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ABSTRACT 

This report has been prepared in response to a C-E Owners Group 
request for an evaluation of natural circulation plant cooldowns. 
This report consists of system dynamic analysis and evaluation of 
reactor vessel head voiding on the reactor vessel shell and 
internals. Based on this information, operator safety functions 
needed during a natural circulation cooldown process were devel­
oped for use in preparation of plant specific procedures and opera­
tor training. 

PREFACE RELATIVE TO 
PRESSURIZED THERMAL SHOCK 

A natural circulation cooldown may be required following an 
initiating event which depressurizes the reactor coolant sys­
tem (RCS) sufficiently to require that the reactor coolant pumps 
be tripped. The NRC currently requires that reactor coolant 
pumps be tripped following a Safety Injection Actuation Signal. 
If the initial cooldown rate exceeds Tech. Spec. limits, there 
may be a potential for pressurized thermal shock of the reactor . 
vessel. (The term pressurized thermal shock refers to damage 
caused by a rapid RCS cooldown with concurrent high pressure or 
subsequent repressurization.) Pressurized thermal shock may 
occur unless RCS pressure/temperature combinations are maintained 
within appropriate limits. These limits are currently being 
developed. Until these limits are available for use, RCS pres­
·sure should be maintained at normal operating pressure during 
natural circulation cooldown only if the cooldown rate during 
the initiating event and subsequent plant cooldown does not 
violate Tech. Spec. limits. .If the Tech. Spec. limits are 
violated, then the RCS pressure during natural circulation cool­
down should be maintained as low as possible while avoiding 
flashing in the reactor vessel head. 
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1.0 INTRODUCTION 

1.1 Purpose 

This report describes the results of activities performed for the 
C-E Owners Group. Activities included the evaluation of the natural 
circulation cooldown process and the development of natural circul­
ation cooldown safety functions. A plant cooldown via natural 
circulation is necessary to achieve cold shutdown whenever forced 
circulation by reactor coolant pumps is not available. The 
analysis and operational information described in this report can 
be used by each utility during their preparation of plant specific 
natural circulation cooldown procedures and operator training. 

1.2 Scope 

Several analytical activities on the n~tural circulation cooldown 
process are s·ummarized in this report. System dynamic analysis 
on asymmetrical natural circulation cool downs and on natural 
circulation cooldown head voiding is provided in Section 2.0.· A 
description of a structural evaluation of the effects of reactor 
vessel head voiding on the reactor vessel shell is provided in 
Section 3.0. Section 4.0 contains a description of a structural 
evaluation of the effects of reactor vessel head voiding on the 
reactor vessel internals. 

Section 5.0 provides operational guidance on natural circulation 
cooldown safety functions and the important concepts involved 
with the operator actions. The operational guidance in Section 
5.0 was developed in part based on the conclusions drawn fron the 
Sections 2.0 - 4.0 analyses since they provided new information 
concerning NSSS asynmetrical cooldowns and reactor vessel head 
voiding . 

1-1 
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1.3 Background 

In April, 1980, C-E provided the C-E Owners Group with the report 
CEN-128 which was developed in response to the TMI Lessons Learned 
requirements. CEN-128 included interim emergency guidelines that 
provided operator guidance to accommodate emergency transients . 
and to place the NSSS into a stable state following the transient. 
Limited event specific guidance was provided regarding follow-up 
operation. Guidance for NSSS boration, cooldown, and depressurization 
following abnormal events was not included in the CEN-128 scope. 

In June, 1981, C-E provided the C-E Owners Group with the report 
CEN-152. This report contains an improved set of emergency 
guidelines which addresses multiple failures. Although a guideline 
was provided for a natural circulation cooldown in CEN-152, the 
natural circulation cooldown guideline only listed the minimum 
guideline actions required. The natural circulation analysis and 
recommendations·provided herein were developed to supply additional 
detailed information that could be used by the C-E Owners Group 
during their preparation of plant specific procedures and for 
operator training regarding natural circulation cooldown evolutions. 

1 .4 Report Summary 

A natural circulation plant cooldown could be required when 
forced RCS flow is not available. Maximizing the RCS cooldown 
rate and maintaining a high RCS pressure will maximize the reactor 

-

vessel upper head heat loss while preventing void formation. 
Following a hold period to allow for adequate reactor vessel 
upper-head heat transfer, depressurization of the RCS to the 
shutdown cooling entry pressure can occur without drawing a 
bubble in the reactor vessel dome. If a void were to occur 
during RCS depressurization, no structural damage would occur to 
the reactor vessel shell or internals. A method of cooling the 
reactor vessel upper head by expanding and collapsing a reactor 
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vessel dome bubble has been evaluated. The analysis shows that 
the upper reactor vessel head cooldown rate can be accelerated by 
the RV head fill and drain process without any thermal, hydraulic 
or fatigue damage to reactor vessel components. 

Natural cjrculation flow in an isolated steam generator can be 
stagnated or slightly reversed during a one steam generator 
natural circulation plant cooldown. Natural circulation flow 
through the unisolated steam generator and core will not be 
affected by stagnated or reversed flow conditions in the isolated . 
steam generator and its loop. However the hot isolated steam 
generator must be cooled before the RCS can be depressurized to 
the $hutdown cooling entry pressure. 

Information is provided on operator safety functions that need to 
be addressed during natural circulation plant cooldowns~, The 
four safety functions include reactivity control, RCS pressure 
control, RCS inventory control, and RCS heat removal. Operator 
actions and their important concepts are provided for natural 
circulation cooldown, asymmetric natural circulation cooldown, 
reactor vessel head voiding, cooldown following various system 
failures and solid RCS cooldowns . 
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2.0 SYSTEM DYNAMIC ANALYSIS 

2.1 Introduction 

2.2 

2.2.l 

The system dynamic analysis activities were divided into three 
categories. The first activity involved generating worst case 
thermal data during voiding in the reactor vessel (RV) dome and 
generating upper plenum temperature stratification predictions 
for input to the RV shell and RV internals structural evaluations. 
The thermal data used for the RV voidi"ng component stress calculations 
are described in Sections 3.3 and 4.3. 

The second activity involved analyzing asymmetric Datural circulation 
(NC) plant coo1downs such as might result following a steam 
generator tube rupture or other events which might require isolation 
of one of the two steam generators. 

The third activity investigated the cooldown of the RV dome 
region due to conduction cooling and local natural circulation 
flow in the d_ome region. A plant cooldown strategy was developed 
to minimize the hold time required to avoid drawing a bubble in 
the RV dome during a natural circulation cooldown. 

Asymmetric Natural Circulation Cooldown 

Objectives 

The activities summarized in this Section describe the thermal 
behavior of an isolated st_eam generator when the entire NSSS is 
being cooled via natural circulation through the other (unisolated) 
steam generator. _ Specifically the following points are addressed: 

1. Will natural circulation flow through the core ever stagnate 
or reverse due to to a hot isolated steam generator? 

2-1 
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2. Will the flow in the isolated loop stagnate even though 
normal natural circulation flow is occuring in the unisolated 
loop? 

3. If the flow through the isolated loop is not stagnant, then 
what is the thermal response of the isolated steam generator 
as the unisolated steam generator is cooled? 

4. Is there an optimum set of conditions to maximize the cooldown 
of an isolated steam generator? 

5. What is the maximum cooldown rate of an is.elated steam 
generator via natural circulation reverse heat transfer 
under the optimum set of conditions? 

Generic Asyrrunetric Analysis 

Both a steady state and dynamic simulation approach were used to 
-

evaluate asymmetric natural circulation plant cooldown. The 
steady state natural circulation governing equations were investi­
gated in a generalized and rigorous manner. The steady state 
equations address momentum through both loops and the reactor 
vessel, and the conservation of mass at junction points with a 
constant system pressure. A rigorous temperature distribution 
within the steam generator tubes was used while considering an 
arbitrary secondary two-phase height to allow for degraded heat 
transfer conditions. RCS metal to coolant heat transfer was not 
modeled. 

The steady state equations were numerically solved using geometrical 
and hydraulic data for a typical two loop C-E plant. Given the 
component elevations and resistance, results are determined as a 
function of time (decay heat) and the secondary temperatures of 

both steam generators (Tsec. 1 & Tsec. 2). The ~eat transfer 
rate (q2) from the isolated unit, defined as steam generator #2, 
is plotted as functions of Ts 1 and T 2 in Figures 2-1 . . & S& 

through 2-4. All cases investigated exhibit the same basic 
trends. 

2-2 
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Several significant conclusions can be drawn. Positive q2 
represents heat transfer from primary to secondary. The region 
of interest is that of negative q2 o·r reverse heat transfer. 
Note that these results are for forward flows in both loops and 
therefore negative q2 means that Thot is less that Tsec 2. All 
the curves show a point of minimum q2, _representing the point of 
maximum cooling of the isolated steam generator. The reverse 
heat transfer in unit #2 will increase as Thot is decreased for a 
given value of Tsec 2. However, the density drivin~ term associated 
with the unit also decreases which decreases the flQW through 
that loop. Therefore the reverse heat transfer process in the 
isolated unit is subject to the competition of two factors: 

1. Decreasing Thot tends to increase the reverse heat transfer. 

2. Increasing the reverse heat transfer decreases the NC flow 
through the isolated unit as the density driving term becomes 
increasingly negative until stagnant conditions are reached; 
thereby terminating the reverse heat transfer process. 

The point of maximum reverse heat transfer corresponds to a set 
fraction of decay heat. The ability to cool the hot isolated 
steam generator decreases with time. The temperature difference 

(between tsec 1 and Tsec 2) required to attain the optimum point 
is a function of the decay heat, and hence is a function of time. 
It is also a weak function of the temperatures themselves; this 
effect is caused by the nonlinearity of the density vs. temperature 
of subcooled water. Approximate values of this optimum temperature 
difference are listed below: 

Time After Trip Optimum t:,.T, °F Decay Heat 
From Full Power, sec (Tsec 2 - Tsec 1) Fraction 

100 120 + 10 0.035 
1000 90 + 10 0.022 

10000 60 + 7.5 0.011 
100000 40 + 5 0.0059 
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The optimum ~T between the two secondary temperatures decreases 
with time which has some serious implications for successful 
natural circulation cooldown of the isolated unit. In particular 
it implies that if the unisolated unit is 11 overcooled 11

, the 
system would have to be 11 reheated 11 to establish the correct 
temperature distribution in the RCS to facilitate natural circuiation 
flow in the isolated unit. Maintaining optimum conditions for 
reverse heat transfer would result in RCS cooldown rates of approximately 
10°F/hr and 5°F/hr at 104 seconds (2.8 hours) and 105 seconds (27.8 
hours) after trip. 

The time dependent response of the NSSS during an asymmetrical 
natural circulation cooldown was calculated with the LTC computer 
code which was used to develop the transient response curves 
(compiled in CEN-128) for the preparation of the Emergency Procedure 
Guidelines. 

• 

All cases were run. as a reactor/turbine/RCP trip from full power 
at time zero. Cooldown was started at 900 seconds (15 minutes), after • 
both primary and secondary side conditions stabilized. Also at 
900 seconds, one unit was isolated. A tabulation of secondary 
temperatures versus heat transfer rate and the transient parameter 
plots for the four cases are contained in Appendix A. 

Case l is a 75°F/hr cooldown of the unisolated unit until steam 
flow limited. For a relatively brief period of time (3000 to 
4000 seconds), reverse heat transfer occurred. After this time 
the flow in the isolated unit was stagnant (LTC results $how a 
small ~ 10 #/sec reverse flow). Except for the 3000 to 4000 
second time period, no cooling of the isolated unit occurred. 

Case 2 is a cooldown of the unisolated unit with the temperature 
of the unisolated unit dictated from the steady state analysis 
for the optimum secondary temperature differential value~ A 

marked improvement was obtained in cooling the isolated unit. 
However cooling of the isolated unit is a slow process even with 
optimum conditions. 
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Case 3 is a cooldown of the unisolated unit with the temperature 
of the unisolated unit held at the optimum secondary temperature 
differential value plus 20°F. Essentially no cooling of the hot 
unit occurred since Tsec 1 was not low enough to cause reverse heat 
transfer from the isolated unit. 

Case 4 is a cooldown of the unisolated unit with the temperature 
of the unisolated unit held at the optimum secondary temperature 
differential value minus 20°F. These results show the effect of 
Tsec 1 being too high at first, then passing through the optimal 
reverse heat transfer conditions, and ending with the natural 
circulation flow choked off in the isolated loop. 

Asymmetric Natural Circulation Cooldown Conclusions 

1. 

2. 

A hot isolated steam generator and RCS loop by itself will 
not ·interrupt natural circulation flow through the core with· 
normal' natural circulation conditions established in the 
operating steam generator. 

Natural circulation flow can be forward," stagnant, or slightly 
reversed through an isolated RCS loop with normal natural 
circulation flow occurring in the unisolated RCS loop. 

3. Cooldown of an isolated steam generator by natural circulation 
reverse heat transfer can only be accomplished with optimal 
thermal conditions. 

4. The error band on the optimal conditions is typically less 
than 20°F and decreases with time. 

5. A full cooldown of the isolated unit, even under optimal 
conditions, will take about a day. 

6. It will take an hour or two to achieve optimal conditions 
from most initial conditions. 
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7. The optimal cooldown rate of the unisolated unit decreases 
with time. 

Based on the analysis as outlined in Section 2.2.2 and the conclu­
sions stated herein, asymmetric natural circulation cooldown may 
be considered too intricate for an operator to implement and 
maintain especially in light of the available system instrumen­
tation. Refer to Section 5.3.5 for further details on asymmetric 
cool down. 

2.3 Reactor Vessel Dome Voiding 

2.3~1 Objectives 

2.3.2 

The activities summarized in this section describe the thermal 
behavior of the reactor vessel (RV) upper head region during a 
typical two-loop natural circulation plant cooldown. Specifically 
the following points are addressed: 

1. What operator actions can alter the cooling rate of the 
reactor vessel upper head region during a natural circulation 
cool down? 

