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",4.1 10CFR50.46 : BASES 

-Learning Objectives: 

1. State the five acceptance criteria for emerge 
cy core cooling systems as presented 
IOCFR50.46.  

2. Explain the basis for each criterion covered 
S 1OCFR50.46.  

4.1.1 Background 

Interim criteria for the design of emergen 

c I ore cooling systems (ECCSs) were published 

1971 and submitted to the various vendors ai 

owner groups. These criteria applied for a 

"grace period, to allow the vendors a reasonat 

amount of time to compile data for the pub 

hearings prior to the establishment of the fir 

ECCS acceptance criteria. The final criteria wt 

to provide reasonable assurance that the ECC 

Swould be effective in limiting core damage in I 

highly unlikely event of a loss of coolant accid, 

(LOCA)..  

The initial conditions used in the loss 
coolant accident description are as follows: 

1. 102% Reactor Power, 

S '- "•Operating at this power level for 

"'indefinite period accounts for the avý 

"able 'stored heat. Even though s1 

-operation is unlikely, this power leve 
used to'include margins for instrum 

error.'" ' 

2.: 600"F Cladding Temperature 

" At the initiation of the LOCA, the 6 

'ding would be at a temperature near

3.

ofthe adjacent coolant, or approximately 
600*F.  

2000°F U0 2 average temperature, and 

4000"F peak centerline temperature.

* " The average and peak centerline tempera
tures are'selected as calculated tempera

in " 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. -- :,. I 

cy The excess heat contained in the fuel pellets is 

in --called stored heat and is approximately propor

nd- tional to the zpower density -and the thermal 

set - resistance of the gap. Stored heat is an important 

)le' factor because it will significantly, contribute to 

lic %the cladding temperatures during the LOCA 

ial scenario.  

*re ..  

":Ss After all the documentation was submitted 

the 'and testimonies heard, the AEC made its deci

ent' sions, and the final acceptance criteria were 

published in December 1973. - Some of these 

criteria were highly contested by the vendors and 

of utility groups. Their arguments and the bases for 

these criteria are discussed in section 4.1.3.  

4.1.2 ECCS Acceptance Criteria 

an During a large LOCA some cladding damage 

ail-m will occur; however, thiscladding damage must 

uch be limited to ensure that the health and safety of 

Il is the public is protected. The amount of damage 

entri experienced depends on the initial heat generation 

of the.core and the post-LOCA heat removal by 

the ECCSs. A set of emergency core cooling 

system performance acceptance criteria has been 

developed by the Nuclear Regulatory Commis

Lad- sion; they are listed below:
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1. The peak cladding temperature shall not 
exceed 2200"F.  

2. Only 17% of the cladding thickness shall 
oxidize.  

3. Hydrogen generation shall be limited to 
one percent of the value that would be 
generated if all of the corie'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 
IOCFR50.46 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 physical changes that will affect 
the duciility of the cladding; one is metallurgical 
(crystal phase change), and the other is chemical 
(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 1 150F, 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
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explosive concentrations. This criterion is the tions must assume the most damaging single 
same as the interim acceptance criterion, with the failure of the ECCS equipment.  
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 1OCFRSO Appendix K 

IOCFR50 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-
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4.2 INTERSYSTEM LOCA

Learning Objectives: 

1. Define and explain the significance of ",an 
intersystem loss of coolant accident (LOCA).  

2. Explain the changes made to reduce the risk 
of an intersystem LOCA.  

4.2.1 Introduction 

-Several systems connected tothe reactor 
-- --L~....LA L ...

4.2.2 Description 

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.

CoolanL pressure uuundary have u,--i pi= ... .. , U: 
considerably less than the reactor coolant system The piping from the RCS to the motor

(RCS) operating pressure. The Reactor Safety operated isolation valves located outside the 

Study (WASH-1400) identified the intersystem containment is designed for full system pressure 

loss of coolant accident in a pressurized water (2500 psia). The discharge piping of the low 

reactor as a significant contributor to the risk of pressure injection (RHR) pumps is rated at 600 

. core damage. psig, which.is basedon the allowable suction 
. . .pressure for decay-heat removal operation plus 

The particular intersystem LOCA identified in ihe differential pressur6 developed by the pumps.  

WASH-1400 involved the failure of two check The accident of concern is a postulated LOCA in 

valves in the injection lines of the low pressure the auxiliary building, which could occur if the 

safety injection system, which would allow the series check valves, labeled CV1 and CV2, leak, 

high pressure reactor coolant to pressurize the thereby overpressurizing and-possibly causing 

low pressure safety injection piping located the failure of the 600-psig .RHR discharge 

outside the containment. The resultant rupture of.- piping. This is very conceivable because in most 

this low pressure piping would cause a loss of Westinghouse designed plants the valves labeled 

coolant outside the containment. As a result, no MV1 and MV2 are normally open.  

"inventory.,in thecontainment sump would be . .  
available for recirculation; this plant state would I in those units that operate with low pressure 

lead to a subsequent core meltdown. injection motor-operated valves MVI and MV2 
S~ closed, the closed isolation valves minimize the 

* The probability of failure was evaluated for possibility of an intersystem LOCA. However, 

various valve configurations which include check. technical specifications require that surveillances 

valves and motor-operated valves. The five-year of safety-related systems be performed in accor

failure rate of the check valves was calculated to - dance with the American Society of Mechanical 

be somewhat large (4,X 10-6 per;reactor year),, 'Engineers (ASME) Boiler and Pressure Vessel 

with an estimated error factor. of ten. - - -,Code. Section XI of the ASME code requires the 

timing of safety-related valves as they are stroked 

from their normal positions to their accident

. ... .. .A 1 -1 ... . .. . .. . . .. . D A
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positions. The time f6r'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 s~ries check valves,-possible 
overpressurization and rupture' of the low pres
sure piping could occur during testing.  

4.2.2.2 Operating Experiences 

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 pressure 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 reviewing actual operating 
experiences.  

The Nuclear Power Experien'ces Manual 
shows that between 1974 .'ad 1978 there were 
nine dilution events (of 'Which six occurred at 
Westinghouse plants) in the colý leg accumula
tors. The dilution of the boric acid Was due to 
leakage of reactor coolant through series check 
valves CVI and'CV3, as shown in Figure 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 reviewed the concerns of 
the predicted accident ass stated in WASH-1400, 
and the letter advised the licensees to preform 
leýkage tests as soon as possible'." In addition, 
the plants were required to review the piping and 
valve configurations of the low pressure safety 
injection systems and to report any known

failures or valves found to lack mechanical 
integrity.  

4.2.2.3 Final 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 S-,stems (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 these check valves, methods for 
detection and'measurement of any leakage must 
be provided. - The section of piping between 
series check valves CVI and CV2, as shown in 
Figure 4.2-2, assuming no leakage, should be at 
the same 'pre-ssur'e 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 iric'ease sensed here would indicate 
leakage past the second of the two series check 
valves.
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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 TV5 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 0A% 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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4.3 REACTOR COOLANT PUMP 
SEAL FAILURES 

Learning Objectives: 

.1. Describe the operation of the Westinghouse 
reactor coolant pump (RCP) seal. .  

2. Describe indications of an RCP seal failure 
that are available to the operator.  

3. Describe how the RCP seal is designed to 
"permit pump operation with a failed number 1 
seal.

4. Describe the possible results of not isolb 
. number 1 seal return flow after the numi 
-seal fails.  

4.3.1 Introduction a 

For the a pressurized water reactoi (PI 
the irite'grity of the reactor coolant pump se 
necessary for the operation of the large co 
pumps needed for heat removal from the re.  
core, and at the same time essential to the ini 
ty of the reactor coolant system (RCS) prem 
boundary, by permitting essentially zero lea 

Sfrom the RCS to the containment. The We! 
house RCP seal package consists of three 
which must perform properly for -conti 
pump operation. Seal failures can be minir 
by proper installation, maintenance, and o 
tion, but numerous occurrences of RCP 
failures have prompted close scrutiny b: 
NRC. .  

Commercial PWRs have RCPs mad 
several different manufacturers, including' 
inghouse, Byron Jackson, Bingham, and K 
German firm). Each pump has a differen 
design, but many similarities exist. This s(

USNRC Technical Training Center ' ' 4 4. 3 -1

piesents 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.  

4.3.2 Reactor Coolant Pump Description

The reactor coolant pumps provide sufficient 
iting forced circulation flow'to ensure adequate heat 
ber I 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 

NR), and pressures. The pump (Figure 4.3-1) con
als is sists of three sections from bottom to top: 
olant . . " 
actor 1. The hydraulic section, which consists of 
tegri- " the inlet and -outlet- nozzles,-, casing, 
ssure ,flange, impeller, diffuser, pump shaft, 
kage -pump bearing,-thermal barrier and ther
;ting- ,. mal barrier heat exchanger.  
seals ,2. The'shaft seal section (shown in Figures 
nued -. ., 43-2 and 4.3-3), which.consists of the 
nized -, number 1 controlled leakage seal and the 
pera- numbers 2 and 3 rubbing face seals.  

seal These seals are located within the main 
y the ,.- flange and seal housing.  

-3.The.motor section, which consists of a 

- :vertical, squirrel-cage; induction motor 
le by, - :with an oil-lubricated double Kingsbury 
WVest- ', thrust bearing, two oil-lubricated radial 
SP (a:- bearings, and .a,flywheel with an anti
t seal reverse rotation device,-and appropriate 
ection - support equipment.-

z�ev USYD
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4.3.2.1 Radial Bearing Assembly 

The pump bearing is a self-aligning, spheri
cal, graphitar-coatedr 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 bair'rier 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 barrei eassembly below the 
pump radial bearing. -The functioin 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'thi CVCS (see 
Figure 4.3-2). This water is-injected into the 
pump at a point betw'een the radial bearing and 
th& thermal bariiefr 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
•" 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-shaftas" it'passes through cthe main: 

flange. The seals -are contained in a seal housing, 

which is bolted to the top side of the main flange.  

"Number'l Seal 

"The "number 1 seal is the main seal of the 

' pump.'It is a cont~olled-leakage, film-riding seal 

in which the sealing surfaces do not contact each, 
other. "Its primary'components are a ruiner; 

which rotates with the shaft and i 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 
nurmber 1 seal produces a 2200-psi pressure 

'drop'

'During normal operation, cool injection 
water, at a pressure greater than RCS pressure,, 

Senters the pump through 'a connection on the 
thermal barrier flange at a rate of about eight gpm 
"(Figure 4.3-2). About five gpm of this injection 
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.  
- Th'e'remainiing 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 sea] 

is controlled to a design value, which is .main.  

tained by floating the seal ring so that the gar 

"between the non-rotating seal ring and the rotat-

ing seal runner is always held to a constant value 
(Figure 4.3-4).

To understand the 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. -ý 

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 

,-slight-increase in the opening force. The in

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 

S(being greater) would then push the seal ring 
down andclose the gap. -Again, the seal ring is 

restored to its equilibrium position.  

- If the pressure in the, primary system is 

decreased, the shape of the force balance diagram 
does not change. However, the actual values of

a a - - -'-- . ' "-.. n.�nz 
'I"'-., - F.CV UA.7U
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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 may6ccur, 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 and3 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 nufnber' 1 seal fails,'it passes water at 
greater flow rates. The increased flow is sensed 
by leikoff flow deiectors which indicate and 
alarm in the control room. The operator should 
then shut the number 1 seal leakoff flow control 
valve. This action diiects 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 

Sthrough 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 
"controlaroom 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 

.... v•v.•rv Thin nnieratnr .•hniid then oneni

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 components. -

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.  

In the event of a leak from the RCS into the 
thermal barrier heat exchanger, a high flow is 

-sensed in the component coolingreturn 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 only by a con

tainment isolation phase B signal.  

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

4.3.3 Seal Failures

the number 1 seal bypass valve (a common valve 
for all pumps) to increase the leakoff flow and to - The following are brief summaries. of some 

, provide sufficient cooling. - * , of the more significant RCP seal failure events at 

operating PWRs.

-D�., fb1O�
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4.3.3.1 Oconee Unit 2 (1174) 

Oconee Unit 2 (a Babcock and Wilcox plant) 
was at power when a leak was detected in the 
seal injection line to the 2B 1 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 temperaLture, 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, the 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 furthei 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 
I seal leakoff flow had been present for about 20 
minutes prior to definite indication of number I

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 I 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 c6mponent 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 numbei 1 seal failure was identified. The 
Westinghouse RCP seal technical manual (as 
well as plant procedures) was revised to ensure 
that the number I 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 Plant procedures were changed .to require a 

to place a second charging pump in service, minimum seal differential pressure of 200 psid 

.Control.room alarms and indications (high-* during low RCS pressure conditions and to keep 

leakoff flow) caused the operator to suspect a ,the seal return and bypass isolation valves shut.  

seal failure, so the RCP was tripped and the A check valvewas subsequently installed in the 

-.. reactor shut down. TotalRCS leakage was .fine.  

estimated to be 90,000 gal; the maximum leakage.  
rate was 75 gpm. No specific cause for ihe. 4.3.3.5 ANOl,-11(5/10/801)

,failure was identified, but it was assumed that the 

number-1 seal lost its lubricating film, and the 
subsequent contact of 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)

- Arkansas Nuclear One Unit I (a Babcock and 

Wilcox plant) experienced an RCP seal failure 
,,while at power. Increased RCS leakage was 
noted by operators monitoring the makeup tank 
level. RCP instrumentation confirmed a problem 

with one_ pump's seals. -A load reduction was 
,,nmmnrnaed~ and the RCP was taken out of

Salem Unit I (a Westinghouse plant) was -service. Seal leakoff flow ircreased significantly 

heating up in preparation for a reactor startup. when the pump' was stopped. Reactor building 

The operator noted no seal flow to one of the pressure and radiation leveig also increased.  

RCP's and secured thepump. There were Approximately 64,000 gal of makeup water were 

indications that flow from the operating charging used to maintain the RCS inventory during the 

pump had been lost, so he started another pump. subsequent cooldown and depressurization for 

At this time he noted off-scale high leakoff flow seal repairs. The maximum leakage rate was 200 

from the secured RCP. The alarm computer also to 300 gpm. An inspection revealed that the 

indicated that the containment sump and RCS third-stage seal experienced gross damage. No 

drain tank pumps had started, indicating leakage .specific cause could be identified, though it was 

into the containment. The seal return isolation. suspected that the seal might have lost cooling 

valve for the suspected pump was shut in accor- due to a closed~bleedoff valve or that the seal had 

dance with procedure, and the remaining RCPs not been installed properly. It was concluded 

were secured due to the loss of RCS inventory. that the upper seal failed first and that debris and 

. A plant cooldown and depressurization was distortion caused the subsequent damage to the 

initiated. Before the plant was in -cold shutdown first- and second-stage seals.  

and depressurized, about 15,000 gal of reactor , .. .  

coolant was ,leaked to the containment. ;No, -In all,'hundreds of events involving RCP 

specific cause of the seal failure was identified. seal-related failures have been reported since 

,The seal package was replaced, but additional 1967, and the NRC has concluded that seal 

* problems with high leakoff-flow were experi- , failure is the leading cause of RCP outages and a 

enced during the subsequent heatup. It was significant contributor to the' risk associated with 

suspected that debris from the initial seal failure small loss of coolant accidents.  

was backflushed into the numberI seal because 
the operators normally left the leakoff isolation - - ' 

valves open during low pressure operations.
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4.3.4 Regulatory History 

NRC studies based on the 'occurrences of 
RCP seal failures at operating 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 coofant 
accident (LOCA) is a significant contributor to 
core damage in WASH-1400, the NRC has 
concluded that the o&;erall probability of core 
damage due to small breaks could be dominated 
by RCP seal failures. Generi6 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 particularly vulner
able to failure due ,to several of its design fea
tures. The film riding design of the number I 
seal makes it susceptible to sticking open and 
allowing higher than n6rmal 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 0-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.  

NUREGICR-5167, "CosilBenefit Analysis 
for Generic Issue 23:'Reactor Coolant Pump Seal 
Failure," issued in April 1991,'identifies several 
modes of RCP leakage that may be in excess of 
those assumed in licensee coping analyses for 
implementing the requirements of 1OCFR50.63,

the station blackout rule. Generic Letter 91-07, 
"GI-23, 'Reactor Coolant Pump Seal Failures,' 
and Its P6ssible Effect on Station Blackout," 
provided this information to licensees and re
minded licensees 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 provide 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 plaiit-specific considerations regarding RCP 
seals would result in the spending of excessive 
resources by some licensees without commensu
rate safety benefits. IN-42 fui'ther' noted that 
some lice'nsees are addressing the issue through 
the Individual Plant Evaluation Program and 
accident mainagement 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 high pressure injection 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-1 150 evaluated several accident 
sequences which include a seal failure. Most of 
the sequences ire 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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Figure 4.3-1 Reactor Coolant Pump
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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 
coolant accident (SBLOCA) for the following 
conditions: , - -

a.- Reactor coolant pumps ,(RCPs) tripped 
prior to the RCS draining to the break 

.. - - elevation. • . .  
. °b. RCPs tripped after the RCS has drained 

- to the break elevation. 
"c: . RCPs, remain running throughout the 

transient. 

2. Explain why it is advantageous to maintain 
the RCPs in operation during non-LOCA 
accidents.

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 
,Ginna plant 

Section 4.4.2 presents background discus
sions on plant conditions (i.e., normal operation, 
anticipated transients, and accident conditions) 
during which'an RCP trip may be required. A 
-, detailed -description of the RCP trip criteria is 
-provided in'section 4.4.3.  

4.4.2 Transient -Description . -" 

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

_.. State tne Dasis Ior tripping die RK-s uuiiii ., 

SBLOCA conditions. -.- The performance of the RCPs must also be 
considered, during the- anticipated -transients 

4. State the two criteria that must be satisfied postulated for plant design. For most of the 

prior to tripping the RCPs during an accident anticipated transients (Condition II events), the 

'scenario. - --- RCPs are assumed -to remain in operation 
- -_throughout the transient. However, in certain 

5. List the three alternative RCP trip parameters..- Condition II transients, the RCPs will be affected 

by the postulated transient. For example, a loss 

6. Discuss the bases for the three alternative-, 'of offsite power will impact the operation of the 

RCP trip parameters. -RCPs (and other equipment). The RCPs normal

' -' " .- i ly receive power from the unit turbine-generator 

7. Discuss the methodology used to select the and should remain fully powered for a load 

- appropriate alternative RCP trip parameter. rejectiontransient. -For certain types of loss-of

.- , load or turbine-trip transients, the RCPs would 

4;.4.1 Introduction , . . - be, switched to offsite -power automatically, 

S-. . - ,-,within 6 to 10 Hz. These conditions, too, should 

Tripping reactor coolant pumps under acci- -not result in any adverse impact on RCP opera

dent conditions has been under evaluation by the - ion. , - .
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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 III 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 
damage or challenges to the protective and/or 
safety systems.  

