less and, consequently, more-time . _

~.would be available for recovery prior to filling
- the affected S/G with water. R

from and stopping feedwater flow to the affected
SGs In addition:to minimizing radiological
" releases, this also reduces the -possibility of
filling the affected SG with water by (1) minimiz-

. ing the accumulation of feedwater flow and (2) -

" enabling the operator to establish a pressure

> - differential between the ruptured and intact SGs -
*:.as a necessary step toward terminating primary-

to-secondary leakage. In the analysis results, the

operator was assumed to isolate the affected SG -

- when the water level returned ‘into the narrow

range (> 15%). With steam flow and feedwater ,
' . flow terminated, the affected SG pressure will |
. - .slowly increase as primary-to-secondary leakage

-~ ~compresses the steam bubble in the SG.

[Rs

High ~press‘ure SI plants Awouid also ehow,\j

- relief valve would lift unless actions to stop
. leakage into the affected SG are completed

After 1solatlon of the ruptured SG, the RCS
~is cooled to less than saturation at the ruptured
SG pressure by dumping steam from only the

intact SGs. This insures adequate subcooling in
the RCS after depressurization to the ruptured
SG pressure in subsequent actions. With offsite

‘. power available, the normal steam dump system

to the condenser provides sufficient capacity to

-perform this cooldown rapidly, as demonstrated
» -in Figure 4.6-6. .
masked by non-uniform AFW flows for smaller::-

[}

. RCS _.,pressure‘.will decrease during this

cooldown as shrinkage of the reactor coolant
expands the steam bubble in the pressurizer
(Figure 4.6-6).: For multiple tube failures, RCS
pressure (Figure 4.6-7) may decrease to less than

- the ruptured SG pressure as steam voids, which

were . generated - during initial RCS

. Do . - depressurization, condense. Reverse flow, i.e.,
Once -a tube-failure has been identified, :
%+ recovery actions begin by isolating steam flow

secondary-to-primary, leakage, during this time
would reduce the inventory in the ruptured S/Gs
and delay steam generator overfill, as shown in
Figure 4.6-7.

When the cooldown is completed SI flow

.again increases RCS pressure toward an equilib-
_rium value where break flow matches SI flow.

Conéequently, SI flow must be terminated to

. stop primary-to-secondary leakage. -However,
- adequate coolant inventory must first be ensured.

This includes both sufficient reactor coolant

- subcooling and pressurizer inventory to maintain

a reliable pressurizer level indication after SI flow
is stopped.- Since leakage from the primary side

.~ will continue until RCS and ruptured SG pres-

sures equalize, an excess amount of inventory is
required before stopping SI ﬂow .The “excess”

-amount of inventory required depends upon the

. - similar trends. Eventually-an SG atmospheric . RCS pressure and reduces to zero when RCS

pressure equals the pressure in the’ ruptured SG.

- It is necessary to accommodate the decrease in

pressurizer level after SI flow is stopped To
establish sufficient inventory, RCS pressure is
decreased by condensing steam in the pressurizer
using normal spray. This increases SI flow and
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reduces break flow, which refills the pressurizer,
as illustrated in Figures 4.6-8 and 4.6-9. Note
that although the cooldown of the primary side
also decreased RCS pressure, the pressurizer did
not refill since the net effect reduced coolant
volume. Similarly, spraying the pressurizer to
decrease RCS pressure concurrently ' with the
primary side cooldown is not as effective in
refilling the pressurizer, as shown in Figure 4.6-
10.

For multiple tube failures, RCS pressure may
decrease below the ruptured steam generator
pressure before pressurizer level returns on scale.
In that case, reverse flow through the failed tubes
will supplement SI flow in refilling the pressuriz-
er. Conversely, for smaller tube failures, pres-
surizer inventory may stay on scale and addition-
al actions to restore inventory would not be
necessary. ’

Previous actions were designed to establish
adequate RCS subcooling, secondary side heat
sink, and reactor coolant inventory to ensure SI
flow is no longer required. When these actions
have been completed, SI flow must be stopped to
prevent repressurization of the RCS and to
terminate primary-to-secondary leakage. With SI
flow stopped, residual break flow will reduce
RCS pressure to equilibrium with the ruptured
SG, as shown in Figure 4.6-11. .RCS tempera-

ture, pressurizer level, and affected SG levels:

“will stabilize (Figure 4.6-12) and no further
" uncontrolled releases of radiological effluent
from-the ruptured SG will occur. Note that
although the level in the affected steam generator
may reach the top of the narrow range span,
significant volume still exists before the SG fills
with water. S

4.6.2.2 SGTR Transient: Offsite Power
Not Available

The principal systems/components affected
by a loss of site power are the steam dump
system, reactor coolant pumps, and. RCS pres-
sure control. The effect of each of these on the
system response and recovery is discussed.

The steam "dump system is designed to
actuate following loss of load or reactor trip to
limit the increase in secondary side pressure.
Without offsite power available, the steam dump
valves, which bypass the turbine to the condens-
er, will remain closed. Hence, energy trans-
ferred from the primary will rapidly increased SG
pressures after reactor trip until the atmospheric
relief valves-lift to dissipate this energy, as
shown in Figure 4.6-13. Since the secondary
side temperature increase is greater, sensible
energy transfer from the primary side following a
reactor trip is reduced. Consequently, RCS
pressure decreases more slowly, as illustrated in
Figure 4.6-14, so that SI actuation and all atten-
dant automatic actions are delayed. A typical
sequence of events without offsite power avail-
able is also presented in Table 4.6-1.

RCPs trip on a loss of offsite power and a
gradual transition to natural circulation flow
ensues. The cold leg temperature trends toward
the SG temperature as the fluid residence time in
the tube region increases. Initially, the core AT
decreases as core power decays following reactor
trip and, subsequently, increases as natural
circulation flow develops (Figures 4.6-15 and
4.6-16).- Without RCPs running, the upper head
region becomes inactive, and the fluid tempera-
ture in that region will significantly lag the
temperature in the active RCS regions. This
creates a situation more prone to voiding during
the subsequent cooldown and depressurization.
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Sufficient instrumentation .and controls are  voiding may occur in this region during RCS

,* provided .to ensure that necessary recovery  depressurization. This will result in a rapidly
actions can be completed without offsite power .. increasing pressurizer level indication as water
available. Although the recovery methods are the - . displaced from the upper head replaces steam
same with or without offsite power available, the -released or condensed from the pressurizer. This
equipment used may be different. The RCS is  behavior was observed during the Ginna tube
cooled using the PORVs on the intact SGs since  failure event, when the pressurizer PORY failed

~ . neither the steam dump valves nor the condenser " - to close. The extent of voiding is limited to the
would be available without offsite power. Even- inactive regions of the RCS provided subcooling
with one SG out of service, these valves provide _is maintained at the core exit. However, flashing
sufficient capacity to complete the initial . in the inactive regions may slow further RCS
- . cooldown rapidly, as shown in Figure 4.6-17. depressunzatlon to cold shutdown condltlons
Note that the hot leg temperature does not re- - i -
spond as quickly as the cold leg and SG tempera- - - ; Once SI ~ﬂ0w is :stopped, no additional
tures since RCPs are not running. . primary-to-secondary leakage or uncontrolled
oL : radiological .releases from the affected SGs
.- Under natural circulation conditions subse- , should occur.” This plant response is similar with
quent actions to isolate the affected SGs_ and . orwithout offsite power available. - -
cooldown the intact RCS loops may stagnate the N -
_affected loop. Consequently, the hot leg fluid in The automatic protection systems are more
. that loop may remain warmer than the unaffected. than sufficient to maintain adequate core cooling
loops. Similarly, SI flow into the stagnant loop ¢ even for multiple tube failures. - However,
. cold leg may rapidly decrease the fluid tempera-  extensive operator. actions are required to stop
"ture in the cold leg, ‘downcomer, and pump  primary-to-secondary Jeakage which could lead
- suction regions significantly below the rest of the * to a steam generator“ogerﬁll condition if not
RCS. . . , .. terminated expeditiously. The system response
LTl . .. -toa SGTR before and immediately after reactor
~With. RCPs stopped, normal pressurizer - -trip has been descrxbed .From this descnptlon
spray would not -be available: Consequently, - the symptoms ' whxch 1dent1fy both the tube failure
£, - ."RCS pressure must be controlled using pressur- - event and the affected SGs sho_u_ld be evident,
.. .- izer PORVs or.auxiliary spray. -Although a -. iucludiug“highi or- increasing secondary side
2+ PORV enables more rapid RCS depressurization  radiation, and steam generator level response.
- (Figure 4.6-18), it also results in an additional ~ These symptoms provide the basis for diagnos-
loss of reactor coolant which may rupture the tics inthe emergency operatmg procedures
-, = PRT.and contaminate the containment. Auxiliary. -«

‘-« spray conserves reactor coolant but may create - It must be emphasrzed that although strong
excessive thermal stresses in the spray nozzle . srmrlarmes exlst each tube failure is unique.
which could result in nozzle failure. Auxiliary. . .Variations in break srze ‘and plant specific

- spray is recommended only if normal spray and: --features,.. such .as SI capacrty and operator re-
- PORVs are not available. - - sponse times, will affect system conditions.

T

4

LeT i

Since .the upper head region is inactive,
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4.6.3 R.E. Ginna Tube Rupture

On January 25,1982, the R.E. Ginna Nuclear

"Power Plant experienced a design-basis steam

generator tube rupture. ' This resulted in the
maximum flow from a single tube.

The final safety-analysis report’ (FSAR)
assumes that the break flow:is terminated by
operator action within 30 to'60 minutes. The
procedures available to the operators at the time
proved to be inadequate to meet this time require-
ment. Several procedure changes have occurred
because of these inadequacies. Major changes
address specific guidance on safety injection reset
and safety injection termination with suspected
reactor upper head voiding. "Also of major
significance are the ‘criteria for tripping and
restarting reactor coolant pumps.

" The report on the Ginna steam generator tube
rupture is published as’' NUREG-0909. The
" ‘evént is described in nine phases. This nine
phase description, along with an event chronolo-
gy is included as Table 4.6-3 of this chapter.
Note that other equipment failures' made this
event unique, such as PORV failure to close and
SG code safety valve failuré to fully reseat. Also
the design of the CVCS allowed the letdown

isolation valve to open, causing overpressure in -

* the pressurizer relief tank (PRT) and release into
the containment. ’ ‘

The R.E. Ginna Nucléar-Power Plant is a
1520-MWt, two-loop PWR designed by West-
mghousc A diagram of the major plant systems
and components is shown on Fxgure 4.6-19.
Flgure 4.6-20 shows the mstrument locations in
the reactor coolant system, pressurizer, and PRT.

4.6.3.1 Event Phase 1: Steady-State
Operation' (Period before 9:25
m., -1/25/82)

Prior to 9:25 a.m., the plant was operating at
full power, steady-state conditions. The major
primary and secondary system parameters and
their steady-state values are listed in Table 4.6-2.

- These parameters indicate that the plant was in a

normal full power condition. No important
systems were out of service and no abnormal
conditions existed in any of the major parame-
ters.

4.6.3.2 Event Phase 2: Tube Rupture
and Initial Depressurization
(9:25 a.m. to 9:30 a.m.)

At 9:25 a.m., there was a sudden rupture of a
single tube in the B steam generator. Detailed
information from the plant process computer is
available for the period beginning at 9:26 a.m.
This information was used to develop the graphs
of pressurizer (PZR) pressure and level versus
time (Figures 4.6-21 and 4.6-22). The initial
depressurization from 2197 psig to approximate-
ly 2100 psig and the associated drop in pressuriz-
er level from'47% to 30% occurred between
9:25:25 ‘aim.” and 9:26:30 a.m. The
depressurization and level drop were terminated
by automatic and manual actions to increase the
charging flow from 30 gpm to at least 60 gpm
(corresponding to full flow from one charging
pump) and thermal expansion of the water in the
reactor coolant system associated with the or-
dered load reduction. This indicates that the
initial leak rate was approximately 750 gpm.

A level deviation alarm resulted when the
water level in the B SG exceeded its setpoint of
52%. The water level increased because of the
flow from the reactor coolant system to the SG
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through the ruptured tube. The increased water,-

.level was sensed by the feedwater control sys-
. tem, which reduced feedwater flow by modulat-
ing the feedwater control valve. The difference
between feed flow and steam flow produced the

steam flow/feed flow mismatch alarm from the B

SG. Simultaneously, a radiation alarm on the air

-. . ejector indicated a leak from the reactor coolant ,

. system to the secondary system. These were
important symptoms of a tube rupture in B SG.

¢ -

" At 9:27:11 a.m. (Figure 4.6-22) a more rapid *

. reactor coolant system depressurization and level
decrease began. This was the result of a reactor
coolant cooldown and a continuing leak of
approximately 750 gpm. This leak resulted in a
reactor .trip at 9:28 a.m. on low pressurizer

* pressure (~1900 psig), an automatic safety
injection actuation signal on low pressurizer

pressure (~1720 psig), and a containment isola--
tion signal on safety injection actuation. The :
safety injection ‘actuation signal started all three -

- high pressure safety injection pumps and the two
-motor driven auxiliary feedwater pumps. The

-~containment isolation signal resulted in the_
_closure of all.containment isolation valves,-.
termination of main feedwater flow, and termina- .

tion of charging flow. The turbine driven auxil-,
iary feedwater pump subsequently started auto-

matically on low water level (17%) in both steam - ‘
: water to the CVCS was 1solated by the contain-

’

* generators. Shortly after these actuation signals,

the pressurizer emptied of water, and the reactor
coolant system pressure dropped to approximate- -

* 1y '1200 psig. - The minimum system-pressure
“was apparently determined by the temperature of
~ the hottest fluid in the reactor coolant system."
“This fluid would have flashed when the system
- pressure dropped below the saturation pressure

“corresponding to its temperature. This initial |

* flashing in the reactor coolant system would have
occurred when the temperatures in the pressurizer
surge line and reactor vessel upper head were

. near or above 576°F, the saturation temperature

correspondmg to 1270 psig.

Immedxately after the reactor turbme and
feedwater trips, the narrow-range A and B SG
water level instruments indicated a level drop
from about 47% to about 10%, normal for a trip

_from full power, while the wide-range level
- instrument indicated a slight increase in level.

This discrepancy was believed to result from cold

- calibration of the wide-range instrument and the

fact that its lower pressure tap was located just
above the tube sheet. The narrow-range instru-
ment is calibrated at operating temperature of the
SG and its lower pressure tap is located just

above the top elevation of the tube bundle.

Approximafely 50 seconds after the SI signal
occurred, the reactor operators verified that the
pressurizer pressure was less than 1715 psig and

- manually tripped the reactor coolant pumps in

accordance with Ginna procedures.

Durmg norma] operatlons, both seal injection

-and component cooling water are provxded to the
- reactor coolant pumps. The seal injection flow
-was terminated upon SI because the charging

pumps were tripped automatmally -
In addmon, the plpmg that retums the seal

ment isolation sxgnal "After the seal return valve
closed, reactor coolant system leakage through

. the reactor.coolant pump seals pressurized the

seal return line. As shown by the pressurizer

-relief tank level mdlcatlon, the relief valve on this

line lifted. The pumps can be operated without
seal injection provided component cooling water

is available and the seal leakage is less than five

gpm (Ginna procedure) Therefore the reactor
coolant pump trip was a result of the procedural
requirement to trip the pumps to av01d exacerbat-
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ing certain small-break loss of coolant accidents.

Numerous valves inside containment were
affected when the instrument air was isolated at
9:28 a.m from the containment isolation signal.
The important valves for this event were the two
pressurizer POR Vs, the pressurizer spray valves,
the CVCS charging and letdown valves, and the
pressurizer auxiliary spray-valve. Except for the
level control valve 'in the CVCS, all these valves
fail closed.- The pressurizer- PORVs have a
backup nitrogen supply that is available to
operate the valves.

4.6.3.3 Event Phase 3: Natural Circula-
tion and Reactor Coolant Sys-
tem Repressurization (9:30
a.m. to 10:07 a.m.)

-Following the initial depressurization, the SI
pumps injected water into the reactor coolant
system, increasing the volume of water in the
system and increasing the system pressure to
1350 psig. During this period, the reactor-
coolant-system-to-B-SG pressure difference was
approximately 300 psi and thé leakage into the B

SG continued at a rate of approximately 400

gpm. Figure 4.6-23 presents estimates of SI
flow and break flow versus pressure. This
figure indicates that the reactor coolant system
and B SG should establish a dynamic equilibrium

between high pressure injection flow and break -

flow with a reactor coolant system pressure of
1410 psig, which corresponds to an indicated
reactor coolant pressure ‘of 1385 psig. This
condition developed at approximately 10:00 a.m.
during the event.

The temperature difference from the cold legs
(Flgurc 4,6-24) to the hot legs initially decreased,
since the reactor trip caused a rapid drop in the
reactor core heat generatlon, and reached a

minimum value of 20°F. Following the RCP trip
at 9:29 a.m., the reactor coolant flow rates
decreased. As flow decreased, natural circulation
developed, with the reactor core as the heat
source, and the elevated steam generators as the
heat sink.

At 9:32 a.m. the turbine-driven auxiliary
feedwater steam supply valve from B SG was
shut in accordance with the SGTR procedure. In
addition, the motor-driven auxiliary feedwater
pump was isolated from the B SG. To confirm
that the leak was from the B SG, as suspected, a
check of B steam line radiation level was made
using a portable radiation monitor. The indicated
reading (approximately 30 mrem/hr) gave posi-
tive indication of the affected SG approximately
15 minutes after the initial alarms had indicated
that a problem existed.

At 9:40 a.m the B SG was isolated by closing
the MSIV, and no further cooling was taking
place in the B SG. This caused the flow in the B
reactor coolant loop cold leg to stagnate and to
reverse direction as water in the B loop cold leg
was drawn toward the ruptured tube. The
reverse flow in the B reactor coolant cold leg
continued throughout the event.

Prior to 9:40 a.m., the reactor coolant leaking
into the B SG was circulated throughout the main
steam, main feedwater, and condensate systems.
After 9:40 a.m. the B SG main steam isolation
valve was closed and the tube leak caused an
increase in the indicated steam generator water
level. The pressure in the B SG began to in-
crease when the turbine-driven - auxiliary
feedwater terminated at 9:46 a.m. 'The B SG
narrow-range water level indication went off
scale high at 9:55 a.m. Later the attached steam
line also flooded.
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_“seen’'by observing the change in the A loop .

Throughout this phase, the A SG continued :

to dump steam into the main condenser. The
RCS cooldown rate during this period can be

: temperature versus time in Figure 4.6-24.

-The only cadiation alarm from the SG

blowdown system occurred -at 9:50 a.m., 22 .
minutes after the B SG blowdown piping isola-_

tion valve closed on containment isolation. The

- radiation monitor is located downstream of the

sample line isolation valves, which were also
closed upon containment isolation.

\

o ;-Thc SI signal was reset at 9:57 a.m. Thc

containment isolation signal was also reset in

- order to restore instrument air and gain control of

b

air-operated valves inside containment.

:;*Athl(_):04‘a.m., one charging pump w‘avs |
restarted, although the SGTR procedure called .

for startmg all available charging pumps.

4 6. 3 4 Event Phase 4: Pressurizer

PORYV Operation (10:07 a.m. to

10:15 a.m.)

. .Reducing the RCS pressure to reduce the’ .
- tube-leakage is an important-step in recovery
“from a tube rupture event. The first attempt to_

- - reduce RCS -pressure occurred at 10:07 am. .

. «. . The operators then closed-the blockvalve to - -
- terminate flow through the stuck-open PORV. -
-The normal closure time for the block valve is

o
[

- that the block valve was closed by that time. In .
_ addition, the temperature rise in the PRT termi-

e e e
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when one PORV was opened for a few seconds. -

‘The valve was successfully cycled three times but |

failed to close on the fourth cycle at 10:09 a.m.

approxlmatcly 35 seconds. - The plant process
computer printout shows that pressure in the
RCS was increasing at 10:11 am. ., indicating

Steam Generator Tube Rupture

nated at 10:12 a.m.

While the PORV was open RCS pressure
dropped from 1350 psig to 850 psig (Figure 4.6-
- 25). For the period from 10: 09 a.m. to 10:11
a.m. the RCS pressure was lower than the B SG
pressure. This low RCS pressure caused a
temporary reversal in primary-to-secondary break
flow, an increase in SI flow, and flashing of
water in the reactor vessel upper head and B SG
- tubes. ‘While the PORV .was_ stuck open the
. pressurizer level mcreascd rapldly from 6% to
.100%. The pressurizer was _ﬁ}lcd by water
displaced by steam formation in the reactor vessel

- upper head and inside the B SGLtuybcs, flow from

the B SG-into the RCS through the ruptured
tube, and SI and charging flow.