2. What plant cooldown procedure or strategy will minimize the 
possibility of forming a void tn the reactor vessel dome? 

3. What are the time requirements before depressurizing the RCS 
down to the shutdown cooling system entry pressure condition 
to ensure no reactor vessel dome void formation? 

Voiding Analysis 

During a plant cooldown without any reactor coolant pumps running, 
the RCS flow l.oop is cooled by discharging secondary steam while 
maintaining the RCS natural circulation flowrate. However, the 
primary coolant in the upper head region of the reactor vessel 
will lag the loop coolant because the flowrate through this 
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region can be very small or negligible without forced flow in the 
RCS. Thus the RV upper head can contain a relatively stagnant 
region of hot coolant and metal. During primary depressurization, 
a condensable void can be created in the RV dome by flashing 
coolant as system pressure is reduced below the saturation pressure 
in the dome. 

There are two processes through which heat can be transferred out 
of the RV upper head region during natural circulation flow 
conditions in the RCS. The first involves heat transfer through 
the RV head into the containment environment, which occurs at a 
very low and relatively fixed rate. The second involves heat 
transfer down through the coolant and metal mass to the hot leg 
elevation region which is being cooled by natural circulation 
flow. Consequently heat conduction plays a significant role in · 
the RV head cooling process under natural circulation conditions. 

Increasing -the temperature differential between the stagnant 
upper head region and the flowing coolant region will increase 
the heat transfer rate out of the hot upper head region. Conducting 
a cooldown at the maximum allowed cooldown rate will.increase the 
temperature gradient to the maximum possible value and facilitate 
u~per head cooling. Maintaining a low RCS cooldown rate actually 
hinders the upper head cooldown since the temperature gradient is 
maintained at lower values. Moreover the RCS cooldown rate 
should not be stopped when the loop temperatures have been decreased 
to just below the maximum allowed shutdown cooling entry temperature. 
RCS cooldown should be continued to as low a temperature as 
practical to maximize the temperature differential between the RV 
upper head region and the coolant flow path region. 

A simulation of the RV upper head cooling process was conducted 
for natural circulation conditons. The· cooling processes included 
heat conduction, localized natural circulation induced flow into 
the upper head, and shrinkage induced flow into the upper head . 
The simulation assumed a reactor trip from full power at time 
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2.3.3 

zero followed by the onset of natural circulation in the RCS. 
After two hours of hot standy, a 75°F/hr cooldown was initiated. 
Three final RCS temperatures were used to evaluate the cooling 
effect on the RV upper head. 

Figure 2-5 shows the results for a 3410 MWt class C-E plant: 
Assuming that the maximum shutdown cooling system entry pressure 
of 361 psig, then the RCS can not be depressurized down to shutdown 
cooling entry conditions without drawing a RV dome void until the 
RV upper head temperature decreases below the corresponding saturation 
temperature of 438°F. For the case where the RCS hot leg temperature 
is decreased to 330°F, final system depressurization could not 
occur until 17.5 hours following the reactor trip. Figure 2-5 
also. shows that shorter hold. times are required for RV upper head 
cooling if lower RCS temperatures can be established. Whether 
such elapsed times are permitted is dependent upon adequate 
condensate storage supply. 

• 

Figure 2-6 shows the results for System 80 plants. Slower head ·~ 
cooling in System 80 plants is. due to less flow in the upper head 
region and a larger amount of water which must be cooled. 

Pre-System 80 plants are generally similiar regarding the hydraulic 
design features of the RV upper head region. The most notable 
exception is in the Palisades plant which has a much more open 
mechanical configuration. Therefore the results shown in Figure 
2-5 are indicative of what to expect for Pre-System 80 plants. 
Plant specific differences in RV internal structure and RV insulation 
could influence the cooldown hold time by several hours with the 
expected response of Palisades .being much shorter. 

Plant specific shutdown cooling entry pressure and corresponding 
saturation temperature should be used in place of the 361 psig 
example shown in Figure 2-5. 

Reactor Vessel Dome Voiding Conclusions 

l. Increasing the RCS cooldown rate will increase the RV upper 
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• head heat conduction temperature gradient and facilitate RV 
upper head cooling. 

• 

•• 

2. A rapid RCS cooldown while maintaining as high as possible 
system pressure will maximize the RV upper head cooling 
while avoiding RV dome void formation. 

3. Continuing the RCS cooldown below the shutdown cooling system 
entry temperature will enhance the RV upper head cooling. 

4·. A minimum time limit is recommended between the start of the 
plant cool down and plant depressurization to avoid forming 
a RV dome void . 
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Figure 2-1 
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Figure 2-2 

STEA DY STA TE HEAT TRANSFER ' FROM ISOLA TED SG vs SECONDARY TEMPERATURE 

+ 

TsEC 2 

OF NON-I SOLA TED SG 

2-11 

TIME: 1000 SECONDS 
AFITR TRIP 
FROM 100% POWER 

550 0 
TSEC1 F 

.1 



• 

Figure 2-3 
STEADY STATE HEAT TRANSFER FROM ISOLAlED SG vs SECONDARY lEMPERATURE 
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3.0 EVALUATION OF THE EFFECTS OF REACTOR VESSEL HEAD VOIDING ON THE 
REACTOR VESSEL SHELL 

3.1 Description of Design Basis Event 

During a natural circulation plant cooldown, stagnant coolant in 
the dome of the Reactor Vessel (RV) will be hotter than the 
circulating loop coolant. The hot coolant in the RV dome can 
flash to steam during RCS depressurization. In the event that a 
condensable void is formed in the reactor vessel during a natural 
circulation plant cooldown, a drain and fill process may be employed 
to remove heat from the RV upper head region (See Section 5.3.4.7.D 
for RV head drain and fill procedures). The drain and fill 
process cools the RV upper head region by alternately allowing 
the RV dome void to expand and then be collapsed. During the 
void expansion, the hot stagnant water is forced down into the 
RCS natural circulation flow path and carried away. Subsequently 
the void is compressed, drawing cooler loop coolant back into the 
RV upper head region. 

The following assumptions were used for the RV dome coolant level 
and the fluid and metal temperatures in the design basis model. 

1. The upper head is allowed to drain down to the Upper Guide 
Structure plate in 20 minutes with initial upper head steam, 
fluid, and metal temperatures at 600°F (Figure 3-1). 

2. The water level is held at this height for 40 minutes with a 
fluid temperature of 350°F from the RCS flowpath. Upper head 
steam and metal temperatures remain at 600°F. 

3. The head is refilled over a short period of time (between l 
min. and 20 minutes) with 350°F water. 

4. The upper head remains filled with water which remains at 
350°F for a period of time (unspecified) . 

5. During the 11 drain-and-fill 11 procedure the system pressure 

remains at approximately 1600 psi. 
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6. The heat transfer coefficient for water is very large (H~ 
1000 Btu/ft2-hr-°F). 

7. The heat transfer coefficient for steam is very small (H ~ 
o. Btu/ft2-hr-°F). 

8. The thermal properties of the materials are constant, and 
these are evaluated at the average temperatures. 

The above assumptions were established in a conservative manner 
in order to evaluate the highest thermal stress case expected by 
one RV upper head drain and fill cycle. 

3.2 Objectives 

The activities su1TU11arized in this section describe the structural 
analysis on the reactor vessel due to voiding in the reactor 
vessel dome. Specifically the following points are addressed: 

1. Does a drain and fill process of cooling the RV upper head 
region adversely affect the RV shell? 

2. Does a rapid expansion or compression of the RV dome void 
adversely affect the RV shell? 

3. Will structural fatigue limit the number of drain and fill 
cooling cycles? 

3.3 Reactor Vessel Shell Voiding Analysis 

A generic thermal/stress analysis was performed to determine the 
range of stresses produced in the 2570 MWt and 3800 MWt class 
r~actor vessel heads due to ~aiding in the reactor vessel dome. 
The thermal response of the reactor vessel and head during this 
transient was analyzed using the MARC-CDC Program (Reference 3.7.1). 
MARC is a general purpose finite element program which includes 
heat transfer capabilities. Transient heat conduction is performed 
by direct integration of the heat conduction equations. 
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The reactor vessel was modelled as a 2-0 mesh of axisymmetric 
quadrilateral elements, as shown in Figure 3-2. All of the 
dimensions were obtained-from Reference 3.7.2 for the 2570 MWt 
class plant and from Reference 3.7.3 for the 3800 MWt class 
plant. A reduction in thickness was used for the elements representing 
the bolts to better account for the thermal conductivity in this 
region. 

The physical properties of the reactor vessel materials were 
assumed to be constant for the range of temperatures in this 
analysis. The corresponding material properties for the carbon 
steel wall and the stainless steel cladding are as follows: 

Carbon Steel 

K = 3.653 X 10-2 Btu/min-in-°F 
p = .2836 lb/in3 

cp = .120 Btu/}b-°F 

Stainless Steel 

K = 1.3056 X 10-2 Btu/min~in-°F 
p = .2865 lb/in3 

cP = .127 Btu/lb-°F 

The analysis was performed using the forcing function shown in 
Figure 3-1. Also, a second analysis was performed using a similar 
forcing function with a much shorter (1 minute) rise time. The 
temperature distributions were calculated for the entire structure 
at l minute intervals to be used as input to the stress analysis. 

An axisymmetric stress analysis model of the reactor vessel and 
head region was used to determine the peak stress levels during 
the transient. The calculated temperature distributions were 
applied to the model along with the bolt-up loads and pressure 
loads. A conservative pressure load of 1600 psi was used during 
the transient. Stresses were calculated at all locations in the 
head, flange, bolts, and RV wall in order to determine the highest 
stressed region. All behavior was assumed to be elastic with 
material properties as follows: 
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Carbon Steel 

E = 28.0 X 106 psi 
\) = . 285. 
~ = 7.54 X 10-6 in/in/°F 

Stainless Steel 

E = 27.0 X 106 psi 
\) = • 30 
~ = 9.96 X 10-6 in/in/°F 

Stresses in the structure were calculated for various times 
during the transient, and the maximum stress range was determined 
for the highest stressed region using the Tresca stress intensity, 
which is defined as: oT = cr1 - cr3 

Where cr1 = maximum principal stress 
o3 = minimum principal stress 

3.4 Reactor Vessel Shell Voiding Results 

The displacements caused by thermal straining during the drain 
and fill procedure for both the 2570 MWt and 3800 MWt plants are 
shown in the displacement plot of the finite element model in 
Figure 3.3. The combination of bolt-up loads, pressure loads, 
and nonuniform thermal loads produce the bending effects which 
are apparent in this figure. A blow-up of the displacements in 
the head and flange, as shown in Figure 3.4, indicates the region 
with the highest stresses is the "Knuckle" region of the head 
near the inside radius. The Tresca stress intensity values were 
calculated for various times during the thermal transient for the 
2570 MWt class plant and for the 3800 MWt class plant. The 
values of oT vs. time are plotted in Figures 3-5 and 3-6 for a 20 

minute refill of the head. The peak stress intensity value of 
36.9 ksi (2570 MWt) and 39.8 (3800 MWt) was calculated to occur 
during refill of the head. A maximum stress range of 26.9 Ksi 
(2570 MWt) and 23.7 Ksi (3800 MWt) was calculated for this transient 
cqndition at the inside radius of the 11 Knuckle 11 region. 

The effect of a more rapid refill on the stress intensity in the 
"Knuckle" region is shown in Figures 3-7 and 3-8. The temperatures 
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resulting from the thermal transient with a l minute refill time 
were applied to the stress analysis mode, and the stress intensity 
was again calculated as a function of time. The maximum stress 
range for this case was calculated to be 27.4 Ksi (2570 MWt) and 
22.0 Ksi (3800 MWt). These values indicate that the more rapid 
refill of the head is no more severe in terms of thermally-. 
induced stresses than a slower refill time of 20 minutes. 

To determine the severity of the thermal transient with RV head 
voiding compared to a normal cooldown, an analysis of a typical 
cooldown was performed. The combination of thermal and pressure 
loading was considered with a decrease in system pressure vs. 
time as given in Figure 3-9. The Tresca stress intensity vs. 
time during the typical cooldown was calculated from the finite 
element model. The results are given in Figures 3-10 and 3-11 
for both the inside and outside radii in the "Knuckle" region of 
the head. From these results it is evident for the 2570 MWt 
class plant ·that a maximum stress range of 18.8 Ksi occurs near 
the outside radius of the "knuckle" region, as compared to the 
maximum stress range of 26.9 Ksi as the result of the "drain-and­
filP cooldown procedure. Similiarity 21.0 Ksi and 23.7 Ksi 
were calculated respectively for the 3800 MWt class plant. 

·A fatigue evaluation is performed according to NB3222.4 of the 
ASME Code (Reference 3.7.4). The.procedure for calculating usage 
factors is outlined as follows: 

1. Determine the principal stresses a1, a2, a3 considering both 
the gross and local structural discontinuities and the 
thermal effects which vary during the cycle. 

2. Determine the stress differences s12 = a1-a2, s23 = a2-a3, S31 
= a

3
-a

1
; versus time for the complete cycle. 

3. The alternating stress intensity is then calculated as: 

• Salt = a max - a min 
2 

·3-5 



From the stress results for the drain and fill procedure with a 
20 minute refill t~me, Salt is determined to be: 

salt= 36.6 - 9.7 = 13.45 Ksi (2570 MWt) 
2 

salt = 39.8 i 16.l = 11.85 Ksi (3800 MWt) 

4. The corresponding cyclic life, N, is determined from the 
appropriate design fatigue curve shown in Figure 3-12 
(Reference 3.7.5). The-cyclic life N for the stress range 
is determined to be 500,000 cycles (2570 MWt) and 600,000 
cycles (3800 MWt). 

5. The usage factor is determined from U = --]--- where n is 
actual number of occurrences. 

For example, for 1.00 "drain-and-fill" cycles, the usage factor 
would be U = 100 = 2.0 X lo-4·(2570 MWt) 

500,000 
= 100 = 1.6 X 10-4 (3800 MWt). 

