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ABSTRACT

A textbook which merges nuclear engineering theory and principle with central
station nuclear power plant application was developed and implemented. Palo Verde
Nuclear Generating Station operating processes and procedures were used as the
arena within which to develop and apply nuclear, thermodynamic, and fluid dynamic
theoretical principles. From plant heatup, through nuclear startup and power
ascension, to power operation and then to plant shutdown, nuclear engineering
principles are applied through the use of discussions, examples, problems and study
questions. Detailed descriptions and solutions are included.

Used as the text for a senior level course at UofA Nuclear Engineering
Department in Spring 1993 and for engineer training at Palo Verde in January, 1994,
this text has been developed, evaluated, tested and revised to assure applicability and
thoroughness. The resultant instrument has been adopted as the text for required

initial training of Shift Technical Advisors at Palo Verde Nuclear Generating Station.
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CHAPTER 1
INTRODUCTION

1.1 Scope
This thesis presents a textbook developed to serve as a tool which integrates

nuclear engineering theory and principles with the procedures and processes used to
startup and operate a large central station pressurized water reactor plant. The
premise is that the text can serve as a viable adjunct to the education of nuclear
engineering undergraduate students while also serving as an applied theory resource
for the training of nuclear facility engineering staff. The goal is not to focus on
technological application; but, instead to use technological application as a framework
within which to reinforce principles, evaluate conditions, solve problems and develop
viable strategies. Whether an individual works in research, design, or field
engineering activities, experiei.ce in applying nuclear, fluid dynamic and
thermodynamic principles to specific practical scenarios and processes should allow
the entry level engineer (recent graduate) to establish job competencies at a more
rapid rate. Discipline specific nuclear facility engineers are engineering graduates
with experience in calculus and differential equation based assessment, evaluation and
problem solving. Even though they may not be nuclear engineering graduates, they
should benefit from such an approach by becoming familiar with cross discipline
principles and applications, as well as mastering the cause and effect relationship

between the nuclear, fluid dynamic and thermodynamic principles. By mastering the

S d e

interrelationships beiween theory and appiication the engineer shouid be better suited
to extrapolate that knowledge and skill into newly encountered situations and

problems.



1.2 History
The concept for this thesis began to emerge during the Fall Term 1992 when

the author was a first semester graduate student in the Nuclear and Energy
Engineering Department at the University of Arizona. With 25 years of nuclear
facility training and operating experience, the author believed that this experiential
inventory provided an understanding of basic principles founded on their applications
which could be strengthened by developing a better understanding of the theories and
principles from whence they originate. Classic training programs at nuclear facilities
focus on developing job specific task knowledge and skill and minimize the
development of subject matter knowledge of personnel. However, in the author’s
experience, mastery of subject matter knowledge provided personnel with the ability
to move from the °‘rule based’ performance arena into the ’knowledge based’
performance arena where assessment, evaluation and extrapolation are possible and
more likely to be successful.

"Was it possible to merge theory and principle with application into a single
treatment?" The author believed so and set out to attempt the task. The method
was to develop a course, present that course to nuclear engineering seniors, revise the
course notes into a textbook and then use that textbook to teach a course to nuclear
facility engineers. This text would then be formatted and submitted as the author’s
thesis in partial fulfillment of the requirements for the degree of Master of Science

in Nuclear Engineering. The evolutional history of this process is presented below.

Evolutional History of
"Theory and Applications of

Power Plant Operations: A Text"

1. Identify Scope 1.  Fall92
Propose to Dr. R.L. Seale 2. Fall92
3. Develop Draft 3. Fall92

o
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4 Teach to College Seniors 4.  Spring 93

5 Evaluate results 5. Summer 93
6 Revise Draft 6. Fall 93

7. Teach to PVNGS Engineers 7.  January 94
8 Review by Dr. R.L. Seale 8. Spring 94

9 Evaluate results/comments 9.  February 94
10.  Revise second draft 10. March 94
11.  Submit for defense and approval 11.  April 94

1.3 Treatment Overview

This treatment begins by considering the procedures necessary, and the
processes and parameters affected, as the reactor coolant system (RCS) is heated up
from refueling conditions (100 °F and atmospheric pressure) to normal operating
temperature and pressure conditions (NOT/NOP). While generic processes apply to
any pressurized water reactor, the specific numbers used will be those associated with
the Combustion Engineering System 80 NSSS located at Palo Verde Nuclear
Generating Station (PVNGS). This triple reactor station is operated by Arizona
Public Service Company for the owner/participants. These processes are referred to
as Startup Preparations because it is necessary to heat up and pressurize the system
before the reactor can be taken critical and brought to an operating power level to
generate electricity for the owner/participants. After establishing NOT/NOP, the
treatment considers the processes necessary to safely establish critical conditions in
the reactor in a section called Reactor Startup. Having established a self-sustaining
nuciear chain reaction at a power level of approximately 50-500 watts, it then
becomes necessary to increase power level to the point where it is possible to
generate sensible heat within the primary system and steam within the secondary
system. In Power Increase to the Power Range, the treatment considers both the

methods for establishing, monitoring and controiling the power increase and a variety
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of reactivity worth measurements which are taken in that range. The section entitled
Power Range Operations considers the dynamics of operation when the reactor is
producing useful power and is sensitive to the various feedback mechanisms such as
fuel depletion, fission product poison accumulation, fuel and moderator/coolant
temperature variations, and variations in steam demand from the secondary plant.
Finally, Power Range Operations considers perturbations to steady state operation
and presents the response of both the reactor and thermodynamic systems associated
with heat rermoval from the reactor.