4.4.2.2 Accident Conditions 

-The performance of the RCPs during accident 
cohditions has been considered im 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 lorg-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 (LBLOCAs), 
-operation of the RCPs has little if any el 
during mitigation and recovery. During the ir 

.phases of.an LBLOCA, the RCPs are cont 
ously powered for some minimum time peric 

-avoid the possibility of RCP motor aversp 
since this could lead to the possibility of flyw 
-fracture and the attendant missile genera 
problems. For SBLOCAs, the primary con 
is related not to the mechanical stability ol 
components but rather to the RCS coolant in' 
tory and the impact on core heat removal.  

Following the accident at TMI-2, indu 
and NRC attention focused on the role of 
operation during SBLOCAs. The NRC is, 
IE-Bulletin 79-06, which required plant open 
to ensure continued operation of at least or 
the RCPs to provide forced cooling to the c 
Industry evaluation of this directive pointed 
conditions under which the SBLOCA condil 
-could be degraded rather than mitigated by 

--actions. The NRC then directed that RCP 
--tripped if indications-of a SBLOCA were 
tained.- The dialogue continued between 
NRC and the industry until the NRC-issu 
revised position in NRC Generic Letters 83 
and 10d. -Theseletters recognize that there 
certain accident conditions for which the R 
should be tripped, and others for which 
operation should be continued if possible. U 
either set of accident conditions, safety cri 
must be -met and maintained for those ev 
within the plant design basis.  

Extensive analyses have been performe, 
Westinghouse pressurized water reac 
(PWRs) to evaluate the effect of an RCF

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

the inghouse PWRs contain analyses of a spectrum 
Tect. of small break sizes in which the loss of offsite 
iitial power,- and thus, an RCP trip,' is 'assumed to 
inu- occur coincident with thereactor trip. In the 
id to WCAP-9584 study, a range of break sizes and 
eed, locations was considered assuming an RCP trip 
'heel at various times following break initiation.  
tion " -

cern Evaluation-of the cases included in the 
the,: WCAP-9584 study indicates two distinct charac

ven- -teristic behavior modes, depending on the RCP 
trip time. -This is illustrated in Figure 4.4-1, 
which presents integrated break discharge mass 

istry versus timefor various RCP trip times. The 
RCP change of slope of eachcurve'in Figure 4.4-1 
sued represents -a- shift in break flow-quality from 
ators nearly, zero (all water) to one (mostly steam), as 
ie of the RCS drains to the break elevation. Case A is 
-ore. ,the final safety analysis report (FSAR) three-in.
i out -, diameter break calculation for a three-loop plant 
ions design, in which an RCP trip'at the time of 
such reactor trip is assumed. For Case A, the RCS 
's be -drains to the break elevation and the break flow 
ob-- chafiges to all steam flow at approximately 575 

i.the seconds after break initiation. Cases B and C 
ed a represent scenarios in which the RCP trip occurs 
-10c :priorto the time the RCS drains to the break 
e are - -elevation. -,Figure .4.4-1 -illustrates that the 
.CPs difference in the total mass depletion is insignifi
RCP cant for these cases. Therefore, the liquid mass 
'nder inventory remaining in the RCS is also compara
teria ble, yielding -peak clad temperatures (PCTs) 
!ents -similar to the FSAR case results, which are 

below the regulatory limit of 2200"F..  

d for, Cases D through G represent scenarios in 
:tors ' which the RCPs remain running for times equal 
'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 ca'es, 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 i 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 
resuilts due to enhanded core cooling caused by
the high core steam flow rates'as'sociated 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 sh6uld 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-
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ed relief valves (PORVs), 
2. Prevent the formation of a stagnant water 

volume in the upper head region of the 
y vessel, which may flash and form a steam: 
bubble during the subsequent cooldown 
and depressurization, , 

3. Minimize potential pressurized thermal 
shock challenges, and 

4. Minimize operator actions such as trip
ping the RCPs and then restarting them 
later.  

.The NRC has required development of RCP 

trip setpoints based on parameters which allow 
the operation of some (or all) of the RCPs during9 

o those accidents which will benefit -from RCP 
operation, yet result in a trip of the RCPs for 
SBLOCAs and other accidents which require it.  

-4.4.3"RCP Trip Criteria 

_ The RCP-trip criteria have been developed 
.and incorporated into the emergency operating 

proceduress to require RCP trip when required

.condition is not met, the RCPs should not be 
tripped regardless of whether the plant parame
ters indicate that a trip setpoint has been reached.  
Analysis has shown that if the SI system is not in 

-,operation, the RCPs can be operated to provide 
core heat removal.; For SBLOCAs with the high
head safety injection pumps not in operation, the 

- RCPs continue to provide core heat removal via 
the break and the SGs. -With the RCPs running, 
the RCS can safely be depressurized to the point 
where the accumulators and the low-head safety 

:injection pumps can ensure core heat removal 
-before symptoms of inadequate core cooling are 
exhibited. If the RCPs are tripped during the 
RCS depressurization because of a loss of offsite 
power or other_, support condition, the 
depressurization rate can be increased to the 

-maximum rate to obtain the benefits of injection 
from, the Laccumulators and low-head safety 
injection pumps sooner.

4.4.3.1- Alternative RCP 
ters - -

Trip Parame-

(e.g., inresponse 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 

two fundamental parts: ensure that the RCPs are tripped early during a 
•oe o f s y small-break LOCA.--- However, the use of an 
S1. ýSuccessful 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 reaching critical tor tube rupture or other non-LOCA accidents for 

setpoints. which it is desirable -to keep the RCPs running.  
Therefore, itis desirable to have an RCP trip 

In the Westinghouse emergency operating :-, parameter and setpoint which 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- which a pump trip is required, but do not lead to 

sized too strongly that a fundamental condition --apump trip formost SGTRs and non-LOCA 

--which must be satisfied for an RCP trip during accidents. Tripping the RCPs for an SGTR or 

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

: - pressure SI pump be in operation and capable of criteria.. The design of plant safety systems and 

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

In NRC Generid 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 demonstratihg' and justifying that the 
proposed RCP trip parameters and setpoints are 
adequate for SBLOCAs, but would not result in 
an RCP trip fo- 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 wher6 the break would be 
uncovered if the RCPs were tripped. Parameters 

,that are indicative "of, decreasing RCS coolant 
inventory should be suiitable for use as potential 
RCP trip parameters. The'evaluation of alterna
tive lCP trip parameters' was limited to parame
ters which could' be measured with existing 
qualified instrumentation." The alternative RCP 
trip parameters which have bien evaluated are 
RCS pressure, react6r'&oolafit subcooling, and 
steam-generator-pressure-depiendent RCS pres
sure.  

In establishing 'the setpoint for any of the 
potential RCP trip parameters, the uncertainty in

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 to'the worst case post-accident condi
tions.  

Although a large LOCA or secondary break 
inside containment may result in adverse contairn
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 containiment conditions, even 
for those plants in'which the condenser air ejector 
exhaust is diverted to the containmeht 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 ope-ration 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 
cause the break to immediately uncover. The 
break cannot be uncovered until the steam gener-, 
ator tubes have begun to drain. Also, the steam.  
-generator -tubes cannot begin draining until 

-,--saturation pressure is reached at the top of the 
steamgenerator tubes., Only then can steam 
reside in the top of the steam generator tubes and 

-volumetrically compensate for the falling liquid 
level. 

Therefore, the objective is to establish an 
RCP trip setpoint which is indicative of satura
tion pressure being-reached at the top of the 
steam generator tubes. The determination of this 
saturation pressure depends on the conditions in 
the primary system, the conditions in the steam 
generator secondary side, and the location and 
accuracy of the instrumentation used.  

A bounding decay heat generation rate at two 
minutes after a reactor trip from full power will 
be used to~determine the primary system condi
tions. The value ,of decay heat atthis time is 

" ,about 3.5,percent of full reactor power. The 
RCP heat input to the primary system should also 
be included. -With the RCPs operating, the 
primary system is able to transfer the 3.5 percent 
decay heat and RCP heat input with a very small 
change in the reactor coolant temperature across 

. the core. However, the actual temperatures in the 
RCS will depend on the conditions in the steam 
generator secondary side.  

The pressure in the steam generator second
ary side will depend on the availability of the 
condenser for steam dump operation and the 
operability of the secondary PORVs. The 
highest pressure in the steam generator secondary 
side will occur if the condenser is not available, 
the secondary PORVs are not operable, and the 
steam generator secondary 'side pressure is

established by the safety valves.. These are the 
steam generator secondary side conditions that 
will be used to determine the RCS pressure 
setpoint for an RCP trip because they result in the 
.highest possible saturation pressure during a 
I small LOCA. -Therefore, the steam generator 
pressure is assumed to be established by the 
steam generator safety valve set pressure.  

The RCS pressure setpoint that is determined 
from this steam generator pressure is developed 
'in accordance with the following considerations.  
The -RCS wide-range'pressure used for this 
purpose is normally -measured in the hot leg.  
There is -a pressure drop between the RCS 
-pressure measurement location and the top of the 
steam generator tubes (where the occurrence of 

--saturation is key), a pressure difference across 
- the steam generator tubes due to the temperature 

gradient required for heat transfer, and a pressure 
, drop from the top of the steam generator tubes to 

the steam generator safety valves., Thus, the 
RCS pressure for RCP trip should be the pres
sure establishedby the steam generator safety 
valves plus the calculated pressure differential 
from the steam generator safety valves to the 
RCS pressure measurement location..  

"The. appropriate instrument uncertainties 
-should be added to the RCS pressure value 
established by the above procedure. For normal 
containment conditions, the normal instrument 

* uncertainties should be used, whereas with 
adverse containment conditions, the instrument 
,uncertainties associated with post-accident 

- containment conditions shouldb6e used. The 
* resulting two pressures are the RCS pressure 

setpoints at which the operator should trip the 
reactor coolant pumps, depending upon the 
containment conditions.
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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 bieak 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 withRCS 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 used. 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 

prior to the time when a trip is actually required.  

The results of the small-break LOCA analysis

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 considered. The 
design-basis steam line break was defined as an 
unisolable break approximately 4.5 in. in diame
ter in one steam line, which isequivalent to one 

* steam generator PORY falling open. -For the feed

"demonstrate that the three alternative RCP trip, line break,,a -full double-ended rupture of one

RCS/steam generator AP) are essentially equiva
lent in providing an effective indication to the 

- operator to trip the RCPs during a'small-break 
"- - 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,

-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 anRCP trip for these accidents.

tme time me K.P mp setpoint is reacnea anu we M
time wýhen a trip is required. This was demon- It should be noted that the objective of the 

strated for each -of the RCP trip parameters SGTR and non-LOCA analyses was to consider 

without adding any instrument uncertainty in -these design-basis accidents with realistic as

-determining the RCP trip setpoints. Each of the sumptions to enable the development of an RCP 

alternative RCP trip parameters will satisfactorily trip parameter which would provide reasonable 

indicate the need for an RCP trip during a small- assurance of continued RCP operation for these 

"break LOCA with the instrument uncertainties accidents., It is .possible -that various other 

based "on either normal or adverse containment - accident conditions could result in more limiting 
"conditions. Because each of the alternative RCP parameter values than those obtained from these 

-trip paramnters is prov ides a timely indication of analyses.. However, the design-basis accidents 

the need for a trip during a small-break LOCA, which were defined for the analyses, combined 

- the choice-of which one to implement at a given with the conservatisms which are incorporated in 

plant may therefore be based on its discrimination the analytical model, provide assurance that the 

capabilityfor SGTRs and non-LOCA accidents, analysis results will be bounding for most SGTR 

and on other plant specific instrumentation and non-LOCA events. It would noi violate any 

considerations. . . - safety criteria if the RCPs are tripped during an 

-.... -SGTR or non-LOCA event, since the plant safety 

- For the SGTR and -non-LOCA events, systems.are designed to handle those accidents 

design-basis accidents were defined and analyses '.with a loss of offsite power and,.,therefore, with 

were performed to determine the behavior of the - an RCP trip. It is desirable, however, to ensure 

alternate RCP trip parameters. -The design-basis that the RCPs remain operating during most of 

SGTR was defined as a double-ended rupture of the expected cases of these accidents, so that the 

"one steam generator tube on the outlet side of the operator can retain normal pressurizer pressure

- -. - ---.-- - nnf 
- - KCV u�yn
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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 
plaints. The RCS pressure, RCS subcooling and 
RCS/steam generator AP values were calculated 
for a total transient time of 10 minutes from the 
event initiation, and the mini'mum values of these 
parameters were determined for each transient.  
The transient time of 10 minutes was considered 
to be: a reasonible 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 auxiliary feedwater flow to the 
steam generators results in agradual cooldown of 
the RCS during the design-basis SGTR. This 
co6ldown causes some of the potential RCP trip 
parameter values to continue to slowly decrease, 
such that their minimums are not reached during 
týe 10-minute period. However, in accordance 
with the emergency operating procedures, it is 
expected that operator action will be taken within 
10 minutes during a'a design-basis SGTR to 
throttle the auxiliary feedwatir 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 approximately 
equal to the break flow rate. Thus' it is expected 
that the minimum values of the RCP trip parame
ters calculated for the i0-minutie'trinsient period

conservatively bound the expected values for the 
design-basis SGTR.  

The SGTR generally 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-

Rev UZ9b 
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lOc and lOd.  

Itis noted that the setpoint for the I 
pressure parameter is dependent on the st 
generator, safety valve set pressure. In addi 
the setpoints for each of the parameters 
dependent on the instrument uncertainties as.  
ated with that parameter, which are plant spe4 
These considerations result in different setp( 
for each of the parameters for most of the pl; 
The results in Table 4.4-1 also show that the 
a significant variation in the minimum value 
the potentialRCP trip parameters betweer 
different plants. Based on these results, 
expected that some of the plants can demons 
an acceptable discrimination capability to pre 
an RCP trip for SGTRs and non-LOCA acci( 
with any of the three alternative parame 
whereas some of the plants will only be ab 
demonstrate an acceptable discrimination car 
ity with one or two of the parameters. There 
"also be other plant-specific considerations, 

-as instrument qualification, operator traii 
-- human factors, etc., which could influenci 

selection of the RCP tripparameter. Thi 
would not be practical to generically selecl 
parameter which would provide the reqi 
discrimination and also be the most suil 
choice for all of the plants.  

On this basis, it was decided that each t 
would evaluate the discrimination capabili 
the parameters and then determine which 
trip parameter should be used for its plant.  
RCP trip setpoints for the alternative RCI 

-,parameters can be determined for each o 
plants based on the plant design and instru 
uncertainties. The RCP trip parameter setl 
for each plant can then be compared wit 
minimum values ,of RCS pressure, 
subcooling, and RCS/steam generator pre 

,,differential to determine which of the criter

effective in preventing an RCP trip for SGTRs 
and non-LOCA accidents. The utility can then 

RCS. select the most suitable parameter for its plant 
.earn ,based on this information and any other plant
tion, specific considerations.  

are .  

;oci- As an example, the RCP trip setpoints have 
tific. been determined for a sample plant and are 
)ints compared with the limiting SGTR and non
ants. LOCA .accident results in Table 4.4-2. The 
re is sample plant is a three-loop plant with a high 
-s of pressure safety injection system, type 51 steam 
1, the generators (tube I.D. of 0.775 in.), and a no-load 
it.is temperature of 547"F. The limiting results of the 
trate SGTR and non-LOCA analyses for the sample 
,vent -plant are the same as those presented in Table 

lents 4.4-1 for the Farley, North Anna, Surry, and 
ters,, Beaver Valley plants. The RCP trip setpoints for 
le to the sample plant were determined for both normal 
labil- and adverse containment conditions. The RCP 
may trip setpoints presented in Table 4.4-2 for the 
such - sample plant are intended only as, an example, 
[ling, rand are not intended to represent recommended 
e the values for use by any plants, since only typical 
is, it instrument uncertainties were used. As shown in 

one Table 4.4-2, the minimum RCS pressure from 
uired the SGTR and non-LOCA analyses is less than 
table the corresponding RCP trip setpoint with normal 

containment conditions, whereas the minimum 
RCS subcooling and RCS/steam generator 

itility, pressure differential are greater than their respec
ty of "'tive RCP trip setpoints with normal containment 
RCP,.,. conditions.- Thus, for the sample plant, the use 

The -of the RCS pressure parameter would not be 
P trip, effective in precluding an RCP trip for the 
*f the design-basis SGTR and non'-LOCA events and 
ment would not meet the discrimination requirement in 
ioints,. Generic Letters 83-10c and 10d. However, the 
h the .'use of either the RCS subcooling or the RCS 
RCS /steam generator pressure differential parameter 
:ssure would effectively ,pr'eclude an RCP trip for 
ia are -SGTRs and non-LOCA accidents for the sample

.'--- nA�he 
R�ev usI3 
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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- are 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 determinining 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 establisfied by determin
ing the pressure setpoint for that valve in 
which the calculated steam relief is less 
than 60 perceht of _the valve's relief 
rating. If the calculated steam relief is 
greater than' 60 perceni of the rated 
capacity, then the next highest pressure 
setpoint should be used; 

2. RICS Pressure: The RCS"pressure for 
RCP trip should be the secondary pres
sure as established by step 1 above plus 
the calculated pressure difference 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 4.4-12 Rev 0296
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Q = Core Power (Mwt) x (Decay Heat Fraction) 
Number of Loops 

+ RCP Heat 

-For a three-loop; 2785-MWt plant, wit] 
2775 MWt core power and 10 MWt RC] 
heat input: 

Q=(2775 MWt x 0.035 + 10 MWt) x 
3 Loops 3 Loops 

3412141 B3TU 1.218 X 108 BTU 
MW-hr . hr-Loop 

For conservatism and ease of calculatioi 
assume that the heat input will be used I 
evaporate saturated water in the steai 
generator shell: 

STEAM FLOW RATE PER LOOP, 

M= 
Latent Heat of Vaporiztion (Hfg) 

where Hfg is chosen at the lowest safel 
valve setpoint pressure. For a three-loo 
2785-MWt plant with type 51 steai 
generators and a 1100-psia shell desiE 
pressure, the lowest safety valve setpoii 
can be no higher than 1100 psia. Ther 
fore:.  

M=1.218x 10S BUhr-Lm = 

-631.5 -BTU/Ibm 

1.929 X 105 ibm 
- hr-Loop 

For such a plant, the rated steam flow 
100 percent power is about 4.04 X 11 
lbm/hr-Loop, so the above calculati'

, yields 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 operating. Some 

"plants have one or more RCP motors 
h powered by the station turbine-generator.  
P Subsequent to the turbine trip, this power 

S- 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 

n, • - pressure, and latent heat of vaporization 
:0 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 

-y 60 percent of the cumulative capacity of 

p9 - those valves.. Since a typical safety valve 
mr .,relieves about 20. percent of the rated 
n . • steam flow for a given loop, it is expected 
nt -. that the steam flow derived in step 2 will 
"e- 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 100 psia'(1085 psig). Each utility 

must use the capacities and set pressures 
of its plant's safety valves in this determi

-' -- nation. , : ....  

at':- 4. Uncertainties on the Steam Generator 
06 Safety Valve Opening Pressure: While the 
on - - safety valve in the above example is set to

KCV UAYO 
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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 onw 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.  