600,000 

For comparison with the effects of 100 cycles of a normal cooldown: 

salt = 9.4 Ksi (2570 MWt) 
= 10.5 Ksi (3800 MWt) N > 1,000,000 

"' Thus, U "' 100 = l x lo-4 
1,000,000 

It should be noted that U << 1.0 for both cases. The drain­
and-fill usage factor is slightly larger than that due to a 
normal cooldown. Since U is much less than 1.0, the amount 
of fatigue damage is negligible for both cases. 
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3.5 Generic Voiding Conclusions 

The following conclusions apply for the 2570 MWt and 3800 MWt 
class of C-E plants: 

1. The results of this analysis indicate that the highest 
stresses occur in the knuckle region of the RV head near the 
inside radius during a drain and fill cooling of the RV 
head. 

2. A rapid refill of the head is determined to be no more 
severe than a slow refill of the head. This is because the 
cond~ction of heat through the reactor vessel wall (rather 
than away from the surface) is the dominant heat transfer 
mechanism. 

3. The fatigue usage factor due to a drain and fill cooling 
transient is much less than 1.0. This indicates that the 

-
cumulative fatige damage for a drain-and-fill transient is 
negligible. 

3.6 Additional Plant Voiding Conclusions 

The effects of RV dome voiding during a drain and fill cooldown 
procedure was examined for the upper RV head region of the 2570 
MWt and 3800 MWt class of C-E reactors. Based on the similiarities 
with the 3410 MWt class of C-E reactors and on the fact that the 
two completed analysis essentially envelope the behavior for the 
3410 MWt class vessel, the results of the stress analysis for the 
generic analysis can be extended to the 3410 MWt class as well. 
Thus the effects of a drain and fill cooldown process is also 
considered to be negligible for the 3410 MWt class reactor. 

Similiarly C-E expects that no significant adverse effects would be 
found for Palisades, Fort Calhoun, or Maine Yankee if a detailed 
analysis were conducted for those plants. Although the calculated 
vessel stresses could vary slightly from the values determined in the 
2570 MWt and 3800 MWt detailed analysis, it is expected that the effect 

on the usage factor would be similiar. 
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FIGURE 3-3 

DISPLACEMENTS DUE TO THERMAL STRAINS DURING DRAIN-AND-FILL 
COOLDOWN PROCEDURE 
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FIGURE 3-4 
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4.0 EVALUATION OF THE EFFECTS OF REACTOR VESSEL HEAD VOIDING ON THE 
REACTOR VESSEL INTERNALS 

4.1 Description of Design Basis Event 

During a natural circulation plant cooldown, stagnant coolant in 
the dom~ of the Reactor Vessel (RV) will be hotter than the 
circulating loop coolant. The hot coolant in the RV dome can 
flash to steam during RCS depressurization. In the event that a 
condensable void is formed in the reactor vessel during a natural 
circulation plant cooldown, a drain and fill process may be employed 
to remove heat from the RV upper head region (See Section 5.3.4.7.D 
for RV head drain and fill procedures). The drain and fill process 
cools the RV upper head region by alternately allowing the RV dome 
void tQ expand and then be collapsed. During the void expansion, the 
hot stagnant water is forced down into the RCS natural circulation 
flow path and caried away. Subsequently the void is compressed, 
drawing cooler_loop cpolant back into tne RV Opper head region . 

The fol lowing assumptions were used for the RV dome coolant lev.el 
and the fluid and metal temperatures in the design basis model. 

1. The steam/water interface level in the RV dome is first 
expanded to just above the hot leg outlet nozzle region. 

2. Initial steam, water and metal temperatures are assumed to 
be 600°F. 

3. The steam void is then compressed with uniform 300°F water 
refilling the upper RV head region. 

4. ·A 300°F temperature difference between the steam and water 
was considered to be the highest differential that the RV 
would ever experience on a drain and fill transient . 
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4.2 Objectives 

The activities summarized in this section describe the structural 
analysis on the reactor vessel internals due to voiding in the 
reactor vessel dome. Specifically the following points are 
addressed: 

1. Is the structural integrity of the reactor vessel internal 
components adversely affected during a drain and fill process 
of cooling the RV upper head? 

2. Is the Control Element Assembly (CEA) motion and insertibility 
adversely affected during a drain and ·fill process? 

3. Does a rapid expansion or compression of the RV dome void 
adversely affect the RV internals? 

4. Will structural fatigue limit the number of drain and fill . 
cooling cycles? 

4.3 Reactor Vessel Internals Voiding Analysis 

The following descriptions identify the key reactor internal 
components considered in this analysis. 

ICI Plate Assembly: 
The in-core instruments (See Figure 4-1) are located in the in­
core instrumentation assembly. The in-core instrumentated thimble 
support frame and guide tubes are supported by the Upper Guide 
Structure Assembly. The tubes are conduits which protect the in­
core instruments and guide them during removal and insertion 
operations. The thimble support frame supports the in-core 
thimble assemblies and acts as an elevator to lift the thimbles 
from the core into the upper guide structure during the refueling 
operation. 
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Core Support Barrel: 
The Core Support Barrel (See Figure 4-2} is a right circular 
cylinder with a nominal inside diameter of 148 inches and a 
length of 27 feet, with a heavy ring flange at the top end and an 
internal ring flange at the lower end. The Core Barrel is supported 
from a ledge on the reactor vessel. The Core Support Barrel, in 
turn, supports the lower support structure upon which the fuel 
assemblies rest. The CSB (for Millstone and St. Lucie I) also 
has a thermal shield affixed to its outer surface and located at 
its mid section. Press fitted into the_flange of the Core Support 
Barrel are four alignment keys located 90 degress apart. The 
reactor vessel, closure head, holddown ring, and Upper Guide 
Structure Assembly flange are slotted in locations corresponding 
to the alignment key locations to provide alignment between these 
components in the reactor vessel flange region. The upper section 
of the barrel contains two outlet nozz,-es contoured to minimize 
coolant by-pass leakage . 

Upper Guide Structure Assembly: 
The upper guide structure assembly (See figure 4-3) consists of 
the upper support structure, 69 (65 for Calvert Cliffs Units l & 
2} control element assembly shrouds, fuel assembly alignment 
plant and a holddown ring. The Upper Guide Structure Assembly 
aligns and laterally supports the upper end of the fuel assemblies, 
maintains the Control Element Assembly (CEA) spacing, holds down 
the fuel assemblies during operation, prevents fuel assemblies 
from being lifted out of position during a severe accident condition, 
protects CEA's from the effect of coolant cross flow in the upper 
plenum, and supports the ICI Plate Assembly. 

The upper end of the assembly is a structure consisting of a 
support plate welded to a grid array of 24 inch deep beams and a 
24 inch deep cylinder, which encloses and is welded to the ends 

of the beams. The periphery of the plate contains four accurately 
machined equally spaced alignment keyways, which engage the core 
barrel alignment keys. This system of keys and slots provides an 
accurate mea~s of aligning the core with the closure head and 
with the Control Element Drive Mechanism (CEDM}. 
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The CEA shrouds extend from the fuel assembly alignment plate to 
above the upper guide structure support plate. The single CEA 
shrouds consist of cylinderical upper sections welded to integral 
bottom sections, which are shaped to provide flow passages for 
the coolant through the alignment plate while shrouding the CEA's 
from cross flow.· Duel CEA shrouds accommodate two adjacent and 
interconnected CEA's. These shrouds have an oval shaped upper 
section welded to a flow diverting base section. The shrouds are 
bolted and lockwelded to the fuel assembly alignment plate. At 
the upper guide structure support plate, the single shrouds are 
connected to the plate by spanner nuts. The dual shrouds are 
attached to the upper plate by welding. 

A detailed analysis was completed which evaluated the effects of 
RV dome voiding on a 2570 MWt class reactor internals. The stress 
analysis of the reactor internals was conducted using the ANSYS 
computer code on a scaled finite element model of the Upper Guide 
Structure (UGS)· Grid Beam Assembly, as shown in Figures 4-4 and 
4-5. The model is a 3-dimensional representation of the grid beams, 
cylinder, upper plate and flange. It was analyzed using the Elastic 
Flat Rectangular Shell Element (ANSYS Element ST~F 43) and the 
Elastic Flat Triangular Shell Element (ANSYS Element STIF 13). One­
quarter symmetry of the UGS grid beam upper plate cylinder and 
flange was used in this analysis. Appropriate boundary conditions 
were applied along all interface planes for this scaled moded (See 
Figure 4-5) to represent the entire assembly. 

A preliminary stress evaluation using a reduced finite element model 
of a single grid beam was conducted to establish the effects of 
various types of thermal gradients through the Upper Guide Structure 
Assembly. A 300°F linear thermal gradient (Figure 4-6) was applied 
at different vertical beam locations. Results of this analysis 
s.howed that a 300°F linear thermal gradient through the ·grid beam 
mid-height produced the most critical displacements and stresses. This 
information was incorporated into the scaled finite element model 
of the UGS Assembly. 
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Reactor Vessel Internals Voiding Results 

The radial and vertical displacements of the grid beam computer 
model were considered to evaluate reactor internals vessel potential 
interference. The closest fit between the Reactor Internals and 
Reactor Vessel exi~ts at the core support barrel upper flange 
outer diameter. Evaluation of this interface, assuming a 300°F 
linear thermal gradient shows no possibility of interference. 

The alignment keys (Figure 4-2) are attached to the CSB at the 
upper flange. The alignment keys have been designed to provide 
alignment of the internals and support against lateral motion of 
the reactor internals while allowing unrestricted radial growth 
of the internals. Therefore, although they provide the closest 
fit between the reactor vessel and reactor internals, the radial 
differential thermal expansion associated with the RV upper head 
drain and fjll cooling event does not effect the alignment keys . 

Potential interference of the CEA guide path interface with the 
UGS Assembly due to reactor internals/head relative displacement 
was considered. The maximum radial growth of the CEA shroud 
occurred at the shroud location with the greatest radial distance 
from the center of the UGS plate, Location A (See Figure 4-4). 
Worse case tolerances, including Extension Shaft Guide/Reactor 
Vessel Head relative thermal displacements showed that no inter­
ference existed.along the guide path with either the reactor 
internals or reactor vessel head. CEA insertibility is therefore 
assured. 

A stress·analysis of the UGS Assembly was conducted to determine 
potential fatigue damage due to this transient event. The Grid 
Beam model, when subjected to the 300°F thermal gradient, behaved 
similar to a simply supported beam. The maximum stress intensity 
of 11,000 psi was found at a grid beam mid-span. The stress 
occurs at the weld which joins the UGS support plate to the Grid 
Beam structure. The allowable stress intensity for these welds 
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is 33,800 psi, based on the requirements of the ASME Boiler & 
Pressure Vessel Code Subsection NG, 1974 Edition. Since this 
value is greater than the calculated stress, the Grid Beam Assembly 
will not suffer any structural damage. 

The fatigue usage factor associated with this stress intensity, 
considering 106 transient events (cycles) is essentially 0. 
Therefore, no fatigue damage will occur as a result of RV dome 
voiding during the RV upper head drain and fill cooling event. 

The relative movement of the ICI Plate with respect to the internals 
was considered to evaluate potential CEA guide path interference. 
It was found that the maximum hydraulic uplift load on the plate 
was less than the weight of the ICI Assembly. Therefore, the ICI 
Plate will remain in place during the refill cycle and not interfere 
with the CEA guide path. 

The resultant stresses from the overall CEDM component and nozzle 
were evaluated and found to be within the 3SM limit of ASME 
Section III, paragraph XIII-1150. The resultant stresses were 
also enveloped within the fatigue limits of ASME III, Subsection· 
NB-3222.4. The maximum operating cycle is limited to 480 cycles, 
based on the maximum reactor trip restriction dictated by fatigue 
analysis for all CEDMs. 

4.5 Generic Voiding Conclusions 

The analysis has shown no deleterious effects to the Reactor 
Internals as a result of a maximum 300°F linear thermal gradient 
associated with a RV head drain and fill cooldown event. The 
following conclusions have been reached for specific components, 
based on a detailed analysis of the applicable Reactor Internals 
using results from the finite element model of the Upper Guide 
Structure Assembly (UGS). 
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1. Thermal growth of the Reactor Internals was considered to 
verify CEA guide path integrity by evaluating potential 
interference with the internals and/or vessel head. A 
detailed tolerance study, including relative thermal dis­
placements between the extension shaft guide and reactor 
vessel head showed that no interference occurred along the 
guide path. ·CEA insertibility is therefore assured. 

2. Evaluation of the relative thermal growths between the 
reactor vessel and the reactor vessel internals showed 
sufficient clearance between the components to preclude an 
interference condition. 

3. 

4. 

The Upper Guide Structure Grid Beam Assembly displayed 
behavior similar to a simply supported beam, pinned at the 
upper flange/holddown ring interface. The maximum stress 
intensity of 11,000 psi at a grid beam mid-span is well 
below the allowable value of 33,800 psi. The fatigue usage 
factor associated with this stress intensity, considering 
106 cycles is essentially 0. No fatigue damage will occur. 

A final item considered in this analysis was the possible 
vertical uplift of the IC! plate. The maximum hydraulic 
uplift load was shown to be well below the weight of the !CI 
Assembly. Therefore, the !CI plate will remain in place 
during this transient event and not interfere with the CEA 
guide path. 

4.6 Plant Specific Voiding Conclusions 

Using the results from 2570 MWt grid beam analysis, an .evaluation 
was conducted to assess simtlar impact on Omaha, Palisades, 
Arkansas Unit 2, 3410 MWt class plants and System 80 plants. A 
comparison of the upper guide structure parameters of the dif­
ferent C-E plants are shown in Table 4-1 . 
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Omaha's upper guide structure assembly is similar to the 2570 MWt 
grid beam assembly (See Table 4-1). Therefore, the detailed 
finite element model is applicable to Omaha. An assessment of 
grid beam stresses has shown no damaging effects to the Omaha 
internals as a result of a RV head drain and fill event. In 
addition, an evaluation of upper guide structure deflections has 
shown no reactor vessel/internals interference. CEA inserti­
bility is assured. 