Throughout the treatment, the processes applicable to the operation of a
Central Station Commercial PWR are used as examples of application of the basic
principles and theory which are presented in typical undergraduate nuclear
engineering curricula. Physical and mental models are used to aid in understanding
of these processes and the participant is expected to perform calculations related to
power plant operation and upset conditions. In some cases procedures specific to
PVNGS are used to perform assessments, evaluations, and calculations. However,
participants are expected to apply their knowledge and develop alternate strategies
which will accomplish the same task.

Integral with these sections, the treatment provides PVNGS plant specific data
which are used to solve examples and problems and answer questions which relate
to the principles and applications presented in the body of the text. Detailed
solutions to the examples, problems and questions are provided for each chapter.
The treatment attempts to integrate theory and practice by merging derivations,
descriptions, and examples with these problems and questions. Some derivations are
included as appendices so that they might be used, as needed, to meet the needs of
a specific participant target population. Consistent with the assumptions identified
in Section 1.4, non-nuclear engineering graduates may need to be exposed to these

derivations to achieve maximum benefit from the course of instruction.
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1.4 Assumptions and Prerequisites
In developing the scope of treatment for this text, the assumption has been

made that course participants are graduate engineers. As such, they should have
familiarity with the use of calculus and differential equations to assess situations,
derive relationships and solve problems. They should also have experience with
formal derivations which initiate with basic principles and conclude, thru the use of
appropriate limiting or boundary conditions, with relationships whose validity is
limited by those initial conditions. This ability and experience is essential to the
understanding of the derivations used to obtain simplified application relationships.

Course participants need not be nuclear engineering graduates. However, it
is assumed that they have completed introductory level courses in nuclear physics,
reactor theory, thermodynamics, and fluid dynamics as applied to nuclear power
production facilities. These courses could have been either undergraduate college
level or nuclear facility operator initial training courses. The combination of
engineering analytical abilities and skills coupled with initial fundamental
understanding of nuclear facility principles should be sufficient prerequisites for this
applied theory course.

Each chapter of the text includes a listing of suggested reading materials which
can be used to supplement the course presentation or to solidify prerequisite
understanding. The author has attempted to provide a variety of references for this

suggested reading to help assure availability.

1.5_Methods of Use
The design of this textbook assumes that it will be used as the principal
reference in an instrucior directed training session. It is neither intended, nor
desired, that the textbook be read straight thru from Chapter 2 thru Chapter 5. It
is imperative that the instructor first study both the text layout and the participant
background to develop an implementation strategy. If the collection of course

participants consists solely of nuclear engineering graduates, most derivations can be
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skipped over or at least merely reviewed. The specific use of each is left to the
discretion of the instructor and the individual instructional strategy.

Prior to beginning Chapter 2, general nuclear power plant layout and specific
systems information in Appendix A should be presented. This will set the stage so
that all participants understand the major design features and operating conditions
for a Nuclear Steam Supply System (NSSS). Appendix A also provides a listing of
acronyms and abbreviations commonly used in the industry and used in this text.

Appendix B provides nuclear data for use in examples, problems and questions
throughout the text. The instructor must be very familiar with the layout and use of
this data source. This is best accomplished by studying all examples and problem
solutions. Additionally, each section of the core data book contains a "notes"
introduction which includes information on use and assumptions. The instructor may
choose to introduce participants to Appendix B on a ’review it as we need it basis’
or a ’all at once basis’ depending on individual instructional strategy. However, in
either case, the instructor should be prepared to review basic principles and field
questions during this period of instruction. For example, pages 9-11 of the core data
book (Appendix B) present information relative to the power defect reactivity.
Review of the concepts and basis of moderator temperature coefficient, fuel
temperature coefficient, doppler broadening, and soluble boron worth are
appropriate at this time.

Chapters Two thru Five present examples, problems, questions and solutions
to help solidify concept understanding and focus the participant toward appropriate
power plant applications. The solutions to examples are included in the body of the
text. The solutions to problems ans answers to questions are incluced as a separate
section for each chapter. It is intended that participants attempt to solve problems
and answer questions prior to being provided the solutions. The author believes that
participants learn best when they try to solve problems instead of reading a provided
solution. Further, it is intended that problems and questions be addressed prior to

continuing with the presentation of new material.
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Each chapter has a list of learning objectives which are summarized at the end
of the material and also included within the body of the textbook in the form of
shaded text boxes. The author believes that participants should be continually aware
of the specific objective being covered so that presentation, derivation, example,

problem, and question are focused in the appropriate manner.

1.6 Results
Initial draft notes of this text were used as the principal source document for
an experimental course in the Nuclear and Energy Engineering Department at the
University of Arizona during the Spring Term of 1993. Entitled "Power Plant
Operations, NEE 495A" this course was taught by the author with support and
assistance from Professor Robert L. Seale. The following description of NEE 495A

was presented in the course call.

"This course will provide enhanced understanding of the applications
of Nuclear Engineering principles to the operation of a Central Station
Nuclear Generating Station. Nuclear engineering students who are
completing their undergraduate education and are well versed in basic
principles and theoretical bases of the nuclear engineering discipline
are encouraged to take this course. Whether your future is in research,
design, or operation, an increased understanding of the operational
applications of your discipline to a nuclear facility will improve your
ability to contribute in a meaningful manner in a shorter time frame."