5. AP Between the Safety Valves and the 
Steam'Generator Shell: Since the pressure 
6f 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. Typkally, this AP for 
rated steam flow is about 20 - 30 psi. At 
five percent of rated steam 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.  

6. AP Across Steam Generator Tubes: 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 ae operating. Some plants have 
one or more RCP motors powered by the 
station turbine-generator. Subsequent to 
a 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 calculation.  

The LMTD for the above determination 
can be rigorously calculated or can be 
conservatively estimated using the fol
lowing simplified method.
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The LMTD is calculated using the fc 
ing equation: 

(Thot-Tcold) 

[ (Thot- Tsec 

,(Tcold-Tsc) 

"where: Thot-Vessel Outlet Temperature (*F 

Teod=Vessel Inlet Temperature (*F) 

Tscý=Secondary Steam Temperature 

-The reactor coolant AT (Thot -Tc 

3.5% power is calculated by: 

AT3.5%power = ATFull Power x Power Fractio 

where: ATFull Power = "Thot - Tcold (from 

power calc.) 
I .NSSS Power @ 

Power Fraction= NSSS Power @ 

"NSSS Power @ 3.5% 
Core Power x 0.035 + RCP Heat Input 

"If itis conservatively assumed t] 
3.5% power: 

'Tcold 'sec + AT35%Power then: 

Thot = Tcoid + AT3.5%Power = -

Ts"c +2AT3i.5%Power' 

'Substituting these valuei into the I 
equation gives: 

M 3 AT3.5% Power 
LMTD 3.5%Power = In 2 

"1.433 AT3.5% Power

The LMTD at 3.5% power can be conser
vatively estimated using this relationship.  
It should~be noted that the estimated 
LMTD using this method is not depen
dent on the secondary steam temperature.

7. AP-Between 'the- Wide-Range RCS 

Pressure Insriiument and the Top of the 
Steam'-Geneiator Tubes: The reactor 
coolant pressure'drop across a typical 

C(F) steam generator is 30 - 40 psi. Also, 
"theie is a'small Al' between the pressure 

old) at ' 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 

100%, the final RCP trip setpoint pressure to 
account for this. A value equal to half of 

3.5% the total steam generator pressure drop 

100%- during normal operation is adequate (i.e., 
20 psi). Each utility must determine its 
plant's normal steam generator AP. The 

elevation 'change pressure drop between 
the, RCS pressure measurement location 

hat, at -. and the top of the steam generator tubes 
(typically 10 psi) should also be included.  

- , This results in a pressure drop of 30 psi 

",.for the sample plant.  

8. Any Other Factors: If there are any other 
factors which would make the RCP trip 
setpoint pressure, as indicated by the 

LMTD " RCS wide-range pressure instrument, not 
appropriately reflect saturation conditions 
in the top of the steam generator, they 

. should be included."

- KCV U�Yn 
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9. Nominal Sample Calculation: 

a. Set pressure of chosen steam generator safety 
valve (step 3 above) , 1085 psig

b. Other factors: 
i) 3 percent accumulation pressure 

(step 4 above) 
ii) Steamline AP (step 5 above)

33 psig 
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 

c. RCP trip pressure for sample plant: 1176 
psig.  

1O.Wide-Range RCS Pressure Indication 
Uncertainty: To the 1176 psig from step 
9.c, the 'uncertainty in the wide-range 
pressure indication should be added. The 
normal instrument'uncertainty should be 
used to determine the RCP trip setpoint 
for normal containment conditions, and 
the instrument uncertainty based on post
accident containment'conditions should 
be used to determine the setpoint for 
adverse containment conditions.  

The instrument iuncertainties are plant 
specific and must be calculated by each 
utility for its respective plant. The 
instrument uncertainties have been 
determined for the sample 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-

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 where 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.
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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.

a ~ T~ E~nZ
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TABLE 4.4-1 Limiting Results of SGTR and INon-LOCA Analysis 

PLANTS,: MINIMUM RCS MINIMUM RCS MINIMUM: 
- ,_PRESSURE (psig) SUBCOOLING (-F) RCS/SECONDARY 

DIFFERENTIAL 
PRESSURE (psi) 

Vogtle I and 2 1738 58 685 
Seabrook I and 2 
Millstone 3, 
Callaway 1 
Wolf Creek 1 

Byron I and 2 1683 57 ''66-9 
Braidwood 1 and 2 
McGuire 1 and 2 
Catawba 1 and 2 
Marble Hill 1 and 2 
Watts Bar 1 and 2 
Comanche Peak 1 and 2 

Trojan 1 1511 52 535

Zion I and 2 1482 61 604 

Diablo Canyon 2 1458 57 564 
Salem 1 and 2 
Sequoyah 1 and 2 

Cook 1 and2 1428 55 542 

Diablo Canyon I 

South Texas 1 and 2 1544 40 453
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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 (TF) RCS/SECONDARY 

DIUFERENTIAL 
PRESSURE (psi)

Indian Point 2 

Indian Point 3 

Virgil Summer 
Shearon Harris I and 2 

Farley 1 and 2 
North Anna I and 2 
Surry 1 and 2 
Beaver Valley 1 

Beaver Valley 2 

Robinson 2 
Turkey Point 3 and 4 

Prairie Island 1 and 2 

Kewaunee 

Ginna 
Point Beach 1 and 2 

Connecticut Yankee 
San Onofre 
Yankee Rowe

1175 

1196 

1421 

1219

1132 

1232 

1348 

1238 

1166

31 

32 

51 

37

30 

31 

39 

38 

29

Results were not obtained for these plants
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278 

309 

389 

361 
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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 OF 350psi 

and non-LOCA transients 

SBLOCA - RCP trip setpoint with 1266 psig 17 °F 157 psi 

normal containment 
conditions 

Does criterion meet No Yes Yes 

discrimination requirement 
in NRC letters 83-10c and 10d 

SBLOCA - RCP trip setpoint with 1566 psig 59 OF 451 psi 

adverse containment 
conditions 

*Sample plant: 3-loop plant with high pressure SI system, type 51 steam generators (tube I.D. = 

0.775 inches), and no-load Tayg = 547 F.

4.4-Al

Reactor Coolant Pump Tripping Requirements
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4.5 STEAM GENERATOR TUBE 
DEGRADATION AND 
INSERVICE INSPECTION 

Learning Objectives:

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 occupational radiation exposure.

1. Describe the following types of steam genera- The primary safety goal for steam generator 

tor tube degradation and their effects on the tubes is that they retain adequate structural and 

tubes: * leakage integrity over the full range of normal 
. operating, transient, and postulated accident 

a. Denting conditions. To ensure that each~plant~can be 
b. Fretting - . operated safely, the plant technical specifications 

.c. Pitting(1) place limits on primary and secondary system 
d. Wastage activity and on primary-to-secondary leakage, (2) 
e.- Intergranular attack , -contain requirements to periodically perform 

"f. Stress corrosion cracking - inservice inspections of the steam generator tubes 
-- ,(typically with eddy current testing [ECT] meth

,2. Define the following terms: ods), and (3) dictate theextent of tube degrada
-. • tion for which tube repair is required. Two tube 

"a. Degraded tube " repair techniques are authorized: tube plugging 

b. Defective tube and tube sleeving_(if the NRC has approved tube 
c. Repair limit sleeving for-a particular. plant's steam genera

tors). ., .

-. 3. Discuss the following types of steam genera
".tor repairs and when they are used: 

a. Tube plugging 
b.. Tube sleeving 

Xc. . Steam generator replacement 

'4.5.1 Introduction 

Steam generator tubes in pressurized water 
reactor (PWR)_plants have exhibited a variety of 
tube degradation mechanisms as a result of 
corrosion, mechanical conditions, or both.  
Corrosion and mechanically induced damage are 

caused by. complex interactions of water chemis

try, thermal-hydraulic design, materials selection, 
fabrication methods, and operating conditions.  

Various types of corrosion have affected'steam 

*generator tubes fabricated from mill-annealed

All commercially' 6periatiig Westinghouse
designed steam generators are vertical shell 
recirculation-type units.. Early-generation steam 
generators have feed rings above the tops of the 
tubes, while some later-generation steam genera
tors have lower-entryofeed nozzles and preheater 
sections in the tube bundle regions." Figure 4.5-1 
shows atypical Westinghouse steam generator.  
The use of drilled tube support plates, shown in 
Figure 4.5-2, in eirly-generation Westinghouse 
steam generators is significant because several 
forms of degradition occur in'the annular spaces 
between the steam generator tubes and the drilled 
support plates."Newer steam generators have 
tube support plates of different designs (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

- - - - - A � D�.. ��'Yfl� 
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degradation to occur.  

All currently operating Westinghouse steam 
generators contain tubing manufactured from a 
nickel-based alloy (alloy 600 or alloy 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 geiierators 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 generitors 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 corrosion-related damage.  

4.5'.2 Types of Steam Gineraior Tube 
Degradation 

The primary modes of steam generator tube 
degradation that have been observed are defined 
in the following paragraphs. and illustrated in 
Figure 4.5-3. The term "degradation" refers to 
any chemical or mechanical mechanism affecting 
a tube's integrity. As noted above, the corro
sion-related degradation mechanisms primarily 
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 concentrited 
in low flow' areas.  

Degradation experience at Westingl- ase 
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'plastic 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 chemistry 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 replacement steam generators, the model F steam 

water chemistry developed dents. generators, and some model D and E steam 
generators contain ferritic stainless steel support 

Many Westinghouse steam generators have plates.  

exhibited denting. In the mid-to-late 1970s, .  
excessive denting of tubes near tube support, Recent denting has been noted at plants that 

plates resulted in (1) primary-to-secondary leaks , currently have steam generators with carbon steel 

as a consequence of SCC which initiated primari- , ,support plates, although the denting is minor, as 

ly from the inside (primary-side) surfaces of discussed above. Nevertheless, axially and 

dented tubes, (2) cracking of tube support plates, circumferentially oriented SCC continues to 

and (3) the inability to pass standard-size inspec- occur at dented locations. Axially oriented SCC 

tion probes through tubes. In some instances, generally initiates from the inside of a tube, and 

steam generators were replaced as a result of , circumnferentially oriented SCC generally initiates 

extensive denting. Steam generators with carbon from the outside of a tube. -'In a few instances, 

steel support plates are potentially susceptible to circumferentially oriented,SCC that has initiated 

denting if sufficient condenser in-leakage occurs, from the inside of a'tube has been reported.  

because denting is caused by the formation and 
concentration of acid chlorides in the crevices 4.5.2.3 Pitting 

between tubes and tube support plates'. Because 
copper oxide has been demonstrated to act as a Classical pitting is generally c6nsidered to be 

catalyst for denting-related corrosion, plants with a localized form of general corrosion resulting 

copper in their secondary systems are even more * from nonuniform'corrosion 'rates caused by the 

susceptible. -formation of local Corrosion cells.' 

Denting is presently not a major threat to Minor shallow pitting (i.e., 'an occasional 

operating steam generators as a result of im- isolated pit) has been seen in several tubes 

proved water chemistry and secondary system,, removed from service for destructive examination 

improvements. Furthermore, the denting seen in sinice the 1970s. This pitting was not detected by 

the field today is relatively minor compared to. ECT methods and was of such a small size that it 

that of the 1970s, in' that the extent of tube did' not constitute a concern for primary-to

deformation is much less, and that'standard-size,,- secondary leakage. " 

,probes can typically be 'passed through dented 

tubes. The improvements in water chemistiy Major pitting was first seen'at Indian Point 
nimpurity levels.. Unit'3 in '1981; wlhere m'ore 'than :1000 tubes 

include more restrictive limits on levels..,, Secondary system improvements irilude the wer'e found to be affected. " This pitting was 

-replacement of copper-bearing components, the readily detected with ECT methods against 

replacement ofcondenser tubes to reduce 'the 'b'ackgiound signals similair to those obierved in 

potential for leakage, and, in the newer stearh" labor'atory" tubes containing surface copper 

generators, the installation of tube support plates -deposits. It was confined to t6 cold-leg'side of 

(broached-hole and lattice-grid suppo6rt plates) the tube b'undle and conceintrated within'a range 

constructed from stainless steel, a more corro- of 6 to 20 in. above the tube' het, with decreas

sion-resistant material. The Westinghotise"' ing degradation 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 chemistry control and 
design changes in seconfdary systems (e.g., 
replacement of copper-bearing components and 
installation of titanium-tubed main condensers), 
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 material caused by 
excessive rubbing of a tube against 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 b"r (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 incorporated, into later-generation 
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 
originial 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-generation 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 to IGA and to'eventual SCC of the alloy 600 
tubing. Corrosion (IGA and SCC) in tube-to
tubesheet crevices has occurred in steam genera
tors at a number of plants (Kewaunee, Point 
Beach Unit 2, Piairie Island Units I and 2). This 
corrosion has necessitated extensive sleeving 
activities at these plants.
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4.5.2.6 Stress. Corrosion Cracking 

Intergranular stress corrosion cracking' 
(IGSCC) of stressed tubes, without reference to 
a causative chemical agent, isa term used either 
to encompass a number of known IGSCC 
mechanisms or to indicate that the chemical 
causing the.corrosion is unknown. IGSCC

Axially oriented SCC hasbeen detected at 
several locations on steam generator tubes: at the 

texpansion transitions. in tube-to-tubesheet 
crevices (in steam generators with partial-depth
"expanded tubes), in sludge piles, where tubes 
pass through tube support plates, in the U-bend 
portions of tubes.(tubes with small-radius U
-bends), and in tube freespans. o

generally consists oi one or mur miuajr c' . .s 
with minor to moderate amounts of branching. The small-radius.U-bends in the first two 

These cracks can be either axially or rows of tubing -in several models of Westing
-circumferentially oriented (or both) and are house steam generators (e.g., models 51and D) 

sometimes associated with IGA. A combination -have exhibited 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 is sometimes the transitions between the U-bends and the 

referred to as "mixed-mode" cracking. Through,--,, straight-span portions of the tubing. In 1976, 

-, .oout this section, the term "SCC" denotes IGSCC. ,PWSCC at the U-bend ape•x caused an axially 
oriented tube rupture in one of the original Surry 

"Caustic stress corroiion cracking (CSCC) is Unit 2 steam generators, witha resulting prima

the term used when the specific SCC causative ry-to-secondaryleak rate of 330 gpm. 'The high 

agent ha been identified as a caustic material. stres in the U-bend of the cracked tube resulted 
"from tube support plate deformation caused by 

SPrimary water stress corrosion cracking denting. Due in part to difficulties in inspecting 

(PWSCc) is the term used to identify SCC that this region with conventionil (bobbin coil) ECT 

'initiates from the primary side (inside) of steam 'methods in the 1970s and early 1980s, several 

generator tubes. The causative agent for this type utilities plugged all the tubed in ibro 1 of their 

of corrosion is unspecified. ,,steam generators as a preventive measuire.- With 
-the development of a' technique'to heat treat the 

Outside diameter stress corrosion cracking tubes in this region to reduc-e the residual stress

(ODSCC) is the term used to identify SCC on the es, some utilities have heat treated -the 'small

secondary side _(outside) of steam generator radius U-bend portions of tubes in rows 1 and 2 

"tubes. When this term is used, -he specific to pyrovide resistance to SCC at theseý locations.  

causative agent is either unspecified or unknown As a resultof applying this heat-treatiment tech

(i.e., bulk water chemistry analysis-does not nique, some utilities have recovered tubes that 

indicate the presence 'of 'free caustic, -so the hd been preventively plugged, thereby allowing 

corrosion mechanism cannot be identified 'as them to be returned to service following satisfac

CSCC). toiyECT ifiipeciti6ns of the entire tubes.  

"•*. - SCC is the dominant degradation mechanism, Aii6th!ercategory of U-bend ciacks is SCC in 

-' affecting steam generator tubes in the U.S.'-, .thc transition areas'between the U-bends and 
toa .... .... " straight portions of tubing. These •r•cks have 

etoday. seal been - - osedtpns ichvo 
" genierally been observed at plants which have not
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experienced denting. This tangent-point 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 steam generators 
at a number of plants (e.g., Braidwood Unit 1, 
Byron Unit 1, and Catawba Unit 1). This 
phenomenon has affected primarily model 51 and 
D steam generators, which have mill-annealed 
alloy 600 tubes. Due in part to the complex 
nature of this form of degradati'on, 'tiube-repair 
criteria based on ECT *voltage indications (rather 
than length-based or depth-based repair criteria) 
have been developed for licensees to use, subject 
to NRC review and approval, in evaluating the 
stiuctural and leal~age integrity of affected tubes, 
as discussed in Generic Letter 95-05, "Voltage
Based Repair Criteria for Westinghouse Steam 
Generator Tubes Affected by' Outside Diameter 
Siress Corrosion Cracking." 

Axially oriented ODSCC has also been 
detected in the freespan regions of tubes at 
various elevations*. This'mechanism has affected 
the steam generators at 6nly a few plants to date 
(e.g., McGuire Units I and 2' Farley Unit' 1, and' 
Point Beach Unit 2). In the 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 crackingat Point Beach Unit 
2 and Fariey Unit 1 was locaited in thte hot-leg 
portions of the steam generators and, to'date, has 
only affected a few tubes.

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 Iand 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, 
"Circurmferential Cracking of Steam Generator 
Tubes." 

Circumferentially oriented inside- and out
side-diameter SCC at tube expansion transitions 
is currently a major issue for the indust'ry, 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 trbes by sleeving, and in 1996, 
when approximately 3500 tubes were found to 
have circumferentia indications. The licensee for 
Byron Unit I removed 10 tubes for destructive 
examination in 1995 to characterize the nature of 

'the degradation aind to assess inspecti6n capabili
ties. These tests indicated that the circumferential 
indication's were attributed to small 
circumferential c racks that were not coplanar and 
were separiated 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 h.ave 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 cracking has generally initiated from 
the outside diameters of tubes, and only a limited 
number of tubes has been affected. In the early

..to-mid-1990s, -such circumferential indications 
were detected by eddy current examination at 

".•Sequoyah Unit 1,'Nortl Anna Units 1 and 2 

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

Diablo Canyon Unit 1. Destructive examination 
* - of tubes removed from the North Anna and 

Diablo Canyon Unit 1 steam generators, con

firmed the nature 'of the- indications as 
circumferential SCC.  