Both Arkansas Unit 2 and the 3410 MW reactors have upper guide 
structures which are similar in design to the 2570 MWt assembly 
analyzed. Structurally, these grid beam assemblies will meet all 
ASME code stress and fatigue allowables. An evaluation of upper 
guide structure deflections has shown no reactor vessel/internals 
interference. However, a potential CEA guide path/internals 
interference exists during the natural cooldown event. Unless a 
further analysis is conducted, it is recommended that all CEA's 
are verified to be fully inserted before depressurizing the RCS 

-
during a natural circulation cooldown. 

Maine Yankee is included with the reference 2570 MWt analysis 
(St. Lucie 1 and 2, Millstone 2, Calvert Cliffs 1 and 2). The 
only significant difference is that Main Yankee does not have an 
ICI plate. 

An evaluation of the hydraulic uplift loads on IC! plate for the 
Omaha, Arkansas and 3410 MW reactors from a RV head drain and fill 
event shows that these loads are significantly less than the 
weights. Therefore, the !CI plates will not be displaced and no 
interference will occur with the CEA guide path. 

The upper guide structure assembly for Palisades is significantly 
.different from the assembly considered in the detailed analysis 
(See Table 4-1). Because of these differences, CEA insertibility 
and grid beam structural integrity cannot be evaluated from the 
2570 MWt model analysis. Although no detailed analysis has been 
done for Palisades, no significant differences from the 2570 MWt 
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model analysis is expected if an analysis were conducted. A 
comparison of internals/reactor vessel relative thermal growth was con­
ducted and radial clearance is assured. 

A scoping evaluation of the effects on the System 80 upper guide 
structure assembly from a RV head drain and fill event was conducted. 
The structural integrity of the assembly and the insertibility of 
the CEA 1 s are assured provided that the steam bubble is not 
11 drawn 11 below the top surface of the UGS support plate, which is 
6.375 inches above the top of the hot leg. Further analysis 
would be needed to evaluate the effects on the internals if the 
steam bubble is 11 drawn 11 below this level. Reactor Vessel/internals 
interference will not occur . 
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CO::P/\P.ISO~I OF UPPER GUIDE STRUCTURE Pl\Rf,l·:(TEP.S 
... -

OXAllA PJ\LISf10ES t.R r.ANst,s ;J.S70 fl\l :MlO Mu.I SYSTEM ea 

UGS LO/\O l·!ELOEO GRID BOLTED GRID WELDED GRID WELOFD GRID WELDED GRID TUBE SHEET 
CARRY.ING STRUCTURE STRUCTURE STRUCTURE STRUCiURE STRUCTURE 
STRUCTURE 

DEPTH OF GRID 24 1n. 18 in.(full length) 
BEAMS 9 1/2 in.(cross 24 in. 24 in. 24 in. N/A 

beam\ 

LEilGTH OF 116 in. 144 in. 128.5 fn. 142.8 in. 141.5 in. N/A LOi\GEST GRID 
BEAM I ··- ·-
TllICKl:ESS OF 1 1/2 in. 1 1/2 in. 1 1/2 in. 1 1/2 in. 1 1/:? in. N/A GRID DE/\.'IS 

LENGTH OF CEA 124 13/16 in. 125 in. 110 7/P. in. 124 1/2 in. 103 7/8 in. 50 in. 
Sll~OUDS 

mo SUPPORT WELDED TO A WELDED TO A WELDED TO A WELDED TO A WELDED TO A N/A OF GRID DEANS CYLINDER CYLU:DER CYLHiDER CYLINDER CYLINDER 

UGS SUPPORT 3 1/4 in. NIA I 3 1/2 fn. 4 1n. 3 1/2 in. 4 1n. PLATE THICKtlESS 

LOCATION OF 
!lOTTO:·I SURFACE 
OF l:GS SUP?ORT 57.75 NIA 30.25 · 31.640 in. 29.25 1n. 2.375 in. 
?LAT~ RELATIVE 
TO TOP OF HOT 
LEG 
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FIGURE 4"." l 
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FIGURE 4-5 
FINITE ELEMENT MODEL OF UGS GRID 
BEAM ASSEMBLY (3-DIMENSIONAL) 
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5.0 NATURAL CIRCULATION COOLDOWN SAFETY FUNCTIONS AND IMPORTANT 
CONCEPTS 

5. l Purpose 

5.2 

This section describes recommended methods and processes to deal 
with the multitude of potential problems that may arise during an 
abnormal plant cooldown. Specific recommendations for performing 
optional techniques to accomplish a natural circulation (NC) 
plant cooldo~n evolution on a generic C-E plant are provided. 
Each method listed is not intended to be used on every C-E plant. 
CEN-152 provides the minimum guideline actions needed during a 
natural circulation plant cooldown. The information provided in 
this section is inten9ed to provide expanded information to the 
utility procedure writer on the important concepts needed to 

1·-·· 

develop a plant specific procedure dealing with the phenomenon of 
natural circulation and natural circulation plant cooldown . 

Background 

Reactor coolant pump forced circulation and heat transfer to the 
steam generators is the preferred method of residual and sensible 
heat removal whenever plant temperatures and pressures are above 
the shutdown cooling system entry conditions. The inherent 
natural circulation capability of all C-E plants provides a back­
up means for core cooling and plant cooldown if the reactor 
coolant pumps (RCPs) are unavailable. 

Four main functional areas of operator control must be addressed 
throughout a plant cooldown using natural.circulation (NC) flow 
in the RCS. The functional areas are: 

1. Reactivity Control. 
2. RCS Inventory Control. 
3. RCS Pressure Control. 
4. RCS Heat Removal . 

5-1 

.:,.; 
' -
···~ 

·1~. 



... · .. ~ .. .. . ._; .: . .. . . . ,.·.: . . .·, 

Incomplete response in any of these four safety functions could 
lead to interruption of NC core cooling. This report provides 
instruction in these four safety functions to ensure operator 
control throughout the plant boration, NC cooldown and depres­
surization to cold shutdown conditions. 

The rate of natural circulation flow is governed by decay heat, 
component elevations, primary to secondary heat transfer, loop 
flow resistance, and the presence of voids. Component elevations 
on C-E plants are such that satisfactory natural circulation 
decay heat and system sensible heat removal can be obtained by 
density differences between the bottom of the core and the top of 
the steam generator tube sheet. Successful natural circulation 
plant cooldown and subsequent depressurization to shutdown cooling 
system entry conditions has been demonstrated successfully in the 
field. 

It is important to note that some limited operations of RCPs 
following a reactor trip can be very beneficial. The reactor 
vessel {RV) upper head region temperature is controlled by the 
hot leg temperature during forced flow conditions in· the RCS. 
Operating RCPs after a reactor trip will reduce the RV upper head 
temperature from the full-power hot leg temperature down towards 
the lower post-trip hot leg temperature. The amount of upper 
head temperature reduction will be dependent upon the length of 
RCP operation possible after the reactor trip and the post-trip 
decrease in hot leg temperature. Operating the RCPs even for 
just a minute or more beyond the reactor trip can be effective 
reducing the probability of subsequently drawing a RV dome bubble 
during a natural circulation cooldown. 
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Natural Circulation Cooldown Safety Functions 

Prerequisites 

1. The reactor and turbine are shut down. 

2. The Nuclear Steam Supply System (NSSS) is in a stabilized 
condition with the operator in control of reactor coolant 
~system (RCS) parameters following an abnormal event. 

3. Feedwater is capable of being supplied to the steam generator(s) 
by either the main feedwater system or the auxiliary feedwater 
system. 

4. Secondary pressure is being controlled by discharging steam 
through the turbine bypass valves or atmospheric dump valves. 

5 • RCS inventory control is being maintained through the use of 
the chemical and volume control system (CVCS) and/or the 
safety injection system (SIS). 

6. No reactor coolant pumps (RCPs) are available for operation 
or a condition exists in which running a RCP may be detrimental . 

. Natural circulation flow in the RCS has been verified. 

7. The RCS is not being cooled by the shutdown cooling system. 

General: Any applicable follow-up actions that are required 
by the initiating emergency or abnormal event 
procedure(s) shall continue-to be performed in 
parallel with plant cooldown procedures. Applicable 
emergency procedure requirements may supercede 
parts of the criteria suggested in the following 
sections. 

The prerequisites for a natural circulation cooldown are 
summarized in Figure 5-1. 
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Reactivity Control 

Actions: 

1. Borate the RCS in accordance with Technical Specification 
requirements. 

Precautions: 

1. Do not start or continue any plant cooldown until the minimum 
required reactor shutdown margin for the present operating 
mode is attained and can be maintained in accordance with 

2. 

3. 

the Tech. Specs. 

After a cold shutdown boron concentration is attained in the 
RCS, makeup water added to the RCS during the cooldown 
should. be at leas_t the same boron concentration as in the 
RCS to prevent any dilution of RCS boron concentration . 

-Throughout the NC plant cooldown and following any operation 
of RCPs, monitor the RCS boron concentration to ensure that 
any possible dilution from regions with poor circulation, 
such as the RV upper head, does not reduce the boron concen­
tration below the minimum required. 

4. Pressurizer auxiliary spray should be used as necessary to 
equalize the pressurizer and RCS loop water boron concentration 
as a change is made to the RCS boron concentration. If 
pressurizer spray ts not available, RCS boron concentration 
should be increased to avoid being diluted below minimum 
requirements later by a possible pressurizer outsurge. 

Important Concepts: (Paragraphs are numbered with their corresponding 
Action section paragraph number) 

1. The RCS should be borated to the cold shutdown boron concentration 
level before starting a plant cooldown if no safety related 
criteria dictate an immediate cooldown initiation. 
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However·, as a minimum, the required reactor shutdown margin 
must be achieved in accordance with the Tech. Specs. before 
cooling down to another operating mode (e.g., the reactor 
shutdown margin for hot shutdown operating mode must be 
attained before leaving the hot standby operating mode). If 
the letdown system is not operable, normal boration procedures 
will not be available to change RCS boron concentration. 
Pressurizer level will have to be raised as a result of 
charging highly borated makeup water to raise the RCS boron 
concentration before commencing a plant cooldown. 

Natural circulation flow rate in C-E plants is normally 
approximately 2-3% of full forced flow. This flow rate 
produces turbulent flow within the RCS flow path which 
promotes adequate boron mixing throughout the RCS. The time 
lag between when boron is injected into the cold 1eg and 
when that boron reaches the core is approximately l minute 
for NC flow (versus approximately 1 second under full forced 
flow condit1ons). This longer time lag for boron to reach 
the core during NC flow should not alter the RCS cool down 
process. 

If the pressurizer water level is maintained relatively 
constant throughout the plant coold9wn and little spray flow 
is used, the pressurizer's water boron concentration will be 
significantly less than the RCS loop's water boron concen­
tration. As the RCS boron concentration is changed, the 
auxiliary spray should be used to normalize the pressurizer 
and RCS boron concentration. This may require auxiliary 
spray flow beyond what is needed for depressurization. 
Pressurizer heaters should be used to offset the depres­
surization caused by intermittent auxiliary spray. An 
alternative to using spray flow for pressurizer boron control 
is to increase the RCS boron concentration higher than the 
required RCS cold shutdown concentration to account for a 
potential dulution from the pressurizer water. Thus, if a 
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pressurizer outsurge occurs, mixing of the water from the 
pressurizer with the RCS loop water will not dilute the 
boron concentration below the cold shutdown concentration 
requirement. 

Another region of reactor coolant which may contain less 
boron than the RCS loop water as cold shutdown boration 
progresses is the reactor vessel upper head areas. This 
potentially low borated water will be slowly flushed out 
thorughout the NC plant cooldown, quickly flushed out 
following operation of any RCP, or forced out during for­
mation of any RV upper head void. 

The reactivity control safety functions are summarized in 
Figure 5-2. The solid line path shows the preferred methods 
to accomplish adequate reactivity control until cold shutdown 
is attained. Alternative methods and pr·ocesses are shown as 
dotted 11ne paths. The priority of the suggested alternatives 
decrease as the dotted lines proceed to the right . 
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5.3.3 RCS Inventory Control 

Actions: 

1. Maintain the pressurizer level at or near(*)% with the 
charging and. letdown system throughout the plant cool down if 
possible. Whenever possible, continue to maintain a bubble 
in the pressurizer. 

2. If the charging system becomes unavailable during the plant 
cool down: 

A. 
B. 

c. 
D. 

Isolate the letdown system 
Initiate the high pressure safety injection pumps as 
necessary for coolant contractio.n. 
Isolate any known leakage if possible. 
If the RCS pressure is above the HPSI pump shutoff head 
pre~sure, depressurize by continuing the RCS cooldown . 

3. If the letdown system is not avail°able, operate the charging 
pumps as needed to maintain a low pressurizer water level 
and a large pressurizer steam bubble after the RCS cooldown 
is commenced. 

* Plant specific (normal shutdown reference level). 

Precautions: 

1. Once the pressurizer cooldown is begun, pressurizer level 
indication decalibration will occur and the pressurizer 
level indication will begin to deviate from the true pres­
surizer level. The operator should use plant cooldown 
correction curves to find the true pressurizer water level. 
A cold calibrated pressurizer level indication is also 
available for lower pressurizer temperatures . 
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2. Do not operate pressurizer heaters if pressurizer water 
level falls below the top of the heaters. 

Important Concepts: (Paragraphs are numbered with their corresponding 
Action Section paragraph number) 

1. Pressurizer level should be- maintained at the normal shutdown 
reference level throughout the plant cooldown. The normal 
shutdown reference level (plant specific) may or may not be 
the same as the hot zero-power pressurizer reference level. 
If the hot zero-power level for a plant is the shutdown 
reference level, the pressurizer level control system may be 
left in automatic. Even though decreasing pressurizer 
temperature will decalibrate the pressurizer level instrument 
on the controlling channel, the error developed at the hot 
zero-power level is low (in the absence of reference leg. 
heating). 