The indicated rate of increaéc of pressurizer
level, beginning at 10:09 a.m., corresponds toa
computed water inventory rate of change of 405
- ft3/min. Smcc the PORV was opened for about
two minutes after 10:09 a.m., approximately 810
ft3 of water would have left the pressurizer. This
va]uc is rcasonably close to the esumated value of

water volume avallqblc thjclt is 765 ft3.

- -Since the water volume in the pressurizer at

: 10 09 am. was. approx1mately 100 113, these

calculahons 1mp1y that a rclanvcly small volume

(35 to 100 ft3) of watcr was dlscharged through

- the PORV after the steam in the pressunzer had
bccn rchcved

- e

P

) A rcvxew of thc PRT paramcters (Flgure 4.6-
: 26) mdlcates that the four perccnt level increase
durmg the PORV . opcmngs corresponds to
apprommately 40'ft3 of water. Since the mass of
steam in the pressurizer at 10: 07 a.m. corre-
:, sponds to 35 ft3 of water at 1400°F, the indicated
increase in PRT level 1mp11es that only 5 ft3 of
water was dxschargeq through _the PORV.
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Therefore, all the available data indicated that
when the PORYV failed to close it was discharging
steam,; that very little liquid discharge took place;
and that the liquid discharge occurred at the end
of the blow down while the PORV block valve
was closing. h

During the time when the PORV was open,
the indicated cold-leg temperature in the B RCS
loop decreased rapidly to 260°F and then recov-
ered to 350°F. "These changes are associated
with an increase and decrease in SI flow in the B
1oop cold leg. The SI water was mixing with the
hot water from the reactor vessel downcomer and
the B loop cold- leg temperature sensor was
reading a mixed fluid ternperature

After the pressurizer PORV block valve was
closed, the system pressure returned to approxi-
‘mately 1400 psig. This preé'sﬁre was slightly
higher than the pressure recorded before the
PORYV openings. Except for forming the steam
bubble in the upper head and filling the pressuriz-
er with water, the system conditions after the
block valve closure were essentxally the same as
before the PORV opemng

After the operator noted that the PORV block
’ valve indicated closed on the main control board,
._he directed that the PORV taxlptpe temperatures

" be momtored to insure that the block valve had

L fully closed and that the other PORV was not
leaking. The drop in tailpipe temperature was

slower than expected, so the operator closed the

" block valve associated with the other PORV. It

:was later determined' that there was no leakage
‘past the ongma]ly closed block ‘valve or the
second PORV '

Throughout this phase of the event the RCS
was bemg cooled by dumping steam from the A
SG to the main condeénser. Auxiliary feedwater

for the A SG was supplied by the A motor-driven
pump from the condensate storage tank.

Instrument air had been restored at 9:59 a.m.,
but the selected letdown orifice isolation valve
(LCV-200B) and level control valve (LCV-427)
remained closed because the pressurizer level
was below 10%. At approximately 10:08 a.m.,
the pressurizer level increased above 10%,
opening (LCV-427) and the selected orifice
isolation valve as designed. The letdown con-
tainment isolation valve (AOV-371) remained
closed, since the valve does not automatically
open when the containment isolation signal is
reset. Consequently, the letdown line was
communicating with the RCS while the down-
stream portion of the letdown line remained
isolated, and the relief valve opened at a set
pressure of 600 psig. This valve relieves to the
PRT and was a major contributor to the PRT
level increase.

4.6.3.5 Event Phase 5: Prolonged
Safety Injection (10:15 a.m. to
10:38 a.m.)

When the RCS pressure and the pressurizer
level increased after the PORYV block valve was
closed at 10:11 a.m., the conditions necessary
for allowing termination of SI existed. The plant
operators knew; however, that a steam bubble
had formed under the reactor vessel upper head
and they were reluctant to interpret the high
pressurizer level as a legitimate indication of
having sufficient RCS inventory. As a result, the
termination of SI did not occur until about 10:38
a.m., after discussions were held between
control room personnel and the Technical Sup-
port Center personnel.

A detailed review of the system data indicate
that PORYV operation was successful in decreas-
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ing RCS pressure and in increasing the liquid-
inventory by SIand charging flow. Subsequent-
ly, SI increased RCS pressure to 1390 psig. SI
. flow could have been safely terminated immedi-
ately after the PORV block valve closed at 10:11

- a.Jgm.

.o ,Afier 10:11 a:m. the Vcontinued SI caused the
-~ RCS pressure to,remain approximately 300 psi -

above the B SG pressure. - This pressure differ- -
ential caused the leakage to the SG to persist. As.

a direct result of the leakage into the B SG,-the . --
-~ :pressure increased to 1080 psig.at 10:19 a.m.,- -
_and the opening of a SG safety valve released. -

steam into the atmosphere. This occurred again.

_at-10:28 a.m. The first and second SG safety *,
- valve openings each resulted in pressure reduc- -

tions of approximately 50 psi. The A and B SG
valve position recorders were started by a techni-
cian earlier in the event, but the recorders failed
to indicate these and subsequent valve lifts.

- The repeated openings of the SG safety valve
led the control room and Technical Support
Center personnel to decide to temlinatc SL

4 6.3.6 Event Phase 6: Safety InJectlon
- Termination and Leakage Re- -

duction (10:38 a.m. to :11:21 ~,‘,

a.m.) : - -

: :The SI‘pumps were stopf)ed at.10:38 a.m.

- and the RCS pressure decreased to approximately
950 psig. The secondary pressure continued to _
' decrease to approximately 850 psig as a result of .
. the third opening of the SG safety valve. This.
: SG pressure reduction of approximately 200 psi

is unusually large and indicates that this valve did :. -

" not close normally, possibly as a result of dis-
- charging two-phase flow. With an RCS-to-SG -
- . AP of 100 psi, the leak rate was reduced to:.

approximately 150 gpm. As a result of the

- continuing leakage, the pressure difference
- between the RCS and the B SG gradually de-

creased over the next 40 minutes, falling to 30
psi at about 11:19 am.

At about:10:40 a.m. the pressurizer heaters
were re-energized to establish a steam bubble in
the pressurizer. The pressurizer heaters had
tripped on low pressurizer lcvel during the initial
depressurization. I

-.At about 10:42 a.m.,-a second charging
pump was started. As indicated in Figure 4.6-
25, the equilibrium RCS pressure was approxi-

-mately 40 psig above the pressure in the B SG
- with the two charging pumps running. Contin-

ued charging flow while letdown: remained
isolated caused the RCS-to-SG pressure differen-
tlal to pcrmst and the break ﬂow to contmue
Durmg this phase of the event, the method of
dumping steam from the A SG was changed to
allow steam to be vented to atmosphere through
the atmospheric PORV on the A SG. The steam

_had been dumped to the condenser until the last

operating condensate pump was secured at 10:40
a.m. Without condensate flow, the air ejector

. automatically secured, and the vacuum in the
-condenser ‘was not maintained. The decision to
7 .stop dumping steam to the condenser was made
‘to prevent any further -contamination of the

condensate system, particularly the condensate
demineralizers.

Also, during this phas;aro'f the event, the RCS

: pressure: increased from 950 to 1050 psig.
_Initially-the increase was caused by operators

throttling closed the A SG PORV with a corre-
sponding decrease in heat removal from the
“RCS. - After .11:07,a.m., -when one of the SI
. ,pumps was restarted, the RCS pressure increased
:when the SI pump added water. The SI pump
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had been restarted as a precaution against a large
pressure reduction which could be caused by the
restart of the A reactor coolant pump.

One B SG safety valve opened a fourth time
as a result of the RCS pressure increase caused
by the operation of the SI pump.

During this phase, both the letdown line relief
valve and the seal return relief valve continued to
lift and discharge water to the PRT. As shown in
Figure 4.6-26, the PRT water level increase
indicates that the letdown relief valve was the
major contributor to the tank inventory increase,
which resulted in the'burst;of the tank rupture
disc at about 10:52 a.m. The letdown relief valve
remained open until 12:02 p.m. The estimated
flow rate through the letdown: relief valve was
about 24 gpm based on the rate of change in PRT
level indication between 10:15 and 10:45 a.m.,
22 gpm based on PRT and containment sump
inventory balance.

4.6.3.7 Event Phase 7: Reactor.- Coolant
- Pump Restart (11:21 a.m. to
11:37 a.m.)

This phase of the event began with the restart -
of the ARCP at 11:21 a.m. No detailed informa- -}

tion is available for the period immediately. before
or immediately after the time when the pump was
restarted because of computer failure.

Although there is no computer recorded data
for the period during the pump restart, later
computer data (about 12-minutes after pump

" restart) and hand written logs of the thermocou-
ple data indicated that the temperature reduction

" in the upper head region -was very rapid and
occurred very soon after the restart of the RCP.
All the data after the time of pump restart showed
that, with the exception of the pressurizer, the

entire RCS was at approximately the same
temperature for the rest of the event.

The reactor vessel upper head temperatures
had been below the saturation temperature
corresponding to the RCS pressure since 10:11
a.m. but were significantly higher than the
temperatures in the remainder of the RCS, with
the exception of the pressurizer. At 11:21 a.m.,
a steam bubble of less than 300 ft3 may still have
existed in the upper portion of the reactor vessel.
There is no instrumentation at higher elevations

* which would detect such a bubble. After the

RCP restart the indicated temperature in the upper
head decreased to a value equal to the temperature
in the’remainder of the RCS, approximately
400°F. With the RCP running and more than
100°F of subcooling at the upper head thermo-
couple locations; it is unlikely that any steam
existed in the upper head at this time or later.

The limited data available indicate that it is
likely that a small RCS-to-SG differential pres-
sure, perhaps 40 psid, existed throughout this
period. The corresponding leak rate would be
100 gpm.

Throughout this phase of the event, one SI
pump was operated as a precaution against an
uncontrolled depressurization associated with the
RCP restart. Such a depressurization was of
concern to the plant staff because the pressurizer

" level was still off scale and a steam bubble was

thought to exist in the reactor vessel upper head.
It should be noted that the B SG would have
provided water through the ruptured tube to help
suppress any large pressure changes. The
primary results of operating the SI pump were
the two additional openings of the B SG safety
valve. These ‘openings of the valve will be
discussed further in the next phase of the event.
The depressurization associated with the RCP
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restart was limited to about 100 psi, apparently as
~ a result of steam formation in the pressurizer

_ (above the range of indicated levels) and in-
- creased SI flow. - '

,4.6L.3;81:_E‘vent 'lihase 8: Leaking Steam
- Generator Safety Valve (11:37-
a.m. to 12:27 p.m.)

oo

:y At 11 37 a.m., , the B SG’s safety valve

., opened for the fifth time, as a.result of the

continuing SI. The data indicated that the valve
_ did not close until pressure in the SG decreased
- to 840 psig. This value is about the same as that

+ - for one of the earlier valve openings and is_
« - considerably below the pressure at which the

- valve would normally close. This abnormal

+* ; behavior may again be attributed to the fact that .

» ' the valve discharged liquid rather that the steam
- :for which it had been designed.
After the B SG safety valve closed, the
. pressure differential between the RCS and the B .
~ SG was more than 100 psrd .

Safety xnjectxon flow was temunated at about

~.. the same time as this last valve opened. Howev-

er, the RCS to SG differential pressure was
significantly higher than for the comparable

. -. conditions at 10:38 a.m. Three additional facts

indicate that this phase is significantly different

.+ ; from earlier phases .of the event. . First, .the -

- reduction’ in'B SG pressure at approximately
12:05 p.m., while the RCS pressure was more . -
than 100 psi higher, cannot be explained unless . _
there was significant mass or_energy removal -

" from the SG." Cooling of the B SG was :‘in\f: .
progress at this time; however, the observed rate «, ..
- would not support such a pressure difference. - -

- Second, the indicated differential pressure

implies a large flow, estimated to be 100 to 200 X

a gpm, into the SG over a long period of time (50

min.). Since the B SG appears to have been full

~at 11:37 a.m. (the time of the last valve opening),

it appears very unlikely that the SG could accom-
modate an additional 5,000 to 10,000 gallons of
water. Third, the rapid increase in B SG pres-
sure at about 12:25 p.m. was similar to that

_ experienced when the safety valve closed earlier
. ~in the event.” These facts tend to conclude that it
_ is very likely that the B SG safety valve failed to

fully reseat following the opening at 11:37 p.m.

_and that the valve leaked at a rate of 100 to 200

gpm for approximately 50 min. This release rate
is approximately two to four percent of the valve

-capacity and-was probably not noticed by the

plant staff because its noise and steam discharge
were masked by the noise and steam from the
nearby A SG atmospheric PORV. The mass .
balance also tends to support the position that the

- safety valve failed to proper]y reseat for 50 min.

At 11 52 am., the pressunzer level mdlcatron
came back on scale. The estimated rate of
_ leakage, through the B SG safety valve and the

. continued plant cooldown would explain the
_.-return of the pressurizer level durmg the period
(when chargmg flow exceeded letdown. The

maximum rate of decrease of the indicated
pressurizer level agreed well with that predicted
by calculatlons . Normal letdown had been
restored at-about, 12: 02 p.m. At about 12:12
p.m., one SI pump was restarted apparently for
_ the purpose of arresting the decrease in pressuriz-
er level caused by contmumg leak into the B SG.

. The SI pump was then operated mterxmttcntly to
control pressurizer level throughout the remain-
der of this phase ,

P
H

.
t
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4.6.3.9 Event-Phase 9:- Leak Termina-
"tion and’ Cooldown (12:27
m., 1/25/82° to 10:45 a.m.,
1/26/82) ‘
At about 12:25 p.m., the-B SG safety valve
appears to have seated. The SG indicated pres-
sure then increased to a value slightly above the

"RCS pressure, and the RCS leak was terminated.

At about 12:35 p.m., the SI pump was stopped;
it was no longer needed to control pressurizer
level.

The break flow was controlled by attempting
to maintain the RCS pressure at about 25 psi
below the B SG pressure during the RCS
cooldown and depressurization. The B SG was,
therefore, leaking water back into the RCS
during this phase of the event. The B SG
cooldown was being controlled by the heat
transfer from it t6 the RCS

After 12:27 p.m, ‘the cooldown proceeded at °

a very slow rate, which allowed time for the RCS
to be degassed before usmg the RHR system (the
low pressure and low temperature decay heat
removal system). During this phase of the event,
the B SG water level indication came back on
scale on the narrow-range instrument at approxi-

mately 6:40 p.m., January 25, 1982

" Estimated break flow for an md:pated 25 psi
differential pressure was calculated and found to

'?be about four times larger than that expected

based upon the rate of level decrcase observed in’
the B SG. The rate of change of the B SG wide
range water level indicating implies a 37 gpm
leak rate. The return from being off-scale after
seven hours of leakage back into the RCS implies

approximately a 39 gpm leak rate. Considering’

the limited data available, these values are consid-
ered to be in good agreement.

= - b e e e e

Since the B SG pressure sensor is at an
elevation approximately 60 ft above the elevation
of the pressure sensor in the RCS loop and the
SG was flooded with water, the actual pressure
differential at the break would have been 28 psi
greater than indicated. Therefore, an indicated
SG' pressiire 25 psi greater than the RCS pres-
sure would mean a break differential pressure of
53 psi, which would have supported a much
larger leak rate of approximately 150 gpm. For
the leak rate to have averaged 36 gpm, the
pressure difference must have been less than
three psi. - After reviewing the reactor coolant
loop pressure measurements and all three B SG
pressure measurements for the cooldown phase,
particularly- the pressure oscillations occurring
between 8:00 p.m. and 11:00 p.m., January 25
(see Figure 4.62-7), the reactor coolant loop
pressure measurement was in error (too low) by
approximately 50 psi. This error was recognized
by the plant staff sometime during this phase and
may have existed throughout the entire event,
since a similar bias can be seen in the data at 9:26
am. An error of this magnitude is not surprising
in a pressure instrument with a range of 0 to
3000 psig. (NOTE: A normal pressure instru-
ment accuracy specification is one percent of full
scale, which for this instrument is 30 psi).

The fact that the B SG pressure did not
decrease to the saturation pressure corresponding
to the temperature of the’ water being pumped
through the SG tubes, indicates that thermal
stratification existed in the generator and its
attached main steam line. Thermal stratification
is to be expected in a steam system which has
been over filled, particularly for a design like that
of Ginna in which the upper internals impede
water volume communication and the steam line
slopes downward toward the turbine and allows
hot water to-be trapped. This information,
together with the information on the leak rate,
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indicates that the primary reasons for the slow
depressurization of the B SG were (1) the ex-
tremely small pressure differential between the
RCS and B SG, and (2) the thermal stratification
of the water in the SG, which prevented complete
cooling.

After 12:25 p.m., January 25 the flow
through the ruptured tube was from the B SG
into the RCS. Under this condition, there is
concern for potential dilution of the boric acid in
the RCS. The boron concentrations in the B SG
and the RCS were checked before cooldown and
depressurization began and at approximately half-
hour intervals thereafter. The B SG samples
indicated 1100 ppm boron. Because of the
amount of boric acid injected into the RCS from
the boric acid storage tanks and refueling water
storage tank, there was never any potential for an
inadvertent criticality (the boron concentration
needed to maintain the required shutdown margin
was approximately 700 ppm) because of boron
dilution during this event.

At approximately 6:40 p.m., the B SG
narrow-range water level indication was on-
scale, and auxiliary feedwater was supplied for
the first time since 9:32 a.m. This was done to
assist in the cooldown of the B S/G and helped to
degas it.

When the B SG was depressurized, a gas
mixture was found that included hydrogen and
gaseous fission products, such as xenon, both of
which are normally found in the RCS. Some
fission products are always found in PWRs. The
presence of these non-condensable gases may
have also contributed to the slow
depressurization of the SG.

The RHR system was placed in service at
about 7:00 a.m. on January 26, 1982. The plant

staff chose to maintain system conditions without
substantial RCS cooldown while the RCS was
cleaned and degassed using the CVCS at a
letdown rate of 50 to 60 gpm.
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I

TABLE 4.6-1 TYPICAL SEQUENCE OF AUTOMATIC ACTIONS FOLEOWING
A DOUBLE ENDED SGTR

| EVENT/SIGNAL

|| Tube Failure
| Reactor Trip Signal
Loss of All A/C Power
|| Steam Dump Operation
Turbine Isolation
Safety Valve Operation
SI Signal
Main FW Isolation
AFW Actuation

OFFSITE POWER . NO OFFSITE POWER.
0 0
232 2320 T
— 232"
233 - '
234 234
— J245
250 386
257 .. 393, |
310 ¢

* AFW actuation may occur comc1dent w1th loss of offsxte power. Fora typlcal 4-loop plant only
the turbine-driven pump would start at that tlme Thc motor-dnvcn pumps would be loaded on
the emergency diesels after SI actuation. : :
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TABLE 4.6-2

GINNA System Parameters

-

Parameter

General:

Licensed power
Plant capacity
Number of loops
Loop isolation valves

Steam Generators:

Secondary water volume:
| full load
no load
Level at full load
no load
Secondary Steam Volume:
full load
no load
A S/G to MSIV
| B S/G to MSIV
Steam Pressure at full load
no load
Primary water volume
U-tubes per S/G
Allowed leakage
S/G safety valves
: setpoints
3at
Flow rate each S/G
at 1100 psig
PORV's each S/G
operation

capacity

modes

capacity

Value

1520
490

MWt
MWe

none

1681
2821
52 %
39 %

2898
1758
776
1055
755
1055
944
3260
0.1 gpm
4

1085 psig

cu ft
cu ft

cu ft
cuft
cuft
cuft
psig
psig
cuft

-+ 1140 psig

3.3E6 Ib/h
0.82E61b/h
1

auto at > 1050
psig or manual

10 % power

Tavg‘Trcf

Steam Pressure

40 %

Parameter

Auxiliary Feedwater:
Motor-driven

capacity
start signals

Turbine-driven
capacity
start signals

Standby AFW System

SIV Automati
Modes All Lines:
(1) High-high steam flow,
and SIS

(2) High steam flow, low
Tavg and SIS

(3) High Containment
Pressure

SUure

_MSIV closure tixﬂe

ar :

Number of pumps

Type

Design flow ea.
Normal Charging Flow
Normal Letdown Flow
Normal RCP seal supply
Normal RCP seal return
Automatic letdown isolation
Automatic Trip

Value

2

200 gpm(ea)
lo-lo S/G level |
trip MF pumps

SIS
1
400 gpm

lo-lo level (both

S/G's)

Loss of Power
(both 4kVbuses)

Manual

3.6E6 1b/h
0.4E6 Ib/h
18.0 psig

1.0sec.