Student evaluations of NEE 495A are included in Appendix F-1. While
anecdotal in nature they represent a positive evaluation of the scope and
implementation of the course and validate the original thesis statement that merging
theory and application improves student understanding. These student comments,
instructor notes taken during the presentation, and comments from Professor Seale

were used to revise the initial draft text.
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The author used the revised text to present a course to PVNGS engineers in
January 1994. "Theory and Applications of Power Plant Operations, NOX40" was
presented to augment the training of Shift Technical Advisor candidates in the area
of applied theory. Engineers from the Nuclear Fuels Management Department also
completed the course. Participant evaluations of the course and text are included in
Appendix F-2. Instructor evaluation of the course and lessons learned are included
in Appendix F-3. Examination questions used to evaluate the subject mastery by
these participants are included in Appendix F-4. The collection of these evaluations
provide subjective argument that the original thesis statement was valid and that this
text serves as a viable tool to facilitate the merging of theory and application.
NOX40 has been incorporated into the official Training Program Description for
Shift Technical Advisors at PVNGS and is scheduled to be presented again in June
1994 with "Theory and Applications of Power Plant Operations: A Text" serving as

the reference text for the course.

1.7_Summary
Nuclear power plant operating processes and procedures have been used as

the framework to develop a textbook which merges theory and principle with
application and practice. The result is not technology, but understanding of principle
and application and the ability to extrapolate beyond the bounds of ’rule based’
learning. The specific processes and procedures selected for incorporation are
secondary to the heuristic of integrating sound knowledge foundation to applicational
problem solving. Evaluations by participants attest to the success of this integration.
The decision to continue using the text in the power plant engineer training setting

attests to the viability of the text as a resource.
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CHAPTER 2
STARTUP PREPARATIONS

2.1 Initial Conditions
Reactor sub-critical
All control rods fully inserted (ARI)
Soluble Boron concentration high
Xenon concentration zero
Samarium concentration peaked
Reactor Coolant System (RCS) cooled down to 100 °F

RCS pressure approximately atmospheric

TommU oW

System integrity established to support operation

2.2 Major Activities
Heatup of RCS to normal operating temperature (NOT)

Establish normal operating pressure (NOP)
Determine Estimated Critical Condition (ECC)

90w »

Dilute RCS Boron concentration to the Estimated

Critical Boron concentration (ECBC)

2.3 Heatup of the RCS to NOT
Obviously the increase of RCS temperature from a nominal value of 100 °F

to the NOT value of 565 °F requires the addition of heat into the system in excess
of heat losses from the system. Only two sources of energy are ncrmally available

to accomplish this process; 1) nuclear energy available from the fission of the fuel
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and 2) pump work available due to the viscous nature of fluid flow being pumped
around a closed system. In most PWR systems, administrative restrictions apply
which prevent establishing a critical condition below some minimum temperature.
It should be apparent that unless the reactor can be taken critical it will be
impossible to establish a fission power level sufficient to heatup a system which
contains 100,000 gallons of water and many tons of metallic structure . Consequently,
the only process which will be considered for heatup to NOT is pump work.

The restrictions against low temperature criticality are based on the following
basic principles which affect the operation of the nuclear station. Neutron detectors
are located outside the reactor vessel and are separated from the core by the cold
leg downcomer region of the vessel. Because of the variability of water density with
temperature, cold water causes additional neutron scattering and reduces the neutron
flux at the detectors. Thus, cold water causes the neutron "power signal" to be lower
than the actual power within the core which is non-conservative since these signals
are used for both indication of core performance and monitoring of approach to

limits by the safety protection system.

. - __________________________________ .|
2EO01: Predict the response of nuclear instrumentation to

changing RCS temperature conditions.
.|

Problem 2.3.1:
Develop a plot of water density vs. temperature for saturated water
over the temperature range of 100 °F to 600 °F and explain the impact
of this variation on the neutron flux reaching the neutron detectors. Assume
constant core power and leakage flux. In which temperature range is the
measured neutron flux signal changing the most rapidly per degree change in

water temperature?
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Most reactivity insertion mechanisms have a worth which depends upon the
temperature of the system. Review of the PVNGS Core Data Book (Appendix B)
shows plots of Boron Worth, Total Inserted CEA Worth, and Isothermal
Temperature Coefficient (ITC) which all have strong temperature dependent
variability. Safety analysis processes require that these parameters be within analyzed
bands before the system can be taken critical and power increased. At PVNGS,
specifications require that the reactor not be taken critical, nor operated, if RCS cold
leg temperature is less than 552 °F (PVNGS Technical Specifications, 1993). Since
NOT is a T-cold of 565 °F, we see that little margin exists for heatup using nuclear
heat and that the bulk of the heatup must be performed by some heat source other
that the fuel.

Typical thermal hydraulic textbooks discuss the nature of fluid friction and
viscous flow, frequently calculate the "Work requirement of a pump’, and reach the
conclusion that the work required to run the pumps is a negligible fraction of the
electrical output of the large PWR plant (Todreas and Kazimi, 1990). However,
further analysis of pumping power and closed system head loss calculations show that
pump work is indirectly converted to fluid heating. Review of the general energy
equation and the concepts of conservation of energy show that pump work makes up
for the fluid friction associated with the flow of the viscous fluid thru the system.

(See Appendix C-1 for a derivation).