Once the pressurizer water temperature varies from the 
normal hot standby pressure, the instrument indication on 
the normal pressurizer level channel will begin to deviate 
from the true pressurizer level and the operator should use 
plant cooldown correction curves to find the true pressurizer 
water level. A cold calibrated pressurizer instrument 
channel is provided. This channel can be used as a quick 
reference during the plant cooldown. The actual pressurizer 
water level during pressurizer cooldown will be between the 
level indicated on the cold calibrated channel (which reads 
low) and the level indicated on the hot calibrated channel 
(whfch reads high). 

If the normal shutdown reference level is not maintained, a 
pressurizer level above 10% and below 90% should be maintained 
to avoid losing pressure control with the saturated bubble 
in the pressurizer. If the pressurizer level drops below 
the top of the pressurizer heaters, pressurizer heater 
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operation will be interlocked off for overheating protection. 
A plant cooldown can be initiated without a pressurizer 
level within the above preferred level indications as long 
as adequate primary pressure control is being maintained. 
However pressurizer level should be brought back to normal 
as soon as possible. 

All pressurizer level indication and plant cooldown pressurizer 
level correction curves are based on normal ambient reference 
leg water ·temperature. If the containment environment 
temperature· is raised above nominal conditions, reference 
leg heating will occur and level indication decalibration 
will result~ Reference leg temperature can be approximated 
by the containment temperature. Reference leg heating 
produces an indic~ted level erroneously higher than actual 
level. The pressurizer level indication should be lowered 
by the.following amount to account for the effect of reference 
leg heattng: 

Reference Leg 
Temperature (°F 0

) 

Correction to Indicated Level 
(% of Span to be Lowered) 

120° 
200° 
250° 
300° 
350° 
400° 
450° 

Basis: 

0 

5 

9 

14 
19 

25 
32 

Level Calibration Pressure 2250 psia 
Ref. Leg Calibration Temperature 120°F 
No Reference Leg Flashing 

If the charging system becomes unavailable, then the high 
pressure safety injection system must be used to provide 
makeup to the RCS. System pressure must be reduced down to 
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the HPSI pump shutoff head before any makeup can be added to 
the RCS. Thus available RCS coolant should be conserved 
until the pressure is reduced and the HPSI pumps are able to 
provide makeup flow to the RCS. If at any time during the 
plant cooldown RCS leakage exceeds the rated charging system 
capacity, a LOCA is considered to have occurred and the LOCA 
procedure should be carried out. 

3. If the letdown system is not available, normal inventory 
control procedures may not be used. After the initial 
pressurizer fill to accomplish boration before cooldown, a 
large steam volume should be maintained in the pressurizer. 
A large pressurizer void ensures that an adequate volume 
will be available after the RCS cooldown is completed to 
accept subsequent auxiliary spray flow to depressurize the 
RCS. A low water volume will also.provide less mass in the 
pressurizer to cool, enhancing the depressurization capability 
of the available auxiliary spray flow. For example ~5000 
gallons of auxiliary spray flow would be needed to cool the 
pressurizer down to shutdown cooling initiation if the 
initial pressurizer water volume was ~aoo ft3• This amount 
of auxiliary spray without coolant loss would just about 
fill the pressurizer solid. A pressurizer with a larger 
initial volume may not be able to be quickly cooled using 
auxiliary spray because it would result in filling the 
pressurizer solid before adequate depressurization takes 
place. Once the RCS cooldown is completed, no further 
coolant contraction will take place and the amount of auxiliary 
spray flow {and amount of depressurization due to the auxiliary 
spray) is limited to the existing pressurizer steam space 
before filling the pressurizer~ 

The RCS inventory contron safety functions are summarized in 
Figure 5-3. The solid line path shows the preferred methods 
to accomplish adequate inventory control until cold shutdown 
is attained. Alternative methods and processes are shown as 
dotted line paths. The priority of the suggested alternatives 
decrease as the dotted lines proceed to the right. 
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5.3.4 

. . - .. .. . . ,. ~ ' . ' · ................ · 

RCS Pressure Control 

Actions: 

1. Maintain pressurizer pressure at normal operating pressure 
or as high as practical without exceeding Tech. Spec. pressure/ 
temperature requirements during the RCS cooldown by utilizing 
the pressurizer heaters and auxiliary spray. 

2. After (15*) hours following the start of the RCS cooldown, 
commence the pressurizer cooldown and RCS depressurization 
by manually operating the auxiliary spray. 
A. Maintain pressurizer cooldown rate within Technical 

Specification requirements. 
B. Maintain at least 20°F + {inaccuracies*) subcooled 

margin in the RCS. 

3. If pressurizer heaters are inoperative or insufficient 
capacity is available to maintain pressurizer pressure as 
required, follow the guidance provided below for pressure 
contrpl throughout the plant cooldowni 

A. Maintain the pressurizer bubble as long as possible. 
The following criteria will help slow the loss of RCS 
subcooled margin: 
(1) Minimize use of pressurizer auxiliary spray. 
(2) Stop all pressurizer sampling if not needed. 
(3) Minimize pressurizer level fluctuations. 
(4) Stop any isolable leakage from the pressurizer. 
(5) Until RCS temperatures are cooled down to the 

shutdown cooling system maximum allowed entrance 
temperature, maintain an RCS cooldown rate greater 
than or equal to the pressurizer cooldown rate 
caused by the pressurizer ambient heat loss. 

* Plant Specific 
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B. If the RCS hot leg subcooled margin becomes less than 
20°F +(inaccuracies*), initiate the HPSI system. 
Terminate HPSI pump operation only when RCS subcooled 
margin is greater than 20°F +(inaccuracies*) and pres-
surizer level is indicated and can be maintained. 

C. If the RCS ·hot leg subcooled margin remains less that 
20°F +(inaccuracies*), initiate charging (which may 
result in eventually filling the pressurizer solid). 
When the hot leg subcooled margin exceeds 20°F +(inac­
curacies*), stop all charging pumps except one and 
regulate the letdown flow to control the RCS pressure/ 
subcooled margin or stop all charging pumps and cycle a 
charging pump on and off as needed to control the RCS 
pressure/subcooled margin. 

D. 

E. 

Reform a bubble (if possible) in the pressurizer whenever 
the RCS hot leg subcooled margin can be maintained 
above (20°F +inaccuracies*). 
If the RCS is solid, throttle or cycle makeup flow as 
needed when depressurizing the RCS to enter shutdown 
cooling. 

4. If the auxiliary spray system is inoperative, implement one 
or more of the following alternatives (listed in order of 
decreasing preference) to cool and depressurize the pres­
surizer. Ensure pressurizer heaters are deenergized when 
not needed. 

A. Determine when a plant cooldown must be initiated based 
on existing plant conditions and requirements. If 
plant conditions permit, stay at hot standby conditons 
until main or auxiliary spray flow can be restored. 

B. Use the pressurizer fill and drain method of cooling 
the pressurizer by putting cooler RCS loop water into 
the pressurizer in order to cool the pressurizer. 

C. Allow the pressurizer to cool due to ambient heat loss. 
D. Operate the pressurizer vent (if available remotely) to 

reduce pressurizer pressure as needed. 

* Plant Specific 
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E. Operate a power operated relief valve (PORV) to reduce 
pressurizer pressure as needed. Monitor quench tank 
parameters since any sustained operation of the PORVs 
will rupture the tank 1 s rupture disc. 

5. Reset or bypass Engineered Safeguards Features* and reduce 
safety injection tank pressures* as required due to the 
decreasing primary and secondary pressures. 

6. During the RCS depressurization, monitor for condensable 
void formation. Symptoms of void formation are: 

A. Pressurizer level increases significantly greater than 
expected while operating auxiliary spray. 

B. Pressurizer level decreases while operating charging or 
HPSI pumps. 

C. Letdown flow unexpectedly greater then charging flow if 
the pressurizer level control system is in automatic. 

• 

D. Void· level formation as indicated by the reactor vessel • 
level monitor (if available). 

7. If condensable void formation in the Res· is indicated, 
perform the following: 

A. Isolate letdown flow. 
B. Stop normal charging flow and/or auxiliary spray flow. 
C. Stop the RCS cooldown (if any) and maintain the existing 

RCS temperature relatively constant. [If reactor 
vessel level monitoring instrumentation is available, 

.the RCS cooldown may continue with charging and ietdown 
operating whenever a void in the RV head does not 
expand below a level of 3 feet above the top of the hot 
leg nozzle]. 

D. Determine whether available secondary .condensate supplies 
or some other plant safety concern prevents delaying 

* Plant Specific 

the plant depressurization and the initiation of the 
shutdown cooling system. 
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* Plant Speciffc 

(1) If plant conditions will permit a prolonged plant 
depressurization: 
(a) Eliminate the condensable RV bubble by repres­

surizing the RCS: 
- Energize all pressurizer heaters. 
- If pressurizer level drops below the 

heater cutout level, commence charging 
until the pressurizer level returns to 
above the heater cutout level. 

(b) When the RV bubble is eliminated as indicated 
by the lack of void symptoms: 
- Stop any repressurization and maintain 

existing pressurizer pressure. 
- Unisolate letdown and reestablish proper 

pressurizer level. 
(c) If indication of a relatively constant void 

persists at the same system pressure, consider 
the void to contain noncondensible gases and 
follow the procedure for removing noncondensible 
gases. 

(d) 

(e) 

Resume the RCS cooldown and depressurization 
(4)* hours after the condensible void is 
eliminated. 
If indications of condensible voiding reappear 
during subsequent RCS depressurization, 
repeat this complete action step from the 
beginning. 

(2) If plant conditions will not permit a prolonged 
plant depressurization: 
(a) Continue the RCS depressurization allowing 

the RV head void to grow. 
(b) Stop the depressurization when (I) the pres­

surizer level has increased to 90% indicated 
level or no longer continues a steady increase 
or (II) the RCS subcooled margin reaches a 
minimum value of 20°F + (inaccuracies*). 

(c) Repressurize the RCS by energizing all pressurizer 

heaters and commencing charging flow to the 
RCS loop. 
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(d) Stop the charging flow and deenergize the 
pressurizer heaters when (I) the pressurizer 
level stops decreasing and begins a normal 
steady increase due to charging or when the 
pressurizer level decreases down to the top 
of the pressurizer heaters or (II) the RCS 
subcooled margin is sufficiently raised to 
permit another depressurization cycle. 

(e) Repeat the above four steps again for several 
drain and fill cooling cycles of the RV head 
dome. 

• 

(f) When the RV upper head has cooled as indicated 
by a lack of void symptoms, letdown can be 
unisolated and proper pressurizer level 
reestablished. If indication of a relatively 
constant void persists at the same system 
pressure, consider the void to contain noncon­
densible gases and follow the procedure for 
removing noncondensible gases. 

(g) Resume the RCS cooldown and depressurization. • 
(h) If indications of condensible voiding reappear 

during subsequent RCS depressurizaton, repeat 
this complete action step from the beginning. 

8. If void indication cannot be eliminated by implementing 
actions for condensable gas, consider the gases to be partially 
or completely noncondensable gases. 

A. Increase pressurizer pressure above the pressure where 
void symptoms were originally noticed. 

B. Operate the RV head vent* as needed to eliminate the 
noncondensable gases. 

Precautions: 

1. Minimize the use of pressurizer auxiliary spray whenever the 
temperature differential between the spray water and the 
pressurizer is greater than 200°F to minimize the increase 
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in the spray nozzle thermal stress accumulation factor . 
Every cycle must be recorded in accordance with the Technical 
Specifications. 

2. Letdown flow unexpectedly greater than charging flow with 
the pressurizer level control system is in automatic or a 
rapid increase in pressurizer level while operating auxiliary 
spray (possibly followed by a decrease in pressurizer level 
when charging is realigned to the RCS lriop) is indicative of 
a void in the RV head dome. 

3. If the RCS becomes solid, closely monitor any makeup or 
draining and any heatup or cooldown to avoid unfavorable 
rapid pressure excursions. 

4. Continued venting from the reactor vessel head vent system 
may depressurize the RCS and form a condensable bubble in 
the-reactor vessel head region . 

Important Concepts: (Paragraphs are numbered with their corresponding 
Action Section paragraph number) 

1. Pressurizer pressure should be maintained as high as possible 
within operating restrictions until the time criteria of 
Action #2 have been satisfied. This cooldown strategy will 
minimize the possibility of flashing a condensable void in 
the stagnant RV head dome during a NC plant cooldown. A RV 
void will not form until the RCS pressure is decreased below 
the RV head saturation pressure, regardless of the RCS 
cooldown rate used. Thus maintaining high pressurizer 
pressure until time requirements are met, coupled with a 
rapid RCS cooldown rate to as low a temperature as possible, 
should ensure that a condensable RV void will not be formed 
during the NC plant cooldown process. 

The pressurizer pressure control system may be left in 
automatic to control pressurizer pressure with the pressurizer 
heaters until the pressurizer cooldown in initiated. However 
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this is not recommended since automatic main spray capability 
is not available with the RCPs not operating. Pressure 
control with manual auxiliary spray and automatically con­
trolled heaters may be awkward. 

The operator should maintain at least 20°F {+ inaccuracies*) 
subcooled margin as a minimum whenever possible within plant 
and operating restrictions. Although NC flow could continue 
well into saturated conditions, operation with voids in the 
RCS should be avoided since there is no direct method to 
monitor multiple void locations, sizes and impact on NC 
flow. The preferred method of primary pressure control is 
with a bubble in the pressurizer throughout the plant cooldown 
with no voids in the RCS. 

The subcooled margin value of 20°F is based on a minimum 
tolerance margin below saturation that C-E believes should 
be maintained to preclude the possibility of inadvertently 
reaching ?aturation conditions in the reactor coolant flow 
path. Technically only 1°F margin is needed to provide 
subcooled coolant in the RCS. 