3

Pos. Disp.
60 gpm
30 gpm
40 gpm
16 gpm
6 gpm

Low Pzr Pressure

Safety Injec

tion

I
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) | . TABLE 4.6-2 GINNA System Parameters (Continued)
Parameter Value* Parameter "Value
Reactor Coolant System: High Pressure Safety Injection . -
Total Volume 6245 cuft Number of pumps 2
Total RCS Flow 64.3E61b/h Type Centrifugal |
RCP thermal output 30E6 btwh Design flow 300 gpm
| Tavg at full load -~ - 573°F - . -~ Shut-off pressure - - -'1520 ‘psig
"™ no load - ‘- 547T°F " Boron Injection with SIS Initially from BAST
Reactor vessel head temp.> ~ 590°F - ° P . .. .. thenRWST ~
Nominal system pressure ~ “2200 psig .
- [[low pressure scram Setpoint “1873 psig Accumulators . .
' ’ - Number y 2 -
I{Pressurizer: Pressure 700  psig
Total Volume 800 cuft -
~ [[Water volume @ full load 480 cuft Refueling Water Storage Tank '
- [[Total heater Capacity - 800 - kW Capacity - -3.38E5gal
Spray nozzle AT Limit 320°F Boron concentration >2000 ppm
L : ' De51gn Pressure 121 .. psig
~ -|{Pressurizer PORV's e
" |INumber - "2 Bméﬂ&&mglan_k Coe
Set pressure 2335 psig Number , - .- .- !2 e -
Flow rate " 1.79E61b/h Capacity, ea 3600 gal
Boron concentration 20,000 ppm
ssurizer Reli k L
Rupture Disc Design 100 psig ain Feedwater Pumps "
Capamty 800 - cuft - "Number - - 2 .-
R - Type - - : Centrifugal
" ||Pressurizer §afegg Valves : Capacity, ea . 50% of FP
Number . 2 Flow rate, ea 14,000 gpm
-\|Operating Pressure .- 2485 psig .: Operating pressure - -853 psig
Flow rate @ 2500 psxg - 0.228E61b/h Shut-off head - . - -. 1180 -psig
. -Drives o Electric.
Pressurizer Level’ o ) . s
Full Load 47 % Isolation Signals . . - ,
No Load 22 % S/G high level 67 %
SIS .
- IS Injecti c i : . Trips Coaou . e
- |[Low Pressurizer Pressure 1723 psig’ 1. Loss of Offsite Power E ‘
- |High Containment Pressure _ . 4  psig’ 2. Overcurrent !

Low Steamline Pressure 514 .psig 3. Thermal Reload

AL i v s - -
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“ | TABLE 4.6-3 T

GINNA Event Chronology

| TmeandBocn
January 25, 1982
9:22 am.

Initial conditions: plant power, 100%; indicated
reactor coolant system (RCS) loop pressure, 2197
psig; indicated RCS loop average temperature,
5729F; indicated pressurizer pressure, 2235 psig;
other primary secondary parameters normal; primary-
to-secondary leak rate, 0 gpm.

9:25 am.

The following alarms were received in the control
room: charging pump speed alarm; B steam genera-
tor level deviation alarm; B steam generator steam-
flow/feed-flow mismatch alarm; pressurizer level and
pressure deviation alarms; air ejector, radiation
monitor (R-15) alarm; pressurizer low pressure alarm
(Setpoint, 2185 psig).

9:26 am.

The Shift Supervisor ordered power reduction. One
operator fast closed the turbine control valves;
another operator commenced normal boration. .

The following alarms were received in the control
room: reactor coolant loop low pressure alarm (set-
point, 2064 psig); over temperature DT turbine
“ runback because of decreasing pressurizer pressure;
main steam dumps armed alarm.

9:27 am., (about)

All eight main steam dump valves opened automati-
cally. ' '

The third charging pump was manually started by the
operator.

Comment

[

The primary-to-secondary leak rate was last calculated
based on air ejector monitor indications on January 7,
1982. Air ejector radiation monitor indications had been
essentially constant since January 24, 1982. No known
plant operations that would have caused or affected the
event were in progress.

First indications of the tube rupture in B steam generator.

One charging pump, which was in automatic pressurizer
level control, was now at its maximum speed. The speed
of a second charging pump, which had been on manual
control, was increased by the operator. The third charg-
ing pump was not operating. )

The Shift Supervisor was initially in his office which was
located off the main operating area of the control room.
He was called to the control room by an operator after the
first alarm annunciated. )

The over temperature AT Setpoint is a computed value
which is a function of pressurizer pressure and reactor
coolant system average temperature.

Steam dump valves ‘opened in automatic control in
response to error signal derived from the difference
between RCS coolant reference and average tempera-
ture.

All three charging pumps were running at this time. The
RCS pressure and pressurizer level decreased as a result
of flow through the rupture (break flow). The rate of
indicated decrease was consistent with the break flow and
the combined effects of high charging flow and the RCS
swell from the turbine down-power transient.
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‘TABLE .4.6-3

GINNA .Event Chronology (continued)

The containment fan-cooler, service-water discharge
radiation monitor (R-16) alarmed.

928 am,

Four main steam dump valves closed automatically.

The following also occurred: pressurizer level low

alarm (Setpoint, 10.5%); automatic reactor trip on low -

pressurizer pressure (Setpoint 1873 psig adjusted by a
rate factor); automatic safety injection as a result of
safety m_pccuon actuation; main turbine automatic trip

_on Teactor tnp, A and B steam generator low level
alarms; automatic start of both A and B motor-driven
auxiliary “feed pumps’ on safety injection; main
feedwater automatic isolation and main feedwater pump
automatic trip on containment isolation.

The main clectncal gcncrator output breakers automati-
cally tripped.

BothARCPs were manually tripped. -

Pressurizer level indicated about 0%.

- | Building.

Alarm probably resulted from the proximity of the instru-
ment to the B main steam line in the Intermediate

The steam generator low levels resulted from the com-
bined effects of the power reduction, reactor, main turbine
and main feedwater pump trips. .-

The RCS depressurization rate increased at this time. The
break flow had not increased, but the effects of increasing
RCS temperature due to the turbine load reduction were no
longer present. Further, all charging pumps automatically
tripped as a result of safety injection actuation.

Letdown isolation valve LCV427 closed on low pressur-
izer level; the In-service orifice isqlatiori valve closed on
interlock with LCV472 controls.

The reactor coolant pump (RCP) seal return line isolated
on containment isolation. Leakage through the RCP seals
pressurized the seal return piping. As shown by pressur-
izer relief tank (PRT) level indication, the seal return relief

| lifted. The contribution of this relief to PRT mvcntory was
.| insignificant.

Ginna Emergency Procedures E-1.1 and E-1. 4 require
tripping RCPs at <1715 psig; Westinghouse 0wners Group
guidance recommends a lower trip pressure. "Licensee
requires an RCP trip at a higher pressure because Ginna
lacks an environmentally qualified pressure instrument
capable of reading these lower pressures.

e %
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TABLE 4.6-3

GINNA Event 'Cl;'onology (continued)

e and Ev
9:29 a.m. (about)

Both steam supply valves to the turbine-driven
auxiliary feedwater pump opened automatically because
of low-low lwvwl in bith steam generators.

9:30 am.
Four main steam dump valves closed automatically.

Initial RCS depressurization stopped at about 1200
psig.

9:32 a.m. (about)

The B motor-driven auxiliary fccdwater pump was
secured manually.

" The B steam supply valve to the turbine-driven
auxiliary feedwater pump was closed manually.

9:33 am.

"The Shift Supervisor notified the NRC Operations
Center via the Emergency Notification System (ENS)
phone. The Shift Supervisor reported a reactor trip
from 100% power as a result of a steam generator tube
rupture. The identity of the faulted steam generator and

Il release information was not given at this time.

The Shift Supervisor declared an Unusual Event.

Comment

All steam dumps were now closed.

Based on post-event data evaluation, the Task Force
concluded a steam bubble may have formed in the reactor
vessel upper head at this time.

Termmauon of prcssure drop was apparently due to the
effects of the establishment of saturation conditions in the
reactor vessel upper head along with safety injection.

The turbine-driven auxiliary feedwater pump was now
being supplied steam from the A steam generator only.

The Shift Supervisor made the ENS report using the ENS
phone in his office. He suspected that the' B steam
generator contained the fault but chose to confirm the
situation before identifying the faulted steam generator to
the NRC. After the initial report, a licensed reactor
operator, who was not part of the on-shift crew, manned
the ENS in the control room.

The Shift Supervisor declared the Unusual Event during
his discussion with the NRC Headquarters Duty Officer;
the Plant Superintendent was unaware of this declaration.
The declaration of an Unusual Event was made in accor-
dance with the Ginna Emergency Plan Implementing
Procedures.
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TABLE 4.6-3

GINNA Event Chronology (continued)

:38 a.m.

[Various main steam dump valves began to cycle open and
closed. .

“19:40 a.m.

The B main steam isolation valve (MSIV) was manually
closed and the B steam generator was isolated as required
by the steam generator tube rupture (SGTR) procedure.

- || Plant cooldown was being maintained by dumping steam

from A steam generator to the main condenser.

,|{The lioensee de:c]ared an Alert.

r

‘ T

:46 a.m.

e A'steam supply valve to the turbine-driven auxiliary
feedwater pump was closed manually.

:48 am.

e A motor-driven auxiliary feedwater pump was

:50 am.

e steam generator blow down radiation monitf;)r (R-19)
alarmed. t

manually stopped to control A steam generator level. .

Comment

Main steam dump valves were now being operated in the
pressure—control mode The operator was manually con-
trolling these valves to cause aplant cooldown as required
by the steam generator tube rupture procedure.

Along with closing the MSIV, B steam generator isolation
included automatic closure of the feedwater supply, blow
down and sample valves on containment isolation, manual
closure of its auxiliary feedwater supply, and manual
closure of the steam supply valve from B steam generator
to the turbine-driven auxiliary feedwater pump.

RCS pressure and reactor vessel upper head temperature
data indicated that the steam bubble in the reactor vessel
upper head had been essenually collapsed by safety injec-
tion flow. ~

The turbine-driven auxiliary feedwater pump was now
secured.

No feedwater pumps were opcratiné at this time.

.

R-19 monitors radiation levels on a section of the blow
down system piping common to both A and B steam
generators. The alarm at this time may have been caused
by activity from the B steam generator spreading through
the system because of steam generator sample valves that
the licensee indicated had a history of leaking.
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TABLE 4.6-3

GINNA -Event Chronology (continued)

nd Eve
9:53 a.m.

The B steam generator power-operated relief valve
(PORV) was manually _iéolated by an auxiliary
operator closing a local, upstream, manual valve.

9:55 a.m.

B steam generator narrow-range level indicated off-scale
high even though all feedwater supplies to the B steam
generator had been isolated earlier in the event.

9:57 a.m.

Safety injection initiation circuitry was manually reset;
containment isolation was then reset.

9:59 a.m. (about)

Instrument air was restored to contéinmeht.‘

10:00 a.m.

A and C condensate pumps were manually stopped.
10:03 am.
All main steam dump valves were now closed. .

10:04 a.m.

One charging pump was manually restarted.

10:07 a.m.

As directed by the SGTR procedure, pressurizer PORV
PCV430 controls were manually cycled open and
closed twice from the control room. RCS pressure,
PRT pressure, level and temperature and PORV valve
position indication in the control room demonstrated
the valve successfully operated.

Comment

Operators stated that they manually isolated the B steam
generator atmospheric PORV to minimize the potential
for a release that would result from high steam generator
pressure lifting the PORV. The control room operators
interpreted the step in the tube rupture procedure which
directed them to place the PORYV in the manual closed
position to mean that the local manual PORYV isolation
valve should be closed. Closing this isolation valve made
the PORV unavailable for use in reducing B steam
generator pressure and resulted in five challenges to an
unisolable steam generator safety valve.

Safety injection was reset to permit resetting of the
containment isolation signal. Containment isolation was
reset to permit restoration of instrument air to the contain-
ment. Instrument air would be required to operate various
valves inside containment, including the pressurizer
power-operated relief valves.

Because letdown isolation valve LCV427 fails open on
loss of instrument air pressure, it could have opened
subsequent to containment isolation. If LCV427 had
opened, restoration of instrument air would have caused
it to close at this time.

T

The B condensate pump was still running,

Shortly after the PORV was operated, pressurizer level
increased above the letdown isolation Setpoint. Letdown
isolation valve LCV427 and the selected letdown orifice
isolation valve then opened. This resulting in lifting the
letdown relief valve and adding water to the PRT. The
Task Force determined the letdown relief valve was the
major contributor to the PRT water level increase
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GINNA Event -Chronology (continued)

— ]

||" .. TABLE 4.63

1009 am

essurizer PORV PCV430 controls were manually cycled

to close but then reopcned and stuck open. -

¢ operator placed the PORY block valve control switch
in the closed position. RCS pressure dropped to about
900 psig; pressurizer level increased rapidly.

e pressurizer relief tank (PRT) high-pressure alarm was
received in the control room.

10:10 a.m.

e PRT high-temperature alarm was received in the
control room. :

10:11 am.

ORYV block valve PCV516 indicated fully closed;
pnessunzcr level indicated off-scale hlgh safety injection
mcrcased RCS prcssure

-
-

10:17am; * = C . sy

e A motor-driven auxiliary feedwater pump was
manually started to feed the A steam generator. ® - =",

essurizer PORV PCV430 controls were manually cycled .
"N again from the control room and the valve successfully

_ ||again. The valve opened as desired. After the operator
"/ placed the controls in the closed posmon, the valve started

Comment

1

The rapid rise in pressurizer level exceeded that attribut-
able to safety injection and charging flow and was the first

clear indication to the control room staff that a steam
bubble had formed in the reactor vessel upper head. This
was, in fact, the second time a steam bubble had formed in
the upper head region. The bubble grew as RCS pressure

dropped.

Operator also closed block valve PCVSISY to isolate the
other pressurizer PORV, PCV431C.- |

B

B

t

-
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*TABLE 4.6-3

GINNA Event Chronology (continued)

Time and Event
10:19 a.m. (about)

[tOne B steam generator safety valve lifted and closed.

10:26 a.m.

The PRT high level alarm was received in the control
room.

10:28 a.m. (about)" s

f

[lOne B steam generator safety valve lifted and closed.

4

10:29 a.m.

The A motor-driven auxiliary feedwater pump was
manually stopped.

10:38 a.m. (about)

I ne B steam generator safety valve lifted and closed.
Safety injection was terminated by the operators to
prevent further release through the B steam generator

safety valve.

10:40 a.m.

The B condensate pump and the condensate system were
secured; the air ejector secured automatically following
loss of condensate flow.

The A steam generator PORV was manually throttled
open to continue the plant cooldown by relieving the A
steam generator to atmosphere.

10:42 a.m. (about)
second charging pump was ~stzfncd.

e pressurizer heaters were re-energized to establish a
steam bubble in the pressurizer.

Comment

Safety injection and charging flow maintained RCS pres-
sure greater than B steam generator pressure, resulting in
continued RCS in-leakage into the faulted steam genera-
tor. RCS pressure exceeded the lowest Setpoint of the B
steam generator safety valves (nominally, 1085 psig).

The B steam generator safety valve may have closed and
then started to leak steam after this first opening.

The B steam generator safety valve position recorder
failed to indicate this or subsequent safety valve lifts. The
operators heard these lifts from the control room and
estimated their duration based on aural infonr}ation.

i

Charging flow was maintained.

The licensee secured the condensate system to minimize
the spread of radioactive contamination to the condensate
storage tanks (CSTs) and the condensate demineralizer
system. Securing the condensate system made the main

The pressurizer heaters tripped on low pressurizer level
during the initial depressurization.
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.. . - .TABLE 4.63 . °

can ve

10.44 am.

executed a site evacuation .
10:52 a.m. (about)

The PRT rupture dlSC ruptured releasing water to the A
containment sump.

+10:59 a.m.
The A motor-driven éuxi]ia:y feedwater pixmp was
manually started to feed the A steam gcncrator

v

11 07 a.m. (about)

One safety chcnon pump was manually rcstancd from
the control room. The safety injection pump discharge

tor safety valve lifts.
11:19 am. (aliout)‘
One B steam generator safety valve lifted and closed.

The process computer failed. It remained out of service
until about 11:35 a.m.

s

il:Zf a.rVn.A(a‘bo{n)
The A RCP was restarted; reactor vessel upper head

temperatures; pressurizer level indications remained off-
scale high.

i
i

One charging pump was stopped.

The licensee declared a Site Area Emergency and -

.valve was locally throttled to prevent B steam genera- }
.but was taken as a direct result of the inability to reestablish

-and to determine subcooling in the core and reactor vessel

A steam bubble in the reactor vessel upper héad region
would have been condensed by the cooler loop water now
forced into this region. Since the pressurizer level instru-
ments were calibrated for operating conditions, the actual
pressurizer level would have to drop below 80% before
indicated level would respond. The pressurizer volume
above 80% actual level is approximately 200 ft3.

thermocouple temperatures approached core exit -

GINNA Event Chronology (continued) "

Comment

Y

‘Nonessential personnel were evacuated to the licensee’s

training center which was downwind of the plant and
within the path of the release plume.

The disc ruptured primarily because of the letdown relief
flow; pressurizer PORV openings and RCP seal return
relief were minor contributors to the PRT level transient

~which ﬂnally caused the disc rupture.

From this time in the event, until the plant was coohng
down on the residual heat removal system, the A motor-
driven auxiliary feedwater pump was run intermittently to
control A steam generator water level.

The safety injection pump was started in anticipation of an
RCS pressure drop that might result from restarting an
RCP. This action was not required by the SGTR procedure

normal pressurizer pressure control. \

l

The licensee manually read reactor vessel upper head and
core exist thermocouples to verify adequate core cooling

upper head.

Any remaining steam bubble in the reactor vessel upper
head region, at this time, would have had a volume of less
than 300 ft3 R . S . -

H

§ - o= -

USNRC Technical Training Center . _
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Steam Generator Tube Rupture

.. “TABLE 4.6-3

GINNA "Event' Chronology (continued)

e and Ev
11:37 a.m. (about)

One B steam generator safety valve lifted and closed;
the safety injection pump was stopped.

11:43 a.m. (about) ‘ '

The plant vent particulate radiation inofxit’or (R-13) and
the plant iodine monitor (R-10B) alarmed.

11:52 am.

Pressurizer level indications returned on scale; a steam
bubble had been reestablished in the pressurizer.

12:02 p.m.

Normal letdown was restored.

12:12 p.m. (about) ) ]

One safety injection pump was started from the control
room. )

12:27 p.m.

The RCS and B steam generator indicated pressures
equalized.

12:34 p.m. (about)

The RCP seal water return isolation valve was manual-
ly opened.

v
i

- B [

Comment

Based on the indicated pressure differential between the
RCS and the B steam generator, and on an RCS in?entoxy
balance calculation, the Task Force determined the safety
valve failed to fully reseat. It remained partially open until
about 12:25 p.m., leaking water at a rate estimated to be
about 100 gpm. )

The licensee stated that the R-13 and R-10B monitor
alarms were probably caused either by increased back-
ground radiation in the vicinity of these monitors or by the
Auxiliary Building ventilation system drawing outside air
into the building after the steam generator safety valve
lifts. It should be noted that no plant noble gas radiation
monitor (r-14) alarm was received at this time. The reason
this alarm did not occur has not been determined.

The maximum rate of change of pressurizer level indica-
tion, which occurred about 12:10 p.m., agreed well with
that predicted by analysis of the effects of the existing
cooldown, charging and letdown rates and the break flow
predicted by the Task Force model.

The safety injection was restarted to terminate the rapid
decrease in pressurizer level. The pump was operated
intermittently over the next 23 minutes to control pressur-
izer level.

The B steam generator pressure trend indicated that the B
steam generator safety valve reseated completely just

RCP seal return relief reseated at this time.

USNRC Technical Training Center -
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T vent

12:35 p.m. (about)

Intermittent operation of the safety injection pump was

stopped.

1:16 p.m.

e A MSIV was ménually‘closed.

'I2:00 pm. - .
The licensee reported containment su}n;; A level as 9.3
feet (approx. 8000 gallons); PRT level at 92%.