PUMP WORK === HEAD LOSS

However, pump work still reflects an energy input into the system. The energy
input develops a pressure increase which makes up for the pressure decrease caused
by flow and maintains flow rate constant. The pressure drop caused by flow is a
result of viscous friction which causes heating. Pump work thus indirectly results in
heating of the fluid. If this heat is not dissipated at the same rate it is produced then

the temperature of the fluid will increase. It is important to realize that pump work
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does not cause heating just in the pump, instead there is a distributed heating of the
fluid in the regions of the system where significant head loss exists. The situation is
analogous to an electrical circuit: for steady current [flow rate] situations, most of the
voltage [pressure] drop occurs in the components (resistors, inductors, capacitors)

[core, heat exchangers, valves, filters] and not in the wiring [piping].

.. ]
2E002: Perform pump work calculations
L .|

Problem 2.3.2:
Calculate the Pump Work and Electrical Motor Power requirements (in MW)
for the PVNGS NSSS systems assuming that both the pump and the motor
are 85% efficient.

Data: System Pressure 300 psia
Coolant Temperature 100 °F
Pump Delta P 145 psid
Flow Rate 100 x 10° Ibm/hr
1. Determine both the enthalpy rise through the pump and the enthalpy
rise through the pump due to the pressure increase.
2. Estimate the exit temperature of the fluid as it leaves the pump.
3. Predict: As the system is heated up, what will happen to motor amps?

Pump work? Pumping Power?

4. Use equations to explain the basis for each of the above variations.
% % % %k ok o ok Kk k ok k%
With the pumps being capable of indirectly causing the system: t hicat up, the

heat up rate can be controlled or adjusted by either varying the number of running

pumps or the rate at which heat is removed from the system. During the process of
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increasing system temperature, it is necessary to follow certain pressure/temperature

limits for a variety of reasons.

. ___________________________________________________________________|
2E003: Evaluate RCS pressure/temperature conditions relative

to limits.
L ]
1. Avoid boiling: pressure must be kept above P, for the
temperature to avoid boiling. In fact, to allow for
instrumentation uncertainty in the measurement
of both temperature and pressure, a minimum
value of subcooled margin must be maintained.
To avoid loss of subcooling it is desirable to

maintain pressure as high as possible.

Question 2.3.1; If RCS temperature is 250 °F, what minimum pressure is
required if the minimum allowed subcooled margin is 28
°F?

Question 2.3.2: If RCS pressure is 400 psia, what maximum temperature

is allowed if the minimum subcooled margin is 30 °F?

e e 2 3k e A ok ok e ok ok ok

2. Avoid pump cavitation: pressure must be kept high to prevent flashing of
liquid to vapor in the ’eye’ of the pump impeller which is the
low pressure spot in the system. Minimum net suction pressure
or Minimum Net Positive Suction Head[NPSH] values are

usually provided, by the pump vendor, for a pump which are a
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function of flow rate through the pump and the temperature of
the fluid being pumped (Lindeburg, 1990).

Question 2.3.3: If an operating RCP requires a suction pressure 300 psi
greater than P, , what maximum RCS temperature is

allowed if system pressure is 500 psia?

Question 2.3.4: What are the indications and consequences of cavitation?

Question 2.3.5: What is the mechanism of damage for the process known
as cavitation?
2k ok ok 3k o ok 3k o ok ok Xk Kk

3. Avoid brittle fracture: at low temperature, carbon steel can experience
brittle fracture. This phenomena leads to rapid propagation of
a crack thru the material at stresses considerably less than the
minimum specified yield strength and normal working loads of
the material. One significant contributor to the total stress
experienced by the piping system is the pressure contained by
the system. Thus, it is important to keep pressure low until the
system has been heated up to a temperature above the brittle-
to-ductile transition such that brittle fracture cannot occur
(PVNGS Technical Specifications, 1993).

Question 2.3.6: How is the brittle-->ductile transition temperature
experimentally determined?
2k o A ok 2 e ok ok o ok ok
The conflicting requirements for pressure-temperature relationship discussed
above result in plant operators needing to pay close attention to pressure as

temperature is changed and plot a path which will keep pressure above the minimum
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until the system is at a high enough temperature to support full pressurization.
Typical pressure-temperature limit curves for maintaining adequate subcooling,
maintaining pump NPSH, preventing saturation and preventing brittle fracture are
included as Figures 2.3.1 through 2.3.7.  Figure 2.3.6 compares the subcooling,
saturation and NPSH limits. The fact that limit lines cross and slopes diverge
indicate that the subcooling limits are not based on a constant number of degrees of
subcooling and that the subcooling process is not always the most limiting process.
At approximately 500 °F, the NPSH process becomes more limiting than subcooling.
Thus, if reactor coolant pumps are still running the RCS pressure must be maintained

higher than if the pumps have been secured.

PRESSURE vs TEMPERATURE for WATER

TEMPERATURE {of]
T

g

250 S00 750 1000 RSO 1500 1750 2000 2250

PRESSURE [psial
0 Tsat FOR PRESSURE + 28 DEGREE SUBCOOLED

Figure 2.3.1, Temperature vs. Pressure for Water
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Figure 2.3.7 indicates that heatup and cooldown rate limitations also exist.
Whenever system temperature is being changed, the vessel and piping walls are being
heated or cooled by the water flowing through them while the outer surface of the
wall is heated or cooled by conduction through the thickness of the wall. Thus the
inner surface of the wall always leads the outer surface of the wall and a temperature
difference exists across the wall. The magnitude of temperature difference depends
upon the rate that the system temperature is being changed. The temperature
difference and rate of change of temperature result in thermal stresses being induced
into the walls of the piping and vessel and can contribute to stress induced failure of
the component. Failure mechanisms can result either from brittle fracture if the
thermal stress and pressure stress are too large when the system is cold, or fatigue
failure if the thermal stresses are frequently repeated. Figure 2.3.7 indicates that the
magnitude of the limiting rate of change of temperature depends upon value of the
temperature and pressure which further complicates the process of heating up the
plant to operating conditions.