Plant specific and event specific instrumentation and elevation 
inaccuracies should be added to the base value of 20°F to 
establish the minimum required subcooled margin value which 
should be used in a procedure. The instrumentation accuracy 
that should be added to the base value for any situation 
will vary dependent upon the existing containment environmental 
conditions, the instruments being used to determine the 
subcooled margin, and the elevation inaccuracy based upon 
the pressure drop developed by the difference in elevation 
and event-specific fluid_ density between the pressurizer 
pressure sensor and the reactor coolant flow path. Normal 
ambient containment conditions provide the lowest inaccuracy 
for the minimum subcooled margin. 

The method of developing the subcooled margin values to be 
used in the plant procedures is determined by the individual 
utility procedure writer. An all encompassing value with 
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its overly restrictive disadvantage during normal conditions 
can be used or a value which will vary with the event and 
containment conditions can be instituted. 

2. The pressurizer pressure control system should be placed in 
manual and the auxiliary spray operated as needed when the 
pressurizer cooldown is commenced. 

When the RCS cooldown begins, the operator is required to. 
maintain the RCS pressure/temperature within the Technical 
Specification requirements. However, the Tech, Spec. criteria 
provides some flexibility as to when the pressurizer cooldown 
must begin. The RCS temperature should be reduced until the 
temperature/pressure .limit is approached and then initiate a 
partial pressurizer cooldown and depressurization. The 
pressurizer pressure should continue to be maintained as 
hig~ as possible within Tech Spec requirements until [15]* 
hours .following the start of the RCS cooldown. Initially 
the RCS is rapidly cooled down via NC flow to increase the 
conductive heat transfer rate out of the RV head region. 
The pressure is maintained high to avoid drawing a bubble in 
the RV dome. 

RCS depressurization to shutdown cooling initiation pressure 
. is initi~ted after sufficient time has elapsed to permit 
some cooling of the RV head region. The temperature of the 
RV head region will initially be at the temperature of the 
hot leg at the time RCPs were stopped. Although the initial 

. . 

temperature of the RV head and the conductive heat transfer 
capability in th.is region is event and plant specific, the 
recommended process of a fast RCS cooldown with final RCS 
depressurization initiated after a holdup period will greatly 
reduce the possibility of drawing a condensible void in the 
RV dome. A shorter holdup period which could be coordinated 
with other plant shutdown activities such as warmup of the 
shutdown cooling system·is mandatory to limit the extent of 
RV dome voiding. 

* Plant Specific 
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If the minimum subcooled margin can not be maintained within 
operating restrictions while establishing shutdown cooling 
initiation conditions, the highest possible subcooled margin 
should be maintained. Natural circulation may well continue 
with saturated conditions in some parts of the RCS flow path. 

The RV head fluid temperature should be monitored if available. 
However subcooled margin requirements should be based on 
loop and core temperature and not on the RV head temperature. 
RV head dome temperature should be used only for dome void 
generation/collapse indication and decisions. Condensable 
voids in the RV dome will not affect RCS natural circulation 
flowrate whenever loop subcooled margin criteria is established. 

The difference between the pressurizer temperature and the 
auxiliary spray water temperature should be monitored. The 
differential temperature should b.e maintained below 200°F if 
possible. · Auxiliary spray water temperature may be increased 
by increasing letdown flow or reducing charging low which 
will increase the regenerative heat exhanger outlet temperature. 
Other plant specific methods to increase au~iliary spray 
water temperature may include raising boric acid makeup tank 
temperature or raising heat tracing line temperatures. If 
auxiliary spray is used when a 200°F or more difference 
exists; then such a cycle must be recorded as per the Tech. 
Specs. The number of such cycles should be minimized. 

3. Even though pressurizer heaters may not be available the 
preferred method of primary pressure control is still with a 
bubble in the pressurizer. Normally pressurizer heaters are 
needed to offset pressurizer ambient heat loss. Without 
adequate pressurizer heaters to makeup for the heat loss, 
the pressurizer will slowly cool and depressurize. For this 
event, the operator is instructed to minimize any pressurizer 
heat loss evolutions (e.g., pressurizer level fluctuations) 
whenever there is no need for an increase in the pressurizer 
cooldown rate beyond ambient losses. Any decrease in pres-
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surizer level will decrease pressurizer pressure. An increase 
in pressuriier level may initially increase pressure due to 
the compression of the steam bubble. Maintaining a steady 
increase in pressurizer level can be used as a short term 
process for raising (or maintaining) pressurizer pressure. 
However, once the pressurizer level increase is stopped, 
pressurizer pressure should return to or decrease below the 
initial starting pressure (before the start of the continuous 
level increase) due to the injection of cold water into the 
pressurizer. 

If the RCS hot leg subcooled margin drops below 20°F (+ 
inaccuracies*) the HPSI pumps should be started.** RCS 
pressure should then stabilize at the HPSI pump shutoff head 
if there is no LOCA. When the plant has been cooled down 
below the required shutdown cooling initiation temperature, 
the required minimum subcooled margin may not be attainable 
within-plant specific operating limitations (e.g., shutdown 
cooling entry conditions, Tech. Spec. criteria, etc.) when 
depressurizing down to the shutdown cooling initiation 
pressure limit. In this event, HPSI pumps need not be 
operated solely to maintain the subcooled margin. If the 
subcooled margin cannot be maintained, then the subcooled 
margin should be kept as high as possible within operating 
restrictions and closely monitored for verification of NC 
flow. 

Operating the HPSI pumps will result in filling the pressurizer 
only if the pressurizer pressure remains below the HPSI pump 
shutoff head. If the RCS hot leg subcooied margin remains 
below 20°F +(inaccuracies*) with the RCS pressure at the 
HPSI shutoff head, the charging pumps should be started to 
fill the pressurizer and pressurize the RCS. If the RCS 
fills to a solid condition, any additional makeup flow will 
very rapidly raise system pressure. An approximation which 
can be used to roughly estimate the pressure increase due to 

* Plant Specific 

** At very low plant temperatures, HPSI pumps may be racked out due to LTOP 
considerations and may not be available. Charging pump operation should be 
substituted. 
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the pressure increase due to makeup flow into a solid RCS is 
approximately l psi increase for every l gallon added (and 
·vice versa for draining from a solid system). Similarly any 
coolant heat-up will rapidly raise system pressure during 
solid operation. An approximation which can be used to roughly 
estimate the pressure increase due to coolant heatup in a. 
solid RCS is approximately 150 psi increase for every l°F 
rise (and vice versa for coolant cooling in a solid system). 
Adequate RCS subcooled margin and pressure can be maintained 
while in a solid condition by cycling a charging or HPSI 
pumpbn and off as needed. 

4. If the auxiliary spray system is inoperative, alternative 
processes must be considered to cool and depressurize the 
pressurizer. However, if no requirements for an immediate 
plant cooldown exist (such as limited secondary condensate, 
Tech Spec. requirement, etc.), then hot standby conditions 
should be maintained while spray flow capability is being 
restored. 

The first alternative process to reduce pressurizer pressure 
is the fill and drain process. The pressurizer fill and 
drain process involves raising the pressurizer water level 
to the plant specific maximum allowed level by operating all 
charging pumps and minimizing letdown flow. Then the pressurizer 
water level is decreased to just above the top of the pressurizer 
heaters by decreasing charging and increasing letdown. 

During the filling portion of the cycle, cooler RCS loop 
water is forced into the pressurizer and mixed with the 
pressurizer water thereby lowering the pressurizer temp­
erature. Due to the compressing of the pressurizer steam 
space possibly with a small hot stratified layer of water 
at the top of the water volume, pressurizer pressure may 
increase as the water level is raised. However, during the 
draining portion of the cycle, some pressurizer heat is 
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carried away with the draining fluid. As a result, the 
average pressurizer temperature (and presssure) should be 
decreased after every complete fill and drain cycle. The 
amount of cooling obtained is dependent of the temperature 
differential between the cool incoming water and the hot 
pressurizer water. If the temperature differential is 
small, little net temperature reduction may occur. 

The fill and drain process can be used even if the letdown 
system is not operable. The draining portion of the cycle 
would be accomplished by the coolant contraction from the 
RCS cooldown. Because th~ number of drain cycles that can 
be accomplished without letdown is limited to the amount of 
coolant contraction, only one* charging .pump should b~ 
operated dur1ng the draining cycle and the RCS cooldown 
should be stopped during the filling cycle to obtain as many 
comple~e fill and drain cycles as possible . 

The second alternative process to cool down the pressurizer 
is to allow normal conductive and convective cooling of the 
pressurizer to the containment atmosphere. If plant conditions 
will permit sufficient time (greater than 24 hours), the 
pressurizer saturation conditions will slowly drop due to 
ambient heat loss, resulting in a slowly decreasing primary 
pressure. Maintaining a low pressurizer level will help the 
ambient cooldown rate since less water would be in the 
pressurizer to store heat. The RCS cooldown and the pressurizer 
cooldown/pressure reduction should be coordinated to stay 
within Tech. Spec. operating limits. Availability of secondary 
condensate will strongly affect the use of this alternative. 
If this method is used, plant specific methods to lower the 
containment ambient temperature may be pursued to increase 
the ambient heat loss rate from the pressurizer. This could 
include operating all reactor building fans at high speed 
and maximum cooling water flow to the coolers . 

* If charging flow is not needed for reactor coolant pump seal injection and 
letdown is isolated, all charging pumps should be turned off to decrease the 
time between subsequent pressurizer fills and hence increase the overall 

depressurizatton rate. 
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Use of a pressurizer vent (plant specific) or steam space 
sample line to vent pressurizer steam will improve the slow 
ambient heat loss rate. The third alternative process 
available to depressurize the pressurizer is to open a PORV. 
This method is least desirable because any sustained operation 
may rupture the rupture disc on the quench tank dispersing 
radioactive primary coolant into containment. Pressure/ 
temperature operating limits should be monitored since PORV 
operation will quickly reduce pressurizer pressure. 

5. As the primary pressure is decreased, the Safety Injection · 
Actuation Signal (SIAS) and Containment Isolation Actuation 
Signal (CIAS) shoul_d be manually bypassed or reset to 400 
psi below the existing pressurizer pressure to avoid inadvertent 
automatic system actuation. As the secondary pressure is 
decreased, the Main Steam Isolation Signal (MSIS) should 
also be manually bypassed or reset to 200 psi below the 
existing steam generator pressure. Safety injection tanks 
should be depressurized and isolated as required when decreasing 
primary pressure. 

6. During a normal plant cooldown with reactor· coolant pumps 
running, a small percentage of the forced flow is circulated 
in the RV upper head dome region which cools that area 
during the RCS cooldown. During natural circulation flow 
conditions in the RCS, the amount of flow through the RV 
upper head may be negligible. Thus the RV upper head can 
become a stagnated region with the only cooling being the 
heat loss to ambient and the head conducted down through the 
reactor vessel and internal structures. 

The initial RV head temperature starts at the temperature of 
the hot leg at the moment all forced flow is stopped. Even 
though the RCS can be cooled down to low temperatures by 
natural circulation flow with a large subcooled margin, the 
RV head region may remain relatively hot if insufficient 
time is allowed for ambient heat losses from th~ RV head 
areas. 
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Thus as the RCS ts depressurtzed in preparation for entering 
shutdown cooling, a steam bubble may form by flashing primary 
coolant in the RV head dome. When natural circulation flow 
is maintained in both loops of the RCS, the indicated hot 
and cold leg temperatures should be representative of the 
temperatures in all the RCS loop components except possible 
for the RV upper head. The temperature in the RV upper head 
region should be monitored if available. Thus no condensable 
steam void should form anywhere· in the RCS other than possible 
in the RV head region if the RCS subcooled margin is being 
properly maintained and the RCS dissolved gas concentration 
is not abnormally high. Another potential source of voiding is 
the hot stagnant fluid which may exist on the primary side 
of an isolated steam generator. 

If a bubble does form in the RV dome·during depressurization 
it is most likely due to a steam void. If a Reactor Vessel 
Level Monitor is available, the operator has a direct means 
of monitoring water level in the RV dome region and the RCS 
cooldown may continue as long as the void is maintained 
above the hot leg nozzle. The operator may drain and fill 
the RV upper head several times for RV head cooling by 
controlling system pressure if the RCS needs to be quickly 
depressurized in order to enter shutdown cooling operation. 
However, if no reactor vessel level monitor is available, 
the operator must monitor a RV head void by indirect methods. 

Pressurizer level change can be used to monitor the growth 
or collapse of the RV void. Letdown is isolated, charging 
and spray is stopped (except if some charging flow is needed 
for reactor coolant pump seal injection), and the RCS cooldown 
halted to stop any major variations in pressurizer level. 
Pressurizer level may still be decreasing due to any RCS 
leakage. However, with all major pressurizer level variations 
stopped, any change in the RV head void size will now result 
in essentially a simtlar size change in the opposite direction . 
in the pressurizer level. A decision must now be made as to 
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whether the plant cooldown process should be interrupted to 
allow time for ambient cooling of the RV head or if plant 
conditions require a prompt depressurization in order to 
enter shutdown cooling. The first alternative involves 
waiting several hours while maintaining pressurizer level. 
Whenever a RV head void is present, normal charging flow )s 
expected to decrease or to produce minor changes to pressurizer 
level due to the RV void shrink and collapse. 

Normal increasing pressurizer level {approximately 1/2 to l 
percent increase per minute without letdown) will occur when 
the RV head void has been eliminated. Auxiliary spray flow 
is expected to increase pressurizer level rapidly whenever a 
RV head void is present due to the RV void expansion from 
decreasing 'pressurizer pressure. A normal slow pressurizer 
level increase (approximately 1/2% increase per minute 
without letdown) will occur when the RV head void has been 
eliminated. 