:40 p.m. (about) Ce .

arrow-range water level indication for the B steam
generator returned to the indicating range. Plant cooldown
continued via the A steam generator PORV with the A
RCP providing flow through the A loop and back flow
through the B loop. The operators maintained indicated
RCS pressure 25 psi below B steam generator pressure.
The B steam generator was being cooled by intermittently
feeding it with auxiliary feedwater while bleeding it via
the ruptured tube to the RCS.

:04 p.m.

n operator again attempted to shut pressurizer PORV
PCV430; the valve remained open.

:17 pm.

e licensee downgraded the Site Area Emergency to an
Alert.

m——————
Co - - TABLE 4.6-2 s GINNA Event Chronology (continued)

men . N

Containment sump A has two channels of level indication.
Channel 1 indicated 5.3 feet (1,900 gallons); channel 2
indicated 9.3 feet (8,000 gallons). Later, it was discovered
that channel 2 was in error. |
The plant staff was concerned that water in the B main
steam line might flash to steam if the stearn generator was
cooled and depressurized too quickly. Flashing in the
main steam lines could have caused a water hammer,
which could have over stressed the main steam line
hangers. Therefore, the plant staff decided to pin these
hangers and to conduct a slow cooldown.

Because of an instrument calibration error in the RCS loop
pressure instrument, the actual RCS-t0-B steam generator
pressure differential was about 3 psi and very little steam
generator-to-RCS flow existed.

To provide warning of excessive boron dilution in the RCS
as a result of the B steam generator feed-and-bleed pro-
cess, the plant staff sampled the RCS for boron concentra-
tion at half-hour intervals.

The feed-and-bleed cooldown process caused the level in
the CVCS Holdup Tanks to increase and the plant staff
discussed the consequences of these tanks filling. The
capacity of these tanks was not approached.

- "USNRC Technical Training Center™ -
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Steam Generator Tube Rupture

TABLE 4.6-2

GINNA Event Chronology (continued)

Time and Event

January 26, 1982

7:00 a.m. (about)

The residual heat removal (RHR) system was placed in

service to continue the plant cooldown. The A RCP
remained in operation.

10:45 a.m.

e licensee downgradéd the Alert io the Recovery Phase.

Comment

The RCP remained in operation to assist in RCS
degasification and cleanup in preparation for opening the
primary-side man-way on B steam generator.

At low steam pressures in the A steam generator, the
capacity of the A steam generator PORV had limited the
plant cooldown rate.

USNRC Technical Training Center
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Westinghouse Technology Advanced Manual Anticipated Transient Without Scram (ATWS)

4.7 ANTICIPATED TRANSIENT
WITHOUT SCRAM (ATWS)

Learning Objectives:

1. Define the term “anticipated
without scram” (ATWS).

" 2. Describe the limiting (most severe) ATWS
‘case for a pressurized water reactor (PWR).

‘3."Lrst three parameters or components that
"affect a plants sensitivity to ‘an AT WS
event

"4, Descnbe the modlﬁcatwn made to Wesung-
- i ihouse reactor trip breakers after the Salem
© 7. ATWS.

: '5_ " State the functions of the ATWS mitigation
system.

6. List’ three event ° tree

) _’(headmgs) used in esnmatmg the condmonal
_ core damage probabllrty of ATWS
_'sequences.

4.'}.1 "Introduction

4
i

The  definition for the term "anticipated

transrent without scram” can be found in
10CFR50.62, ‘commonly known as the "ATWS
rule." An ATWS is deﬁned as an anttcxpated
operational " occurrence as deﬁned in 10CFR50,
Appendix A, followed by the 'failure of the
reactor trip portion of the protectton system
'specrﬁed in General' Desrgn Cntenon 20 of
Appendxx A.

s

The term transrent apphes to any
sxgntﬁcant deviation from fiormal values of any
‘ of the key operating parameters. _ A transxent

may occur as a result of equxpment fzulure or

transient

considerations’

malfunctron or as the result of an operator €rTor.
‘Anticipated operattona] occurrences are further
classified as Condition I and II events in ANSI
18.2. These events are expected to occur one or
more times during the life of the plant.

Many - transiénts ‘are handled by various
reactor control éystems which return the reactor
to its normal Operatmg condition. However, the
more severe transients require that the reactor be
shut’ down by ‘the- reactor protecuon system
(RPS). As stated i m the technical specrﬁcatron
basis for reactor tnp system instrumentation, the
reactor trip avoids damage to the’ reactor fuel
and cladding or to the reactor coolant system
pressure boundary. SRR

4.2 Reactor Protection System Design

The Westinghouse feactor protection system
is shown in Figure 4.7-1. "As-shown, power to
the ‘control rod drive mechanisms’ (CRDMs) is
supphed by motor generator sets ‘through two
series reactor trip circuit breakers.” The opening
of “either reactor trip breaker de-energizes all
CRDMs, and the reactor trips. -This trip scheme

‘is an” example of one-out-of-two  logic; it
* requires-'the actuation of only one protection

train’ and the opening of only one reactor trip
circuit breaker, at 2 minimum, to trip the reactor.

(e

While" this logic provides redundant means

‘of generating a reactor trip, the testing of a

reactor trip circuit breaker would result in a
reactor trip without some cornpensating
measure.- ' Since  testing is required, the RPS
design includes bypass breakers that are
manually installed during testing.  For example,
if 4 test of the A reactor trip breaker is required,
a bypass breaker is racked in to provide a circuit
- "path parallel to that of the A trip breaker to
ensure continuity of power when the trip breaker

" is opened. The A bypass breaker is opened by
:"" the B protection train; therefore, during testing
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the reactor protection system is reduced to one-
out-of-one logic.

The protection system consists of a number
of analog channels. The analog section receives
input signals from transmitters that sense
process parameters.  Each process signal is
compared to a setpoint in a bistable. If the
monitored parameter’s input signal is equal to or
exceeds the setpoint, a trip signal is generated
by the bistable. The bistable trip signal is sent

to redundant logic cabinets, where the reactor '

trip actuation signals are generated.

Each reactor trip function has a coincidence
network; only one such network is shown in
each protection cabinet of. Figure 4.7-1. This
coincidence is two-out-of-four logic. Assume
that the instrument transmitters are supplying
pressurizer pressure signals. If. instrument
transmitter 1 senses a high pressure condition
(greater than the high. pressure trip setpoint), its
.associated bistable trips. - Both logic. cabinets
receive this signal and open the contacts
associated with this channel. If no other
contacts are open in this Iogxc matnx, the
undervoltage coils remain energized, and no trip
occurs. If another. transmitter also indicates a

high pressure condition, its associated bistable

trips, and now the necessary two-out-of-four
logic is satisfied. When this occurs, vital power
is interrupted to the undervoltage coils, allowing
the reactor trip breakers to open.

4.7.3 ATWS Historical Background .

.The ATWS event became a possible source
of concern for nuclear power plants in 1968
during discussions between the Advisory Com-
mittee on Reactor Safety (ACRS), the regulatory
staff, and reactor instrument designers. There
were various concerns, one of which was the
possibility of interactions between control and
protection functions in_the instrumentation

“tion with different initiating conditions.

systems, After considerable dlscussmn and
some desxgn changes it was determined that
separation of control and protection functions
was being achieved to a reasonable degree,
either by physical separation or electrical
isolation.

The focus of interest with regard to instru-
mentation systems then shifted to the ability of
the shutdown systems to function with the
needed reliability considering common-mode
failures. © Common-mode failures are failures
due to design deficiencies or maintenance errors
that could render inoperable redundant
components or portions of a safety system. At
the time, it was difficult to determine whether a
common-mode failure was adequatcly
accounted for partially because the techniques to
analyze such failures were not fully developed.

In 1969, the efforts to evaluate the safety
concerns of the ATWS events were divided into
two areas. One area was concerned with
attempting to evaluate the likelihood of
common-mode failures or any other failure of
the reactor protection system. The second area
was to analyze the consequences of various
postulated ATWS events.

The ATWS event was analyzed in combina-
The
results showed that the worst-casp ATWS
initiating event for a pressurized water reactor is
a loss of main feedwater.

A loss of main feedwater normally results in
a reactor trip to prevent a loss of heat sink. The
signal input to the reactor prott:c:tion~ system to
indicate that a loss of heat sink has occurred is a
low-low' level "in’ one or more of the steam
generatbrs‘ However, the ATWS' analysis

.assumes that a common-mode failure occurs
"which prevents the proper operation of the

8
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reactor protection system, and the reactor does

-not automatically trip.

With the loss of heat removal by the steam

generators and the lack of a reactor trip, energy
from the reactor causes a rapid increase in the
reactor coolant temperature. The resultant
coolant expansion causes an insurge .into the
pressurizer, which compresses the pressurizer
steam volume. The compression of the pressur-
izer steam space causes the pressure in the -
reactor coolant system to rapidly increase.
Since systems such as the rod control and
pressurizer pressure control systems are not
safety-grade, no credit is taken for their action.
Therefore, as the - temperature continues to’

.-, increase, the .pressure in the reactor coolant

system also continues to increase. g

As the primary temperature increases, the -
steam generator pressure increases. The in-
creased secondary pressure causes the steam line

- _code safety valves to open. Even though the -

auxiliary feedwater system is discharging to the *

- ‘steam generators, the feed rate is insufficient to
match the rate of mass loss through the safety

valves. The result of the steam generators

- drying out is that the reactor coolant ‘system"

temperature increases at a faster rate.

<

. For a-reactor with a negative moderator -
“temperature coefficient (MTC), the increasing’

- System _ temperature adds °
.negative reactivity, which decreases reactor

‘. pOWer.

reactor coolant

Unfortunately, the decrease in reactor
power -and resultant tempering of the coolant
temperature increase are not enough to prevent
the pressurizer from filling. . When the
pressurizer is completely filled, or becomes
water - solid, *an increasing reactor coolant

- temperature : results- in a- very high :reactor -
- coolant system pressure. For all PWR analyses,
_-pressures in excess of 3000 psia are reached.
-Since this pressure is in excess of the design

pressure (2500 psxa) of the reactor coolant
system, there is a concern about possible system
damage and degradanon of the emergency core

-cooling system interfaces.

The severity of an ATWS (peak pressure
reached) -‘initiated by a ‘loss of feedwater is
affected by the following parameters:

1. The value of the moderator temperature
- coefficient, )
“The size of the pressurizer,
The size of the pressurizer safety valves,
The secondary inventory, and
The main turbine status (operatmg or
-tripped) durmg the transrent

LhwLo

The -value of the moderator temperature

~.coefficient determines whether and how much

negative reactivity is added (and the resultant
reactor power decrease) as the reactor coolant
temperature increases. . Therefore, the worst case
for the transient is at the begmmng of core life

 (especially for high burnup cores), when the

moderator -temperature ~ coefficient “can be
positive, or negative with a small rriagnitude.
The pressurizer-volume is-important from
the standpoint of the time required to reach the
solid-water condition. The size of the code
safety valves determines the amount of coolant
outflow when the system becomes solid. If the
capacity of the code safety valves is small, then
the - ultimate pressure’ reached in the reactor
coolant system will be higher. '

The amount of mass in the secondary side of
the steam generators determines the dry-out
time of the steam generators. As previously dis-
cussed, after the steam generators dry out, the
heat sink for the reactor coolant system is lost,
and reactor coolant system pressure rapidly
increases.
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The severity of the accident is also affected
by whether the main turbine.is operating. It
would appear that the loss of feedwater transient
would be less severe if the main turbine remains
in service, so that additional heat is removed
from the reactor coolant system. However, this
heat removal path results in a loss of steam
generator inventory and decreases the time
required to dry out the steam.generators. A
shorter dry-out time increases the pressure
reached in the reactor coolant system during the
loss of feedwater transient.

Intuitively, it would appear that the
possibility of reaching these high reactor coolant
system pressures during a loss of main
feedwater is extremely small. After all, the loss
of main feedwater transient and some common-
mode reactor protection system failure must
occur simultaneously. Electric Power Research
Institute report NP-2230 (1982) calculated a
frequency of 0.15/yr for total loss of main
feedwater events, based on from 36 operating
PWRs. The error in this data is not known,
because all loss of feedwater events are not
reported. The failure of the reactor trip circuit
breakers, the interrupting device of the reactor
protection system, has occurred many times at
operating plants. Data from NUREG-1000,
"Generic Implications of ATWS Events at the
Salem Nuclear Power Plant" (1983), show that
out of 16,000 breaker demands at. pressurized
water reactor plants, a total of 53 failures had
occurred.

4.7.4 Operational Occurrences
4.7.4.1 Salem ATWS

Simultaneous failures” of the reactor trip
breakers occurred at the Salem nuclear plant on
February 22, 1983. The unit was operating at
20% power with one main feed pump in service.

The second main feed pump was at minimum
speed in preparation for continued power escala-
tion. The operators were in the process of
transferring loads from offsite power to the unit
generator. During the transfer, a limit switch
failed, causing the loss of one of the nonvital
buses. Immediate equipment losses included
one reactor coolant pump, control power to the
operating main feedwater pump, control room
lighting, and a 125-Vac miscellaneous distribu-
tion panel.

The loss of the distribution panel caused a
loss of nonvital indications in the control room,
which included the main feedwater pump
indications and the steam generator panel (feed
flows and steam™ flows). However, steam
generator water level indications were still
available.

The loss - of main feedwater resulted in
decreasing steam generator levels, and the low-
low level trip setpoint was reached. This
resulted in a trip signal being generated by the
reactor protection system. However, the two
series reactor trip circuit breakers failed to open. °
After evaluating the deteriorating plant
conditions, the operator manually tripped the
plant. The operator took action 3.5 seconds
after the trip signal generated by the reactor
protection’ system, thereby masking the failure
of the trip breakers to open automatically. Since
the reactor tripped when the operator actuated
the manual trip switch, plant personnel did not
suspect a problem with the reactor trip system,
and, therefore, the ATWS went unnoticed until
February 25, 1983.

On February 25, 1983, Salem was operating
at 12% reactor power with the feedwater system
in manual control. Difficulty in controlling
steam generator levels was experienced, and the
level in one of the four steam generators
dropped to_the low-low level reactor trip
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.turbine.had not tripped as expected. The shift

Westinghouse Technology Advanced Manual o Anticipated Transient Without Scram (ATWS)

setpoint. Again; the reactor trip circuit breakers -

failed to open. The operator, after observing the
first-out annunciator, announced on the plant
paging system that a plant trip had occurred.

- Another operator in the control room noticed
that the reactor had not tripped, as indicated by
In addition, the

- - supervisor monitored the steam generator levels

at this time and noticed that they were at the.

low-low level trip setpoint (18%). He then
directed the reactor operator to manually trip the
plant. The operator tripped the plant 23 seconds

. after the original trip signal was generated.

" instrumentation .. department
: perform tests to determine the apparent problem

. The . shift supervisor was concerned that a

failure of the first-out annunciator system or of -

the reactor protection system had occurred. The
was called to

with the indications described above. After the
steam generator level bistables and the
protection-system were verified to be operating

- properly; .tests were performed on the reactor

trip breakers.- When the trip breakers failed to

. open when demanded by the protection system,

. it was determined that an ATWS had occurred.

“er design ‘at the time.of the events.
> normal ; operations, the circuit .breakers- are -

USNRC Technical Training Center

- 4.7.4.2 Breaker Malfunctnon

In both events at Salem, the reactor trip-
circuit breakers failed to function as designed. "

Figure 4.7-2 shows the reactor trip circuit break-
During

closed, supplying power to the control rod drive
mechanisms. Each - "circuit breaker’s

“~undervoltage coil is' energized:and holds the

main trip shaft in position as shown. The power

keeping the undervoltage coil energlzed is .

controlled by the RPS.

When a trip signal is generated through the
appropriate logic (two out of three or two out of
four), the RPS de-energizes the undervoltage
coil, which releases:the main‘trip shaft. The
spring "shown directly above the undervoltage
coil pulls on the arm it is-attached to, causing
the main trip shaft to - rotate in the
counterclockwise - direction.”” When this shaft
rotates, it allows the trip sprinc to pull the top
portion of the trip bar to the’ left which opens
the reactor trlp breaker e T

Opening the reactor trip circuit breakers
removes power from the power cabinets, de-
energizing the stationary and movable grippers,
and allowing the rods to fall into the core. The
undervoltage coil provides a fail-safe feature of
the reactor.protection system: if a loss of power
to the reactor protection -system ‘should occur,
the undervoltage coils “would ‘de-energize, and
the reactor trip breakers would open as
described above. In the Salem ATWS, the
undervoltage coils operated properly, but
because of mechanical interference, the reactor
trip circuit breakers failed to open as designed.

In addition to the undervoltage coil, each
reactor trip breaker has‘an associated shunt trip
coil.- The shunt_ trip-.coil .is normally de-
energized when the breaker is.closed. To open
the breaker with the shunt trip coil, it must be
energized. Energizing the'coil pulls the shunt

“trip lever down.: ‘As this lever moves down, it

comes in contact with the main trip shaft, which
is forced to_rotate .in -the counterclockwise
direction. -As explained above, this starts the
chain of events which causes a reactor trip.

In the original Westinghouse 'design, the
remote reactor trip switch opens the reactor trip
circuit breaker by energizing the shunt trip coil,
while simultaneously de-energizing the
undervoltage coil. This manual tﬁp feature
allowed the operator to trip the reactor from the
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control room during both ATWS events at
Salem.

The incident that occurred at Salem resulted
in increased surveillances of reactor trip
breakers to ensure operability. During
surveillance testing at McGuire in July of 1987,
one reactor trip breaker failed to open when
tripped from the control room. It was found to

.have a defective weld on.the trip shaft, which
resulted in the mechanical binding of the trip
shaft. This prevented the breaker from opening.

Upon further investigation, the other trip
breakers at the McGuire station were found to
have defective welds on their trip shafts. NRC
Bulletin 88-01 was issued on February 5, 1988,
to alert utilities using Westinghouse DS model
trip breakers that a potential problem existed
.with this design.

4.7.5 Plalit Modifications
4.7.5.1 Reactor Trip Breakers

As shown in Figure 4.7-2, the original
Westinghouse design provided only one means
: by which the RPS would automatically open the
reactor trip breakers: the de-energizing of the
“undervoltage coils. . In the aftermath of the
Salem events, trip breaker -operation was
- modified to provide® .redundant- means of
automatically opening the breakers. With the
modification, shown in Figure 4.7-3, the reactor
protection system both" energizes the shunt trip
coil-and de-energizes the undervoltage coil for
each breaker when trip logic is satisfied.

. 4.7.5.2 ATWS Rule Requirements

10CFR50.62; - puBlished ~in 1984 and
“commonly referred to as "the ATWS rule,”

imposed new equipment requirements for all
PWRs, as discussed in the following paragraphs.

Diverse Trip System

Combustion’ Engineering (CE) and Babcock
and Wilcox (B&W) designed pressurized water
reactors are required to have a second, diverse
trip system. The system is required to be
independent of the RPS from the sensor outputs
to the CRDM power supplies. The diverse trip
system has been imposed as a defense-in-depth
measure for CE and B&W plants because of the
relatively high- percentage of fuel cycle time
those plants are expected to operate with
positive or slightly negative MTCs (in
accordance with analyses performed by the
reactor plant designers at the time of the ATWS
rule). If an ATWS occurs when the MTC is
positive or insufficiently negative'to limit the
reactor power  and the associated increase in
reactor coolant pressure, ATWS mitigation
systems .are likely to be. ineffective.
Westinghouse designed plants have been
excluded from this requirement because of their
larger pressurizer safety valves and relatively

. smaller expected percentage of fuel cycle time

with positive or only slightly negative MTCs.
(Refer to the discussion in section 4.7.3 of this
chapter regarding the impacts of MTC and
pressurizer relief valve capacity on the severity
of an ATWS.)

A typical B&W diverse trip system
interrupts power:to the CRDMs when a very
high reactor coolant system pressure setpoint
has -been reached. The very high pressure
setpoint reflects the coolant expansion and high
pressure expected during an ATWS event.
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ATWS Mitigation System

Paragraph (c) of 10CFR50.62 requires each

"‘pressurized water reactor to have equipment

from -sensor to final actuanon device, that is
diverse from the .reactor trip
initiate the

auxiliary (or

“emergency) feedwater system and ‘initiate a

turbine- trip under conditions indicative of an
ATWS. This equipment must be designed to

. -perform its function in a reliable manner and be

- independent (from sensor output to the final

actuation device) from the existing reactor trip
system."