-Circumferential indications have also been 
-,- detected in the parent tubes associated with sleeve 

Sjoints.. These indications have been detected 

most often in tubes with Westinghouse hybrid 
expansion joint (HEJ) sleeves (circumferential 
SCC initiating from the inside diameters of the 

parent tubes with a segmented noncoplanar.  
morphology), but have also been detected in 

-.tubes with Babcock & Wilcox (B&W) kinetically 
welded sleeves (circumferential PWSCC) and in 

tubes with Combustion Engineering (CE) tung

sten inert gas (TIG) welded sleeves (fabrication
induced circumferential and volumetric defects 
that were not attributable to SCC). These types 

of sleeves are further described in Section 

4.5.3.3. -

. As a preventive measure, tubes with B&W 

, kinetically welded sleeves have been iemoved, 
"-from service atseveral planis bypligging the

tubes. This action was taken as a result of the 

PWSCC phenomenon that resiulied in'a tuibe leak: 

at McGuire Unit 1 (Infor~mation'Notice 94-05, 

"."Potential Failure of Steam Generator Tubes with 

-- - Kinetically Welded Sleeves'')., As of 1996, onfly.  

one plant, Arkansas Nuclear One Uniit2, has 

steam generator. tubes .with B&W kinetically

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 Unit 1, and Zion Units 1 
and 2).  

Table 4.5-1 lists the more recent steam 

'generator tube leaks'which have occurred at 
Westinghouse-designed plants.  

.4.5.3"Steam Generator Inservice Inspec

tions 

The program for inservice inspection of 
,steam generator tub•s,'as presented in earlier 
versions of the Westinghouse Standard Technical 

Spe.cifications, i a modificati on of Regulatory 

"Guide 1.83, "Inservice Inspection of Pressurized 

Water Reactor Steam Generator Tubes." It is a 

program designed to provide' more extensive 
inspection of steam generators W-ith evidence of 

'.tube degradation. Table 4.5-2, which is similar 

to tables appearing in many plants' technical 

"specifications,' outlines the inspection require
ments. A degraded tube has a wall thickness 
reduced in excess of 20% but less than the 
plugging/reoair 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' retirned to 

service followv ing an in'spection. A" tube with an 
uimperfection ilhatexceedls the technical specifica
tiori plugging/repair limit is considered to be a 

"defective ,tube. The terms "plugging limit" and 
"repair limit" tend to be used inier6haangeably; 

"however, 'repair limit" is more suitably used for 
those'plants where tube sleeving is authorized by 

the'NRC.

The NRC has approved modified versions of

D.', fl70d
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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 rýesults into the' C-I, C-2, or 
C-3 categories (these categories aie defined in 
Table 4.5-2). This form of inspection therefore 
diktinguishes between random and deterministic 
forms of degradation.  

At present, technical specifications for 
nuclear power plants require thatý inservice 
inspections be performed-every 12 to 40 months, 
depending on the conditions of the steam genera
tor tubes. In cases' where the degradation pro
cesses are highly- active, inspections are per
formed at even more frequent intervals (typically 
referred to as mid-cycle inspections). Require
ments for plants committed to customized techni
cal specifications may vary from those described 
in this section.  

4.5.3.1 Technical Specification Bases 

The surveillance requirements for the inspec
tion of steam generator tubes ensure that the 
structural and leakage integrity of this portion of 
the reactor coolant system, is' Maintained.  
Inservice inspection of steam generator tubing is 
essential in order to maintain'survieillance of the 
conditions of the tubes in the eý'ent that there is 
evidence of mechanical damage or progressive 
degradation due to design, manufacturing errors, 
or inservice conditions that lead to. corrosion.  
Inservice inspection of steam generator tubing 
also provides a means of characterizing the nature 
and cause of any tube degradation 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 accident 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; aind (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 bý Regulato
ry Guide 1.121, "Bases for Plugging 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, limitsi are set on primary-to-secondary leak
age. Technical specifications typically have a 
primary-to-secondary leakage limit of 500 gpd 
per steam generator. For plants with extensive 
steam generator tube degradation, lower leakage 
limits have been adopted either administratively 
or in the technical specifications. Thesi 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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Leakage in excess of the technical specification, ance into output voltages which can be monitored 

limit requires a plant shutdown and an unsched- by the data analyst. The depths of certain types 

-uled inspection, during which the leaking tube(s) of flaws can be determined by the observed 

are located and plugged or repaired. The prima- phase angle responses. The test equipment is 

ry-to-secondary leakage limit is a defense-in- calibrated using tube, specimens containing 

- depth measure that gives added confidence that, artificially induced flaws of known depths.  

should a tube leak, the plant will be shut down in 
a timely manner. - Geometric discontinuities, such as expansion 

transitions-and dents, and support structures, 

.Tube degradation.is typically found during s, such as the tubesheet and tube.siipport plates, 

scheduled inservice examinations of steam , also produce eddy current signals, making it very 

generator tubes. Tube repair (plugging or ,difficult to discriminate defect signals at these 

sleeving) is required for all tubes with imperfec- locations. Very small volume flaws, such as 

tions exceeding the tube repair limits. Various .. IGA, ,SCC,fatigue cracks, and small pits, 

-tube repair limits have been approved; however, -. traditioally have been hard to detect'with single

all plants have a depth-based limit that is applica- :. frequency .ECT, meihodi. 'The use of 

ble to all forms of degradation.. Alternatives to multifrequency techniques, whereby the test coil 

this depth-based limit have been approved on a is excited at multiple-frecquencies 'fathei than at a 

plant-specific basis; suchl alternatives include the single frequency (intr6duced ini the mid-1980s), 

-voltage-based- repair limits -for tubes with and the use ofspecialized nonstandard probes 

ODSCC at drilled-hole tube support plate eleva- have improved detection' capabilities in this 

tions in specific Westinghouse steam generators. regard, although fu'rthe-r improvements are 

The depth-based limit varies from plant to plant- warranted and iie being pursued.  

but is typically 40% of the tube wall thickness, 
(i.e., tubes with imperfection depths greater than . Inspections 6f stdn generator tubes general

or equal to 40% of the tube wall thickness must ly .employ both a bobbin coil probe' and an 

" be plugged or repaired).. ' additional ,prob robes, 'suh asia rotating 
-..... probe, a Cecico probe, or both. 'The bobbin coil 

4.5.3.2, Eddy Current Testing' establishes a magnetic field oriented along the 
- : , tube's axis and sets up eddy currents in the 

Eddy current testing is the primary means for circumferential direction. This type of coil is 

"inspecting tubes. This inspection method in- thus quite'sensitive toaxially oriented flaws. The 

: volves inserting a test coil inside the tube and." bobbin coil'probe enables a rapid screening of a 

pushing and. pulling the coil so that it traverses tube for degiadation; it'can be pulled through a 

the entire tube length. The test coil is then tube at 'speeds in'excess of 48 in. per second.  

excited by alternating current, which creates a . The bobbin coil, however, has 'several limita

magnetic field that induces eddypcurrents in the tions" (1) ag•neral-inability to permit character

tube wall. Distiirbancis of-the eddy- curre'nt "ization of the ' degiradation "(elg., , axial, 

caused by flaws in the tube wall produce corre- circumferential,1 or volumetric; single or multiple 

sponding changes in the electrical impedance'- axial indications;'etc.),;(2):an'inabiliiy to detect 

-measured at the test coil terminals. Instrumenta- circtimferentially oriented degradation (the 

tion translates these changes in test coil imped-' 'bobbin coil 'is relatively' insensitive to

- .. . . a -E nb I.- n7QK
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circumferentially oriented'tube degradation), and 
(3) a limited capability to detect degradation in 
regions with geometric discontinuities (e.g., 
expansion transitions, U-bends, and dents) or 
dep6sits. 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 circumferentially oriented 

.degradation. The pancake coil is a smaller probe 
which establishes a magnetic field perpendicular 
to the tube surface andsets up eddy currents 
parallel to the tube surface; The pancake coil is 
thus effective in identifying cracks of any orienta
tion. Other test coils mounted" on the rotating 
piobe head are an axially wound coil (which is 
sensitive to circumferentially 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 driver at specific frequen
cies to ensure an optimal inspection of the tubing.  
In general, lower frequencies'are better for 
detecting degradatior 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 bobbin coil probe), that they 
can produce better characterizations of defects, 
and that they are less sensitive to geometric 
discontinuities. The major disadvantage of the 

.rotating probes is their slow inspection speed 
(typically less than one in. per second). Because 
of these slow inspection speeds, a rotating probe 
is only used at specific 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; hiowevvei, 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 steam 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 bi ldetected' before tube structural and 
leakage integhrty is significantly impaired. For 
those forms of degradation (e.g., SCC) that 
cannot be reliably depth sized, plugging of the 
affected tube is typ ically performed upon detec
tion of the degradation.  

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, wvith a knowledge of the limitations of 
the techniques employed and appropriate restric
tions on operating parameters (e.g., hot-leg 
temperature, water chemistry,-and operating.  
interval duration), tube integrity can be ensured.  
"The primary-to7secondary leakage rate limits in 
theplant'technical specifications provide added 
assurance that if a tube leaks, the unit will be shut 

",down in a timely manner for the appropriate 
'corrective action. If necessary, preventive 
repairs (see Section:4.5.3.3), more restrictive 
limits on primary-to-secondary leakage, hydro
static testing of the tube bundle, in'situ'pressure 
testing of tubes with crack indications, and

by tubesheets and tube support plates. There
fore, a depth-based limit tends to be inappropriate 
forsuch highly localized flaws as stress corro
sion cracks and flaws at elevations below the top 
of the tubesheet. As a result, the nuclear industry 
has developed, and the NRC has _approved, 
yarious alternate repair criteria for specific forms 
of tube ,degradation (e.g., the Generic Letter 95
05 voltage-based limits for predominantly axially 
oriented ODSCC at tube support plate elevations 
and the F-star limits for degradation confined 
within the tubesheet below the tube expansion 
transitions). This approach to addressing tube 
integrity is referred to as "degradation-specific" 
management.

corrective measures to slow tWe rate oi iurtner,, 
-,Corrosion are additional steps which can be taken -In the 1970s, operating experience demon
,to ensure safe opration. strated that additional plugging/repair criteria are 

.. necessary to address tube denting.- Tubes are 
4.5.3.3 Steam Generator Repairs -susceptible to sCCiat.the dent locations; the 

- "extent of degradation'is dependent on stress 
Technical specifications provide limits for the level, strain rate,'time, and material properties.  

maximum allowable percentage of wall degrada- Tests have shown that dented tubes with small 

.tion beyond wvhich degraded tubes' must be through-wall cracks near support plates have 

removed from service by plugging or repaired by adequate margins to prevent bursting or collaps

sleeving. - The plugging/repair limits are based on ing during normal operating and postulated 

the minimum tube wall thickness necessary to accident conditions. Severe SCC could; howev

provide adequate structural margins (in accor- er, reduce the margins to unacceptable levels.  

dance with Regulatory Guide 1.i21) during The bbjective of the plugging criteriafor ilented 

normal operating and postulated accident condi- tubes ad6p•ied during the 1970s was to remove 

tions. These limits allow for eddy current testing from service any tubes w, hich could develop 

errors and for incremental wall degradation that through-wall cracks or that could become severe

might occur prior to the next inservice insp)ection ly, degraded before- the next steam "generator 

of steam generator tubes. These plugging/repaiir inspection. These criteriawere plant-specific and 

"limits are conservatively based according to an were generally based on bperating explience that 

assumed mode of degradation, through which -a 'included the m-aximuim-size eddy curirent probe 

tuibe wall is uiiiformly thinned over a -ignificant Which could be passed thrbuglia ddrited location.  

axial distance. These limits do ,iot consider Forplahýits with especially high rates of denting, 
a . structurl associated with-' additional 'plugging "criteria were established 

defects that create small volume thinning, such as based 6on the rate' of denting and the 'interval of 

pitting, nor do they consider the external structur- time before the next inspection.  

al constraints against gross tube failures provided 

1 C 1 1 z.D -"oIK
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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'plugging' riteria which 
address denting remain in effect 6nly for those 
plants.  

Plugging 

The plugging technique involves the installa
tion of plugs at the inlet and outlet of a defective 
tube. After plugging,' theltube 'o longer func
tions as the boundary between the primary and 
secondary coolant systems: A typical mechani
cally expanded tube plug is' shown in Figure 4.5
7.  

Sleeving 

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

Thie tube sleeving procedure ixivolves insert
ing a tube of smaller'diameter and length (a 
sleeve) inside the tube to be repaired (see Figure 
4.5-8). The sleeve is positioned to span the 
degraded portion of the original tube (i.e., the 
parent tube), and the ends of the slkeve are 
secured to the parent tube' forming a new pres
sure boundary and structural -eemeht between the 
attaciment points. , 

Sleeves vary in length and may be attached to

the parent tubes in a variety of ways. As a result, 
a variety of sleeve designs exists. Th'e name for 
a particular sleeve type typically reflects the 
methoc' by'which the sleeve is secured to the 
parent tube. Historically, a sleeve was either 
hlydraulically, mechanically, or explosively 
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 
hydraulically 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 expanding the 
sleeve into the tube by detonating a kinetic weld 
device. Installation of a CE TIG welded sleeve 
involves initially expanding a portion of the 
sleeve into the tube hydraulically and then TIG 
welding the sleeve and tube together at this 
location (i.e., within the hydraulically- expanded 
region). Currently, a typical sleeve is hydrauli
cally expanded into its parent tube and then 
welded (laser or TIG welded) to ensure addition
al leakage integrity. Sleeves made from alloys 
600 and 690 have been used throughout the 
industry. Currently, the material of choice for 
sleeves is alloy 690.  

Sleeving repairs to restore primary coolant 
boundary integrity have been performed on the 
straight portions of tubing degraded by 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 associated with the parent tube rather 
than with the sleeve itself. The parent tubes of 
some Westinghouse HEJ sleeves and B&W 
kinetically welded sleeves have exhibited service
induced SCC at the sleeve joints (as discussed in
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Section 4.5.2.6). Extensive cracking in West
-inghouse HEJ sleeve' was first identified at 
Kewaunee in 1994. Significant cracking of 
B&W kinetically expanded sleeves was first 
identified'at M6Guire Unit 1 in 1993. Fabrica
"tion-induced sleeve joint 'degradation has also 
been observed 'in CE TIG welded sleeves (also 
discussed in Section 4.5.2.6). This volumetric 
(weld suckback) and circumferential (weld 
inclusion) degradation has been attributed to 
inadequate tube cleaning before sleeve insertion.  

Steam Generator Replacement 

To avoid the- need for derating plants and the 
extensive downtimes required for steam genera-
tbr inspections, some utilities have either replaced 
severely degraded steam generators or are con
sidering their replacement. The decision to 
replace a steam generator ii 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 viable'to operate their plants. The duration of 
an'outage for" steam genrerator replacement varies; 
currently, steam generators can be replaced in 
two to three months.

A'utility must 'c6nsider the following factors 
before replacing steam generators: (1) the size of 
the equipment hatch opening, (2) the -vertical 
clearance within the contairiment building, and 
(3) its preference.with respect to reactor coolant 
pipecut or channel head cut.  

To minimize the~potential for several modes 
of tube degradatin Which have been identified to 
date, the'replacement generators currently being.  
installed include the following improvements: 

" 1� Th ey havetylpe 405 ferriti ".......  1ferritictainless'steel,

lattice-grid tube support plates to reduce 
the potential for denting -and for the 
accumulation of deposits which can result 
inSCC.  

2. They have thermally treated alloy 690 
tubing, with stress relief of the innermost 
rows of the tube bundle-to reduce the 
potential for SCC. Thermal treatment 
involves subjecting the mill-annealed 
tubes to a final heat treatment for approxi
mately 15 hours, which relieves fabrica
tion stresses and further improves the 
tubes' microstructure, thus improving 
their corrosion resistance.  

3. Their tubes are hydraulically expanded 
over the full depth of the tubesheets to 
eliminate crevices-and to reduce-the 
stresses at the expansion transitions.  

Plants thathave replaced steam generators are 
listed in Table 4.5-3.  
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TABLE 4.5-1 Recent Westinghouse Steam Generator Tube Leaks 

Unit Date Failure Mechanism 

Zion 2 Mar 94 IGA in tubesheet crevice region 

South Texas I Mar 94 Leaking plug 

McGuire 1 Jan 94 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 
McGuire 1 Aug 93 Circumferential PWSCC in parent tube associated with a B&W kinetically 

welded sleeve 

Kewaunee Jun 93 Leaking plug 

Trojan Nov 92 Circumferential crack associated with an improperly heat treated B&W 
kinetically welded sleeve 

Prairie Island 1 Mar 92 Axial crack in roll transition region 

McGuire 1 Jan 92 Axial ODSCC located in tube freespan 
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•- TABLE 4.5-2 Steam Generator Tube Inspection 

I ST S AMPLE INSPEC-ION . 2ND SANLEINSPECTION 3RDSAMPLEINSPECrION 
I

A minimum of 
S Tubes per 
S.G.

Result I Action Required

Plug defective tubes 
and inspect additional 
2S tubes in this S.G.

Result

N/A

C-1

Action Required.:

N/A

None

Result Action 'Required

N/A ,. N/A

N/A N/A

PC-2 ing defective tubes C-1 - None 
and inspect additional 
4S tubes in this S.G. C-2 Plug Defective tubes 

.C-3. Peform actin for 
C-3 result of first 

sample;,

Perform action for 
C-3 result of first NIA

-� It tri

Inspect a tubes in 
this S.G., plug de
fective tubes and 
inspect2Stubes in 
each other S.G.  

Prompt notification 
to NRC pursuant 
to specification

Al other 
S.GOs we 
C-1

None. N/A

WA�

N/A

ome S.G.'s Perform action for , NA l/A 
b-2bO C-2 result of second , 

wnhma apleI 
S.G. am... . .  

- '33 are-

Additional 
S.G. is C-3

Inspect all tbes in 
each S.G. and plug 
defectve tbes 
P•rompt notification 
to NRC pursuant 
to specification 

6.9.1

N/A MA

*Source Standard Technical Specifications

"** S = 3(N/n)% Where N is the number of steam generators in the unit, and n is the number of steam generator 
inspected during an inspection.  

* C-i: Im than 5% of the total tubes inspected art degraded tubes and none of the inspected tubes art 
defective 

* C-2:- One ormore tubes, but not more than I% of thetotal tubes inspected are defective, orbetween 5% and 

10% of the total tubes inspected am degraded tubes.  
C-3: Morm than 10% of the total tubes inspected we degraded tubes orinore than 1% of the affected 

tbes are defective 

- -- A- Py 110ýw fl7ag
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C-I*** None

C-2�
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TABLE 4.5-3 Steam Generator Replacements 

Colmpletion 
Plant Name No. of Loops Original SGs New SGs [ate 

Surry 2 3 W/51 W3/5 IF Sep 80 

" Surry 1 3 W/51 W3/51F Jul 81 

Turkey Point 3 3 W/44 W/44F Apr 82 

Turkey Point 4 3 W/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 W/51 W/54F Mar 89 

Indian Point 3 4, W/44 W/44F Jun 89 

Palisades 2 CE CE Mar 91 

Millstone 2 2 CE-67 BWC Jan 93 

North Anna 1 3 W/51 W/54F Apr 93 

V. C. Summer 3 _W/D3 W/A75 Dec 94 

North Anna 2 3 W151 W/54F May 95 

Ginna 2 W/44 BWC Jun 96 

Abbreviations: 

W = Westinghouse 
CE = Combustion Engineerng 
BWC = Babcock & Wilcox Canada
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4.6 STEAM GENERATOR TUBE 
RUPTURE 

SLearning Objectives: 

1. Discuss why operator intervention is neces
sary to limit or prevent radiological releases 
during a steam. generator tube rupture 
(SGTR) event.  