The second alternative involves draining and filling the RV 
upper head several times by raising and lowering system 
pressure causing the bubble to expand and to shrink. As 
cool water is forced into the region, the upper head is 
cooled. A large drain and fill volume of water flushed 
through the RV upper head region will result in more cooling 
per complete drain and fill cycle than a small flush volume. 
The pressurizer should not be taken solid or drained below 
10% indicat~d level to avoid losing pressure control with a 
saturated bubble in the pressurizer and to ensure that the 
void size can continue to be adequately monitored. Several 
drain and fill cycles will result in lower system pressure. 
System pressure should not be allowed to go below the minimum 
required pressure to maintain RCS subcooled margin. The 
number of drain and fill cycles can be slowed and the volume 
exchanged reduced in order.to maintain RCS subcooled margin 
if pressurizer heaters are not adequate. 
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When the overall plant cooldown and depressurization is 
resumed after either alternative, plant indications should 
be monitored for further signs of voiding when depressurizing. 
If found subsequently, the same procedure is used. A reactor 
coolant pump should not be started or jogged while a condensable 
void is known to be present in the RV head region .. Sudden 
forced flow of cool reactor coolant into this region may 
result in a very quick collapse of the condensable void with 
resultant water hammer effects. Avoiding RCP operation with 
a bubble in the RV head will preclude this concern. 

If a void persists despite efforts to cool and to condense 
it or if the RCS dissolved gas concentration is high, the 
void may be partially or completely comprised of noncondensable 
gases. Primary pressure should first be raised to eliminate 
any condensable gases that may be present. Then the plant 
specific procedure for operating the RV head vent should be 
followed to purge the noncond~nsab1e gases. It should be 
noted that continued operation of the RV head vent may 
depressuri~e the RCS ~nd create a condensable void in the RV 
head. The RV head vent (plant specific) may be used to 
transfer a void to the pressurizer. 

The RCS pressure control safety functions are summarized in 
Figure 5-4. The sol id. l tne path shows the preferred methods 
to accomplish adequate pressure control until cold shutdown 
is attained. Alternative methods and processes are shown as 
dotted line paths. The priority of the suggested alternatives 
decrease as the dotted lines proceed to the right . 
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5.3.5 RCS Heat Removal 

Actions: 

1. Maintain normal steam generator water level throughout the 
plant cooldown. Initiate the auxiliary feedwater system if 
the main feedwater system is not able to operate adequately. 

2. Survey all available condensate inventory and replacement 
capability. Ensure that initiation of plant cooldown is 
commenced within. sufficient time such that adequate condensate 
will be available to cool down and depressurize the NSSS to 
within shutdown cooling system entrance conditions.* If 
available condensate appears to be marginally adequate, 
immediately initiate plant cooldown. 

3. 

4. 

Maintain RCS temperature by operating the turbine bypass 
valves_(or atmospheric dump valves) until ready to begin the 
RCS cooldown. Maintain the RCS hot leg subcooled margin of 
at least 20°F +(inaccuracies*). 

Commence the RCS cooldown by manually controlling the turbine 
bypass valves (or atmospheric dump valves) flow rate to 
establish the maximum possible cooldown rate in accordance 
with Technical Specification requirements. Continue the RCS 
cooldown to as low a temperature as can be obtained by 
dumping secondary steam. 

5. If a steam generator must be isolated continuously as a heat 
sink to the RCS during the cooldown, the following criteria 
should be used throughout the natural circulation plant 
cool down: 

A~ When a steam generator is initially isolated, ensure 

that the hot leg temperature is below the saturation 
temperature/ pressure that corresponds to the lowest 
secondary safety valve set pressure to prevent the 
secondary safety valves from opening on the isolated 
steam generator. 

* Plant Specific 
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B. Cooldown an isolated steam generator by one or more of 
the following methods (listed in order of decreasing 
preference) while maintaining normal natural circulation 
core cooling with the unisolated steam generator and 
its loop: 

(1) If possible, restart one RCP in each loop to 
establish cooling of the isolated steam generator. 
If not available, consider maintaining present 
condition until RCPs are available. 

(2) Cool the intact steam generator below the isolated 
steam generator's temperature by dumping secondary 
steam. Subsequently cool the isolated steam 
generator by draining part of the isolated steam 
generator secondary water volume to a storage tank 
and refilling the isolated steam generator with 
cold feedwater. Regulate the feedwater refill 
rate so as not to cause an excessive RCS cooldown 
rate in the isolated loop components. 

(3) Allow the isolated steam generator and its loop to 
cool due to ambient heat loss through its insulation. 

(4) If needed, cool the isolated steam generator by 
reinitiating steam and feed flow as a last resort. 

6. Implement Low Temperature Overpressure Protection (LTOP) 
features* as required due to the decreasing primary temperatures. 

7. Monitor available condensate inventory and replenish from 
alternate sources as required throughout the cooldown. 

8. Continuously verify that natural circulation flow is established 
in the RCS by observing the following indications. 

A. Loop tiT (Th - Tc) less than normal full power tiT (with 
both steam generators operating). 

B. Cold leg temperatures constant or decreasing. 
C. Cold leg temperatures .approximately equal to steam 

generator secondary temperature. 
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Hot leg temperature constant or decreasing. D . 
E. Hot leg temperatures decrease as steam generator secondary 

temperature and pressure is decreased. 
F. No abnormal differences between Th RTDs and core exit 

thermocouples. 

9. If the RCS hot leg subcooled margin approaches or becomes 
less than 20°F +(inaccuracies*) and/or natural circulation 
degradation is suspected, try to enhance natural circulation 
flow by: 

A. Increasing turbine bypass or atmospheric steam dump 
flow to reduce RCS temperatures. 

B. Increasing RCS pressure with pressurizer heaters or by 
operating safety injection or charging pumps. 

c. Verifying adequate secondary water level. 
D. Verifying adequate primary water inventory without any 

voids. 
E. Veri-fying adequate subcooled margin . 

10. One reactor coolant pump in each loop should be restarted 
whenever: 

A. At least one steam generator is removing heat from the 
RCS. 

B. Pressurizer level and pressure are responding normally 
to the pressurizer level and pressure control systems. 

C. Proper RCS pressure-temperature conditions are established. 
D. RCP support system services have been restored. 
E. There is no condensible RCS void indications. 
F. Other plant specific requirements. 

11. Place the shutdown cooling system into operation when the 
pressurizer pressure and hot leg temperature have decreased 

below the maximum allowed entrance conditions*. Continue 
the plant cooldown using the shutdown cooling system and its 
procedures*. Stop all secondary steam flow only after the 
shutdown cooling system is verified to be operating satisfactorily. 

* Plant Specific 
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Precautions: 

1. When cooling down by natural circulation with an isolated 
steam generator: 

A. Shutdown cooling can not be initiated until the isolated 
steam generator secondary temperature is reduced below 
the saturation pressure corresponding to the maximum 
allowed shutdown cooling entry pressure. 

B. An inverted ~T (i.e. Tc higher then Th) may be observed 
in the idle loop and will not affect the natural circulation 
flow in the intact steam generator. 

C. Automatic auxiliary feedwater actuation* to the operating 
steam generator may become unavailable if 100 psi 
differential pressure develops between the operating 
steam generator and the hot isolated steam ~enerator. 

D. Do not depressurize the RCS to the saturation condition 
associated with the isolated steam generator primary 
fluid t~mperature. 

2. Do not start any RCP while a condensable·void is established 
in the RV head dome. 

3. Verification of plant responses to a plant change cannot be 
accomplished until approximately 5 to 10 minutes following 
the action due to increased loop cycle times. 

4. Do not completely isolate or otherwise intentionally yield 
both steam generators unavailable as a heat sink to the RCS 
until after the shutdown cooling system is fully aligned and 
shown to be operating normally. 

s~ All available indications should be used to aid in diagnosing 
the event since the event may cause irregularities in a 
particular instrument ~ndication. Critical parameters must 
be verified·when one or more confirmatory indications are 
available. 

* Plant Specific 
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Important Concepts: (Paragraphs are numbered with their corresponding 
Action Section paragraph number). 

1. The operator must ensure that the secondary water inventory 
is being maintained by feedwater flow to the steam generator(s). 
Natural circulation is assured even if the U-tubes are 
partially uncovered on the steam generator secondary side. 
The steam generator heat transfer area is sized for full 
power operation. Therefore only a portion of the tubes 
(approximately 1/3 of the tube height which corresponds to 
approximately 35-40% on the wide range steam generator level 
instrument) must remain covered to ensure normal NC flow. 
The top of the U-tubes is at approximately 24-30% indicated 
level on the narrow range steam generator level 'instrument. 
Increasing the steam generator water level above the minimum 
required level will have a minimal impact on the NC flow 
rate. However, by increasing the secondary water inventory, 
the operator provides an extra margin above the limit required 
to establish and maintain normal NC flow. The target that 
an operator should eventually strive to reach is the normal 
steam generator water level throughout the plant cooldown. 
Feedwater flow throughout the cooldown should be throttled 
to maintain continuous feedwater addit"ion to minimize thermal 
shock to the feedwater nozzle. 

If adequate RCS cooling is not being achieved due to insufficient 
secondary water, cold leg temperature (Tc) increase will be 
the first indication, causing an abnormal and misleading 
decrease in Loop ~T. This will persist for some time due to 
the slow loop transport times. Eventually hot leg temperature 
(Th) will also increase. During natural circulation with an 
adequate secondary water inventory, Tc and secondary temperature 
are approximately equal. Tc i~creasing (followed later_ by 
hot leg temperature (Th) increasing) without a corresponding 
change in steam generator secondary pressure/temperature 
signals a lack of sufficient secondary water . 
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All steam generator level indications are based on normal 
ambient reference leg water temperature. If the ambient 
containment temperature is raised beyond nominal conditions, 
reference leg heating will occur and level indication decali­
bration will result. Reference leg heating produces an 
erroneously higher than actual level indication. The steam 
generator level indication as shown by the level instrumentation 
should be lowered by the following amount to account for the 

effect of reference leg heating. 

Reference Leg Correction To Indicated 
Temeerature {°F} {% of Sean} 

120° 0 

200° 4 

250° 7 
300° 10 

350° 14 

400° 18 
450°· 23 

Level Calibration Pressure 900 psia (hqt zero power) 
Ref. Leg Calibration Temperature 120°F 
No Reference Leg Flashing 

Level 

2. The required secondary condensate volume and methods of 
condensate replenishment are plant specific. The operator 
must initially evaluate the availability of the condensate 
and condensate supply systems and determine the total time 
available before shutdown cooling system must be initiated. 
If the condensate appears to be marginally adequate, the 
plant cooldown should be immediately started in order to 
avoid running out of existing condensate before the shutdown 
cooling system can be place into operation. Otherwise the 
cooldown is not required to be initiated before completion 
of cold shutdown boration. 
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Although the amount of condensate needed to complete a plant 
cooldown down to shutdown cooling initiation is plant specific, 
an approximation can be used to estimate the magnitude of 
condensate required in order to provide the operator with a 
method of determining if condensate supplies are low or 
marginal. The method of estimating condensate required to 
reach shutdown cooling follows: 

250 gallons per l°F cooldown needed and 
4.5 gal/hr-MWt (1-8 hrs after trip) for decay heat removal 
3.0 gal/hr-MWt (8-24 hrs after trip) for decay heat removal 
2.5 gal/hr-MWt (>24 hrs after trip) for decay heat removal 

3. RCS temperature should be controlled such that the hot leg 
subcooled margin is maintained while waiting to start a 
plant cooldown. Subcooled margin can be increased by in­
creasing pressurizer pressure or reducing the RCS temperature . 

4. After the preparatory actions are completed, the RCS cooldown 
can be initiated and controlled by regulating the steam flow 
through the turbine bypass valves or atmospheric dump valves. 
A rapid cooldown is recommended to enhance the conductive 
cooling capability of the RV upper head region. A large 
temperature difference between the RV head and the RCS 
coolant will provide a large thermal gradient and a greater 
heat transfer rate. The RCS should be cooled down as far as 
possible with the steam generators to provide the largest 
thermal gradient possible. There is no need to stop the RCS 
cooldowri once the shutdown cooling initiation temperature is 
reached since shutdown cooling can not be initiated until 
the system pressure is also reduced. A lower RCS temperature 
will enhance RV dome cooling. 

The operator should maintain the maximum possible RCS cooldown 
rate without exceeding the Tech. Spec. limit. The Tech. 
Spec. operating pressure/temperature curve is based on the 
cold leg temperature and not on the hot leg temperature 
during natural circulation flow conditions. 
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The operator should be aware of other processes which could 
affect the RCS cooldown rate other than the secondary steam 
flow. These processes include the flow of the feedwater 
system and the charging and letdown systems flow rates. 

5. An event such as a steam generator tube rupture may require 
that one steam generator be isolated continuously from the 
RCS as a heat sink (i.e. all feedwater and steam flow in and 
out of that steam generator stopped). During normal forced 
flow conditions in the RCS when one steam generator must be 
isolated as a heat sink, sufficient reverse heat transfer 
occurs to maintain the isolated steam generator at the same 
relative temperature as the operating RCS loop during a 
plant cooldown. However with no RCPs operating, conditions 
can be easily generated which will stop natural circulation 
flow through the isolated steam generator and RCS loop, 
leaving those components in a hot stagnant condition. 

This condition by itself will not necessarily affect core 
cooling via natural circulation in the unisolated steam 
generator and RCS loop. As long as reactivity control, RCS 
pressure control, RCS inventory control, and RCS heat removal 
are properly maintained in the operating loop, sufficient NC 
flow will be maintained through the core and operating loop. 