"In'response to the ATWS rule, an ATWS

mitigation system has been installed in each™-
PWR to provide a backup to the reactor trip -
.- system and the engineered safety features’
actuation system for initiating a turbine trip and"
- actuating the auxiliary feedwater system in the
" -event of an ATWS. The system is typically -
" non-safety-related, powered by non-Class 1E’
" ‘source, and” microprocessor ‘based.
'151gnals such ‘as ‘high reactor “coolant system’
‘pressure and low steam generator level, can be

Various

used as-indications of an -ATWS event. Two

examples - of "ATWS mitigation systems are -
described below. ‘

A

The Trojan-ATWS mitigation system actuat-
ing circuitry (AMSAC), shown in Figure 4.7-4,
starts the turbme-dnven and d1esel driven

system, to

Westinghouse Technology Advanced Manual Anticipated Transient Without Scram (ATWS)

feedwater flows are supplied as inputs. If main
feedwater flows drop below 21% in three out of

* four channels for a preset length of time
* (depending on power level), and power has been

greater than 40% as indicated by turbine
impulse pressure; the turbine is “tripped, the
auxiliary feedwater system is actuated, and the
steam generator blowdown and sample lines are
isolated. ~The signal is maintained for 40
seconds or for as long-as the ‘activation ‘criteria
are met. The 40-second timer maintains the
AMSAC initiation signal ‘to “ensure that the
necessary actions occur under changing
conditions of power and feedwater flow.

Because the design of the ATWS ‘mitigation
system utilizes application software and intelli-

“"gent automation controllers, problems have been
© encountered .with the system that are -unlike

others- traditionally experienced at nuclear
plants. For example, in December of 1992, the
Indian Point Unit 3 AMSAC was found to be

".inoperable since July of 1992 because of a
* software problem resulting from -significant

deficiencies in maintenance, testing, and quality
assurance of the system. The configuration for

. the system-is maintained on a hard drive, and it
-automatically loads into memory upon'boot-up.

The hard drive .failed to reboot during a
surveillance test in May of 1992. The utility

+ " _reinstalled the repaired hard drive.after it was

returned from the vendor. - The configuration
-files had to be rebuilt from an uncontrolled copy

“auxiliary feedwater pumps and’ tnps the main =i of the files kept by a vendor technician, because

turbine if” the narrow-range’ steam generator -
levels drop below the 16w:low level setpoint
(11.5%) for at-least 25 seconds in three of the .-
" -four steam generators within the first 6 minutes
after the turbme load has exceeded 40%.

the utility had not maintained a controlled copy.
During performance of post-maintenance testing
on the -system,-the automatic reboot function
was tested.- However, the AMSAC developed a

: faulty trip signal and failed the test. Subsequent

«» 171 to software ‘manipulations made by the vendor
-+ " The Indlan Point Unit '3 AMSAC (see .

Flgure 4.7- 5) performs the same functions as the -
system described above. However, ‘instead of ~
steam generator -narrow-range “levels, main

- to” address the faulty; signal, only the, reboot
- function was.tested. During the next scheduled
surveillance test in December of 1992, it was
discovered that the AMSAC auxiliary feedwater
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initiation was ihoperab{e due to inadvertent
misplacement of the the 40-second timer in the
system software ciuri_ng ,the software
manipulations that had been conducted during
the previous July. The system software was
corrected, and the AMSAC was returned to an
operable status in January of 1993.

4.7.6 PRA Insights
4.7.6.1 Historical
The NRC staff ‘evaiuation of ATWS in

NUREG-460, "Anticipated Transients Without
Scram for Light Water Reactors" (1980), was

- one of the first applications of PRA techniques

to an unresolved safety issue. ,The evaluation
highlighted the relative frequency of severe
ATWS events associated with various reactor

types and estimated the expected reduction in-

frequency for various postulated plant
modifications. The study also. :proposed
quantitative goals for resolving this issue. Other
-notable examples of PRA applications to the
ATWS issue are the NRC sponsored survey and
critique of reactor protection . systems (SAI,
1982), and the ATWS Task Force report
summarized in SECY-83-293.

The RPS survey reviewed 16 reliability
studies, most of them published- PRAs, to
compare the predicted failure probability per
unit demand, the anticipated transient frequency,
and-:.the primary influences .on RPS

' unavailability. There was a surprising degree of

v

agreement among the 16 studies. A second
-study quantified the relative improvement to be
gained - by implementing: a set of
recommendations proposed. by a utility
consortium in an ATWS petition to the NRC. A

< * " third study, a value-impact evaluation of the risk

-

reduction of generic plant classes, provided the

- - o

basis for the final rule on ATWS (SECY-83-293).

A recently prepared draft NRC Office of
Nuclear Regulatory Research report assesses
whether the ATWS rule and other relevant
Commission recommendations issued with the
ATWS rule have been effective in achieving the
desired outcomes. The report concludes that the
ATWS rule. and associated recommendations
have been effective in having the required plant
modifications installed, in reducing core damage
frequency associated with ATWS, and in
limiting the costs to licensees. Specifically:

e Hardware modifications required by the
ATWS nrule have been implemented at all
PWRs, typically between 1986 and 1990,
including the diverse means of tripping the
turbine and initiating auxiliary feedwater at
all plants and the diverse scram system at
CE and B&W plants. The report notes that
changes in fuel design to achieve longer
operating cycles will result in less negative
MTGC:s for a larger fraction of the cycle time,
during which ATWS mitigation. functions
may be rendered ineffective. Fuel cycle
changes .- that significantly increase the
ATWS risk due to longer exposure to such
MTCs may require compensatory measures
consistent with the ATWS rule for
Westinghouse plants.

e SECY-83-293 set a goal of 1.0E-05/RY for
the core damage frequency associated with
an unmitigated ATWS (referred to as
P(ATWS)). This goal has been exceeded for
all plant types; the average Westinghouse
plant value is 6.4E-07/RY. The reduction in
P(ATWS) has been greatly affected by the
large decrease in the frequency of automatic
trips (the initiating events for ATWSs) since
the ATWS rule was invoked. Also, better
than expected improvements in RPS
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reliability have been achieved for all reactor
plant types.

» RPS reliability is related to reactor trip
breaker reliability. As evidenced by NRC
generic communications and industry group

activities, circuit breaker problems continue :
Industry programs to maintain
RPS reliability continue to be useful in

to occur.
limiting risk from ATWSs.

e However, RPS reliability estimates are
subject to large uncertainties.
reliability requirements are so high and
ATWS events are so rare that many more

years of operating experience are needed to *
generate sufficient system demands to

reduce current estimates of the uncertainty.
The current uncertainty associated with RPS
reliability argues for the continued
application of the requirements of the
ATWS rule.

e Costs associated with implementing the
ATWS rule have been less than expected
($166M actual vs. $354M expected), largely
due to fewer than expected spurious trips
caused by ATWS mitigation equipment.

NUREG-1560, "Individual Plant
Examination Program: Perspectives on Reactor
Safety and Plant Performance” (1997),
concludes that ATWS is not an important
contributor to the total core damage frequency
for almost all Westinghouse plants. The core
damage frequency attributable to ATWS events
is small in absolute terms for almost all plants,
and constitutes a significant contribution to total
core damage frequency (greater than 10%) for
just two plants. Each of these plants, Beaver
Valley 1 and Indian Point 3, operates with some
or all of its power-operated relief valve block
valves closed, thereby reducing the relief
capacity of the reactor coolant system during the

RPS

early stages of an ATWS and thus increasing the
potential peak pressure reached

47.6.2 Plant I_Event )

On June 3, 1991, a low flow’ reactor trip
srgnal was generated durmg 'the calibration of a

" reactor coolant system flow instrument at Harris

Unit 1 (LER '400/91-010). The B reactor trip
breaker opened as required, but the A trip
breaker failed to respond. The failure was due
to a failed crrcult board (a result of previous
rmpropcr mamtenance) The board failure
prevented the - occurrence “of "the automatic
undervoltage and automatrc shunt trips of the
associated reactor trrp breaker A manual trip
was strll avarlable R

Assuming that both reactor trip breakers had
failed to open, the conditional probability of
subsequent core damage was estimated at 6.6E-
06 for this event. Figure 4.7-6(a) shows the
relative significance of this event compared to
other postulated events at Harris Unit 1.

The model used to estimate the conditional
core damage probability is shown in Figure 4.7-
6(b). Assuming that an ATWS occurs with no
manual trip (the operator does not perform the
actions as directed by the emergency proce-
dures), four sequences have end states of core
damage. The dominant sequence for core dam-
age is sequence 2, which assumes an ATWS, no
operator action to insert the control rods, that
primary pressure is limited, that the auxiliary
feedwater system operates, but that emergency
boration is not initiated.

4.7.7 Summary
The ATWS event is an analyzed plant tran-

sient that requires the automatic shutdown of the
plant, combined with the failure of the reactor
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protection system to respond as desxgned The
Code of Federal Regulations requires that each
pressurized water reactor must have equipment,
that is diverse from the reactor trip system, that
will initiate the auxiliary feedwater system and
trip the turbine under conditions indicative of an
ATWS.  Therefore, unlmes have installed
ATWS mitigation systems that perform those
functions.

As a result of the Salem A'I'WS Westing-
house units added the automatic’ energizing of
the shunt trip coil by the RPS.  This
modification provides a redundam means of
opening the reactor trip breakers and potentially
reduces the probabllxty that a common-mode
failure would prevent their opening.
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4.8 LOSS OF ALL AC POWER
(STATION BLACKOUT)

‘Learning Objectives:

L

1. “Define the term "station blackout.” °
2. Describe the interim response by the NRC to
the station blackout concern.

3. Describe the plant response necessary to '

" * mitigate the consequences of a stanon black-
out usmg existing equlpment :

regulatory requirements

5. Describe the ‘accident sequence'that makes

' the loss of all alternating current (ac) power
~ a major contributor to the total core damage
. frequency at some reactor plants '

4.8.1 Background and Basic Electrlcal

Distribution Design 4

The General Desxgn Criteria  (GDC) in

- Appendix A of 10CFR50 establish the necessary
- design, fabncatlon, construcuon testmg and

performance requlrements for ‘structures, sys-
tems, and components important to safety, these
are the structures, systems and components that
provide reasonable assurance that the facility
can be operated without undue risk to the health
and safety of the public. GDC ‘17,
Power Systems," requires that onsite and offsite

-electric power systems be provrded to penmt the

functlomng of structures, systems and compo-
nents important to safety. These structures
systems, and components are requlred to remain
functional to ensure that spemﬁed acceptable
fuel desxgn limits and desxgn conditions ‘of the

“reactor coolant pressure boundary are not
" exceeded as a ‘result of anticipated operational

"Electric i

occurrences, and that the core is cooled and
containment mtegnty “and’ other vital functions
- are mamtamed in the event of " postulated
accidents. GDC 17 1speclﬁes additional

- ‘requirements for both ‘the onsnc and offsxte

electrical power distribution systems to ‘ensure
both their availability and reliability. -

Figure 4.8-1 shows a typical offsite power
system associated with a nuclear plant. During
plant operation, power is supphed to the Class
“1E (onsite) distribution system' by the main

“-generator. ~In the event of a unit trip, the pre-
ferred source of power to the onsite distribution
- system would be “the offsite grid.-

If offsite
power is available, an automatic transfer to the
" preferred ' power source ensures a ‘continuous
supply of ac: power to equipment rcqmred to
“maintain the plant in hot standby and to remove
decay heat from the core. If offsite power is not

. available due to external causes such as severe
. weather or equipment failure, the ‘undervoltage

condition sensed in the onsite distribution

* system initiates a transfer to the onsite (standby)
.power source:
‘onsite "ac power distribution system. = In the

Figure 4.8-2 shows a typical

event that an undervoltage condition is ‘sensed
on the emergency buses following a unit trip,

- the system is designed to ensure the opening of
"-all  supply " breakers
- disconnection - of all * unnecessary loads, the
- starting of the emergency diesel generators, and,

to- the -buses, the

when the machines have reached normal speed

- and" voltage, the ‘reconnection of all loads

necessary to maintain the plant in a stable hot
shutdown condition. If the onsite power sources

*“.are "not available to re-energize the ‘onsite

dlstnbutxon system, a station blackout (SBO)
has occurred .

An electrical distribution - system in
conformance with GDC 17 was once considered

- sufficient to ‘ensure that a commercial nuclear

power plant would:be operated without undue
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_ risk to the health and safety. of the public. The

"'simultaneous loss of both the offsxte and onsite
sources of ac power (a station blackout) was
considered incredible and therefore did not have
to be considered in plant desxgn or accident
analysis.

4.8.2 Plant Response

A station blackout is defined as "the
complete loss of alternating current (ac) electric
power to the essential and nonessential
switchgear buses in a nuclear power plant (i.e.,
loss of the offsite electric power system concur-
rent with turbine trip and unavailability of the
onsite emergency ac power system). Station
blackout does not include the.loss of available
ac power to buses fed by station batteries
through inverters or by alternate- ac sources...,
nor does it assume a concurrent single failure or
design basis accident” (10CFR50.2). Because
many safety systems‘requir'cd for reactor core
cooling, decay heat removal, and containment
heat removal depend- on ac power, the
consequences of a station blackout could be
severe.

The immediate conséquences of an SBO are
not severe if it is not complicated by an accident
such as a loss of reactor coolant, steam
generator tube rupture, or loss of secondary
_ coolant. If the SBO continues: for a prolonged
period, the potential consequences for the plant
and public health and safety can be serious. The
combination of core damage and.containment
overpressurization could lead to significant
releases of fission products offsite. Any design
basis accident in conjunction with, an SBO
would reduce the time to core damage and
radioactive release.

The severity of an-SBO for a pressurized
water reactor (PWR) depends primarily on the
_ combination of the duration of the power outage

. minute,

Loss of All AC Power

and the response, of the reactor coolant pump
(RCP) shaft seals (see Figure 4.8-3). During an
SBO, the seals undergo the simultaneous loss of
high pressure seal injection and of cooling water
to the RCP thermal barriers. With no seal
injection, due to the loss of power to the
charging pumps, reactor coolant leaks up the
RCP shafts. Because the charging. pumps are
unavailable, this leakage cannot be replaced.
The loss of cooling to the RCP thermal barriers,
due to the loss of power to the component
cooling water pumps, means that the leaking
coolant is at very high temperatures. The high
temperature leakage can result in degradation of
the seals, which might increase reactor coolant
leakage up to several hundred gallons per
Without systems designed to operate
independently of ac power, the only way to
mitigate the consequences of an SBO is to
minimize the loss of reactor coolant system
(RCS) inventory and to quickly restore power to
replenish the lost inventory. This will ensure
the ability to remove decay heat from the core
and to prevent fuel damage.

The severity of an SBO can be mitigated
through a controlled cooldown of the RCS.
This evolution is covered in the Westinghouse
emergency response guidelines (ECA 0.0, "Loss
of all AC Power"). The RCS pressure reduction
that results from coolant contraction and
inventory loss through the RCP ' seals
significantly reduces seal leakage. The
cooldown can be maintained as long as natural
circulation (or reflux boiling once the system
becomes saturated) in the RCS transfers decay
heat from the core to the steam gcnerators The
steam gencrators are available as a heat sxnk as
long as the.power-operated relief valves and
steam-driven auxiliary feed pump are available.
Manual or local operation of these components
may be required to different degrees, depending
on specific plant designs. As the RCS pressure
is reduced below the pressure of the cold-leg
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accumulators, they inject borated water to
replenish lost inventory. Care must be taken not
to let the RCS pressure decrease to the point that

nitrogen from the. accumulators enters the

.system.. Nitrogen in the RCS could block the -

flow of water or steam through the steam "

generator tubes.” Another problem associated:
with the RCS cooldown worthy of consideration
is that, as the temperature is reduced, positive
_reactivity. is -added .to the core due to the
moderator - 'temperature coefficient. (MTC).

bk

_margin until the accumulators are able to inject,
and the potential exists for the core to return to

criticality. This concern is most significant at

the end of core life, when the MTC is most
negative. In addition, the hot reactor coolant
leaking from the RCS raises the temperature and
. Ppressure of the containment. -Without ac power,

_there is no way- to--reduce - containment.

- temperature, and - eventually . containment
o 1ntegr1ty would be lost due to hlgh pressure

. If a cooldown of the plant is not initiated,
the loss of -inventory through the RCP seals

would continue at a high rate, which could even
-- . increase due to seal degradation, and eventually .

. result in inadequate ‘core cooling and damage.
.. In either case, core uncovery. .and -loss of
containment integrity are inevitable unless ac
-power can be restored to permit RCS inventory

control and containment heat removal:— . T

4. 8 3 Regulatory Developments -

rIn 1975,- WASH-MOO,
Study," determined .that station blackout -could

-_be an important contributor -to:the total risk:

', associated - with _nuclear. -power -plant core
"~ -damage initiators. This fact, combined with the
increasing :indications ‘that onsite ‘emergency

power sources (diesel generators [DGs] in most ..
* cases) were experiencing hlgher than expectedn, ‘

"Reactor Safety :

failure rates, led the NRC to designate the
station blackout concern as an u’nre‘éo]ved safety
~issue (USI). - By designating the issue as’ a USI,
it would receive pnorlty in terms of study and
- resolution. USI'A-44 was established in 1979,
‘and the task action plan that followed focused
‘on analyzing' the’ frequency and’ ‘duration of
losses of offsite ‘power and the. probablhty of
failure of onsite (emergency) ac power sources.
+Other areas of interest included-the availability

" and reliability of ‘decay héat ‘removal systems
-~ Without ac power there is no means to add boric :
- acid to the RCS to ensure an adequate shutdown -/.

“independent “of ac ‘power and 'th’e‘ -ability to
restore -offsite power before normal decay heat

£ removal equipment (equipment that relies on ac
""power) fails'due to a-harsh environment.
~conclusions -of the study would-be used as a

The

basis for further :rule -making and required
" design changes,” if -necessary “to “protect the

¢ public health and ‘safety. The results of the
" station blackout - study were published in

~NUREG-1032, -"Evaluation of Station Blackout
at Nuclear Power Plants" (June 1988) g
Analysxs of the rehabrllty and avarlabxhty of
onsite power.sources,; primarily diesel genera-
-tors, received the highest priority, because their
relative unreliability probably was the deciding
factor in designating the issue as a USI. "It was
felt that, -if safety improvements were indeed
necessary, it would be more feasible to identify
and initiate improvements for onsite power

- -sources than for.either offsite power sources or

onsite ;equipment -that .requires: ac "power to
function.” Offsite. power' source reliability is
. .dependent on several. factors,: such as regional
- :grid stability, the potential for severe weather
‘conditions, - and utility capabilities: to restore
power, = which . are - difficult to - control.

- Ultimately, the ability.of a plant to withstand an

SBO depends on the decay heat removal sys-
tems, components, instruments, and controls
.that are independent of ac power. _ :
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,The SBO concern intensified in 1980
following license hearings for the operation of
St. Lucie Unit 2 in southern Florida. The
concern was that, with the plant location subject
to periodic severe weather conditions
(hurricanes) and questionable grid stability, the
frequency of losses of offsite power would be
much hi‘ghcr than for other plants.. The Atomic
Safety and Licensing Appeal Board (ASLAB)
concluded that a station. blackout should be
considered a design-basis-event: for St. Lucie
Unit 2. Since the task action plan for USI A44
provided a considerable amount of :time for
studying the SBO concemn, 'the ASLAB
recommended that plants with- station blackout
likelihoods comparable to that of St. Lucie be
required to ensure that they were equipped and
their operators properly trained to cope with the
event. NRR changed the construction permit for
St. Lucie Unit 2 to include the station blackout
in the design basis and required a modification
to the Unit 1 design even though preliminary
studies showed that the probability of a station
blackout at St. Lucie - was- not -significantly
different than that for any other plant. Interim
steps were taken by NRR to ensure that other
operating plants were equipped to cope with an
SBO: until final recommendations were
formulated regarding the USI. .

Improvements to the auxiliary. feedwater
(AFW) system were already being initiated at
‘PWRs, based on the-lessons learned.from the
accident at Three Mile Island. A reliable AFW
system with ‘equipment that can operate

-independent of ac power is very important to the.

capability for coping with an SBO and for
maintaining the plant in- a safe shutdown
_condition. . .
Recommendations: for improvements to
emergency diesel generators had already been
established, based on studies of DG reliability
_ (NUREG/CR-0660), and were being implement-_

Loss of All AC Power

ed through licensing requirements for new
plants and through technical specification
improvements for licensed plants. It was
recognized _that improving DG reliability was
the most controllable factor affecting the
likelihood of an SBO and would serve to reduce
the probability of occurrence.