2. Discuss the primary-side.and secondary-side.  
indications of an SGTR in the control room.  

3. -Discuss how the affected generator may be 
identified either prior to or following -the' 
reactor/turbine trip.  

- 4. List the initial actions taken by the operator 
once the affected steam generator has been 
identified.  

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

6., Discuss the problems associated with the 
-7 following: .

a. Secondary-to-primary leakage 
-b.- Steam generator overfill.  

7.- List the principal systems/components, 
affected by a loss of site power (LOSP).  

8. Discuss how plant cooldown and pressure 
control are accomplished with an SGTR and 

- LOSP. 

-9. Discuss what affect the following events had 
'on the SGTR transient at the Ginna plant: 

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

, relief valve (PORV) 
c.. Automatic operation of letdown valves 
d. Pressurizer relief tank failure 
e. Steam generator safety valve failure.  

4.6.1 Introduction: 

Of all 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. 

Unlike other-loss of coolant -accidents 
S(LOCA), a steam generator tube failure demands 
-substantial operator involvement early in the 
event. Timely operator intervention is necessary 
to prevent steam generator overfill and limit the 

- radiological releases. 

-The following sections describe the plant 
response to an actual and a postulated steam 
generator tube failure. Asteam 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.  

• - Although this relatively thin barrier is designed 
with substantial safety margin to preclude burst-
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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 postuilated steam 
generator tube rupture accident and the actions, 
bath operator initiated and autoniatic, which may 
occur during recovery.' System response and 
recovery actions with offsite power available, 
section 4.6.2.1, and ther effects of a loss of 
offsite power coincident with turbine trip, section 

,4.6.2.2, are discussed. As previbusly noted, the 
trends described are only represintative 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 trainsient 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 p•sig) is initially much greater than the steam 
"generator pressures' (fiominally- 1000 psig) 
reactor coolant flows from the primary into the

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
ary leakage.  

S-. '. The time between initial tube failure 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

S. ture (Tavi) to increase until the rod control and 
steam dump system actuate to restoreopro
grammed Tavg. A period of time may exist when 

"T.Ta 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., 

Following reactor-trip, core power 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 
shrinks the reactor coolant and tube rupture flow 

-continues to, deplete, primary inventory. This 
decrease in RCS pressure results in a low pres

surizer pressure SI signal soon after reactor trip.  
Normal feedwater flow is automatically isolated 
on the SI signal which also actuates the auxiliary 
feedwater (AFW) system to deliver flow to all 
steam generators. For some plants, low water 
level is a combination of the steam generators 
coincident 1with the SI signal is required to actuate 

some components of the AFW system.. Howev
er, since level drops below the narrow range on 

reactor trip from full power (Figure 4.6-4) the 
AFW system will also actuate on the SI signal for 
plants with this logic. If trip occurs at a lower 
power for these plants, AFW flo ,may not be 

initiated until sometime after the SI signal occurs.  
Eventually, manual action is required to decrease 
"auxiliary feedwater flow to mainairi the steam 
generator water level on the narrow range span.  
The expected sequence of auto6matic actions 
following reactor trip is presented in Table 4.6-1.  

Secondary-side pressure will ifcirease rapidly 
after reactor trip as automatic isolation of the 

turbine momentarily stops steam flow from the 
steam generators (Figure '4.6-4)-. Normally, 
"automatic 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 
he'eader, 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 
teiimperature 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 tempei'ature de
creases below no-load teipnerature (Figure 4.6-4) 
and the steam gene'rator pressures-may slowly 
decrease as the cold AFW flow condenses steam.  
At low decay heat levels !or for' multiple tube 
failures the reactoi coo01ant' temperature may 
continue to decrease due to SI flow even after 
AFW flow is throttled.  

Pressurizer level decreaies -more rapidly 
"following reactor trip as' the reactor coolant 
shrinks during the pOst-i'rip coIldown and 
piimary-to-secondary "leaka'ge' continues to 
r -)lete coolant inventory. Although the inini
I..am 'pressurizer level is dependent upon a 
number of parameters, including initial pressuriz
er level, initial power levil, the size of the tube 
failure, operation of pressurizer heaters, and pre
trip operator actions, it is likely that le•el will be
nearly off-scale low wheriSI is actuated. With' 
SI actuated, the primary system will tend toward

"ari equilibrium condition where break flow and 
coolant shrinkage are matclhed by SI flow (Figure 

"4.6-5). If break flow and shrinkage are initially 
greater than SI flow, pressurizer level and 
pressureý will continue to decrease until quasi
equilibrium conditions are .reaclied. In some I cases, such a multiple tube failures or reduced SI 
, apaciiy,'RCS pressure may momentarily de
crease to saturation until SI flow and AFW flow

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 rielatively high level prior to 
operator intervention if the tube failure is small.  
Howvever, 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 occuis 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 
approximately equal flow to all SGs. 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 
masked by non-uniform AFW flows for smaller 
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.  

Once -a tube -failure has been identified, 
recovery actions begin by isolating steam flow 
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 aeccumulation 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 incei-ase as primary-to-secondary leakage 

--compresses the steam bubble in the SG.  

High pressure SI plants would also show 
similar trends. Eventually-an SG atmospheric 
relief valve would lift unless actions to stop 
leakage into the affected SG are completed.  

* After isolation 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.  

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 
depressurization, condense. Reverse flow, i.e., 

Ssecondary-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.  
Consequently, SI flow must be terminated to 

Sstop primary-to-secondary jeakage. -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 

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 

1 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 desigiied to establish 
adequate RCS subcooling, secondary side heat 
sink, and reactor coolant invefitory 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 
fromi-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.

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 
provided to ensure that necessary recovery 
actions can be completed without offsite power 
available. Although the recovery methods are the 
same with or without offsite power available, the 
equipment used may be different. The RCS is 
cooled using the PORVs on the intact SGs since 
neither the steam dump valves nor the condenser 
would be available without offsite power. Even, 
with one SG out of service, these valves provide 
sufficient capacity to complete the initial 
cooldown rapidly, as shown in Figure 4.6-17.  
Note that the hot leg temperature does not re
spond as quickly as the cold leg and SG tempera
tures since RCPs are not running.  

Under natural circulation conditions subse
quent actions to isolate the affected SGs and

voiding may occur in this region during RCS 
depressurization. This will result in a rapidly 
increasing pressurizer level indication as water 
displaced from the upper head replaces steam 

-released or condensed from the pressurizer. This 
behavior was observed during the Ginna tube 
failure event, when the pressurizer PORV failed 

'to close. 'The extent of voiding is limited to the 
inactive regions of the RCS provided subcooling 
is maintained at the core exit. However, flashing 
in the inactive regions may slow further RCS 
depressurization to cold shutdown conditions.  

Once SI-flow is •stopped, no additional 
primary-to-secondary leakage or uncontrolled 
radiological .releases from the affected SGs 
should occur.' This plant response is similar with 
or without offsite power available.

cooldown the intact R S loops may stagnate me 
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 leakage which could lead 

suction regions significantly below the rest of the ' to a steam generator overfill condition if not 

RCS. 7 , . terminated expeditiously. The system response 
-,to a SGTR before and immediately after reactor 

-With RCPs stopped, normal pressurizer -trip has been described. ,From this description 

spray would-not be available. Consequently,' the symptoms which identify both the tube failure 

"-RCS pressure must be controlled using pressur-. event and the.affected SGs should be evident, 

izer PORVs oriauxiliary- spray. Although a including high .or. increasing secondary side 

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 in the emergency operating procedures.  

PRT-and contaminate the containment. Auxiliary 
spray conserves reactor coolant but may create. I. t must be emphasized that although strong 

excessive thermal stresses.in the spray nozzle similarities exist, each tube failure is unique.  

which could result in nozzle failure. Auxiliary., .Variations in -break size .and plant specific 

- spray is recommended only if normal spray and: .-.features, such as SI capacity and operator re

PORVs are not available. - sponse times, will affect system conditions.

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 'criteiia for tripping and 
restarting reactor coolant pumps.  

The report on the Ginna stean generator tube 
rupture is published as' NURBG-0909. The 
event is described in nine phases. This nine 
phase descriotion, al6ng'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 'valv'e failure to fully reseat. Also 
the design of the CVCS allowed the letdown 
isolation valve to 6p-en, causing omerpressure in 
the piessurizer relief tank (PRT) and release into 
the containment.  

The R.E. Ginna Nuclkar'P6 ,er Plant is a 
1520-MWt, two-loop PWR designed by West
inghouse. A diagram of the major 'plant systems 
and components is shown on Figure 4.6-19.  
Figure 4.6-20 shows the instrument locations in 
the reactor coolant system, pressuriier,'and PRT.

4.6.3.1 Event Phase 1: Steady-State 
Operation, (Period before 9:25 
a.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 'a.m.- and 9:26:30 a.m. The 
depressu rization 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
tern, 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 

- generators. Shortly after these actuation signals, 

the pressurizer emptied of water, and the reactor 
coolant system pressure dropped to approximate
ly 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 d'opped 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 
corresponding to 1270 psig.  

Immediately after the reactor, turbine, and 
feedwater trips, thenarrow-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 

f 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.  

Approximately 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.  

During normal operations, both seal injection 
and component cooling water are provided to the 
reactor coolant pumps. The seal injection flow 

-was terminated upon SI'because thb charging 
pumps were tripped automatically.  

-In addition, the piping that returns the seal 
water to the CVCS was isolated by the contain
ment isolation signal. 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 indication, 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 avoid exacerbat-

- Key UhYO 
USNRC Technical Training Center 4.6-9

'- USNRC Technical Training Center

Westinghouse Technology kdvanced Manual Steam Generator Tube Rupture

4.6-9 - - Rev 0296



WestinEhouse Technolozv Advanced Manual Steam Generator Tube Rupture

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 PORVs, 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 presstrizer 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 ahd the 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 dynamrc 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 
(Figure 4.6-24) to the hot legs initially decreased, 
since the reactor trip caused a rapid drop in the 
reactor core heat generation, 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 S G, 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 am., 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 am. Later the attached steam 
line also flooded.
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• .. Throughout this phase, the A SG continued 
to dump steam into the main condenser. The 
RCS cooldown rate during this period can be 

, -seen:by observing the change in the A loop
temperature versus time in Figure 4.6-24.  

The only radiation 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.  

The SI signal was reset at 9:57 a.m. The 
containment, isolation signal was also reset in 
order to restore instrument air and gain control of 

- air-operated valves inside containment.  

. -,At-I0:04,a.m., one charging pump was 
restarted, although the SGTR procedure called 
for starting all available charging pumps.  

4.6.3.4 Event-Phase 4: Pressurizer 
PORV Operation (10:07 a.m. to 
10:15 a.m.)

, Reducing the RCS pressure to reduce the, 
tube leakage isan important-step inrecovery 

-from a tube rupture event. The first attempt to, 
"reduce RCS -pressure occurred at 1.0:07 _a.m.

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 increased rapidly from 6% to 
100%. The, pressurizer was -filled -by water 
displaced by steam formatiori in the reactor vessel 
upper head and inside the B SG tubes, flow from 
the B SG -into the RCS through the ruptured 
tube, and SI and charging flow.  

The indicated rate of increase of pressurizer 
level, beginning at 10:09 a.m., corresponds to a 
computed water inventory rate of change of 405 
ft3/min. Since the PORV was opened for about 
two minutes after 10:09 a.m., approximately 810 
ft3 of water would have left the pressurizer. This 
value is reasonably close to the estimated value of 
water volume available; that is 765 ft3.  

-Since the water volume in the pressurizer at 
10:09 a.m., was, approximately- 100,ft3, these 
calculations imply that a relatively small volume 
(35 to 100 ft3) of water was discharged through

when one PORV was opened for a few seconds.. the PORV after the steam in the pressurizer had 

The valve was successfully cycled three times but -been relieved.,
failed to close on the fourth cycle at 10:09 a.m.  

r The operators then closed-the block valve to, 

terminate flow through the stuck-open PORV.  
The normal closure time for the block valve is 
approximately 35 seconds. -,The plant process 
computer printout shows that pressure in the 
RCS was increasing at 10:11 a.m., indicating 
that the block valve was closed by that time. In 
addition, the temperature rise in the PRT terni-

° A review of the PRT parameters (Figure 4.6
26) indicates that the four percent level increase 

,during, the PORV, openings corresponds to 
approximately 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 im-plies that only 5 ft3 of 
water was' discharged through the PORV.

-Rev U296".,,USNRC Technical Training Center t -A... .6-1 1

I Westinghouse Technology Advanced Manual Steam Generator Tube Rupture



Westinghouse Technology Advanced Manual Steam Generator Tube' Rupture

Therefore, all the available data indicated that 
when the PORV 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.  

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 
loop cold leg. The SI water was mixing with the 
hot water from the reactor vessel downcomer and 
the B loop cold-•lg temperature sensor was 
reading a mixed filuid temperature.  

After the pressurizer PORV block valve was 
closed, the system pressu're returned to approxi
"mnately 1400 psig. This pressure was slightly 
higher than 'the&pr'essure re'corded before the 
PORV 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 essentially the same as 
before the PORV opening.  

After the operator noted that the PORV block 
valve indicated closed on the main control board, 
"he directed that the PORV tailpipe temperatures 
be monitored to insure that the blokk valve had 
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 originally, closed block valve or the 
second PORV.  

Throughout this phase of the event, the RCS 
was being cool ed by dumping steamn from the A 
SG to the main condenser. 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 PORV 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 interpretf 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 rom personnel and the Technical Sup
port Center personnel.  

A detailed review of the system data indicate 
that PORV operation was successful in decreas-
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ing RCS pressure and in increasing the liquid, continuing leakage,- the pressure difference 
inventory by SI and charging flow. Subsequent- between the RCS and the B SG gradually de
ly, SI increased RCS pressure to 1390 psig. SI creased over the next 40 minutes, falling to 30 
flow could have been safely terminated immedi- psi at about 11:19 a.m.  

-ately after the PORV block valve closed at 10:11 
a.m. . At about, 10:40 a.m. the pressurizer heaters 

were re-energized to establish a steam bubble in 
-. After 10:11 a.m. the continued SI caused the the pressurizer. The pressurizer heaters had 

RCS pressure toremain approximately 300 psi,- tripped on low pressurizer level during the initial 
above the B SG pressure: This pressure differ- -- depressurization. % 
ential caused the leakage to the SG to persist. As, 

* a direct result of the leakage into the B SG,-the',. -. ,At about 10:42 a.m.; -a second charging 
- tpressure increased to 1080 psigat 10:19 a.m.,-- pump was started. As indicated in Figure 4.6
and the opening of a SG safety valve released, -25, the equilibrium RCS pressure was approxi
steam into the atmosphere. This occurred again , -mately 40 psig above the pressure in the B SG 
at- 10:28 a.m. The first and second SG safety' - with the two charging pumps running. Contin
valve openings each resulted in pressure reduc- ued -charging flow while letdown, remained 
tions of approximately 50 psi. The A and B S G isolated caused the RCS-to-SG pressure differen
valve position recorders were started by a techni- tial to persist and the break flow to continue.  
cian earlier in the event, but the recorders failed -

to indicate these and subsequent valve lifts. During this phase of the event, the method of 
dumping steam from the A SG was changed to 

-The repeated openings of the SG safety valve allow steam to be vented to atmosphere through 
led the control room and Technical Support the atmospheric PORV on the A S G. The steam 

Center personnel to decide to terminate SI. had been dumped to the condenser until the last 
operating condensate pump was secured at 10:40 

4.6.3.6 Event Phase 6: Safety Injection a.m. Without condensate flow, the air ejector 
Termination and Leakage Re- - automatically secured, and the vacuum in the 
duction (10:38 a.m. to 211:21 - -condenser was not maintained. The decision to 

a.m.) . stop dumping steam to the condenser was made 
-to prevent any further -contamination of the 

-The SI pumps were stopped at 10:38 a.m. condensate system, particularly the-condensate 
"and the RCS pressure decreased to approximately demineralizers.  
950 psig. The secondary pressure continued to 
decrease to approximately 850 psig as a result of Also, during this phase of the event, the RCS 

S the third opening of the SG safety valve. 1This. pressure increased from 950 to 1050 psig.  
SG pressure reduction of approximately 200 psi -Initially -the increase was caused by operators 
is unusually large and indicates that this valve did - throttling closed the A SG PORV with a corre
"not close normally, possibly as a result of dis- sponding decrease in heat removalI from the 
charging two-phase flow. With an RCS-to-SG -RCS. -After -11:07 a.m.,,when, one of the SI 

S•- ,AP of 100 psi, the leak rate was reduced to :pumps was restarted, the RCS pressure increased 

approximately 150 gpm. As a result of the --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 A RCP 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
pie data indicated that the temperature'ieduction 
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 sub66oling 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 ini the reactor vessel upper head.  
It should be noted that the B S G 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 inr 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.  

* 4.6.3.8 Event Phase 8: Leaking Steam 
Generator Safety Valve (11:37

- a.m. to 12:27 p.m.) 

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, S G 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

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 S G 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 

Ssafety valve failed to properly reseat for 50 min.

- for which it had been designed. - -
At 11:52 a.m., the pressurizer level indication 

Afterthe B SG safety valve closed, the came back on scale. The estimated rate of 

* pressure differential between the RCS and the B leakagethrough the B SG safety yalve and the 
-, SG was more than 100 psid. . continued plant cooldown would explain the 

S.._ . -. -. -return of the pressurizer level during the period 

* ,. Safety injection flow was terminated at about,- when charging flow exceeded letdown. The 

the same time as this last valve opened. Howev- maximum rate of decrease ,of the indicated 

er, the RCS to SG differential pressure was p'ressurizer level agreed well With that predicted 

significantly higher than for the comparable by calculations. Normal letdown had been 

• .,. conditions at 10:38 a.m. Three additional facts restored at-about. 12:02 p.m. At about 12:12 

indicate that this phase is significantly different p.m., one SI pump was restarted, apparently for 

. - from earlier phases of the event. r First, -the the purpose of arresting the decrease in pressuriz

reduction' imB SG pressure at approximately er level caused by continuing leak into the B SG.  

12:05 p.m., while the RCS pressure was more - The SI pump was then operated intermittently to 

than 100 psi higher, cannot be explained unless. control pressurizer level throughout the remain

there was significant mass or energy removal der of this phase.  