A steam generator will not immediately lose either natural 
circulation flow or cooling capacity when isolated by stopping 
steam and feed flow. Hot leg coolant will continue to 
transfer heat into the isolated steam generator causing that 
steam generator's secondary temperature and pressure to 
increase. As the isolated steam generator's temperature 
rises toward the hot leg temp~rature, the isolated steam 
generator accepts heat from the hot leg coolant at a smaller 
and smaller rate. The steam flow from the unisolated steam 
generator must now be slowly increased to pick up the share 
of the decay heat removal not being removed by the isolated 
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steam generator. Because more heat removal is slowly being 
transferred to the operating steam generator, the hot-to­
cold leg ~T in the operating loop increases while the hot­
to-cold leg ~T in the isolated loop decreases. NC flow can 
still be maintained through the isolated RCS loop in the 
forward direction even at the point when no heat transfer 
occurs in the isolated steam generator. Since an isolated 
steam generator will heat up to the hot leg temperature, the 
hot leg temperature should be maintained below the saturation 
temperature/pressure corresponding to the secondary safety 
valve setpressure by dumping sufficient steam from the 
operating steam generator to avoid opening the secondary 
safety valves. Automatic dump valve actuation logic on the 
isolated steam generator should also be bypassed to ensure 
no inadverteht steam discharge occurs. 

When a plant cooldown is commenced using the operating steam 
generator, the hot leg temperature will drop below the 

. 
isolated steam generator secondary temperature. The amount 
of reverse heat transfer cooling in an isolated steam generator 
depends upon both the magnitude of the secondary side temperature 
difference between the isolated and unisolated steam generators, 
and the amount of forward NC flow occurring through the 
isolated RCS loop. The larger the temperature differential 
between the two steam generators, the better potential there 
is for heat transfer. However, as this same steam generator 
temperature differential increases, the more the NC flowrate 
will decrease through the isolated steam generator. A large 
enough secondary side temperature differential (which will 
vary based on the existing decay heat) will effectively stop 
all NC flow in the isolated steam generator, leaving it in a 
hot stagnant condition unable to be cooled by the operating 
RCS loop. A hot stagnant isolated steam generator presents 
a situation similiar to the RV dome region when trying to 
depressurize the RCS to initiate shutdown cooling. Depres­
surization of the RCS to the isolated steam generator's 
saturation temperature/pressure will quickly void large 
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portions of the isolated RCS loop which could lead to interruption 
of the natural circulation cooling established in the operating 
RCS loop. The isolated steam generator would act like a 
pressurizer and prevent further depressurization to the 
shutdown cooling initiation pressure. Thus an isolated 
steam generator must be cooled down before shutdown cooling 
can be aligned .. 

The preferred method to cool an isolated steam generator is 
to start a reactor coolant pump, if possible. A reactor 
coolant pump should be first started in the uni so lated loop 
to minimize the effect of mixing coolant from the hot isolated 
steam generator. If a reactor coolant pump can not be 
started, it is preferable to maintain hot shutdown conditions 
until forced flow can be restored. 

If a plant cooldown must be established, one process to cool 
an isolated steam generator is to drain (not completely dry) 
and refill the isolated steam generator secondary water 
volume. Control of the cooldown in the isolated loop should 
be regu 1 a ted by the ref i 11 rate of the coo 1. f eedwa ter. 

Some cooling can be obtained by the reverse heat transfer 
cooling (i.e. secondary to primary) process with natural 
circulation flow in the isolated steam generator. Slow 
controlled cooling of the plant and a large quantity of 
secondary condensate would be required for this process. 
Very close regulation of the plant cooldown rate is needed 
to maintain adequate NC flow and reverse heat transfer in 
the isolated loop. If the secondary side temperature difference 
between the two steam generators is not optimal, inadequate 
cooldown will occur in the isolated loop. This method may 
be considered too complex for an operator to implement with 
the existing instrumentation. See Section 2.2 of this 
report for more information on this process. 
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Normal ambient heat losses will cool the isolated steam 
generator but this will take the longest period of time and 
require the largest amount of secondary condensate. The 
ambient ~ooling rate of a steam generator is highly dependent 
upon the amount of secondary water contained in the steam 
generator. A large secondary water volume could extend 
cooldown times through ambient heat loss to beyond 36 hours. 

A last alternative includes restoring steam and feedwater 
flow to cool the isolated steam generator. If a radiological 
release concern is present, steam should be dumped to the 
condenser rather than to the atmosphere. 

Whenever charging flow is being injected into an isolated 
RCS cold leg, that cold leg temperature indication may drop 
due to the introduction of the cold charging water near the 
temperature sensor and possibly produce a misleading hot 
leg-to-cold leg ~T. Normal RCS loop ~T is a function of the 
RCS loop flow rate and heat transfer rate. The operator 
should monitor all hot and cold leg temperature indications 
in an isolated RCS loop for a true indication of RCS loop ~T 
and NC flow conditions. 

6. As the primary temperature is decreased, the Low Temperature 
Overpressure Protection (LTOP) requirements should be implemented. 
Although LTOP requirements are plant specific, the procedures 
involve aligning either low setpressure safety valves (e.g. 
shutdown cooling safety valves) or changing the PORV setpoint 
to a lower setpressure whenever the cold leg temperature 
decreases below the value when a sudden pressurization to 
the pressurizer safety valve setpoint would violate Technical 
Specification brittle fracture requ'irements. Note that RCS 
pressure must be sufficiently low (plant specific) before 
L.TOP alignment can take place. 

7. As the plant cooldown progresses, there is a continual need 
for condensate to be supplied to the feedwater pumps as long 
as the steam generators are being used for heat removal. 
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Thus the operator should ensure that adequate condensate is 
continuously available and that the conditions assessed as 
part of Action #2 continue to remain acceptable. 

8. NC flow should continuously be verified to be adequate. 
Cold leg temperatures should be verified to be decreasing· or 

. constant dependent upon whether the RCS cooldown is continuing 
or being held up. Cold leg temperatures should also not 
increase significantly above steam generator secondary 
saturation temperature. Similarly hot leg temperatures 
should be stable or decreasing based on the RCS cooldown 
status. Hot leg temperature should trend downward throughout 
the plant cooldown as the secondary pressure and temperature 
is decreased. Another means available to the operator of 
verifying adequate NC flow is to verify that no abnormal 
differences exist between the hot leg RTDs and core exit 
thermocouples. These symptoms will be the most direct 
indication that NC flow is normal. 

Some possible causes for degradation of ~C flow: 

Cause 

A. Not enough secondary 
water inventory 

8. Inadequate secondary 
steam flow 

C. Noncondensable voids 
collecting in the RCS 
flowpath 

D. Condensable voids col­
lecting in the RCS 
flowpath 

First probable symptom 

Low steam generator water level 
and Tc increasing above secondary 
temperature. 

Tc and secondary pressure increasing. 

Loop 6T increasing 

Loop 6T increasing, abnormal 
pressurizer level control 
systems response 

• 

• 

• 



• E. 

F. 

G. 

Small break or large 
break LOCA 

Inadequate primary 
inventory 

Physical blockage of 
the NC fl owpa th 

·~ 

Primary pressure decreasing 

Low pressurizer level and loop 
RTD/core exit thermocouple mismatch 

Loop ~T increasing and/or loop 
RTD/core exit thermcouple mismatch. 

If NC flow has been lost or degraded, efforts should be 
concentrated towards regaining adequate RCS heat removal, 
RCS pressure control, RCS inventory control, and reactivity 
control in the RCS flowpath. Any plant response as a result 
of a change will be slow (5-10 minutes) as compared to 
normal forced flow system response time (6-12 seconds) since 
the coolant loop cycle time has significantly increased. A 
minimum of 10 minutes s~ould be given to allow adequate time 
for the system to respond as a result of an operator-induced 

• plant change to correct a NC flow condition. 

• 

9. Subcooled margin should be maintained whenever possible. 
However, if the subcooled margin becomes completely degraded 
and saturation condition becomes established in the hot 
legs, NC flow may still be established and maintained. In . 
this event, re-establish subcooled conditions as soon as 
possible and continue to verify NC flow is being maintained 
by the indications in Action #8. If these parameters do not 
indicate that NC flow is lost, alternative emergency methods 
of core cooling should not be implemented solely because 
subcooled margin is lost. 

10. Forced circulation is the preferred method of core cooling 
whenever possible. At least one steam generator must be 
removing heat from the RCS before starting a RCP. There 
would be no need for forced circulation and its resultant 
heat input to the RCS if secondary steaming was not being 
used as a means of RCS heat removal. Pressurizer level and 
pressure must be responding normally. This implies that no 

significant LOCA has occurred and pressurizer level and 
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pressure respond normally to operator induced actions with 
the pressurizer level and pressure control systems. A large 
break LOCA, for example, would not produce a normal pressurizer 
level or a normal level response as a result of charging and 
letdown charges. Similiarly normal pressurizer level and 
pressure response implies no condensable voids are present 
in the RV head dome. RCP operation is precluded when a 
condensable void is present in the RV head dome to avoid a 
potential.water hammer and its potential effects on the 
upper RV head region. Other RCP start criteria (plant 
specific) such as pressure/temperature criteria for NPSH and 
support system services such as RCP oil lift flow should be 
verified before restarting a RCP. RCP operation may intentionally 
not be used if their operation is suspected to possible lead 
to other serious plant consequences (such as the need to 
inspect RCP seals before further operation). T.his last 
concern for RCP operation may need to be waived if serious 
conditions within the NSSS warrant otherwise. 

11. The final step is to place the shutdown cooling system into 
operation. Once this system is verified.to be operating 
adequately, only then should the steam generator cooling 
capability be disabled (e.g. putting the steam generators 
into wet layup, opening the primary pressure boundary, 
etc.). 

Shutdown cooling system maximum heat removal capability is 
plant specific. However a typical C-E shutdown cooling 
system when placed into operation near its maximum allowed 
RCS initiation temperature should be able·to remove approxi­
mately 1.5 to 2% of full rated power (dependent upon the 
cooling wat~r temperature supplied to the shutdown cooling 
heat exhanger). Thus the shutdown cooling system could 
remove the decay heat anytime beyond approximately one hour 
after a reactor trip from full power operation and be able 
to remove the complete decay heat load. For all plant 
cooldown events, shutdown cooling will be initiated well 
beyond one hour after a reactor trip with its resultant 
lower decay heat level. 
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Entering shutdown cooling need not be a required stop in the 
·plant cooldown process. If adequate condensate is available 
and other operating criteria can be met, continuing to 
remove decay heat with the steam generators can be an acceptable 
alternative to using the shutdown cooling system for removing 
reactor decay heat. This would be the preferred path if 
significant radioactivity were present in the RCS fluid. 

The RCS heat removal safety functions. are summarized in 
Figures 5-5 and 5-6. The solid line path shows the preferred 
methods to accomplish RCS heat removal until cold shutdown 
is attained. Alternative methods and processes are shown as 
dotted line paths. The priority of the suggested alternatives 
decrease as the dotted lines proceed to the right . 
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75°F/hr Cooldown of Unisolated Steam Generator 
Until Steam Flow Limited 

TSG 1, OF TSG 2, OF q2, Btu/sec 

525 525 27400 
521 529 17900 
507 543 7082 
492 544 3616 
484 544 770 
473 542 -804 
468 540 -1245 
455 539 -165 
445 539 25 
433 539 4 
412 539 5 
351 538 -7 
341 538 0 

.. · .. · .... - .. 

Cooling of the hot unit (#2) occurred only at or near the optimum conditions 
predicted in the steady state analysis. The following figures are LTC 
transient parameter plots for Case 1. 
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CASE 2 

Cooldown of Unisolated Steam Generator 
Based on Optimum Steady State Analysis Secondary Temperature 

t, sec 

900 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5100 
6100 

10100 
15100 
20100 
28700 

T OF 
SG l' 

525 
522 
511 
500 
490 
479 
478 
477 

476 
475 
473 
466 
458 
451 
445 

525 
529 
544 
542 
544 
544 
541 
539 
537 
535 
531 
518 
504 
493 
482 

q2, Btu/sec 

27400 
17900 

7930 
5339 
1289 
-420 

-1211 
-1363 
-1336 
-1249 
-1262 
-1084 
-840* 

·-607* 
-302* 

* Estimate of Topt less accurate for t > 104 seconds 

Notes 

Coo1ing SG 1 to Topt 

r~Topt; SG 2 now cooling 

These resu1ts show that continued cooling of the isolated unit (#2) can be 

achieved if TSG 1 is kept at an optimum value as a function of time (Topt). 
The fo1lowing figures are LTC transient parameter plots for Case 2 . 
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CASE 3 

Cooldown of Unisolated Steam Generator Based on 
Optimum Steady State Analysis Secondary Temperature Plus 20°F 

t, sec TSG l' 
OF TSG 2' OF q2, Btu/sec Notes 

900 525 525 27400 Cooling SG 1 

1000 522 529 17900 

1500 511 544 7900 

2000 500 542 5300 

2500 495 544 1300 

3000 495 540 3100 

3500 497 542 649 Low forward heat ·transfer 

4000 500 542 -143 That "' Tsec 2 
4500 502 543 437 

5100 504 544 611 

6100 505 542 370 Higher forward heat transfer 

10100 514 543 1127 Topt inaccurate for t>l04 sec 

15100 518 543 1898 

28700 523 542 2548 

These results show that essentially no cooling of the hot unit occurred since 
Tsec 

1 
was not low enough to cause reverse heat transfer from the isolated unit. 

The following figures are LTC transient parameter plots for Case 3. · 
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CASE 4 

Cooldown of Unisolated Steam Generator Based on 
Optimum Steady State Analysis Secondary Temperature Minus 20°f 

t, sec TSG l' 
Of TSG 2' Of q2, Btu/sec Notes 

900 525 525 27400 Cooling SG 1 

1000 522 529 17900 

1500 511 544 7930 

2000 500 542 5339 

2500 490 544 1289 

3000 479 543 -420 Tsec 1 
'\, 

"'Topt 
3500 469 542 -1243 

4000 458 539 -610 

4500 458 539 0 

5100 460 539 0 

6100 461 539 0 

10100 469 539 0 

15100 473 539 0 

20100 477 538 -39 

28700 479 535 -228 

These results show the effect of Tsec 1 being too high at first, then passing 
through the optimal conditions into a region where the flow was choked off. An 
unexpected feature of this case was the long term result when the inaccuracy of 

the Topt estimate (which yields values of Topt which are too high for t > 10
4 

seconds) began to cancel the -20°f bias. The following figures are LTC 

transient parameter plots for Case 4 . 
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