Generic Letter 81-04 required licensees to
verify the adequacy of or to develop emergency
procedures and operator training to better enable
plants to cope with an SBO, utilizing existing
equipment and expedited restoration of power
from either onsite or offsite sources.

t

4.8.4 'French Design

In France, Electricite de France began to
study the SBO problem as early as-1977 and has
developed ‘plant -equipment and emergency
procedures to bring a plant to safe shutdown
conditions following the loss of all ac power.
The 1300-MWe series of plants was originally
designed for an SBO, and the 900-MWe series
has been improved to meet the more stringent
design requirements. Design features that the
French have incorporated are shown in Figure
4.8-4. ° They include multiple turbine-driven
emergency feedwater pumps to supply water to
the steam “generators and a turbine-driven
electrical generator that starts automatically and
supplies power to vital loads, such as a
dedicated RCP seal injection pump to ensure
seal integrity and to prevent the loss of RCS
inventory.  Other loads supplied from the

‘emergency turbine. generator ~include the

instrumentation, controls, and lighting necessary
to maintain the plant in a safe shutdown
condition. The French emergency procedures
allow " the “operators’ to identify the problem
quickly, to maintain the plant in a safe shutdown
condition, and to restore power to the unit from
either offsite or another unit at the same site as
soon as possible.
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A 4.8.5 ’Station Blackout Rule

Based on the conclusions of the station
“blackout’ study published in~ NUREG 1032,
10CFR50.63, the “station blackout rule,” was
added to the Code of Federal Regulations in
~ 1988. ThlS nile requires that each nuclear

~ power plant be able to withstand for a specxﬁed :
operatton of all systems-for coping with station

duration and to recover from an SBO." The '
specxﬁed “duration " is to be " based on the
redundancy and reliability of onsite emergency
" ac power sources, the expected frequency of .
Josses of offsite power, and the’ probable time -
" needed to restore offsite power. The rule further
requtres " that | each plant’s systems and
) equxpment be capable of mamtammg core.
coolmg and’ contamment integrity’ in the event’
of an SBO for the specified duration. The
capabthty for coping with an SBO was to be
determined by an appropnate coping analy51s

To comply with 10CFR50.63, each licensee
was required to submit to NRR the proposed
SBO duration for its plant and the justification
- for its selection,a description of the procedures
to be implemented for SBOs, and a list of
proposed modifications to equipment and

" " procedures necessary ‘to assure the plant’s -

capability to cope with an SBO for’ ‘the specified -
duration. :

" The station blackout ‘rule:-also’ allows a*"

-licensee to take credit for an alternate ac source.
10CFR50.2 defines an alternate ac source as'an
ac "power source that is available to and located
at or nearby a nuclear power plant and meets the
fol]owmg requxrements ‘ J“ i

=) Is conn'ectable to ‘but not normally ‘

connected to the offsxte or onsite emergency ac
- power systems

(2) Has minimum potent1a1 for common

" mode 'failure " with - offsite’ _power or the onsite

emergency ac power SOUI‘CCS

""" (3) Is available in a timely manner after the

onset of statlon blackout and -

roe

(4) Has sufﬁc1ent capacxty and rellab111ty for

blackout and for the time required to bring and
‘maintain the plant in safé shitdown...."

The station blackout rule states that an alternate
ac source constitutes acceptable ‘capability to
withstand an SBO provided that the licensee
-performs an analysxs ‘which demonstrates that
“the-plant has-this capablltty, that the licensee
demonstrates by test the time required to start
and align the source, and that the alternate a
“source meets certain capac1ty ‘requirements. If
the alternate ac souréé meets those requirements

and can be demonstrated to be available to
poiver’ the shutdown buses within 10 minutes of
the onset of an SBO then no copmg ana1y51s is
requtred ’ : ‘ S

Regulatory GUIdC 1:155, "Station Blackout

also 1ssued in"'1988, provides guidance for
meeting the requirements of lOCFRSO 63. The
guide contains guidance on: "~

Maintaining an individual emergency diesel
generator target teliability of 0.95 or 0.975
- per demand and assumes that, as long as the
" unavailability of DGs due to mainténance
- and testing is not excessive, the maximum
DG failure - rate would result "in overall

" reliability for the emergency power system;

s

e Establishing a DG reliability program with
test, maintenance, -data collection, and
management oversight elements to maintain
the selected DG target reliability;
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e Developing p}ocedures and training to cope
with an SBO;

* Selecting a plant-specific minimum
acceptable blackout duration capability of 2,
4, 8, or 16 hours based on the reliability and
redundancy of onsite. emergency ac power
sources, the expected frequency of losses of
_offsite power based on the mdepcndencc of
offsite. power sources and the plant’s
susceptibility to severe weather and the
probable time needed to restore offsite
power;

 Evaluating a plant’s cébability to cope with
a blackout based on the selected duration
capability; and

e Completing modifications ‘as necessary to
cope with a blackout.

The - guidance is structured so that the lower
emergency diesel generator -target. reliability
(0.95) is selected at plants where the DGs are
demonstrated to be relatively unreliable, and
that- longer blackout coping - durations are
selected at plants with relatively unreliable DGs
anc at plants that are more susceptible to losses
of offsite power.

All licensees have completed actions to
comply with the station blackout rule. As a
result of the rule, all plants have established
blackout coping and recovery procedures,
completed training -in accordance with these
procedures, -established emergency diesel
generator reliability programs which have
improved DG reliability, ensured a four- or
eight-hour coping capability, and implemented
modifications -as necessary to cope with an
" SBO. :-Modifications include additional DGs
(some as onsite emergency ac power sources
and some as alternate ac sources); modifications
to existing DGs and DG auxiliaries; the addition

of or modifications to gas turbine generators,
added cross-ties between buses, units, and
power sources; and changes to dc load-shed
procedures.

with  the

In accordance regulatory

“assessment requxrement of the station blackout

rule, the NRC has completed safety evaluations
of licensee comphance actions for all plants. In
addition, the NRC  completed eight pilot
inspections prior to 1995 to verify the adequacy
of licensee programs, procedures, training,
equipment and " systems, and supporting
documentat:on in 1mplemennng the station
blackout rule. Because these mspectxons found
only minor problems, the NRC staff concluded
that additional inspections to verif); adequate
implementation of the rule were unnecessary.

4.8.6 PRA Insights

4.8.6.1 Historical

Because of the dependence on electrical
power by most of the systems involved in the
mitigation of accidents, the electrical
distribution system can be a major contributor to
core damage frequency. This was first made
evident in WASH-1400. SBO. sequences
account for greater than 10% of overall plant

.. core damage frequency for 45 of 69 operating

pressurized . water reactors.  According to
NUREG-1560, "Individual Plant Examination
Program: - Perspectives on Reactor Safety and
Plant Performance” (1997), the most influential
factors on SBO-attributable core damage
frequency for Westinghouse planis are the
number of emergency ac power sources, battery
depletion time, how coolant losses due to RCP
seal failure are modeled, and whether
modifications such as RCP seals with high-
temperature o-rings or the provision of
alternative seal cooling have been made.
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"~ A major accident sequence has a station

blackout as the initiator, followed by RCP seal

failure, leading to a small-break loss of-coolant "~
This sequence leads to core damage: "

because of ‘the unavailability of the high:: 3
pressure injection~system for replenishing the™ o

- accident.

reactor coolant inventory.

-Other sequences involving electrical power

- -problems as initiators involve the failure of the

.-auxiliary feedwater.system, the failure of a’
. pressurizer power-operated relief valve (PORV) " ™
¢ - .« to’shut, and the failure of a PORV to’open'to’ :
enable bleeding and feeding. Causes of loss of

power initiators include:

e@w?ﬂ

The farlure of DGs to start,
The failure of DGs to run after starting,
The failure to recover ac power,

The unavailability of DGs due to testmg
or maintenance, and

5..°A.local inverter fault ‘which fails the
‘automatic - actuation of "-the aux1hary

L feedwater systcm

c A report prepared by the NRC 'Office of-
~Nuclear Regulatory *Research, "Final Report: - -
Regulatory . Effectiveness
Blackout Rule”- (2000), assesses -whether the -

of the ~Station

_station blackout rule has been effective in

- ‘achieving the desired outcomes.

The "report

concludes that, although there are opportunities
.to clarify SBO-related regulatory documents,
. the rule is effective, and industry and NRC costs

- _to-implement “the ‘rule were reasonable. The :
report the following detailed -

conclusions:

provides

The reduction in the mean SBO-attributable

core damage frequency was approximately
3.2E-05/RY, slightly better than the
expected 2.6E-05/RY.
improvements made to address the station

blackout rule, more plants achieved a lower .:-*

As a result of°

SBO- attnbutable core damage frequency
" than expected, -and the plants with the
" greatest numbers of losses of offsite power
~ from plant’ events and extremely severe

weather condmons ‘made_“the largest
1mprovemems ‘most by providing access to
alternate -ac power ‘suppliés. In addition,
with some ‘exceptions, the observed DG
reliability - performance ' exceeds the mean

DG reliability ‘assumptions of probabilistic

risk assessments *and
examinations,

kindividua;l plant
indicating ~ that SBO-

" attributable -core ‘damage frequencies are
- smaller - than those stated in ‘those risk
‘assessments.”

- As“the blackout rule risk
reducuon -objectives have been exceeded,
further - investigation “of stratches for
reducing SBO frequencies may not be
needed.

. PR
PR — . -4

Before the blackout rlé was issued, only 11

‘of 78 plants’ surveyed “had a formal
* emergency DG reliability“program, 11 of 78

plants had a unit average "'DG reliability of
less than 0.95, and 2‘of 78 had a unit

. average' DG reliability of -less ‘than 0.90.

Since the blackout rule was issued, all plants
have established DG reliability - programs
which have improved DG reliability. Only 3

_ of 102 operating ‘plants have 2 unit average

DG reliability of less than 0.95, considering
actual performance on demand and
unavailability due - to- mainténance and
testing with the reactor at power. However,

. unavailability due . to maintenance and
testing at power is greater than expected and

explains why licensees appear to be having
difficulty - meeting - the 0.975 target
reliability.  Decreased’ DG . reliabilities
and/or increased maintenance and testing

. . -"-unavailabilities erode ‘the risk’ benefits

obtained from implementing the blackout

" rule.".
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e Operating ‘expe‘rience indicates that
modifications implemented in response to
the blackout rule have increased defense in
depth against. power interruptions. Turkey
Point’s ability to ride out Hurricane Andrew
in 1992 1llustrates this point; there is some
likelihood that the plants would have lost all
ac power during a 2.5-hour interval a few
days after the storm wnhout two emergency
DGs added to address the blackout rule.
Blackout-rule . , modifications .. also provide
defense in depth to compensate for potential
degradation of offsite ac power sources that
may result from deregulation of the electric
power industry or longer-than-expected
times for recovery. of . offsite power
following extremely severe weather.

* A value-impact analysis indicates that the
rule’s outcome was within the expected
range of reductions in public dose per dollar
of cost. Not expected was the addition of 19
power supplies at a cost of $174M.
However, the addition of power supplies has
resulted in significant. plant-specific
reductions in core damage frequency and has
provided significant monetary benefits

. associated with greater operating flexibility
resulting from longer allowed outage times

. for DGs.

4.8.6.2 Plant Event

In *March of 1990, ‘Vogtle Unit 1
- experienced a loss of all ac power for a period of
approximately 36 minutes. The blackout was
caused by a combination of human errors and
equipment failures. :

* Prior to the loss of power, the plant was
* shutdown with the reactor vessel head installed,
but with the head bolts de-tensioned. The
reactor coolant system was.drained to mid-loop
for maintenance. Train A of the residual heat

removal system was maintaining primary
temperature. The B diesel generator was
disassembled for maintenance, and the B reserve
auxiliary transformer (RAT) was tagged out for
maintenance. Offsite power was being supplied
by the A RAT.

At approximately 9:20 a.m., a truck toppled
a tower onto the A RAT, causing a loss of
offsite power to Unit 1. The A diesel generator
started but did not continue to run. -The diesel
trip signals were bypassed, and the diesel was
emergency started at 9:56. During the period
when ac power was not available, the reactor _
coolant system temperature increased by 46°F
(an equivalent heatup rate of 1.3°F/min). After
power was restored, the A train of the residual
heat removal system was restarted to reduce the

_ primary temperature.

" The. Vogtle station blackout occurred after
the plant had been shut down for a period of
time, so the decay heat level was very low. Had
the blackout initiated with a larger decay heat
load, the rate of temperature increase would
have been much faster. In this case the
shutdown plant conditions and the short
duration of the blackout minimized the
consequences of the event (RCP seals were not
threatened). - Nevertheless, the -Vogtle Unit 1
blackout was ‘very similar to core damage
sequences which appear in plant PRAs, and
more severe ‘initial conditions or a longer
blackout duration could have resulted in core
damage.
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4.9 - SHUTDOWN PLANT PROBLEMS

. Learning Objectives:

.;1.-State the purposes of the residual heat remov-

- .. al (RHR) system.

;2. (Descnbe the ahgnment and operatlon of the -

: RHR system during its shutdown coolmg

..t mode of operation.

v~ 3. Describe design features of the RHR system

* which could reduce its reliability when it is
: - being used for decay heat removal. = .-,

. 4. _Describe the consequences of losing decay

: _the fission products produced during reactor,
-~ operation.

- in components and features, and suitable inter- .

- - heat removal capability when the reactor is in
. cold shutdown.

- 4.9.1 Introduction

ated with a shutdown reactor is the removal of
the heat being produced by radioactive decay of

-.The General Design Criteria in
‘Appendix ‘A of 10CFR50 address this problem
by requiring a residual heat removal system to

transfer fission product decay, heat and other .

residual heat from the reactor core at a rate such

. that specified acceptable fuel design limits and the |
" design conditions of the reactor coolant pressure

boundary are not exceeded. Suitable redundancy

connections, leak detection,-and isolation capabil-

ity shall be provided to assure that for onsite
electric power system operation (assuming offsite .
- - _power is not available) and for offsite electric
power system operation (assuming-onsite power .
-is not available) the system safety function can be

- . accomplished, assuming a single failure.

One of the most significant problems associ-

.. The core damage frequency associated with
the inability to remove decay heat from the
reactor core was demonstrated to be significant in
the results of the Reactor Safety Study (WASH-
1400). The overall probability of core damage in
the first generation of large commercial power
reactors was higher than had -been expected

. (about 5 X 10-5 as compared to 1 X 10-6 per
reactor year). -Inadequate reliability of the decay
-heat removal system (specifically following a

small-break loss of coolant accident) was shown
to be responsible for a substantial portion of the

- overall probability of core damage. ~This fact,

combined with repetitive events resulting in the

.inadequate or complete loss of decay heat remov-

al capability in operating plants, led the NRC to
designate shutdown decay heat removal require-

. ments as an Unresolved Safety Issue (USI A-

45).- Under the established task action plan, the
NRC has studied the adequacy of systems for
safely removing decay heat from a reactor core
during shutdown and to assess the value and the
impact of alternative measures for improving the
reliability of the decay heat removal function.

492RHR System Description

The purposes of the residual heat removal

_system are as follows:

RE Removes decay heat from the core and

,reduces the temperature of the reactor

. coolant system (RCS) during the second
phase of p]ant cooldown,

. 2. Serves as the low pressure mJectlon

1y, . portion of. the ‘emergency core cooling

. systems (ECCSs) following a loss of
coolant acc1dent and

3. Transfers refuelin'g wwatef"be't\‘;vcen the

_ refueling water storage tank and the

USNRC Technical Training Center . "»
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refueling cavity before and after refuel-
ing.

‘The RHR system transfers heat from the
reactor coolant system to the component cooling
water system. During shutdown plant opera-
tions, the RHR system is used to remove the
décay heat from the core and to-reduce the
temperature of the reactor coolant to the cold
shutdown temperature (less than 200°F). The
cooldown performed by the RHR system (from
350°F to less than 200°F), is referred to as the
second phase of cooldown. The first phase of
c~aldown is accomplished by:the auxiliary
fecdwater (AFW) system, the steam dump
system, and the steam generators. -

Once the plant is in cold shutdown, the RHR
system will maintain RCS temperature until the
plant’is started up again. The residual heat
removal system also serves as part of the emer-
gency core cooling system during the injection
and recirculation phases of a loss of coolant
accident. The residual heat removal system is
used to transfer refueling water between the
refueling water storage tank and the refueling
cavity before and after the refueling operations.

The residual heat removal system, as shown
in Figure 4.9-1, consists of two heat exchangers,
two residual heat removal pumps, and the associ-
ated piping, valves, and instrumentation neces-
sary for operational control. The inlet line to the
residual heat removal system for the second

phase of cooldown is connected to the hot leg of
* reactor coolant loop 4, and the return lines are
connected to each cold leg of the reactor coolant
system. These return lines also function as the
emergency core cooling system low pressure
injef:tjpn lines.

The RHR pump suction line from the reactor

coolant system is normally isolated by two series
motor-operated valves (8701 and 8702). The
suction line has a relief valve located downstream
of the isolation valves; all three valves are located
inside the containment. Each RHR supply to the
RCS cold legs is isolated from the reactor coolant
system by two check valves located inside the
containment, and each RHR pump discharge line
is can be-isolated by a normally open motor-
operated valve (8809A or 8809B) located outside
the containment. These motor-operated valves
are part of the emergency core cooling system
and receive confirmatory open signals from the
engineered safety features actuation system.
During the second phase of cooldown, reactor
coolant flows from the RCS to the residual heat
removal pumps, through the tube side of the
RHR heat exchangers, and back to the RCS.
The heat from the reactor coolant is transferred to
the component cooling water, which is circulat-
ing through the shell side of the RHR heat
exchangers.

If one of the two pumps or one of the two
heat exchangers is not operable, the ability to
safely cool down the plant is not compromised;
however, the time required for the cooldown is
extended. The water chemistry requirements for
the residual heat removal system are the same as
those for the reactor coolant system. Provisions
are made for extracting samples from the flow of
reactor coolant downstream of the RHR heat
exchangers for analysis. A local sampling point
is also provided in each residual heat removal
train between the pump and its associated heat
exchanger.

To ensure the reliability of the RHR system,
the two residual heat removal pumps are powered
from separate vital electrical power supplies. If
a loss of offsite power occurs, each vital bus is
automatically transferred to a separate emergency

USNRC Technical Training Center
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diesel power supply. A prolonged loss of offsite
power would not adversely affect the operatlon
of the residual heat removal system

The residual heat removal system is normally

~.aligned to perform its safety function. Therefore,
» no-valves are required to change position. . For
the RHR system to perform its safety function, -
- the RHR pumps must start when the engineered

: safety features actuation signal is received, and

- components in contact with borated water are’
* fabricated of or clad with austenitic stainless steel
_ or an equivalent corrosion-resistant material.

-USNRC Technical Training Center

the pressure in the reactor coolant system must

drop below the discharge pressure of the RHR -
“pumps.

* The materials used to fabricate the RHR
system components are in accordance with the
applicable ASME code requirements.” All parts or

4.9.2.1 Component Description

Residual Heat Removal Pumps

Two pumps are installed in the residual heat -.
- removal system. The pumps are vertical, centrif-

: ugal units with mechanical seals on the shafts.
These seals can be cooled by either component :

" - ‘cooling water or service water, depending on the

plant design. All pump surfaces in contact with
reactor coolant are manufactured from austenitic

. stainless steel or an equivalent corrosion-resistant

material. The pumps are sized to deliver reactor
coolant flow through the residual heat exchangers

to meet the plant cooldown requirements.

.

The residual heat removal pumps are protect-.

ed from overheating and loss of suction flow by
minimum flow bypass lines that assure flow to

the pump suctions for pump cooling. A control .-
"valve located in each minimum flow line (610 or :

611) is regulated by a signal from the flow
transmitter located in each pump discharge
header. Each control valve opens when the RHR

pump discharge flow is less than 500 gpm and

the pump is running, and closes.when the flow
exceeds 1000 gpm or the pump is-not running.
A pressure sensor in each pump header provides
a signal for an indicator on the main control
board. . A high pressure annunciator alarm is also
actuated by the pressure sensor. -~ - -

Residual Heat Removal Heat-Exchangers
Two heat exchangers are installed in the

system.- The heat exchanger design is-based on
the heat load and the temperature-difference

‘between the reactor coolant and component

cooling water 20 hours after the reactor has been

:shut down. The temperature difference between

these two systems at that time is at its minimum,
thus accounting for the minimum heat transfer
capablllty N PR

The heat exchangers are of the shel] and U-
tube type. -Reactor coolant circulates through the
tubes, while component cooling water circulates
through the shell. The tubes are welded to the
tube sheet to prevent leakage of reactor coolant.