-from the SG.' Cooling of the B SG was -in,-- -

progress at this time; however, the observed rate r. - -

- would not support such a pressure difference.. 
* Second,- the indicated differential pressure -

Simplies a large flow, estimated to be 100 to 200.-
gpm,- into the SG over a long period of time (50

S... . . . .... Rev U029
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4.6.3.9 Event-Pha'se 9:-Leak Termina
"tion and:Cooldown (12:27 
p.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 co ntrolled by attempting 
to maintain the RCS pressure at about 25 psi 
below the B SG pressure during the RCS 
cooldown and depressurizition. 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 to 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 using the RHR system (the 
low pressure and low temperature decay heat 
removal system). During this iýhase of the event, 
the B SG water level indication came back on 
scaleý on the narrow-ran-ge infstrument at approxi
mately 6:40 p.m., January 25, 1982.  

Estimated break flow for anx indicated 25 psi 
"differential pressure was calculated and found to 

'be about four times larger thani that expected 
based upon the rite of level decrease 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.

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 pressure 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 rite 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 S G 
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 
a.m. An error of this magnitude is n6t 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 staff chose to maintain system conditions without 
depressurization of the B SG were (1) the ex- substantial RCS cooldown while the RCS was 
tremely small pressure differential between the cleaned and degassed using the CVCS at a 
RCS and B SG, and (2) the thermal stratification letdown rate of 50 to 60 gpm.  
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 S G 
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
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TABLE 4.6-1 TYPICAL SEQUENCE OF AUTOMATIC ACTIONS FOLLOWING 
A DOUBLE-ENDED SGTR 

TIME (sec)

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 

0 
232 

233 
234 

"250 
257 
310

,,NO OFESITE POWER+ 

"'0 

'232 ', 

232-, 

234 
-245 

386 
39.3 
=446* _

*AFW actuation may occur coincident with loss of offsite power. For a typical 4-16op plant, only 

the turbine-driven pump would start at that time. The motor-driven pumps would be loaded on 

the emergency diesels after SI actuation.
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TABLE 4.6-2 GINNA System Parameters

Parameter Value 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 
3 at 

Flow rate each S/G 
at 1100 psig 

PORV's each S/G 
operation 

capacity 

Steam Dump Bypass: 
modes 

capacity

1520 
490 
2 
none 

1681 
2821 
52 % 
39 % 

2898 
1758 
776 
1055 
755 
1055 
944 
3260

MWt 
MWe

cu ft 
cuft 

cu ft 
cuft 
cuft 
cuft 
psig 
psig 
cuft

0.1 gpm 
4 
1085 psig 
1140'- psig 
3.3E6 lb/h 
0.82E61b/h 
I 
auto at > 1050 
psig or manual 
10 %power 

Tavg-Tref 
Steam Pressure 
40 %

Auxiliary Feedwater: 
Motor-driven 

capacity 
start signals 

Turbine-driven 
capacity 
start signals 

Standby AFW System 

MSIV Automatic Closure 
Modes All Lines: 
(1) High-high steam flow, 
and SIS 

(2) High steam flow, low 
Tavg and SIS 

(3) High Containment 
Pressure 

MSIV closure time 

Charging Sysm: 
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

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 lb/h 

0.4E6 lb/h 

18.0 psig 

1.0 sec.  

3 
Pos. Disp.  
60 gpm 
30 gpm 
40 gpm 
16 gpm 
6 gpm 

Low Pzr Pressure 
Safety Injection
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TABLE 4.6-2 GINNA System Parameters (Continued)

Parameter Value, Parameter

Reactor Coolant System: 
Total Volume 
Total RCS Flow 
RCP thermal output 
Tavg at full load 

no load -" 

Reactor vessel head temp.  
Nominal'system pressure 
low pressure scram Setpoint 

Pressurizer: 
Total Volume 
Water volume@ full load 
Total heater Capacity 
Spray nozzle AT Limit 

Pressurizer PORV's 
Number' 
Set pressure 
Flow rate 

Pressurizer Relief Tank 
Rupture Disc Design 
Capacity 

Pressurizer Safety Valves
Number 
Operating Pressure 
Flow rate @ 2500 psig 

Pressurizer Level 
Full Load 
No Load

6245 cuft 
64.3E61b/h 
30E6 btu/h 
573"F7 
547"F 
590"F 

"-2200 psig 
'1873 psig

800 
480 
800 
320"F

cuft 
cuft 
kW

2 
2335 psig 
1.79E61b/h 

100 psig 
800 - cuft 

2 
2485 psig 
0.228E61b/h 

47 % 
22 %

High Pressure Safety Injection
Number of pumps 
Type 
Design flow 

-Shut-off pressure 
Boron Injection with SIS 

Accumulators 
Number 
Pressure 

Refueling Water Storage ' 

Capacity 
Boron concentration 
Design Pressure 

Boric Acid Storage Tank 
Number, 
Capacity, ea 
Boron concentration 

Main Feedwater Pumps 
-Number 
SType 
Capacity, ea 
Flow rate, ea 
Operating pressure 
Shut-off head 
Drives 

Isolation Signals 
S/G high level 
SIS

2 
Centrifugal 
300 gpm.  

-1520 'psig 
Initially from BAST 
then RWST 

2 
700 psig 

Fank 
-3.38E5gal 
>2000 ppm' 
121 psig 

f2 
3600 gal 
20,000 ppm 

2 
Centrifugal 
50% of FP 
14,000 gpm 

- 853 psig 
S1180 -psig 
Electric, 

67 %

Snfetv Iniectinn Actuation Semoints
,1723 

I_ 4 
514

psig 
psig 
.psig

1. Loss of Offsite Power 
2. Overcurrent 
3. Thermal Reload

B 
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Low Pressurizer Pressure 
High Containment Pressure 
Low Steamline Pressure

Pressurizer Safetv V ves
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TABLE 4.6-3 [ GINNA Event Chronology

T~ime and.Even 

January 25. 1982 

9,22 a.m.  

Initial conditions: plant power, 100%; indicated 
reactor coolant system (RCS) loop pressure, 2197 
psig; indicated RCS loop average temperature, 
5720F; indicated pressurizer pressure, 2235 psig; 
other primary secondary parameters normal; primary
to-secondary leak rate, 0 gpm.  

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 a.m.  

The Shift Supervisor ordered power reduction. One 
opeiator 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.aam. (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 temiiperature 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)

Time and Event 

The containment fan-cooler, service-water discharge 

radiation monitor (R-16) alarmed.  

9:28 a.m.  

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 injection actuation; main turbine automatic trip 

on reactoi trip; A and B steam generator low level 
alarms; automatic start of both A and B motor-driven 
auixiliary 'feed pumps' on safety injection; main 
feedwater automatic isolation and main feedwater pump 
automatic trip on containment isolation.  

9:29 a.m.  

The main electrical generator output breakers automati
cally tripped.  

Both RCPs weremanually tripped.  

Pressurizer level indicated about 0%.

Comment 

Alarm probably resulted from the proximity of the instru

ment to the B main steam line in the Intermediate 
Building.  

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 isolation valve closed on 
interlock with LCV472 controls.  

The reactor coolant pump (RCP) seal retuin 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 inventory was 
insignificant.  

Ginna Emergency Procedures E-1.1 and E-l.4 require 
tripping RCPs at <1715 psig; Westinghouse Owners' 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.

A � - - D..., i�O� 
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TABLE 4.6-3

Time and Event 

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 a.m.  

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 feedwater pump was 
secured manually.  

The B steam supply valve to the turbine-driven 
auxiliary feedwater pump was closed manually.  

1 

9:33 a.m.  

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 
release information was not given at this time.  

The Shift Supervisor declared an Unusual Event.

GINNA Event 'Chronology (continued)

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.  

Termination of pressure 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)

Time and Event

9:38 a.m.  

Various main steam dump valves began to cycle open and 
closed.  

9:40 a.m.  

The B main steam isolation valve (MSIV) was manually 
cl6sed 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 licensee declared an Alert.  

9:46 a.m.  

the Asteam supply valve to the turbine-driven auxiliary 
feedwater pump was closed manually.  

9:48 a.m.  

The A motor-driven auxiliary feedwater pump was 
manually stopped to control A steam generator level.  

9:50 a.m.  

The steam generator blow down radiation monitor (R-19) 
alarmed.

I,

I! ___________________ 

USNRC Technical Training Center - 4.f-Z� -
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Comment

Main steam dump valves were now being operated in the 
pressure-control mode. The operator was manually con
trolling these valves to cause a plant 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 essentially collapsed by safety injec
tion flow.  

The turbine-driven auxiliary feedwater pump was now 
secured.  

No feedwater pumps were operating 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.

1�
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, TABLE 4.6-3 GINNA- Event Chronology (continued)--

Time and Event

9:53 a.m.  

The B steam generator' power-operated relief valve 
(PORV) was manually iiolated by an auxiliary 
operator closing a local, upstream, manual valve.  

9:55 a.m.  

B steam generator narrow-range level iindicated 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 am. (about) 

Instrument air was restored to containment.  

10:00 a.m.  

A and C condensate pumps were manually stopped.  

10:03 a.m.  

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 PORV in the manual closed 
position to mean that the local manual PORV 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.  

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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Westinghouse Technology Advanced Manual Steam Generator Tube Rupture

TABLE 4.6-3 [GINNA Event -Chronology (continued)

rime and Event 

10:08 a.m.  

Pressurizer PORV PCV430 controls were manually cycled 
again from the control room and the valve successfully 
operat.d.  

10:09 a.m.  

Pressurizer PORV PCV430 controls were manually cycled 
again. The valve opened as desired. After the operator 
placed the controls in the ciosed position, the valve started 
to close but then reopened and stuck opehn 

Th6 operator placed the PORV block valve control switch 
in the closed position. RCS pressure dropped to about 
900 psig; pressurizer level increased rapidly. 

The pressurizer relief tank (PRT) high-pressure alarm was 
received in the control room.  

10:10 a.m.  

The PRT high-temperature alarm was received in the 
control room.  

10:11 a.m.  

PORV block valve PCV516 indicated fully closed; 
pressurizer level indicated 0ff-scale high; safety injection 
increased RCS pressure.' 

10:17 a.m:n" 

Pe A motor-driven auxiliary feedwater pump was 
manually started to feed the A steam generator.

B________________

Comment 

The rapid rise in pressurizer level exceeded that attribut
able to safety injection and charging flow and was the first 
clear indicationto 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 PCV515 to isolate the 
other pressurizer PORV, PCV431C. -

Rev 0296"USNRC Technical Training Center , I . " , - 4.6- 2 7
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'TABLE 4.6-3 GINNA Event Chronology (continued)

rime and Event 

10:19 a.m. (about) 

One 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 am. (about)

One B steam generator safety valve lifted and closed.  

10:29 a.m.  

The A motor-driven auxiliary feedwater pump was 
manually stopped.  

10:38 a.m. (about) 

One 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 am.  

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) 

A second charging pump was started.  

The 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 steamrgenerat61 sifety 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 information.  

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.

USNRC Technical Training Center 4.6-28 Rev 0296
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TABLE 4.6-3 I GINNA Event Chronology (continued)

Time and Event

10.44 a.m.  

The licensee declared a Site Area Emergency and
executed a site evacuation.  

10:52 a.m. (about) 

The PRT rupture disc ruptured, releasing water to the A 
containment sump.  

,10:59 a.m.  

-The A motor-driven, auxiliary feedwater-pump was 
manually started to feed the A steam generator.  

11:07 a.m. (about) 

One safety injection pump was manually restarted from 
the control room. The safety injection pump discharge 
valve was locally throttled to prevent B steam genera
tor safety valve lifts.  

11:19 a.m. (about) 

One B steam generator safety valve lifted and closed.  

The process computer failed. It remained out of service 
until about 11:35 a.m.  

11:21 a.m. (about) 

The A RCP was restarted; reactor vessel upper head 
thermocouple temperatures approached core exit 
temperatures; pressurizer level indications remained off
scale high.  

One charging pump was stopped.

Comment 

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 finally caused the disc rupture.  

From this time in the event, until the plant was cooling 
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 
,but was taken as a direct result of the inability to reestablish 
normal pressurizer pressure control.  

The licensee manually read reactor vessel upper head and 
core exist thermocouples to verify adequate core cooling 
and to determine subcooling in the core and reactor vessel 
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..  

A steam bubble in the reactor vessel upper head 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.

USNRC Technical Training Center 4.629 Re 029"- Rev 0296
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"TABLE 4.6-3 GINNA Event Chronology (continued)

Time and Event 

11:37 a.m. (about) 

One B steam generator safety valve lifted and closed; 
the safety injection pump was stopped.  

11:43 am. (about) 

The plant vent particulate radiation monitor (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
1y opened.

Comment 

Based on the indicated pressure differential between the 
RCS and the B steam generator, and on an RCS inventory 
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.

Ii 
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-.TABLE 4.6-2 GINNA Event Chronology (continued)

Time and Event 

12:35 p.m. (about) 

Intermittent operation of the safety injection pump was 
stopped.  

1:16 p.m. 

The A MSIV was manually closed.  

2:00 p.m.

The licensee reported containment sump A level as 9.3 
feet (approx. 8000 gallons); PRT level at 92%.  

5:40 p.m. (about) 

Narrow-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.  

7:04 p.m.  

An operator again attempted to shut pressurizer PORV 
PCV430; the valve remained open.  

7:17 p.m.

The licensee downgraded the Site Area Emergency to an 
Alert.

Comment 

Containment sump A has two channels of level indication.  
Channel I 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 steam 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-to-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.
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"- TABLE 4.6-2 GINNA Event Chronology (continued) 

Time and Event Comment 

January 26, 1982 

7:00 a.m. (about) 

The residual heat removal (RHR) system was placed in The RCP remained in operation to assist in RCS 
service to continue the plant cooldown. The A RCP degasification and cleanup in preparation for opening the 

remained in operation. 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.  

10:45 a.m.  

the licensee downgradld the Alert to the Recovery Phase.

4.6-32 Rev 0296
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Figure 4.6-1 Closeup View of SGTR

4.6-33



2500 

2250.-,.-lu.e 

2000 •. 1 tube 

1750

1500 
• • 10 tubes 

1000 

750 

500 

250 

0 I I I

0 2 4 6 
TIME (MINS)

8 10

100 2 4 6 8 

TIME (MINS)

Figure 4.6-2 Initial Pressurizer Pressure and Level Response 

4.6-35

1290

w 

cn 

w 

0.  
U) 
C-)

100

Z 

a.  C,, 

-J 

LU 
-J 

a: 
LU 

a.  

UJ 
M
a.



CD 

0 

z 

0 

-0 

CD 
LU

I I 
4 T6 TIME (MINS)

100 

80

60

40

20

0-

1 
8

0 2 4 6 8 
TIME (MINS) 

Figure 4.6-4 Steam Generator Response Following Reactor Trip 

4.6-39

1290

10

10

10

1 6 
TIME (MINS)

I

AFFECTED SG 

INTACT SG/ 

AFFECTED SG

0

1250 

61000 
Th 

Wu 750

U) 
(n 

LU 
CC 500
I.  

250 -

- £

0

1 
2

2 
2

100

z 

0 
z 

4.
IU 
I-' 
t;

10
V



0 20 40 60 80 100 120 140 160 180 200 

FLOW (LB/SEC) 

Figure 4.6-5 Equilibrium Break Flow 
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4.7 ANTICIPATED TRANSIENT 
WITHOUT SCRAM (ATWS) 

Learning Objectives: 

1. Defin6 the term "anticipated 
without scram" (ATWS).

transient

2. Describe the'limiting (most severe) AT 
case for a pr'essurized water reactor (PWF 

3. List thiree parameters or components I 

affect a plant's sensitivity to 'an AT 
"event.  

"4. Describe the modification made to Westi 
"house reactor trip breakers after the Saý 
ATWS.  

'5. 'State ihe functions of the ATWS mitigal 
system.  

6. List' three event - tree considerati 
"(headings) used in estimating the conditic 
c6re damage probability of 'AT 
sequences.  

4.7.1 'Introduction 

The "definition for the term "anticip 
transient without scram" can be found 
10CFR50.62, commonly known as the' "AN 
rule." An ATWS is defined as an anticip 
operational'occurrence' as defined in 10CFI 
Appendix A, followed by the failure of 
reactor trip portion of the protection sy., 

specified in General"Design' Criterion 2( 
Appendix A.  

The term' "tran'sient" applies 'to 

significant deviation from h6rmal values of 
of the key operating parameters. "A tran! 

may occur as a result of equipment failur

malfunction, or as the result of an operator error.  
Anticipated operational 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 transients 'are handled by various 
react6r-contr6l systems, which return the reactor 
to its normal operating condition. However, the 
more severe transients require that the'reactor be 
shut ý down' by the -reactor protection system 
(RPS). As stated iri the technical specification 
basis for react6r trip system instrumentation, the 
reactor trip avoids damage to the' reactor fuel 
and cladding or to the reactor coolant system 
pressure boundary.  

4.7.2 Reactor ProtectionSystem Design 

The Westinghousetfeactior protection'system 
is shown in' Figure 4.7-1. As shown,_ power to 
the'control rbd drive mechanisms' (CRDMs) is 
supplied by motor geneiator set -through two 
series reactor trip'ciricuit breakers.- The opening 
of either reactor -trip breaker de-energizes all 
CRDMs, and the reactor trips. -This trip scheme 

"is an:' example of bne-out-of-two logic; it 

requires the actuation of only one protection 
train' and the opening of only one- reactor trip 
circuit bieaker', at'a minimum, to trip the reactor.

WS " While 'this -logic provides 'redundant means 
ated 'Of generating a reactor trip, 'th6 testing of a 
Z.50, reactor trip circuit breaker Would result in a 

the reactor trip without some compensating 
;tem measure.- 'Since jesting is required, the RPS 

) of design includes bypass breakers that are 
manually installed during tekting.' For example, 
if a test of the'A reactor trip breaker is required, 

any abypass breaker is racked in to provide a circuit 

"ano'- -path parallel to that of the A trip breaker to 

sient ensure continuity of power when the trip breaker 

'e or 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 signalis 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 logic, matrix, 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

systems. After considerable discussion and 
some design 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 desigji deficiencie's 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, adequately 
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
"tion with different initiating conditions. The 
results showed that the worst-case 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 protection system to 
indicate that a loss of heat sink has occurred is a 
low-low' level 'in one or more of the steam 
generators:. Hbwever, the ATWS` analysis 

-assumes that'a common-mode failure occurs 
"which prevents the proper operation of the
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reactor protection system, and the reactor does 
Snot 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 pressuir
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. - " 

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 
reactor coolant Isystem temperature adds 

,negative reactivity, which decreases reactor 
"power. 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 psia) of the reactor coolant 
system,'there is a concern about possible system 
damage and degradation of the emergency core 

Scooling systierm interfaces.  

The severity" of an ATWS (peak pressure 
reached) 'initiated by a 'loss of feedwater is 
affected by the followifig parameters: 

1. The value of the moderator temperature 
* coefficient, 

"2. 'The size of the pressurizer, 
3. The size of the pressurizer safety valves, 
4. The secondary inventory, and 
5. The main turbine status (operating or 

-trippe'd) d uring the transient'.  