All mechanisms associated with stress in the reactor vessel wall are affected
by enbrittlement caused by fast neutron irradiation of the vessel during operation of
the reactor system. The damage caused by this irradiation history (fluence = flux X
time) manifests itself as an increase in the brittle-ductile transition temperature of the
material. The end result of this process of neutron induced damage is heatup rate
limitations which depend upon the ’age’ of the vessel and the potential for not being

able to re-license a reactor system because of the age of the vessel.
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Use Figures 2.3.2 thru 2.3.7 to determine which limits apply at the following

conditions of temperature and pressure.

Temperature
(R

225
225
225
300
300
300
400

Pressure Limit
sia
100
400
600
400
600
1500
1000

2E004: Predict the effects of changing RCS temperature on

system fluid hydraulic parameters.

Additional aspects of the plant heatup process are associated with core uplift

forces, reactivity insertion mechanisms, and the accuracy of level detection and

measurement systems over the range of temperature band being discussed.

Combustion Engineering core support design results in restrictions being placed upon

the number of reactor coolant pumps which can be operated below some minimum
temperature (which is 500 °F at PVNGS)(PVNGS Procedures, 1993). The increased

viscosity at lower temperature results in unacceptable core uplift forces if more than

three RCP’s are operated below 500 °F. The discussion of level detection system

accuracy is included in section 2.8 of this chapter.
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2EO05: Predict the effects of changing pump configurations on

system fluid hydraulic parameters.

Question 2.3.7: The reactor coolant system is being operated at 510 °F with 3 of
the 4 RCP’s operating. The fourth RCP is about to be started.
Predict how the following parameters will change due to the
start of the fourth pump. Do not consider the effects of the
starting transient but only the steady state changes caused by the

start of the fourth pump.

a. Differential pressure across the core.
b. Differential pressure across the RCP’s.
c. Motor current to one of the pumps which was previously
running.
d. Flow rate through the core.
e e ok e 3 ok o ok A 3k ok k

Restrictions on not being critical below a specified temperature result in the
process of heating up the RCS occurring when all CEA’s are fully inserted and may
or may not be accompanied with diluting the soluble boron concentration. Even
though it is not desired to approach criticality, the change in reactivity state of the
reactor is still of interest. The following examples use the PVNGS Core Data Book

as the data source. (Appendix B)

2E006: Predict the effects of changing RCS temperature on

core reactivity.
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2E007: Perform reactivity calculations and assessments
associated with changing RCS temperature.
P
Example 2.3.1:
Determine the net reactivity change associated with a heatup from 100 °F

to 565 °F with the RCS soluble boron concentration at 2000 ppm.
Assume ARI, Xenon Free, and 200 EFPD conditions.

Solution: Ap,. = Apmp + Apcea

Apip =  + 3386 pcm (Table 2.2.2)
Apcga =  -2960 pcm (Table 2.15.1)
Apyer = + 426 pem
Question 2.3.8: If soluble Boron Worth is dependent upon RCS temperature,

why is a Apg,.n term not included?

Example 2.3.2:
Determine the net reactivity change associated with a heatup from 100 °F to
565 °F with RCS soluble boron concentration at 1500 ppm followed by a
dilution from 1500 ppm to 1000 ppm. Assume ARI, Xenon Free, and 200
EFPD conditions.

Solution: ApNET = AplTD + APCEA + ApBoron

Apimp = 4 1753 pcm (Table 2.2.2)
Apcea = - 2960 pcm (Table 2.15.1)
ApPpoon = + 4365 pcm (Table 2.3.2)

Apngr + 3158 pcm
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Problem 2.3.4:

Determine the net reactivity change associated with a dilution of RCS soluble
boron concentration from 1500 ppm to 1000 ppm, with the RCS at 100 °F
followed by a heatup from 100 °F to 565 °F at 1000 ppm. Assume ARI,
Xenon free and 200 EFPD conditions.

Question 2.3.9: How do the solutions of Example 2.3.2 and Problem 2.3.4

compare? What is the reason for any difference?

Problem 2.3.5:
Determine the net reactivity change associated with a heatup from 100 °F
to 500 °F with RCS soluble boron concentration at 1250 ppm. Assume
ARI, Xenon Free, and 200 EFPD conditions.

2EO004: Predict the effects of changing RCS temperature on

system fluid hydraulic parameters.

Question 2.3.10:  If the RCS is heated from 100 °F to 565 °F, how many pounds

mass of water must be removed from the system?

2EO001: Predict the response on nuclear instruments to

changing RCS temperature conditions.