0

Residual Heat Removal System Valves

Each valve that performs a modulating
function is equipped with two stem packing

- glands and an-intermediate leakoff connection
: that dlscharges to the drain header. -

= b

Manual and motor-operated valves have

" backseats to facilitate repacking and to limit stem
., leakage when the valves are open. Leakage

connections are provided where required by

- valve size and fluid conditions.

o
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The suction line from the reactor coolant
system is equipped with a pressure relief valve
sized to relieve the combined flow of all the
charging pumps at the relief valve set pressure.
This relief valve is installed to provide
overpressure protection for the reactor coolant
system under solid plant operations. Each
discharge line to the reactor coolant system is
equipped with a pressure relief valve to relieve
the maximum possible back-leakage through the
check valves which separate the residual heat
removal system from the reactor coolant system.

The residual heat removal system includes
two isolation valves (8701 and 8702) in series in
the inlet line between the high pressure reactor
coolant system and the lower pressure RHR
system. Each isolation valve is interlocked with
one of two independent reactor coolant system
pressure transmitters. These interlocks prevent
the valves from being opened unless the reactor
coolant system pressure is less than 425 psig to
ensure that the RHR system is not over pressur-
ized. After the valves are open, another set of
interlocks will cause the valves to automatically
close when the reactor coolant system pressure
increases to approximately 585 psig.

4.9.2.2 System Features and Interrela-
tionships

Plant Cooldown

The initial phase of reactor  cooldown is
accomplished by transferring heat from the RCS
to the steam and power conversion system via the
steam generators. The second phase of cooldown
" starts ‘with the RHR system being placed in
operation. The RHR system is placed in opera-
tion approximately. four hours after reactor
shutdown, when the temperature and pressure of
the RCS are approximately 350°F and 425 psig,

- -~ .

respectively.

Assuming that two heat exchangers and two
RHR pumps are in service, and that each heat
exchanger is being supplied with component
cooling water at its design flow rate and tempera-
ture, the RHR system is designed to reduce the
temperature of the reactor coolant from 350°F to
140°F within 16-hours. The heat load handled
by the residual heat removal system during the
cooldown includes residual and decay heat from
the core and reactor coolant pump heat. The
design heat load is based on the decay heat
fraction that exists at 20 hours following reactor
shutdown' from extended operations at full
power. Coincident with operation of the residual
heat removal system, a portion of the reactor
coolant flow may be diverted from downstream
of the residual heat removal heat exchangers to
the chemical and volume control system (CVCS)
low pressure letdown line for cleanup and/or
pressure control.

Startup of the residual heat removal system
includes a warmup period during which the
reactor coolant flow through the heat exchangers
is limited to minimize thermal shock to the heat
exchangers. The rate of heat removal from the
reactor coolant is manually controlled by regulat-
ing the coolant flow through the RHR heat
exchangers.

The component cooling water is supplied at a
constant flow rate to the RHR heat exchangers.
The temperature of the return flow can be con-
trolled by manually adjusting the control valves
(606, 607) downstream of the heat exchangers
coincident with manual adjustment of the heat
exchanger bypass valve (HCV-618).

The reactor coolant system cooldown rate is
limited by equipment cooldown rates based on

USNRC Technical Training Center
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allowable stress limits. The available cooldown
rate can be affected by the operating temperature
limits of the component cooling water system.
As the reactor coolant temperature decreases, the

~ reactor coolant flow through the RHR heat

exchangers is gradually increased by adjusting

- the control valve in each heat exchanger outlet

.- line. The normal plant cooldown function of the

. residual heat removal system is independent of

: gency core cooling injection lines to the reactor.

any engineered safety features function.

;o [22S

"The normal cooldown return lines are ar-

‘ranged in parallel, redundant flow paths. These . .

lines are also utilized as the low pressure emer-

“coolant system. Utilization of the same return

lines for emergency core cooling as well as for :

‘normal cooldown lends assurance to the proper

functioning of these lines for engineered safety « -

- features purposes. -

]

" Solid Plant Operations -

LI,

- .+ ' The residual heat removal system is used in

: . conjunction with the chemical and volume control . .

system (see Figure 4.9-2) during cold shutdown

- operations (less than 200°F) to maintain reactor

f

* coolant chemistry and pressure ‘control. Solid

plant operations (no bubble in the pressurizer) is

one method of operating the plant during the cold .
shutdown period. This mode of operation is .

generally limited to system refill-and venting

“operations. The term “solid plant” refers to the

filled to the top of the pressurizer with coolant.

fact that the reactor coolant system is completely

3
&

The RHR system is used to circulate reactor

‘coolant from the loop 4 hot leg to the cold leg
- connections on each loop. The RHR system is . ..
essentially operating as-an extension of the ™
‘reactor coolant system and is completely filled
- with reactor coolant.” Pressure in the system can

~be changed by either changing the temperature of
the reactor coolant or by varying the mass of the
- reactor coolant within the .system. - Varying the
-temperature of the reactor coolant "is not an
effective method of RCS pressure control due to
the time required to heat the coolant and the large
pressure changes that accompany small tempera-
ture changes. Volume control of the reactor
coolant is preferred because of the faster re-
sponse and because any desired pressure change
:can be obtained within controllable limits. Since
control of the mass in the RCS is the preferred
means of pressure control, a portion of the RHR

- flow is diverted to the chemical and volume

- control system through valve HCV-128.

‘The flow diverted to the CVCS is controlled
by the position of the backpressure control valve
PCV-131, which is located downstream of the
letdown heat exchanger. -During solid plant
operations the flow water returned to the reactor
coolant system is determined by the charging
rate, which is controlled through manual posi-
tioning of charging flow control valve HCV-182.
The chemical and volume control system is also a
water-solid system with the exception of the
volume control tank, which acts as a buffer or
surge volume for the purpose ‘of pressure con-
trol. Pressure is controlled by maintaining a

- constant charging rate and varying the flow rate
of the water into the chemical and volume control
- system (via PCV-131). . To maintain a'constant

" pressure in the RCS,-both flow rates (charging

and letdown), must be equal. If the charging rate
exceeds the letdown rate, then the pressure in the
<RCS will increase. Conversely, pressure in the

- RCS will decrease if the letdown flow rate
.. exceeds the charging flow rate.

Noﬁﬁ;ﬂi):, tinc Ba;:kpré;sufc ‘régu]atiAng valve,

> PCV-131,'is maintained in the automatic mode of

- operation and set to control the reactor coolant
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pressure at a desired setpoint.. The volume
control tank absorbs any mismatches between the

charging and letdown flow rates. Pressure -

regulation is necessary to maintain the pressure in
the RCS to a selected range dictated by the
fracture prevention criteria requirements of the
reactor vessel.

Refueling

Both residual heat removal pumps are utilized
during refueling to pump borated water from the
refueling water storage tank to the refueling
cavity. During this operation, the isolation
valves in the inlet line from the reactor coolant
system (8701 and 8702) are closed, and the
isolation valve from the refueling water storage
tank (8812) is opened. The reactor vessel head is
lifted slightly, and refueling water is pumped into
the reactor vessel through the normal RHR
system return lines and then into the refueling
cavity through the open reactor vessel. The
reactor vessel head is gradually raised as the
water level in the refueling cavity rises. After the

water level reaches the normal refueling level, the-

reactor coolant system inlet isolation valves are
opened, and the refueling water. storage tank
supply valve is closed:

During refueling, the residual heat removal
system is maintained in service, with the number
of pumps and heat exchangers in operation as
required by the heat load and technical specifica-
tion minimum flow requirements. -

After completion of refueling, the RHR
‘system is used to return the water from the
refueling cavity to the refueling water storage
tank via manual valve 8735. The water level is
drained to the level of the reactor vessel flange.
The remainder of the water in the refueling cavity

- is removed through drains located in the bottom

of the refueling canal.
4.9.2.3 System Summary

The residual heat removal system performs
both normal plant functions and accident func-
tions. The normal plant function is the transfer
of heat from the reactor coolant system to the
component cooling water system during shut-
down operations. This operation is referred to as
the second phase of plant cooldown, which starts
when RCS Tayg is at 350°F. The RHR system is
designed to remove the decay heat associated
with the shutdown reactor until the plant is
restarted. During the shutdown, if solid plant
operations are desired, the RHR system is used
in conjunction with the chemical and volume
control system for solid plant pressure control.

The RHR system is normally aligned to
perform its accident function. During the injec-
tion phase following a loss of coolant accident,
water is supplied from the refueling water storage
tank to the reactor coolant system cold legs. For
long-term cooling and recirculation, the RHR
system utilizes the containment sump as a source
of water, and the RHR heat exchangers to cool
the water prior to returning the water to the
reactor coolant system.

The RHR system is also used during refuel-
ing to remove decay heat and to transfer water
between the refueling water storage tank and the
refueling cavity. -

4.9.3 Consequences of Loss of RHR

After the fission process is stopped (i.e., the
reactor is shutdown) the continuing radioactive
decay of fission products and irradiated core
materials produces a significant amount of heat.
For a typical 3411-MWt nuclear plant, the power
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associated with this decay heat is about 20 MWt,
24 hours after shutdown from full power. Ifa

~in the core is not available, it is obvious that the

, temperature of the fuel and fuel cladding-will

- increase. Even if the plant is in a cold shutdown

o 4.9.4 NR'C'and "Industry‘ Studies .

condition, the fuel and clad temperature will .

continue to increase until the point is reached that
- clad oxidation and fuel melting can occur.

-If the plant is in cold shutdown to performr

- maintenance or refueling, it is very likely that the
RCS will be oopen with steam generator primary

manways removed, the pressurizer relief valves

_ open, the pressurizer safety valves and manways
removed, or.the reactor vessel head vented.
‘When the plant is in mode 5 (cold shutdown), the

- -technical specifications do not require that con-
- -tainment integrity be maintained. The contain- .
- ment equipment hatch and personnel airlocks

could be open, and the positions of containment
. -isolation valves could be indeterminate.. ..

. Because of the possibilities for sys_tem status
.and alignment during cold shutdown, the time

.., available to replace lost RCS inventory and to re-
5 estabhsh decay heat removal before bulk boﬂmg,

core uncovery and fuel darnage takes place will

vary from plant to plant. The consequences can

-. be severe because of the mablllty to contain the
_.radioactive ﬁssron | products that are released once
* fuel degradation begms

Ty
i
<

In addltlon to the studxes bemg performed in
conjunction with the resolution of USI A-45,

o other studies of decay heat removal capabilities

have been conducted by_mdependen_t NRC and
. industry nuclear safety groups.

.-- A study published by the l\luclear Safety

. durlng cold

Analysis Center (NSAC) in 1983, *“Residual
Heat Removal Experience Review and Safety
Analysis” (NSAC Report 52), concludes that the
“reliability of shutdown decay heat removal could

_ be an important generic safety issue.” The study
~ compiled information on over 250 pressurized

water reactor (PWR) events involving RHR
systems. ; Over 100 of the events involved an
actual loss or significant degradation of decay
heat removal capability when it was required to
be operable The results of the events that had
specific safety 1mp11cat10ns fell into three catego-
ries: (1) loss of reactor coolant inventory via the
RHR system, (2) overpressurization of the RCS,

- and (3) loss of: long-term decay. heat removal
. capability due to RHR system failures.

Even though loss of RCS mventory durmg
cold shutdown COIldlthIlS mlght have prev1ously
been thought to be ummportant the analysrs by
the NSAC concluded that, in certain mstances,
‘the loss of i mventory combmed with the degraded
condition of other systems (perrmtted by techni-

- cal spec1ﬁcatxons) needed to replace the lost RCS

coolant demonstrated the potent1a1 for core
uncovery In one event if trmely operator action
had not been taken, core uncovery could have
taken place in about 25 minutes (Sequoyah Unit

1, February 11, 1981)..

Because of previous repressurization events
.that have occurred during cold shutdowns at
PWRs the NRC has required that automatic
protectlve systems to prevent cold overpressure
be mstalled . Improper operatxon and mainte-
nance of these systems can still render them

““““ Malfunctions or personnel errors
shutdown can result in
repressunzatlon of the RCS to the setpoint
pressure of the pressunzer code safety valves.
MHrgh pressures could have significant implica-
tions regardmg reactor vessel brittle fracture

" USNRC Technical Training Center =~ -
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limitations.

Many events have taken place that caused the
complete loss of the ability to remove decay heat
during shutdown. Even though the majority of
the events have taken placeé long enough after
shutdown such that sufﬁcrent time’ existed for
recovery, the potent1a1 exists for decay heat
removal losses that could _result in bulk boiling
conditions in the core. Coolant boiling could
create a significant hazard for persorinel working
in the area as well as lead to‘core damage.

The NSAC report concludes that significant
1mprovements in decay heat removal ‘capabilities
could be made by simply upgradmg plant proce-
dures and administrative controls used during
plant shutdown Hlstorxcally, utilities have

"émphasized stringent controls and procedural
" recuirements during power operatron The

assumptlon was that during cold shutdown, the-

plant was in a “safe” condltlon and that strict
controls and safety equxprnent operability were
not necessary The results of analysis of repetx-
tive events involving decay heat removal systems
have demonstrated that this is not necessarily thé
case.

Some of the recommendations made in the
NSAC report includeg

1. Improvements in traJnlng and procedures
" related to loss of RCS’ coolant during
RHR system operatlon (when automatic
" ECCS is not required to be’available by
technical specrfrcatlons), cold
overpressure protectlon, RCS void
formatron during cold shutdown, long-
term unavarlabrlrty of the RHR system,
restoration of air-bound RHR pumps,
and inadvertent automatic RHR system
isolation;

~ three hours.

2. Better administrative controls for mainte-
nance and surveillance durmg cold
shutdown, vessel level monitoring during
partlally dramed operations, critical valve
positioning and status control, outage
control by operation personnel, and

" maintenance prioritization; and

3. Minor hardware modifications including
better control room indications and alarms
for low RHR system flow, actual valve
position‘,' valve controls, and shutdown
reactor vessel level monitoring systems,
and improved instrumentation, data
collection and human engineering for
shutdown reactor plant operations.

A case study prepared by the NRC office for
Analysis and Evaluation of Operational Data
(AEOD), “Decay Heat Removal Problems at
U.S. Pressurized Water Reactors” (AEOD
/C503), was publlshed in December 1985. This
study concludes that “for certain postulated
events, unless timely corrective actions are taken,
core uncovery could result on the order of one to
To date, no serious damage has
resulted from the loss-of-DHR [decay heat
removal] system events that have occurred at
U.S. PWRs: ‘However, many of the events
which have occurred thus far may serve as
important precursors to more serious events.”

The study’s analysis indicates that the under-
lying or root causes of most of the loss-of-DHR-
system events were related to human-factors
deficiencies involving procedural inadequacies
and personnel error. The majority of the errors

'were committed during maintenance; testing, and

repair activities in shutdown plants. The leading
cause of loss of decay heat removal capability
was inadvertent automatic closure of the suction
isolation valves as a result of human error.

USNRC Technical Training Center
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_ The results of the AEOD analysis show that,
;in losses of the DHR system occurring during the

'early stages of shutdown (e.g., within 24 hours
after a reactor trip), with the RCS, partially
. . drained, or shortly after activation of the DHR

system before the primary system is drained,

. corrective actions must be taken promptly (i.e.,
~within less than two hours unless a loss of RCS

inventory is involved) to either restore the DHR
system or to implement alternate methods-for
This analysis

removal capability can lead to a safety-significant

-- event unless timely recovery actions are taken. --

- The AEOD recommendations for improving

. the reliability of decay heat removal systems
- include: ‘

... 1. Improving human factors by upgrading
coordination, planning, and administra-
“tive control of surveillance, maintenance,
and testing operations which are per-
formed during shutdowns;

. 2. Provrdlng operator aids to assist in

Y determining the time available for DHR

recovery and-to assist operators in

. X .. trending parameters dunng loss-of-DHR

.events;.

-3. 'Upgrasd'ing the training and qnaiiﬁcdtron ,‘

requirements for operations and mainte-
nance staff;

. 4. Requrrmg the use of- rehab]e, well-
analyzed methods for measuring reactor -
vessel level during shutdown modes;, -. -

! ~ -
A i (S

'4.9.5.1 .

.. periods which do not require valve

-motion; and .

6. : Clarifying plant technical specifications to
eliminate ambiguities associated with
operating mode definitions.

- 4,9.5 Plant Events

- - ), — ~

'

Dlablo Canyon Umt 2
(4/10/87) - -

Yol

%

On April 10,.1987, Diablo Canyon Unit 2

.experienced a loss of decay heat removal capabil-

ity in both trains. ,The reactor coolant system had
been drained to the midpoint elevation of the hot-
leg piping in preparation for the removal of the
steam generator manways. - During the 85-minute
period that the heat removal capability was lost,

___the reactor coolant temperature increased from
- 87°F to the boiling point, steam vented from an

opening in the reactor vessel head, water spilled
from the -partially unsealed manways, and the
airborne radioactivity levels in the containment
rose above the maximum permissible concentra-

.tion of noble gases allowed by 10CFR20. The

reactor, which was undergoing its first refueling,

_ had been shut down for seven days at the time,
.and the containment equipment hatch had been

opened _— .

Erroneous level mdrcatlon, 1nadequate
knowledge of pump suctlon head/flow require-
ments, incomplete assessment of the behavior of
the air/water mixture in,the system, and poor

. coordmatlon between COI]U'O] room operatxons

and contamment activities all contnbuted to the
.event. . Under the condmons that existed, the

: system that measured the level of coolant in the

5.1 Modlfymg plant de51gn to remove auto- . .reactor vessel md1cated erroneously high and

_. matic closure interlocks and/or‘power to.
-the DHR suction isolation valves during

responded poorly to changes in the coolant level.
-In addmon, the 1ntended coolant level was later

. USNRC Technical Training Center - -
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determined to be below the level at which air
entrainment due to vortexing was predicted to
commence. At the time of the event, the plant
staff believed that the coolant level was six inches
or more above the level that would allow
vortexing. ’

The event began when a test engineer, in

preparation for a planned containment penetration
local leak rate test, began draining a section of the
reactor coolant pump leakoff return line, which
he believed to be isolated. However, because of
a leaking boundary valve, this action caused the
volume control tank fluid to be drained through
the intended test section to the reactor coolant
drain tank. The control room operators, who
were not aware that the engineer had begun
conducting the test procedure, increased makeup
flow to stop the level reduction inthe volume
control tank. A few minutes later, the operators
were informed that the reactor coolant drain tank
level was increasing, but they could not deter-
mine the source of the leakage. Although the
actual level of coolant in the reactor vessel was
apparently dropping below the minimum intend-
ed level, the indication of level in the vessel
remained within the desired control band.
Subsequently, the electrical current to the operat-
ing RHR pump was observed to be fluctuating.
The second pump was started, and the running
pump was shut down. The current to the second
pump also began to fluctuate, so it was immedi-
ately shut down as well.

The operators did not immediately raise the
* ‘water level in the reactor because they still did not
"know the source of the leakage, the true vessel

level, or the status of the work on' the steam
. generator manways Operators were sent to vent
“the RHR pumps One pump was reportcd to be

' 'vented and a few mmutes later an attempt was
* - madé to restart the pump. The electrical current

noe

to the motor again began to fluctuate, and the
pump was secured. During this period the
operators did not know the temperature of the
coolant in the reactor vessel because the core-exit
thermocouples had been disconnected in prepara-
tion for the planned refueling. Within an hour,
airborne activity levels in the containment were
increasing, and personnel began to evacuate from
the containment building.

- When the operators learned that the steam
generator manways had not been removed, action
was initiated to raise the reactor vessel water level
by adding water from the refueling storage tank.
About 10 minutes later, the test engineer identi-
fied the source of the leakage and stopped it.
When vessel level had been raised sufficiently,
one of the RHR pumps was started, and the
indicated pump discharge temperature immediate-
ly rose to 220°F. - At this time the reactor vessel
was slightly above atmospheric pressure, and
steam was venting from an opening in the reactor
vessel head.