The value of the" moderafor temperature 
,,coefficient determines Whether and how much 

negative -reactivity is added (and the resultant 
reactor power decrease) a-s the reactor coolant 
temperatu're increases. .Therefore, the worst case 
for the transient is at the beginning of core life 
(especially for high burnup cores), when the 
moderator -temperature - coefficient can be 
positive, or n'egative with a small niagnitude.  

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 steamr 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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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 

.,the unlit rod bottom -lights. In addition, the 
-turbinehad not tripped as ,expected. The shift 
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.  

-,The. shift supervisor was concerned that a 
failure of the first-out annunciator system or of 
the reactor protection system had occurred. The 

'instrumentation., department was called to 
perform tests to determine the apparent problem 
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.  

"4.7.4.2 Breaker Malfunction 

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
er design -'at the time. of the events. During 
normal i operations, 'the circuit .breakers- are 
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 energized 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 Ithe main -trip shaft. The 
spring -shown directly above the undervoltage 
coil pulls on the arm it is, attached to, causing 
the main' irip shaft to rotate in the 
counterclockwise- direction.-' When this shaft 
rotates, it allows the trip spring to pull the top 
portion of the trip bar to the'left, which opens 
the reactor trip breaker. -' "

Opening the reactor trip circuit breakers 
removes power from the powelf 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.pr6tection system: if a loss of power 
to thereactor 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 
reactorotrip breakerhas'an associated shunt trip 
coil., The shunt trip_ coil Jis normally de
energized when the breaker isclosed. 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 Jin .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 trip 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 Plant 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 
miodification, shown in Figure 4.7-3, the reactor 
protection system both energizes the shunt trip 
coil ý and de-energizes the undervoltage coil for 
each breaker when trip logic is satisfied.  

4.7.5.2 ATWS Rule Requirements 

IOCFR50.62; , 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 regardinfg 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 IOCFR50.62 requires each 
-pressurized water reactor to have "equipment 
from 'sen'sor to final actuation device, that 'is 
diverse from the reactor trip system, to 
automatically:- initiate the auxiliary (or 
emergency) 'feedwater system and 'initiate a 
turbine, trip under -conditions indicative of an 
ATWS. This equipment must be designed to 

S-p~rf6rm 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. Various 
"signals,: such 'a 'high reactor 'coolant systerr 
pressure and low steam generator level, can be 
used as indications of an -ATWS event. Twc 
examples -of '-ATWS mitigation systems art 
described below.

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 pressuri, the turbine is 'tripped, the 
auxiliary feedwater' system is actuated, and the 
steam generaitoi blowdown and sample lines are 
isolated. The signal is maintained for 40 

* seconds or for as long as the activatio -criteria 
* are met. The 40-second timer maintains the 

AMSAC initiation signal 'to 'ensure that the 
necessary actions occur under changing 
cofrditions 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 ieboot during a

surveillance test in May of 1992. The utility 

The Trojan ATWS mitigation 'system actuat- reinstalled the *repaired hard drive -after it was 

ing circuitry (AMSAC), shown in Figure 4.7-4, re~ttirned from the vendor. , The configuration 

starts the turbine-driven and diesel-driven -files had to be rebuilt from an uncontrolled copy 
:-auxiliary feedwater pumps anýd "trips the main .:i. of the files kept by a vendor technician, because 

turbine if' the narrow-range' steam' generator' the utility had not maintained a controlled copy.  

levels dr6p below the l6w4owv level setpoint During performance of post-maintenance testing 

(11.5%) for at-least 25 seconds ini three of the ." on the ,system,;the automatic reboot function 

-four steam generators within the first 6 minutes .was tested.- However,,the'AMSAC developed a 

after-the turbine load has-exceeded 40%. ' faulty trip signal andfailed the test. Subsequent 
, to software manipulations made by the vendor 

"- The 'Iidian Point Unit '3 'AMSAC (see 'to address the faultyi signal, only thereboot 

Figure 4.7-5) performs the same functions as the function was tested. During the next scheduled 

system described above. However,'-instead of surveillance test in December of 1992, it was 

steam generator- -narrow-range -levels, main discovered that the AMSAC auxiliary feedwater
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initiation was inoperable due to inadvertent 
misplacement of the the 40-second timer in the 
system software during •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 evaluation 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 i 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 

- agreement among the 16 studies. A second 
"-study qutantified 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

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: 

" Hardware modifications required by the 
ATWS rule 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 
MTCs 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.  

"* SECY-83-293 set a goal of 1.OE-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-07IRY. 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" 
to occur. Industry programs to maintain 
RPS reliability continue to be useful- in 
limiting risk from ATWSs.  

" However, RPS reliability estimates are 
subject to large uncertainties. RPS 
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.  

" 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 equipmeni.  

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

early stages of an ATWS and thus increasing the 
potential peak pressure reached.  

4.7.6.2 Plant Event 

On June 3, 1991, a low flow'reactor trip 
signal -was generated during 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 circuit board (a result of previous 
improper' maintenance): The board failure 
prevented the- occurrence - of 'the automatic 
undervoltage and automatic 'shunt trips of the 
associated reacto'rtrip'breaker." A manual trip 
was still available.  

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 designed. 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, utilities have installed 
ATWS mitigationi systems that perform those 
fuintions.  

As a result of the Salem ATWS, Westing
house iunits added the automatic energizing of 
the shunt trip coil by the RPS. This 
modification provides a redundant means of 
opening the reactor trip breakers and potentially 
reduces the probability that a common-mode 
failure would prevent their opening.
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4.8 LOSS OF ALL AC POWER 
(STATION BLACKOUT) 

Learning Objectives: 

"1. Define the term "station blackout." 

2. Describe the interim response by the NRC 
the-station blackout concern.  

3. Describe the' plant 'response necessary 
"mitigate the consequences of a station blai 
out using existing equipment.  

4. 'Describe the regulatory requireme 
" addressing the station blackout concern.  

"5.' Describe the accideht sequence that mal 
the loss of all alternating cirrent (ac)'poN 
"a major contributor to the total core dam, 
"frequency at some reactor plarits.  

"4.8.1 Backgrou-nd and Basic Electrical 
Distribution Design 

The General Design Criteria, (GDC) 
Appendix A of 10CFR50 establish the necess& 
design, fabrication, - construction, 'iesting 9 
performance requirements for structures, s' 
terns, and components important to safety; th, 
are the structures, systems and components t 
provide reasonable 'assurance that the' facil 
can be operated without undue risk to' the hea 
and safety of the public. GDC -17, "Elece 
Power Systems," requires that onsite and offi 
electric power systems be provided to permit 
functioning of structures, systems and cornm 
nents important to safety. These structui 
systems, and componerits are required to rem 
functional to ensure that specified acceptaý 
fuel design limits and design conditions of 
reactor coolant pressure boundary are 
exceeded as a'result of anticipated operatio

occurrences, and that the core is cooled and 
containment integrity and' other ',iial functions 
are maintained in the event of -postulated 
accidents. GDC "17' "specifies .additional 
requiremeiits for b6th 'the onsite and offsite 
electrical power distribution systems to'ensure 
both their availability and reliability.  

to 
Figure 4.8-1 shows a typical offsite power 

system associated with a nuclear plant. During 
to plant operation, power is supplied to the Class 

"IE (ofisite) distribution system- by the main 
"-generator. '-In the event of a unit trip,'he pre
ferred source of power to the onsite distribution 

nts systemi would be 'the 'offsite grid. If offsite 
power is'available, an automatic 'trinsfer to the 

"preferred 'power source ensures a continuous 
.es supply of ac-power to equipment 'required to 
ver 'maintain the plant in hot standby and to 'remove 
ige decay heat from the'cbre. If offsite p6wer 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: Figure 4.8-2 shows 'a typical 

in 'onsite'ac power 'distribution system. 'In the 
event that an undervoltage condition is 'sensed 

and on the emergency buses following a unit trip, 
- the system is designed to-ensure the opening of 

ese all supply" breakers to' the '-buses, the 

h at 'disconnection.,'of all ' unnecessary loads, the 

lity starting of the emergency diesel generators, and, 
lth when the machines have reached normal 'speed 

tric and voltage, the reconnection of all loads 

;ite necessary to maintaifi the plant in 'a stable hot 
the shutdown condition. If the onsite power sources 
30_ ':are -not available to re-energize the onsite 
res, 'distribution system, a station blackout (SBO) 

ain : has occurred."
ble ' 

the An electrical distribution system in 

not conformance with GDC 17 was once considered 

nal 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 offsite and onsite 
sources of ac power (a station blackout) was 
considered incredible and therefore did not have 
to be considered in plant design 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" (1OCFR50.2). Because 
many safety systems required 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 consequences 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

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 
minute. 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 b.O, "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 generators. The 
steam generators are available as a heat sink, 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).  

. -Without ac power there is no means to add boric 
-- acid to the RCS to ensure an adequate shutdown 

- 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 
pressure of the containment.VWithout ac power, 
there is no way- to--reduce - containment 
temperature, and, eventually -containment 

- - integrity would be lost due to high pressure.  

If a cooldownofthe plant is not initiated, 
* the loss ofinventory 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: -

failure rates, led the NRC to designate the 
station black6ut concern as an uhresolved safety 

',issue (USI). By designating the issue as a USI, 
it would receive priority in terms of studcy and 
"resolution. USI A'-44 was established in 1979, 
and the task actionr plan' that follow*ed focused 

'on analyzing' the freqtiehcy and duration of 
losses of offsite 'power and theý'probability of 
failure of onsite (emergency) abc power sources.  

AOther areas of interest included-the availability 
and reliability of 'decay heat 'removal systems 

A independent :of ac power and the -ability to 
-f- restore offsite power before normal decay heat 

= removal equipment (equipment that relies on ac 
"power) fails, due to a-harsh environment.' The 
6onclusions of the study 'wbuld be used as a 
basis 'for further -rule making and required 

* design changes,' if-, necessary -to ýprotect the 
Spublic health and safety. The results of the 

station blackout - study were published in 
-NUREG-1032, -"Evaluation of Station Blackout 
it Nuclear Power Plants" (June 1988).: 

Analysis of the reliability and availability 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- powerý source' reliability is

"4.8.3 Regulatory Developments -'. - '- dependent on several, factors,, such as regional 
- - grid stability, the potential for severe weather 

-In 1975,- WASH-1400, "Reactor -Safety conditions,, and utility capabilities- to restore 
Study," determined -that station blackout could power,.,_ which', are - difficult to control.  
be an important contributor ,to ,the total risk: -,Ultimately, the ability. of a plant to withstand an 
associated -with -nuclear- -power- 'plant core SBO depends on the decay heat removal sys

"-,damage initiators. -This fact, combined with the tems, components, instruments, and controls 
increasing , indications 'that onsite 'emergency , that are independent of ac power.  
power sources (diesel generators [DGs] in most,. ' ' - - " 

- - cases) were experiencing higher than expected,', ' - - ,
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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 higher 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 A-44 
provided a considerable amount of,, time for 
studying the SBO concern, -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 lessoris 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 sife 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-

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 bettei enable 
plants to cope with an SBO, utilizing existing 
equipment and expedited restoration of power 
from either onsite or offsite sources.  

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 t. rbine, 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 resiore power to the unit from 
either offsite or another unit at the same site as 
soon as possible.
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4.8.5 Station Blackout Rule 

Based on the conclusionsi of the station 
"blackout study published in NUREG-1032, 
IOCFR50.63, the "station blackout rule," was 
added to the Code of Federal Regulations in 

1988. This nile requires that each nuclear 
power plant be able to withstand for a specified 
duration aind to recover from an SBO.' The 

specified duiation "is to be based on the 

redundancy and 'reliability of onsite, emergency, 
a-c power- sources, the expected frequency of 
losses of 6ffsite power, and the'rprobable time 

needed to restore 6ffsite power. The rule further 
requires ' that . each plant's systems and 

equipment- be 'capable of maintaining core 

cooling and 'containment integrity'in the event 

of an' SBO for the specified duration. The 

capability for coping with an SBO was to be 

determined by an appropriate coping analysis.  

To comply with 1OCFR50.63, 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 
caliability 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.  

1OCFR50.2 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 thi 

following requirements: 

(1) Is' connectable to 'but not normalb 

connected to the offsite or onsite emergency a( 

power systems;

(2) Has minimum potential for common 
mode 'failure with offsite' power or the onsite 
emergency ac power sources;, 

'(3) Is' available in a timely manner after the 
onset of station blackout; and 

(4) Has sufficieht'capacity and reliability for 
Soper'tin of all sstems-for copindg with station 

blackout and for the time required to bring and 
maintain the plant in safE'shtitdown..!." 

The station'blackout rule states that -an alternate 

ac source constitutes acceptable 'capability to 
withstand an SBO provided that the licensee 

-performs an 'analysis• •'which demonstrates that 

''the'plaiit has-this capability, 'that the licensee 

demonstrates by test the time required to start 
and align the source, and that the alternate ac 

source meets certain dipracity'requirements. If 
the alternate ac sotirce meets those requirements 
and can be demonstrated to be available to 

power the shutdown buses' within 10 minutes of 

the ofiset'of an SBO, then no coping analysis is 
required. ' " ' 

'Regulatory Guide-1 155, "Station Blackout," 
also issubed in"1988, provides guidance for 
meeting'the requirements of 10CFR50.63. The 
guide contains guidance on: 

Mainitaining an individual emergency diesel 
genierator tirget'reliability' of 0.95 or 0.975 

-per demand and assumes that' as long as the 
unavailability of DGs due to maintenance 
and testing is not excessive, the maximum 
DG failure-rate would result -in overall 

reliability for the emergency power system; 

-Establishing a-DG reliability program with 

test, maintenance, -data collection, and 
management oversight elements to maintain 
the selected DG target reliability;

A Cr DuPV nflAl
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" Developing procedures 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 independence 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 capability to cope with 
a blackout based on the selected duration 
capability; and 

" Completing modifications as necessary to 
cope with a blackout.  

The -guidance is structured so that the lower 
emergency diesel generator -tageto 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 
and 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.  

In accordance with the regulatory 
assessment requirement of the station blackout 
rule, the NRC ha's completed safety evaluations 
of licensee compliance actions for all plants. In 
addition, the NRC ,completed eight pilot 
inspections priorto 1995 to verify the adequacy 
of licensee- ,programs, procedures, training, 
equipmefit' and' systems, and supporting 
documentation in implementing the, station 
blackout rule. Because'these inspections found 
only minor problems, the NRC staff concluded 
that additional inspections to verify 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 plants 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 statio 
blackout as the initiator, followed by RCP se; 
failure, leading to a small-break loss ofocoolai 
accident. This sequence leads to core damap 
because of 'the unavailability of the hig 
pressure injection -system' for replenishing tl 
reactor coolant inventory.  

-,.Other sequefices involving electrical powt 
-problems as initiators involve the failure of tt 
auxiliary feedwater . system, the failure of 
pressurizer power-operated'relief valve (PORM 
to shut; and the failure of a PORV to open)' 
enable bleeding andfeeding. Causes of loss ' 
power initiators include:

'1. The failure of DGs to start, - - " 
2. The failure of DGs to run after starting, 
3. The failure to recover ac power, 
4. The unavailability of DGs due to testing 

or maintenance, and 
5.-.A local inverter fault 'which fails the' 

S. .. . . _". . .. ..- - - -C • .-. . . ' ,,.."

- •: automatic actuation oi thme auxilaly feedwater system.  

S. A report prepared by the NRC 'Office of

.'Nuclear Regulatory 'Research,- "Final Report: 
Regulatory, Effectiveness of the Station 
Blackout Rule" (2000), 'assesses -whether the 
station blackout rule has been effective in 
achieving the desired outcomes. .The'report 
concludes that, although there are opportunities 
to clarify SBO-related i-egulatory documents, 
"the rule is effective, and industry and NRC costs 
to -implement -the 'rule -were reasonable. The 
report provides the following detailed' 
conclusions: 

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. As a result of 

improvements made to address the station 

blackout rule, more plants achieved a lower "'

SBO-attributable core damage frequency 
than expected,' -and the plants with the 
greatest numbers of losses of offsite power 
"from plant' events and extremely severe 
weather 6c6nditionsý made-'the largest 
"imprlovements,9 most by' providing'access to 
alternate ac p-ower supplies. In addition, 
with some -exceptions, the observed DG 
reliability peiformance' exceeds the mean 

' DG reliability 'assumptitris of probabilistic 
risk assessments -'and individual plant 
examinations, indicating- that SBO
"attributable 'cor "damage frequencies are 
smaller :than those- stated in -those risk 
'assessmenis.'As -the blackout rule risk 
reduction 'objectives have been exceeded, 
further 'investigation 'of strategies for 
reducing SBO frequencies "may not be 
needed.  

a Before the bla'ck6ut'rule •wis issued, only 11 
:of 78 plants' surveyed-' had a formal 
"emergency DG reliability pr6gram, 11 of 78 
plants had a unit average DG reliability of 
less than 0.95, and 2 0of -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 oplratirig'plants have a unit average 
DG reliability of less than 0.95,considering 
actual performance on demand and 
unavailability dueto 'maintenance 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 

-unavailabilitie's erode 'the risk' benefits 
obtained from implementing the blackout 
rule.
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eSLng ouse ec &-gy I-, 117 : U rr t. I A A A M.- I Loss of All AC Power

nAni
i • I !" e A



Westinghouse Technology Advanced Mantial Loss of AlI AC Power

Operating experience 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 illustrates 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 without two emergency 
DGs added to address the blackout rule.  
Blackout-rule rmodifications,, 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 I 
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/rIin). 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 !Vogfle 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. Describe the alignment, and operation of the 
RHR system during its shutdown cooling 
mode of operation.  

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 
- heat removal capability when the reactor is in 

cold shutdown.  

4.9.1.Introduction 

One of the most significant problems associ
ated with a shutdown reactor is the removal of 
the heat being produced by radioactive decay of 
-the fission products produced during reactor 
-operation. ,The General Design Criteria in 
"Appendix A of IOCFR50 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 
"in components and features, and suitable inter
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.

SThe 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 1X 10-6 per 

'reactor year)., Inadequate reliability of the decay 
Sheat 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.  

4.9.2 RHR System Description 

The purposes of the residual heat removal 
-system are as follows: 

1. Removes decay heat from the core and 
reduces the temperature,of the reactor 
coolant system (RCS) during the second 
phase of plant cooldown, 

2. Serves as the low -pressure injection 
S, portion of the emergency core cooling 

c nysteas(ECCSs) following a loss of 
ry.t..s,(coolant accident, and 

3. Transfers refueling water between the 
refueling water storage tank and the

USNRC Technical Training Center 4 9 - 1 Rev UZ96
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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 
decay 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,- ldown is accomplished by the auxiliary 
feedwater (AFW) system, the steam dump 
system, and the steam generators.  

Once the plant is in cold shutd6wn, the RHR 
system will maintain RCS temperature until the 
plant"is started up' again. The r'esidual 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 
injection 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 reactori 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
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diesel power supply. A prolonged loss of offsite 
power would not adversely affect the operation 
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 
the pressure in the reactor coolant system must 
drop below the discharge pressure of the RHR 

"pumps.  