Question 2.3.11:  If the RCS is heated from 100 °F to 565 °F, what happens to the
response of the ex-core neutron detector? Does the response
depend upon the RCS soluble boron concentration? Why, or

why not?
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2.4 System Pressurization
RCS pressure is maintained by either of two mechanisms which both utilize

the liquid free surface within the pressurizer. Detailed, multi-region models and
descriptions of pressurizer models and operation are presented in engineering
textbooks (Todreas and Kazimi, 1990). The two methods available for pressure
control are 1) the use of a noncondensible gas, such as nitrogen, above the liquid free
surface which obeys the ideal gas law, or 2) the use of a saturated vapor/liquid
dynamic interface within the pressurizer. The former is normally used at low
pressure temperature conditions until the pressurizer is heated up and a bubble of
steam is established by utilizing the installed pressurizer heaters. In this method, the
pressure is controlled by adjusting the mass of noncondensible gas above the liquid
free surface. Variations in system temperature or liquid level also have an impact
on the pressure due to the interdependence of temperature, pressure, and volume
in an enclosed space of ideal, or nearly ideal, gas. Once the steam bubble is
established, then pressure control is maintained by using a combination of heater
operation and pressurizer spray operation to maintain pressure at the established
setpoint + some control range.

Assuming that the pressurizer is maintaining 50 psia by the use of a nitrogen
gas pressure above the liquid level in the pressurizer, the operations staff establishes

a steam bubble in the following manner (PVNGS Procedures).

Energize pressurizer heaters (1800 kw maximum at PVNGS)

2. Maintain level at approximately 50% by discharging water out the
surge line into the RCS and out the letdown line into the Volume
Control Tank [VCT].

3. Look for indications of saturation within the pressurizer by observing

pressure and temperature.
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4. Vent the pressurizer vapor space to eliminate the nitrogen and
establish a pressure control system which depends only on the

saturated vapor/water interface.

The presence of noncondensible gas in the pressurizer vapor space will make
the pressurizer appear to not be at saturation conditions. With both vapor and
nitrogen contributing to the total pressure in the system, the partial pressure due to
nitrogen will result in P, ,, > P, for the temperature in the pressurizer. Also the
presence of noncondensible gas will slow down natural pressurizer response during
transients. Even without the action of pressurizer heaters and spray, the saturated
nature of the water/vapor system will respond to help reduce pressure changes. An
outsurge of fluid will lower the pressure which results in saturated liquid flashing to
steam to help maintain the pressure. An insurge of fluid will compress the vapor
bubble resulting in vapor condensation at the increased pressure which reduces the
mass of vapor in the steam space and helps reduce the system pressure back to
where it was. Noncondensible gasses will only obey the ideal gas law and thus will

not help maintain system pressure.

Question 2.4.1: If the RCS is at 400 psia and 150 °F with a N, bubble in the
PZR and an insurge causes a bubble volume reduction from 900
ft> to 500 ft*, what happens to RCS pressure? Is a Pressure-
Temperature limit exceeded? Which limit? What could cause

a rapid insurge into the PZR?

Question 2.4.2: If the PZR is at 50 psia and 100 °F and heaters are energized
to increase temperature to 212 °F, what pressure would exist
even if no boiling occurred? Assume that the PZR level control

system maintains level constant. If the level were allowed to
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increase and the mass of liquid within the PZR is held constant,

what would happen to pressure?

To boost the ability of the pressurizer to maintain system pressure, heaters and
spray are used. Assuming a desired control setpoint of 2250 psia, if pressure drops
below this value, heaters energize to increase the heat input, liquid vaporization rate
and pressure. Because the pressurizer system is not perfectly insulated, a group of
heaters is normally left energized at all times to compensate for the heat loss. If
pressure increases above the setpoint, at some point in time the control system will
operate the spray valve to admit cold leg water (565 °F) into the saturated vapor
space (T, for 2250 psia = 653 °F) which causes condensation and resultant pressure
reduction. Using this approach, the spray line and spray nozzle in the pressurizer will
be frequently cycled between 653 °F and 565 °F.

2EO003: Evaluate RCS pressure/temperature conditions relative

to limits.

Question 2.4.3: What are the metallurgical consequences associated with
frequent temperature cycling of a component?
3 3 2 o ok ok e ok ok ok Ak Kk
To prevent frequent thermal cycling of the spray nozzle, a pressurizer is
usually operated with a small constant flowrate of spray which bypasses the spray
valves and keeps the spray nozzle cool (565 °F). This bypass spray is an additional
heat loss on the pressurizer and results in additional heater power requirements

during normal steady state operation (PVNGS Procedures, 1993).

2EO08: Perform pressurizer heater power/spray flow calculations.
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Problem 2.4.1:
Assume that the pressurizer has insulation heat loss of 300 kw and a bypass
spray valve flow rate of 10 gpm, calculate the heater power required to

maintain constant pressure.

Problem 2.4.2:
Assume that 1500 kw of heater power is energized and sufficient spray flow
exists to maintain the pressure constant at 2225 psia, calculate the spray flow

rate in gpm of cold leg water.

The reactor coolant system must not be exposed to a pressure which exceeds

the normal operating pressure by too large of a value. In fact, Technical
Specifications establish what is known as a Safety Limit on RCS pressure to maintain

the integrity of the RCS piping and component walls(PVNGS Technical
Specifications, 1993). The RCS pressure boundary forms one of three important
barriers between the intensely radioactive fission products and the public.
Maintenance of the integrity of this barrier is extremely important. To protect the
RCS from over pressurization events, relief or safety valves are installed in the
pressurizer vapor space. While some nuclear facilities also have installed Power
Operated Relief Valves (PORV) which can be actuated from the control room, the
safety relief valves at PVNGS are passive components which open when pressure
exceeds their setpoint (2500 psia) and close below that value with some level of both
accuinulation and blowdown. These relief valves are sized to accommodate the
maximum credible upset condition and thus have significant relieving capacity. These
relief valves relieve to a tank inside containment called the Reactor Drain Tank
(RDT) which relieves to containment if it is over pressurized. The line between the
relief valve and the RDT provides a location to install instrumentation to indicate

whether or not these relief valves are fully seated.
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The expansion of steam from 2250 psia saturation conditions into the RDT at
about 10 psig has two characteristics which serve as the basis for monitoring whether
the relief valve is not fully closed. One is the turbulence of the expansion flow which

is detected by an acoustic detector mounted near the line.