Following the loss of decay heat removal
capability at'Diablo Canyon, the utility took a
number of actions-to prevent loss of RHR
suction during low level operation and to im-
prove recovery should such a loss occur. These
actions included the following: (1) evaluation of
the reactor vessel level indicating system to
determine the level at which vortexing would
occur and the effect of vortexing on level mea-
surement; (2) enhancements of instrumentation to
provide accurate level measurement, alarm
capability, and core-exit temperature measure-
ment during low level operation; (3) enhancement
of procedures to include requirements for verify-
ing proper RHR pump suction before starting the
second RHR pump;: (4) precautions specifying
minimum vessel levels as a’function of RHR
flow; (5) improvements in work planning,

USNRC Technical Training Center
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control, and communication to include restriction -

“of ‘the work ;scope to items that do not have the
-potential . to-reduce RCS inventory;-and (6).

improvement of operator training, including a -

- discussion of the potential causes of RHR flow
loss, as well as recovery procedures. -

Information No_tice 87-2_3 was subsequently
issued by the NRC to alert other licensees to the

reactor coolant system water level is below the

top of the reactor vessel; (2) determine whether .

the RHR system meets the licensing basis of the

plant, such as GDC 34 and the technical specifi- -
_cations, in this condition; (3) determine whether -.
there is a'resultant unanalyzed event that may -

have -an impact on safety; and (4) determine " _

“whether any threat to safety that warrants further
NRC attention exists in this condition. :

4.9.5.2. North -Anna Unit 1 (6/27/87) -

*..On June 21, 1987, North Anna Unit -1
. operators discovered that approximately 17,000
_gallons of reactor coolant had been lost from the
..RCS while the unit was in cold shutdown. The

delay in discovering the inventory loss resulted

- -from the use of pressurizer level as an indication -

of reactor coolant inventory, failure to use all
- -available indications, and failure to perform a,
» MAass mventory balance. :

-~ 17

On June 17 1987 durmg preparatlons for a.
o8 startup following a refueling outage, a problem,

- developed with a reactor coolant pump motor,
- -requiring removal of the motor. When the
problem was discovered, the unit was at approxi-
mately 195°F and 325 psig, with a bubble in the
pressurizer. In order to establish plant conditions

for removal of the motor (which may involve --:.
leakage from the RCS), the plant would normally _

have been cooled to less than 140°F and drained

. to the midpoint level of the hot-leg nozzle, and

the residual heat removal system would have
-been placed in operation. - In order to expedite the
work, the plant was cooled to 110°F, and the

.« pressurizer was cooled by filling the pressurizer

while venting it via-the power-operated relief
valves (PORVs). The pressurizer-level was

_-lowered to:80% with the PORVs open. The
event, and Generic Letter 87-12 was issuedto - -
- (1) assess safe operation of PWRs when the -

PORYVs were then shut because the vapor-space
temperature led the operators to believe that a
-bubble still existed, and -the level was further
lowered to 20%. - This evolution was conducted
in accordance -with a procedure that ,was not
spccxflcally intended for draining the system.
The operators did not'realize that lowermg the

. level with the PORVs shut and then subsequently
- cooling the pressurizer would cause a vacuum to
- form in the pressurizer and cause the level to hold

-at 20%.

. On June:18, 1987, the pump motor was
uncoupled, and a small amount of expected
leakage (estimated at 2 gpm) up the pump shaft
was encountered. -This leakage was relatively
clean water from the seal injection line past the
pump seals, which did not provide a tight seal
when the motor was uncoupled. Makeup to the
RCS was from the volume control tank (VCT).
* The VCT Jevel was maintained, with- the VCT
.i-pressure greater than the RCS pressure. The
“operators believed that maintaining the pressuriz-
- er and VCT levels would maintain the reactor
coolant inventory by makmg up for ‘any losses
~with flow from the VCT to the RCS Voids
consisting-of . nonconden51ble gases and vapor
formed in the RCS and collected in the system
high points (reactor vessel head and steam
generator tubes). The voids were ‘not indicated
- by any decrease in pressunzer level.

On June 21 1987 a decxslon was made to

-USNRC Technical Training Center
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reduce the pump shaft leakage by raising the
pressurizer level, cycling the PORVs to vent the
pressure, and then lowering the pressurizer level
to draw a slight vacuum in the pressurizer. This
was a'condition that already existed, but the
operators were unaware of it. When the PORVs
were cycled, the pressurizer relief tank pressure
dropped, as well as the pressurizer level, indicat-
ing that a vacuum already existed in the pressur-
izer. The reactor vessel level indicating system
(RVLIS) indication at this time was 79%; howev-
er, the operators were not monitoring this indica-
tion because the system had been modified
during the previous outage and the operators
‘thought it would be unreliable. Because of the
recorder scale and the time span visible on the

RVLIS trénd recorder, the change in the level-

mdlcatmn would only have been noticed by

comparmg it with a separate plot or by rolling it -

back 12 to 24 hours to compare it with the
present indication. When the condition was
~ discovered, the operators took action to provide
makeup to the RCS and to vent the reactor vessel
head, as well as to check other available informa-
tion to ‘account for the system mvcntory A total
of 17,000 gallons of borated water was required
to reestablish the RCS inventory. ’

The procedure used to éstablish plant condi-
tions for’ removmg the RCP motor did not
contain appropriate instructions for monitoring
and maintaining the RCS 1nvemory “The licensee
] chan ged the procedure to require a review of the
reactor coolant system inventory and routine
surveillance of all available level indications,
mcludmg that from the RVLIS.

s
}~'

4.9.6 Summary

Requirements for reliable decay heat removal
. _Systems were established in the General Design
" Criteria of Appendix A' of 10CFR50 to ensure

that core decay heat generated during plant
shutdowns could be removed. This capability is
necessary to protect the integrity of the fuel and
to prevent the offsite release of radioactive fission
products. It has become apparent that design
deficiencies, improper maintenance, and/or
testing and personnel errors have detracted from
the reliability of decay heat removal systems and
caused additional safety concems.

The NRC established shutdown decay heat
removal requirements as'an unresolved safety
issue because of the severe consequences which
could result from problems that arise when the
plant is in the “safe” shutdown condition. NRC
and industry studies have analyzed hundreds of
events that involved the complete loss of decay
heat removal capability for various periods of
time. None of the events resulted in core damage
or in the significant release of radioactive materi-
al, but many were considered precursors of
potentially safety-significant events.

Resolution of USI A-45 is not complete, but
numerous recommendations have been estab-
lished by both NRC and industry groups that
could significantly improve the availability and
reliability of ‘decay heat removal systems at
nuclear power plants. Recommended improve-
ments include additional training and procedural
requirements for operation while in the shutdown
cooling mode, improvements in scheduling and
controlling evolutions that could affect the ability
to remove decay heat, improvements that give the
operator more reliable indication of RCS invento-
ry and RHR system flow, and better guidance for
the operator for reestablishing core cooling once
it is lost.
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. 4.10 . AIR SYSTEM PROBLEMS

Learping Objectives:

1. List two safety-related functions that rely on -
plant air systems.

2. List two sources of air system contamination.

3. List two causes (other than contamination) of
air system failures. L

4.10.1- Introduction

ok

. All commercial pressurized water reactors: :
_rely on air systems to actuate or control safety-
- related equipment during normal operation..

However, at most pressurized water reactors, the
air systems are not classified as safety systems.
Plant safety analyses typically assume that non-

- safety-related .air systems become -inoperable

during transients and accidents, and that the air-

_ -operated equipment -which is served fails in .
-known, predictable modes.

-'In addition, air- -

ooperated equipment which must function during _

~ transients or accidents is often provided with-
- backup air (or nitrogen) supplies in the form of

safety-grade accumulators so that the equipment -

. - can continue to perform its intended functions. .

~ "USNRC Technical Training Center

' Cbnside} thé effects of a losé of all fcédwatér -

- . event. .In this scenario, if feedwater or auxiliary

- feedwater cannot be restored to the steam genera- |
tors, thc _operator is directed to start both high .
. pressure injection pumps and open the pressuriz- .

. er power-operated relief valves (PORVs). This

- sequence -of .actions provndcs a flowpath of .
,€MEergency core cooling water through the core -

~ and out the open relief valves. However, if the

. :PORVs are pneumatically operated and the air
system is not functioning correctly, then there

pressurized to the safety valve setpoint.~ This
pressure may be so high that the flow from the
high pressure injection pumps may not be suffi-
cient to cool the core. :
_Some units have air-operated main steam
isolation valves (MSIVs) that require air pressure
to close. These valves must function correctly to
ensure that, in the event of a main steam line

break, only one steam generator blows down.

In addition to the equipment listed above,

' instrument air is supplied to many of the contain-
- ment isolation valves. These valves must operate

correctly to ensure the integrity of the contain-

- ment building -in the event of a loss of coolant

accident or main steam line break.

vl oo . A
The failure of instrument air systems and the
effects of the failures -on plant operation are
discussed in section 4.10.3.

rar

4.10. 2 All‘ System Descrlptlon

A c_liagram gf a typxcal air system is ; shown in
Figure 4.10-1. The air system begins with the
air compressors, which take a suction from the

- ambient air and raise its pressure to approximate-
ly 100 psig.- The compressors then discharge

the air to storage receivers. The air system

. contains two or more 100% capacity compres-
. sors, that are powered from nonvital 480-Vac
~ electncal busscs ‘The compressors are controlled

. by pressure swuches located on the mstrumcnt
air receivers.. Durmg normal operatlon, one of
the compressors is in service, and the rcdundant
compressor(s) are in standby Thc in-service

~ COmpressor loads (compresses a1r) when receiver
pressure drops below.a predctermmed value

(approx:mately 95 psng) and unloads (stops
compressing air) ‘when receiver pressure increas-

can be no core cooling flow until the RCS is- - es back to its normal pressure. If the air pressure

—4.10-1_ -~ -
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decreases into the range of 70 - 80 psig (typical),
the standby compressor(s) are started. -

The discharge of the compressors is routed to
the air receivers. The receivers serve as the
source of air to pneumatically operated compo-
nents. From the receivers, the air is routed to the
instrument and service air headers. Downstream
of the air receivers is the conditioning equipment.
This equipment consists of the instrument air
dryers and the instrument air filters. The dryers
serve to remove moisture from the air supply
while the filters are installed to remove foreign
particles from the air stream. These two compo-
nents are necessary because the materials and the
small clearances of the internal moving parts of
pneumatic equipment require clean, dry, and oil-
free air for reliable, trouble-free operation. From
the conditioning equipment the air is supplied to
the air distribution headers.

Figure 4.10-1 lists several components that
are supplied from the instrument air system. The
equipment can be subdivided by its building
location: turbine building, auxxlxary bulldmg, and
"contamment building. The instrument air system

in the tarbine building supplies loads such as the
" turbine bypass valves, the feedwater control
valves, and the feedwater heater extraction and
level control valves. - The auxiliary building air
“loads are items such as décay heat removal cooler
control valves, the main steam isolation valves,
and letdown control valves. The containment air
supply provides air for the pressurizer power-
operated relief valves ‘and spray valves. The
instrument air supply to the containment building
'is equipped with automatic isolation valves which
close on a containment isolation signal. When
the isolation occurs, the air supply to the equip-

e ment. inside the contamment is lost.

The service air supply shown in Figure 4.10-

1 is used to supply air to hose stations that, in
turn, supply air to pneumatic tools, tank
spargers, etc. Some of the pressurized water
reactors have a separate air system which sup-
plies the service air requirements.

4.10.3 Air System Problem Areas
4.10.3.1 Air System Contamination
Moisture

Although the instrument air dryers are de-
signed to remove water from the air system,
moisture is one of the most frequently observed
contaminants in air systems. Water droplets
entrained in the air can initiate the formation of
rust or other oxide particles.

Water droplets can cause the malfunction of
electrical-to-pneumatic converters by blocking
internal passageways, or by forming corrosion
products which block internal passageways or
cause sticking’or binding of moving parts. In
addition, water-droplets can obstruct the dis-
charge ports on solenoid air pilot valves, degrad-
ing their ability to function properly. Further-
more, moisture can cause corrosion of air system
internal surfaces, as well as the internal surfaces
of equipment connected to the air system (e.g.,
valve bodies). Rust and other oxides have been
observed to cause the exit orifices of air pilot
valves and other (air-operated) equipment to be
partially or totally blocked, resulting in degraded
equipment operation or complete loss of func-
tion. Additionally, rust particles on the inside of
the piping or connected equipment have the
potential to be dlslodgcd during severe vibrations
(e.g., due to earthquake or water hammer),
which could lead to common-mode equipment
failures.
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Particulates

3

. Particulate matter has been found to have
-degraded or prevented air from venting through

~the discharge orifices of solenoid air pilot valves §
and valve air- operators. A clogged orifice '
changes the bleeddown rate, which affects the -.

valve opening or closing times and can result in
‘stuck valves: Additionally, small particles have

prevented electrical-to-pneumatic converters from '

- functioning properly (i.e., from opening ‘or
closing on demand). Air dryer desiccant has
been found to damage solenoid air pilot valve.

seals, preventing air-operated valves from : .
~ . functioning correctly. S T

Hydrocarbons :
Hydrocarbon contamination of air systems
-~ can cause sluggish valve operations, as well as a

complete loss of valve motion.. Compressor oil -

“has been observed to leave gum-like residues on .
valve internal components. This residue causes

“the valves to operate sluggishly or erratically or.

“ .even to stick completely. ‘Hydrocarbons have

also been found to have caused valve seals to -

become brittle and to stick to mating surfaces,

thereby preventing valve motion. In some cases,"
the seals were found to have torn apart or to have |

flaked off, resulting in loose particles which
blocked air dischargc orifices.

(
3

- 4,10.3.2 Air System Component Fall- .

ures . - : e

© Air Compressors= -

T

- . < . oLt

failure in the electrical power system or the

compressor cooling water supply can result in the

‘

.- Instrument air systems include redundant
*_ compressors, but generally they are not designed -
as safety-grade components. As aresult, a single,

loss of all air compressors. -Because plants have
redundant air compressors and automatic switch-
ing features, single random compressor failures
usually do not result in total air system failures.
. Most air_system compressors are of the oilless
type. However, some plants with oil-lubricated
compressors have experienced oil contamination
- 2 of their air systems. -Similarly, the temporary use
» of oil-type compressors as backup or emergency
-compressors (e.g., skid-mounted, diesel-operat-
ed compressors) without adequate filtration and
drying can result in 51gn1f1cant air system degra-
i*..dation.- Lo .
. Distribution -Systems , - e

- -~

- Since an instrument air system'is not general-
ly designated as safety-grade or safety-related, it
is vulnerable to a single distribution system
failure. For example, a single branch line or
distribution header break _can cause
- depressurization in part, and possxbly all, of an

- air system. . -

% . -
[

bryers and Filters

- Single failures in the instrument air filtration
or drying equipment can cause:widespread air
system contamination, resulting in common-
.. mode failures of -safety-related equipment. For
example, a single failure such as a plugged or
broken.-air filter, a malfunctioning .desiccant
tower heater timer, or plugged refrigerant dryer

. drain can cause desiccant, dirt, or water to enter
‘the air lines. As discussed above, such contami-
nants can result in significant degradation, or
even failure, of important air system compo-
nents. . . . .. - .

1

4.10.4 " Air System Problems. .

. The following sections deal with actual plant
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problems caused by air system failures.

e

4.10.4.1 Air System' Contamination

During surveillance testing conducted from

July 21 to July 26, 1985, Turkey Point Units 3

and 4 experienced recurrent failures of the
auxiliary feedwater (AFW) system due to instru-
ment air contamination. The recurrent problems
involved simultaneous failures of the AFW flow
control. and main feedwater bypass valves.
During the events, the electrical-to-pneumatic
converters and pneumatic valve positioners
experienced common-mode failures. The three
turbine-driven AFW.- pumps (which serve both
Turkey Point units) experienced overspeed trips,
which were complicated by the sticking of
multiple flow control valves and sluggish main

- feedwater bypass valves.

The plant operations staff had been aware of
an: instrument air system water accumulation
problem for some period of time. However, the
operations staff was unaware of the potential
problems which might be caused by the water.
Accordingly, the operations and maintenance
staff initially attempted.to correct the AFW
control valve problem, as they had previously,
by blowing down the air regulators. The proce-
dure was not successful in restoring the function-
al reliability of the valves.” When it became aware

"-of the problem, the licensée’s engineering staff

hypothesized that coirosion products inside the
instrument air system may have been a source of

-the gross degradation.” With the subsequent
"' realization that contaminated instrument air might

be the root cause of the recurrent AFW system
problems, the licensee requested the architect
engineer to evaluate the effect of contaminants in
the air supply on the safety-related and non-
safety-related equipment. The architect engineer

" also was requested to determine the maximum

e

particulate size that the safety-related instrument
air system equipment could accommodate with-
out adverse effects and the effects of particulates
on the instrument air system. The architect
engineer’s analysis determined that many safety-
related devices could be adversely affected by
particulates in the instrument air system. Some
of the safety-related systems which could be
affected are: (1) the secondary system (steam
dump to atmosphere), (2) the charging system,
(3) the residual heat removal system, and (4) the
AFW system.

As indicated above, the Turkey Point AFW
systems for both units were vulnerable to instru-
ment air system contamination. In addition, the
non-safety-related main feedwater bypass valves
have experienced simultaneous common-mode
failure (stuck closed) as a result of water in the
instrument air system. This failure is potentially
significant because the bypass valves are used to
control the non-safety-related backup AFW flow
provided by the two motor-driven startup pumps.
Failure of the main feedwater bypass valves
could result in the loss of diverse AFW capabili-

ty.

4.10.4.2 Instrument Air System Isola-
tion

There have been.many events at Westing-
house plants in which the loss of instrument air
resulted in a low temperature overpressurization
of the RCS. Typically, in these events the loss
of instrument air resulted in closure of the let-
down isolation valves, the opening of valves in
the charging line, and an increase in the charging
pump speed (and thus an increase in charging
flow). One such event occurred at Farley Unit 2
on October 15, 1983.

The plant was solid in preparation for a
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startup. An operator inadvertently isolated the .

instrument air system. As a result, while the
charging pump was operating, the letdown line

isolated per design and the throttle valve (flow -
control valve) in the charging line opened to its -
full-open position. The RCS pressure increased

to the point that pressure was relieved through
one residual heat removal pump suction line relief
valve. The other residual heat removal train relief
valve was unavailable. The RCS pressure rose
to 700 psig, which was in excess of the final
safety analysis report’s calculated value for a low
temperature overpressure event.

4.10.4.3 Loss of Air Compressors

During startup testing on March 14, 1985,
Byron Unit 1 was intentionally tripped from 12%
power as part of a loss of offsite power test.
With the loss of ac power, the station air com-
pressor tripped, resulting in a gradual
depressurization of the air system. During the
transient, a low steam line pressure signal oc-
curred, and two of the four main steam isolation
valves closed. One MSIV remained fully open,
and the other closed only partially. Attempts to
manually close the two valves were unsuccess-
ful. Operators eventually were able to close the
valves with the assistance of air-powered hydrau-
lic pumps after plant air pressure was restored.

Each MSIV is provided with an accumulator
isolated from the MSIV by two check valves.
The purpose of the check valves is to allow
accumulator air to provide motive power to the
MSIV in the event of a loss of the instrument air
system. Subsequent bench testing of spare
valves and in-situ testing of valves which were
installed in the plant revealed that 11 out of 19 air
check valves associated with the MSIV accumu-
lators would not close tightly on a gradual loss of
pressure. However, testing showed that the

_valves would close properly for a rapid loss of
-instrument air pressure.- - - -

4.10.4.4 Instrup{ent Air Héade;‘ Mainte-
nance

On May 15, 1981, while Arkansas Nuclear
One Unit 2 was in mode 6 and core alterations
were in progress, the instrument air system was
temporarily isolated so that modifications could
be made to the system. When the air system was
isolated, the pressure in the spent fuel pool/refu-
eling canal gate air seal began to drop. The drop
in pressure resulted in the loss of seal integrity,
and a leak path was established between the fuel
pool and the containment building. The spent
fuel pool water level dropped approximately five
feet in a period of 40 minutes. The minimum
level reached was 21 feet, which is about 2 feet
less than the minimum level allowed by plant
technical specifications. To terminate the event,
the instrument air system was unisolated, restor-
ing the pneumatic seal integrity. Borated water
was also added to the spent fuel pool to restore
level. One week after the drain-down event, the
licensee completed an analysis of a postulated
loss of instrument air to the spent fuel pool gate
seal. The analysis concluded that a longer
duration loss of instrument air could have result-
ed in a fuel pool drain-down to a level near the
top of the upper end fittings of the spent fuel
assemblies.

4.10.5 Summary

As illustrated by the plant events, losses of
instrument air do occur. Failures of associated
equipment and systems are usually not predicted
in plant safety analyses. Consequently, some
plants with significant instrument air system
degradation may be operating or may have
operated with much higher risk than previously
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estimated. Because many plants do not have
specific license requirements prohibiting opera-
tion with degraded air systems, high confidence
does not exist that all plants will voluntarily take
corrective action to avoid plant operation with
degraded air systems in the absence of a serious
event.
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