The materials used to fabricate the RHR 
sysiem components are in accordance with the 
applicable ASME code requirements. All parts or 
"components in contact with borated water are 
fabricated of or clad with austenitic stainless steel 
or an equivalent corrosion-resistant material.  

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 o,ýerheating 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 
capability. .  

-The heat exchangers are of the shell 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.  

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 discharges to the drain header.

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.
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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 lowerpressure 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 ipproximately, 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
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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 
any engineered safety features function.  

-The normal cooldown return lines are ar
-ranged in parallel, redundant flow paths. These 
lines are also utilized as the low pressure emer
gency core cooling injection lines to the reactor 
"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., 

"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 thian200*F) to maintain reactor 
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 
fact that the reactor coolant system is completely 
filled to the top of the pressurizer with coolant.

-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 vale HCV-128.  

The flow diverted to the CVCS is controlled 
by the position of the backpressure control valve 
PCV-131, which is located downstreaim 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-13 1)., To maintain a constant 
pressure in the RCSboth 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 

The RHR system is used to circulate reactor. - RCS will decrease if the letdown flow rate 

coolant-from the loop 4 hot leg to the cold leg,. o exceeds the charging flow rate.  

connections on each loop. The RHR system is - - .  

essentially operating as-an extension of the Normally, the backpressure regulating valve, 

reactor coolant system and is completely filled ;PCV-131,-is maintained in the automatic mode of 

with reactor coolant. - Pressure in the system can - operation and set to control,the reactor coolant

4.9-5
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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 Tavg 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 341 1-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. If a 
means to remove this heat that is being generated 

- 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 
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 perform 
-maintenance or refueling, it is very likely that the 
RCS will be open 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 system status 
and alignment during cold shutdown, the time 

-available to replace lost RCS inventory and to re
.establish decay heat removal before bulk boiling, 
core uncoveryand fuel damage takes place will 
vary from plant to plant. The consequences can 
be severe because of the inability to contain the 

- radioactive fission products that are released once 
fuel degradation begins. ..  

4.9.4 NRC and Industry Studies 

--In addition to the studies being performed in 
conjunction with the resolution of USI A-45, 
other studies of decay heat removal capabilities 
have been conducted by independent NRC and 

* . industry nuclear safety groups;_ 

A study published by. the Nuclear Safety

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. I 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 implications 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 inventory during 
. cold shutdown conditions might have previously 

been thought to be unimportant, the'analysis by 
.thie NSAC concluded that, in certain instances, 

the loss of inventory combined with the degraded 
condition of other systems (permitted by techni
cal specifications) needed to replace the lost RCS 
coolant demonstrated the potential for core 
uncovery. In'one event, if timely 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 
P wRs, -the NRC has required that automatic 
protective systems to prevent cold overpressure 
be installed.• Impr'oper opeiration and mainte
nance of these,systems can still render them 
ineffective. Malfunctions or personnel errors 
,during ''cold shutdown' Can result in 
repressurization of theý RCS to the setpoint 
pressure of the tpressurizer code safety valves.  

,-High pressures could-have significant implica
tions regarding reactor vessel brittle fracture
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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'place long enough after 
shutdown such that sufficiejht time, existed for 
recovery, the potential exists for decay heat 
removal losses that could result in bulk boiling 
conditions in the core. 'Coolant boiling could 
create a significant hazard for personnel working 
in the area as well as lead to core damage.  

The NSAC report concludes that significant 
improvements in decay heat removal'capabilities 
could be mande by 'simply upgrading plant proce
dures and administrative controls used during 
plant shutdown. Historically, utilities have 
emphasized stringen't con'trols and procedural 
re'uirements during power operation. The 
assumption was that during cold shutdown, the
plant was in a "safe" condition and that strict 
controls, and safety 6quipmeit oplerability were 
not necessary. The'results 6f ýnalysis'of repeti
tive events involving decay heat renrioval systems 
have demonstrated that this is not necessarily the 
case.  

Some of the recommendations made in the 
NSAC report include: 

1. Improvements, in training and procedures 
related to loss' of RCS.'coolant during 
RHR system operation (when automatic 
ECCS is not required to be'available by 
technical specifications), cold 
overpressure protection, RCS void 
formaiion during cold shutdown, long
term" unavailability of the RHR system, 
restoration of air-bound RHR pumps, 
and inadvei tent automatic RHR system 
isolation;

2. Better administrative controls for mainte
nance and surveillance during cold 
shutdown,' vessel level monitoring during 
partially diained operations, critical valve 
positioning arid status control, outage 
control by dperation 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 published 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 
three' hours. 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 precursoris 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 commiutted 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.
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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 
removing -reactor decay heat. This analysis 

-emphasizes the fact that a loss of decay heat 
L• :. 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. Providing operator aids to assist in 
determining the time available for DHR 

. - recovery and-to assist operators, in 
- trending parameters during loss-of-DHR 
,events;

periods which do not require valve 
-motion; and 

6. -Clarifying plant technical specifications to 
eliminate ambiguities associated with 
operating mode definitions. .2 

4.9.5 Plant Events 

4.9.5.1, Diablo Canyon Unit 2" 
-- (4/10/87) 

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.

-3. --Upgrading the training and qualification Erroneous level indication, inadequate 
requirements for operations and mainte- knowledge of pump suction head/flow require

- nance staff; ments, incomplete assessment of the behavior of 
the air/water mixture in the system, and poor 

,4. Requiring -the use of- reliable, well- coordination between control room operations 

* - analyzed methods for measuring reactor and containment activities all contributed to the 

vessel level during shutdown modes;, -. event. ,Under.-the conditions that existed, the 
-- . ...- - -. - system that measured the level of coolant in the 

5. Modifying plant design to remove auto- . reactor vessel indicated erroneously high and 

matic closure inteilocks and/or power to responded poorly to changes in the coolant level.  

.the DHR suction isolation valves during -In addition, the intended coolant level was later
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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 cuirrent 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 reported to be 
"vented, and a fkw minute's liter an attempt was 
made to restart the pump. The electrical current

to the motor again began to fluctuate, and the 
pump was secured. During this peiiod 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 220T., 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 reqtuirements for verify
ing proper RHR pump suction before starting the 
second RHR Oump;. (4) precautions specifying 
minimum vessel levels as afunction of RHR 
flow; (5) improvements in work planning,
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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 Notice 87-23 was subsequently 
issued by the NRC to alert other licensees to the 
event, and Generic Letter 87-12 was issued -to 

* (1) assess safe operation ofPWRs when 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 34and the technical specifi
cations, in this condition; (3) determine whether

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 1 10"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 
PORVs 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 thatwas not 
specifically intended for draining the system.  
The operators did not-realize that lowering the

there is a-resultant unanalyzed event that may-- . level with the PORVs shut and then subsequently 
have -an impact on safety; and (4) determine--- cooling the pressurizer would cause a vacuum to 
"whether any threat to safety that warrants further form in the pressurizer and cause the level to hold 
NRC attention exists in this condition. - - at 20%. -

4.9.5i. 2- North -Anna Unit 1 (6/27/87), On June1 8, 1987, the pump motor was 
uncoupled, and a small amount of expected 

On June 21, 1987, North Anna Unit -1 leakage (estimated at 2 gpm) up the pump shaft 

operators discovered that approximately 17,000 was encountered. -This leakage was relatively 
- gallons of reactor coolant had been lost from the clean water from the seal injection line past the 

"RCS while the unit was in cold shutdown. The pump seals, which did not provide a tight seal 

delay in discovering the inventory loss resulted when the motor was uncoupled. Makeup to the 
-from the use of pressurizer level as an indication RCS was from-the volume control tank (VCT).  

of reactor coolant inventory, failure to use all _The_ VCT, evel was maintained, with the VCT 
available indications, and failure toyperform a .p-pressure greater than the RCS pressure. The 

mass inventory balance. -- operators believed that maintaining the pressuriz
. ... ,, - er and VCT levels would maintain the reactor 

"On June 17, 1987, during preparations for a coolant inventory by making up for any losses 

-. startup following a refueling outage, a problem, -with flow from the V ,CT to theRCS. Voids 

developed with a reactor coolant pump motor, consisting of noncondensible. gases and vapor 

-requiring removal of the motor. When the formed in the RCS and collected in the system 

problem was discovered, the unit was at approxi- high points (reactor vessel head and steam 

mately 195"F and 325 psig, with a bubble in the generator tubes). The voids were not indicated 

pressurizer. In order to establish plant conditions "by any decrease in pressurizer level.  

for removal of the motor (which may involve - .......

leakage from the RCS), the plant would normally On June -21, 1987, a decision was made to

USNRC Technical Training Center - - 4.9-11 1(ev UZyti

-Westinghouse Technology Advanced Manual IIShutdown Plant Problems

4.9.11 'Rev 0296,USNRC Technical Training Center . .



Westinghouse Techno1o�y Advanced Manual Shutdown Plant Problems

reduce thie 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 unaw~re of it: When the PORVs 
were cycled, the pressurizer relief tank pressure 
dropped; as well as the pressuniizer 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 tr-end recordei, the change in the level 
indication would only have been noticed by 
comparing it with a separate'plot or by rolling it.  
back 12 to 24 hours to compare'ii 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 inventory. A total 
of 17,000 gallons of borated water was required 
to reestablish the RCS invefitory.' 

The procedure used to establish plant condi
tions for'removing' the RCP miiotor did not 
contain apljropriate instructions for monitoring 
and maintaining the RCS inventory; The licensee 
chýnged the procedure to requiie a review of the 
"reactor coolant system inventory and routine 
surveillance of all available level indications, 
including that from the RVLIS.  

4.9.6 Summary 

Requirements for reliable decay heat removal 
systems were established in the General Design 

'Criteria of Appendix A' of 1OCFR50 to ensure 

USNRC Technical Training Center 4.

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 concerns.  

The NRC established shutdown decay heat 
removal requirements as an unresolved safety 
issue becaiiseof 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 recominendations 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 

Learning Objectives: 

1. List two safety-related functions that rely o 
plant air systems.  

2. List two sources of air system contaminatioi 

3. List two causes (other than contamination) i 
air system failures.  

4.10.1- Introduction 

All commercial pressurized water reacto 
rely.on air systems to actuate or control safetr 
related equipment during normal operatio 
However, at most pressurized water reactors, ti 
air systems are not classified as safety system 
Plant safety analyses typically assume that noi 

...- safety-related ,air systems become .inoperab 
during transients and accidents, and that the ai 
-operated equipment -which is served fails 
known, predictable modes. -,In addition, ai 
operated equipment which must function durin 
transients or accidents is often provided wi 

-.backup air (or nitrogen) supplies in the form 

safety-grade accumulators so that the equipme 
can continue to perform its intended functions.  

Consider the effects of a loss of all feedwal 
event. In this scenario, if feedwater or auxilia 
feedwater cannot be restored to the steam genex 
tors, the, operator is directed to start both hi, 
pressure injection pumps and open the pressur 
er power-operated relief valves (PORVs). T1 
sequence ýof ,actions -provides a flowpath 

* emergency core cooling water through the cc 
and out the open relief valves. However, if t 

:,,PORVs are pneumatically operated and the 
system is not functioning correctly, then tht 
can be no core cooling flow until the RCS

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 

ri. to close. These valves must function correctly to 
ensure that, in the event of a main steam line 

of 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 

rs correctly to ensure the integrity of the contain
y- ment building in the event of a loss of coolant 
n. accident or main steam line break.  

s. The failure of instrument air systems and the 
I- effects of the failures on plant operation are 
le discussed in section 4.10.3.  

in 4.10.2 Air System Description 

ig, A diagram of a typical air system is shown in 

th - Figure 4.10-1. The air system begins with the 
of air compressors, which take a suction from the 

nt ambient air and raise its pressure to approximate
* ly 100 psig.. The compressors then discharge 
the air to storage receivers. The air system 

ter - contains two or more 100% capacity compres
ry sors that are powered from nonvital 480-Vac 
a- --electrical busses. The compressors are controlled 
gh by pressure switches located on the instrument 
iz-. air receivers., During normal operation, one of 
uis the compressors.is in service, and the redundant 
of compressor(s) are in standby. -The in-service 
ire -compressor loads (compresses air) when receiver 
he apressure drops belowa predetermined value 

air (approximately 95 psig) and unloads (stops 

.re compressing air) when receiver pressure increas
is- - es back to its normal pressure. If the air pressure

USNRC Technical Training Center <q.iu-i Key us�o
-°;'4.1U-17- 'USNRC Technical Training Center

S Air System Problems

,-- -Rev 0296



Wesingous TehnoogyAdvnce MaualAir Svstem Prohle s

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 &e 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, auxiliary building, and 

"containment building. The instiument air system 
in the turbine building supplies l6ads 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 decay heat removal cooler 
control valves, the main steam isolation- valves, 
and letdown control valves.' The containment air 
supply piovides air for the ,pressurizer power
operated relief valves 'and spray 'valves. The 
instrument air supply to thie 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
ment inside the containimient 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, wateir',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 equiipment have the 
potential to be dislodged during severe vibrations 
(e.g., due to earthquake or water hammer), 
which could lead to common-mode equipment 
failures.
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"Particulates loss of all air compressors. -Because plants have 
redundant air compressors and automatic switch

Particulate matter has been found to have ing features, single random compressor failures 

degraded or prevented air from venting through usually do not result in total air system failures.  

-,the discharge orifices of solenoid air pilot valves !.Most air system compressors are of the oilless 
and valve air- operators. A clogged orifice type. However, some plants with oil-lubricated 

changes the bleeddown rate, which affects the compressors have experienced oil contamination 
valve opening or closing times and can result in of their air systems. Similarly, the temporary use 

'stuck valves: Additionally, small particles have of oil-type compressors as backup or emergency 
prevented electrical-to-pneumatic converters from -compressors (e.g., skid-mounted, diesel-operat

• functioning ,properly (i.e., from opening -or ed compressors) without adequate filtration and 
closing on demand). Air dryer desiccant has drying can result in significant air system degra

been found to damage solenoid air pilot valve,i, -dation.- -. .  

seals, preventing air-operated valves from - -

- functioning correctly. ."- ," , Distribution --Systems. , 

Hydrocarbons, " - Since an instrument air system is not general
ly designated as safety-grade or safety-related, it 

Hydrocarbon contamination of air systems is vulnerable to a single distribution system 

. can cause sluggish valve operations; as well as a failure. For example, a single branch line or 

-complete loss of valve motion., Compressor oil' distribution header break . can cause 
--has been observed to leave gum-like residues on, -depressurization in part, and possibly all, of an 

valve internal components. This residue causes air system. , .  
the valves to operate sluggishly or erratically or.  

Seven to stick completely. 'Hydrocarbons have Dryers and Filters 
also been found to have caused valve seals to -

become brittle and to stick to mating surfaces, - Single failures in the instrument air filtration 

"' thereby preventing valve motion. In some cases,- or drying equipment can cause ýwidespread air 

the seals were found to have torn apart or to have system contamination, resulting in common

flaked off, resulting in loose particles which -mode failures of safety-related equipment. For 

blocked air discharge orifices. " example, a single failure such as a plugged or 
- - -"- - broken, air filter; a malfunctioning -desiccant 

4.10.3.2 Air System Component Fail-. , tower heater timer, or plugged refrigerant dryer 

ures - drain can cause desiccant, dirt, or water to enter 
- - . -the air lines. As discussed above, such contami

Air Compressors-. . - - nants can result in significant degradation, or 
S - -,- even failure, of- important air system compo

Instrument air systems include redundant nents. - . , -

- - compressors, but generally they are not designed� - - - - -, 

as safety-grade components. As a result, a single, 4.10.4 Air System Problems, 

failure in the electrical power system or the - - .  

compressor cooling water supply can result in the -- The following sections deal with actual plant

. -4 n a - - � - .� .- � naor I�ev u�yo 
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problems caused by air system failures.  

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 prmps (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'licensee's engineering staff 
hypothesized that corrosion products inside the 
instrument air system may have been a source of 
-the gross degradation.- With the'subsequent 
rialization 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 determaine the maximum

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 valves would close properly for a rapid loss of 

instrument air system. As a result, while the instrument air pressure. .  

charging pump was operating, the letdown line 
isolated per design and the throttle valve (flow 4.10.4.4 Instrument Air Header Mainte

control valve) in the charging line opened to its nance 
full-open position. The RCS pressure increased 

to the point that pressure was relieved through On May 15, 1981, while Arkansas Nuclear 

one residual heat removal pump suction line relief One Unit 2 was in mode 6 and core alterations 

valve. The other residual heat removal train relief were in progress, the instrument air system was 

valve was unavailable. The RCS pressure rose temporarily isolated so that modifications could 

to 700 psig, which was in excess of the final be made to the system. When the air system was 

safety analysis report's calculated value for a low isolated, the pressure in the spent fuel pool/refu

temperature overpressure event. eling canal gate air seal began to drop. The drop 
in pressure resulted in the loss of seal integrity, 

4.10.4.3 Loss of Air Compressors and a leak path was established between the fuel 
pool and the containment building. The spent 

During startup testing on March 14, 1985, fuel pool water level dropped approximately five 

Byron Unit 1 was intentionally tripped from 12% feet in a period of 40 minutes. The minimum 

power as part of a loss of offsite power test. level reached was 21 feet, which is about 2 feet 

With the loss of ac power, the station air com- less than the minimum level allowed by plant 

pressor tripped, resulting in a gradual technical specifications. To terminate the event, 

depressurization of the air system. During the the instrument air system was unisolated, restor

transient, a low steam line pressure signal oc- ing the pneumatic seal integrity. Borated water 

curred, and two of the four main steam isolation was also added to the spent fuel pool to restore 

valves closed. One MSIV remained fully open, level. One week after the drain-down event, the 

and the other closed only partially. Attempts to licensee completed an analysis of a postulated 

manually close the two valves were unsuccess- loss of instrument air to the spent fuel pool gate 

ful. Operators eventually were able to close the seal. The analysis concluded that a longer 

valves with the assistance of air-powered hydrau- duration loss of instrument air could have result

lic pumps after plant air pressure was restored. ed in a fuel pool drain-down to a level near the 
top of the upper end fittings of the spent fuel 

Each MSIV is provided with an accumulator assemblies.  
isolated from the MSIV by two check valves.  
The purpose of the check valves is to allow 4.10.5 Summary 

accumulator air to provide motive power to the 

MSIV in the event of a loss of the instrument air As illustrated by the plant events, losses of 

system. Subsequent bench testing of spare instrument air do occur. Failures of associated 

valves and in-situ testing of valves which were equipment and systems are usually not predicted 

installed in the plant revealed that 11 out of 19 air in plant safety analyses. Consequently, some 

check valves associated with the MSIV accumu- plants with significant instrument air system 

lators would not close tightly on a gradual loss of degradation may be operating or may have 

pressure. However, testing showed that the operated with much higher risk than previously 

n.~ fiiOr
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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 plafits-will 'volunta'rily take 
corrective action to avoid plant operation with 
degraded air systems in the absence of a serious 
event.  
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