- _________________________________________-______ . . ]
2EO09: Given thermodynamic data and descriptions of processes,

predict the thermodynamic state of the working fluid.
"]

Question 2.4.4: If the relief valve is stuck in a fixed, non-shut, position what
happens to the acoustic signal as the RCS depressurizes?

The second relief valve indication device is a temperature detector which
measures the temperature of the ’tailpiece’ of the valve between the valve and the
RDT. When the valve is closed, the line is empty and is relatively cool (180 °F) due
to metallic conduction down the line from the pressurizer. When the relief valve is
open, then steam is isenthalpically expanding from 2250 psia/653 °F saturation
conditions to saturation conditions in the RDT. The tailpiece becomes heated and
thus indicates that the valve is not fully shut. The consequences of a Steam Space
Loss of Coolant Accident (LOCA) will be discussed later.

Example 2.4.1:
The pressurizer relief is relieving saturated steam at 2250 psia to the RDT
which is at 10 psig. Determine the maximum temperature which should be

indicated by the temperature detector.

Solution: The expansion of high pressure steam through a relief valve is an
expansion which does no work. Thus the enthalpy of the process fluid is

unchanged. This leads to the process being called an isenthalpic expansion.
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The state of the fluid as it expands into the low pressure region is a function

of the enthalpy of saturated liquid and saturated vapor at that lower pressure.

B, 250 = 1126.7 btu/lbm
hees, = 206.6 btu/lbm
b, s, = 1160.2 btu/lbm

Since the starting enthalpy is less than h, ., the resulting fluid is a saturated
liquid-saturated vapor (wet vapor) mixture at 25 psia and consequently has a
temperature of 240 °F which is T, for 25 psia(ASME Steam Tables,1967).

Problem 2.4.3:
If the pressurizer relief valve remains open and the RDT pressurizes to 100
psig, what is the expected temperature indicated by the tailpiece temperature

detector?

Question 2.4.5: The pressurizer relief valve tailpiece temperature detector is
located close to the pressurizer. Steam being released must
travel through a long run of piping before reaching the RDT.
Assume that the RDT is at 100 psig and that the pressurizer is
at 2250 psia, what impact does physical location have on the

temperature indicated by the leak detector?

Even if steam system valves and lines are not monitored by installed
temperature instrumentation, the thermodynamic process of isenthalpic expansion
provides a powerful diagnostic tool to evaluate if valves are leaking. The use of
portable contact pyrometers to identify possible leaking valves is a regular activity at

power stations.



Problem 2.4.4:
Assume that the steam generator is at 1250 psia and is relieving to
atmospheric conditions. What are the thermodynamic conditions of the

relieving steam? What temperature would a leak detector indicate?

2.5 Estimated Critical Condition Methodologies

2EO10: Perform ECC calculations.

An Estimated Critical Condition (ECC) calculation is a prediction of where
the reactor will achieve criticality. The ability to accurately predict the ECC depends
upon the accuracy of the reactivity data which is available to perform the calculation.
An extremely accurate calculation could be performed for every startup if computer
codes were used to calculate reactivity data for that specific time in life and RCS
boron condition. However, detailed reactivity coefficients and defects are normally
calculated for only a few times in core life. See Appendix B where data is displayed
for BOC, MOC, and EOC conditions for only a few specific values of RCS boron
concentrations. Consequently, for any specific application such as a startup at 137
EFPD with 935 ppm soluble boron concentration, it is necessary to interpolate
between available tabulated data intervals. Additional data intervals are not provided
due to the cost of generating the data. Since linear interpolations are used beiween
tabulated intervals, the accuracy of the ECC depends upon the accuracy of the
original data, the linearity of the data, and the accuracy of any physical measurements
which must be made such as soluble boron concentration.

The usual method of performing an ECC calculation is to perform a reactivity
balance which incorporates the reactivity changes which have cccurred between a

previously well known condition (Previous Cendition) and the conditions which are
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projected to exist at the time of criticality (Projected Conditions). It is necessary to
account for all of the reactivity insertion mechanisms which insert reactivity between
these two conditions.

At PVNGS, the ECC strategy accounts for the following reactivity insertion

mechanisms [as required by the Technical Specifications].

Power Defect [PD]

Isothermal Temperature Defect [ITD]
CEA position

Boron concentration

Xenon reactivity

AR o

Samarium/Plutonium reactivity defect

The fundamental equation used to perform the ECC calculation is :

Apcea + Appp + Appp + APxenon + APswps T APporon = 0 2.5.1

: where

Ap = p(projected) - p.x.(previous)

Changes in either CEA position or boron concentration are used to force this
equation to be equal to zero. If CEA position is used to force the equation to zero
then the calculation is called an Estimated Critical Rod Position calculation (ECRP).
If RCS soluble boron concentration is used to force the equation to zero, then the
calculation is called an Estimated Critical Boron Concentration calculation (ECBC).
When the reactor is operating the following data is recorded at least every 2 effective
full power days (EFPD).

1. Power Level

2. Temperature (RCS T_,,4)

3. RCS Boron Concentration
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4. CEA position

S. Xenon reactivity worth
6. Time-in-Life (EFPD)

After a reactor trip, when a startup and return to power are authorized, the
following data is specified and an ECBC calculation is performed by either the
Reactor Engineer or the STA and reviewed and approved by the Operations Shift
Supervisor(PVNGS Procedures).

L. Temperature at time of criticality
2. CEA position desired at time of criticality
3. Time since trip at time of criticality

The resultant ECBC calculation provides an estimate of the critical condition
in terms of Time, CEA position, RCS Boron concentration and Temperature. The

estimated critical condition (ECC) is a statement of all 4 of these conditions.

Example 2.5.1:

The reactor is operating at HFP with All Rods Out(ARO), 530 ppm Boron,
T-cold = 565 °F, and equilibrium Xenon conditions at 200 EFPD when a
reactor trip occurs. Determine the ECBC for a startup with the following
conditions.

1. T-cold = 565 °F

2. Group 4 CEA’s at 90 inches withdrawn

3. 100 Hours after the trip

Solution: (in class exercise)(See Table 2.5.1)
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Table 2.5.1
ECBC WORKSHEET

PARAMETER PREVIOUS CONDITION PROJECTED CONDITION

EFPD

POWER LEVEL
T-COLD
BORON CONC
CEA POSITION
TIME SINCE TRIP NA
XENON REACTIVITY

Sm/Pu REACTIVITY

an

T

N RN

Ap POWER:
Ap ITD:

Ap CEA:

Ap XENON:
Ap Sm/Pu:
Ap NET:

llllll‘

Ap BORON REQUIRED =
A ppm Boron = (Ap Boron)/(Average Boron Worth)
[Iteration may be required]

ECBC = Initial Boron Concentration + A ppm Boron
ECBC = ppm
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The startup strategy will now be to establish the ECBC and withdraw the
CEA’s toward Group 4 @ 90 inches and monitor the startup progress using
applications of subcritical multiplication which are presented in Chapter 3. If actual
plant conditions do not closely mirror those specified in the ECBC calculation then

the reactor will not achieve criticality at or near the specific CEA position.

2EO11: Given a completed ECC and plant conditions, determine
if the ECC is still valid.

The following ECC errors will be considered and their individual impact on

the CEA position at the point of criticality established.

1. Power Defect for the wrong time in life used in the
calculation.

2. RCS not at the temperature specified in the calculation.

3. Startup not at the time specified in the calculation.

4. RCS boron concentration not at the value used in the
calculation.

The key to understanding the impact of these errors is in determining what the
error does to the "Del Rho NET" value in the previous example. If Del Rho NET
is too large, then the reactor will be over borated to compensate and the reactor
should achieve criticality at a CEA position above that specified. If Del Rho NET
is too small, then the reactor will be under borated to compensate and the reactor

should achieve criticality below the specific CEA position.

1. If the Power Defect used in the calculation is too large (small), then

Apner is too large (small) and the reactor will achieve criticality late

(early).
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2. If T-cold used in the calculation is higher than actual T-cold, and ITC
is negative, then Apygr is too small and the reactor will achieve

criticality early.

3. If the reactor is started up early (late), then the Xenon term is in error,
Apner is tOO ( ) and the reactor will achieve criticality

( )- What additional information is required?
4. If actual RCS boron concentration is lower (higher) than that specified

by the calculation, then the reactor will achieve criticality

( )

Question 2.5.1: What are the consequences of using the wrong value boron

worth in the calculation for ECBC?

e
2EO12: Develop ECC methodologies.
L |

Problem 2.5.1:
Develop a strategy for determining the ECBC for a startup at 250 EFPD
which uses previous data from a startup at 150 EFPD instead of previous data
from HFP operation just before the trip. Develop the governing equation and

identify the sources of data required to implement this strategy.

2.6 RCS Dilution to the ECBC and impact of Boron Chemistry on the RCS.

- -, & . __________ - ]
2E0O13: Perform concentration/dilution calculations and

evaluations.
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Altering the RCS soluble boron concentration is accomplished by either
diluting the RCS with pure water or borating the RCS with water which has high
concentration of soluble boron [about 4250 ppm]. Such concentration/dilution
processes can be calculated using a variety of strategies depending upon the accuracy
desired by the calculation. The simplest method is to perform a batch process in
which water is either first added or removed and then replaced . In such processes,
the governing equation is developed by performing a mass balance on the specific
solute being considered. Since the mass of a solute = (volume)(concentration)
[symbol VC] the following equation can be used to determine the effect of a
concentrating or diluting process.

VCia + VCosiea - VC =YVYC

removed final

2.6.1
Example 2.6.1:
How many gallons of RCS coolant must first be removed and then replaced
with pure water to lower the concentration of the RCS soluble boron from

1000 ppm to 999 ppm?

Solution: ~ Assume that the RCS has a volume of 100,000 gallons and that
the water being removed and replaced is at the same

temperature as the RCS.

100,000%(1000) + *X’*(0) - ’X’*(1000) = 100,000*(999)
’X’ gallons = 100,000%(1000 - 999)/1000 = 100 gallons

Question 2.6.1: Does the answer differ if the coolant were first charged into the

system and then removed?
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Question 2.6.2: Does the answer differ if the coolant were initially at 500 ppm

and being diluted to 499 ppm?

Question 2.6.3: Does the answer differ if the coolant were being borated from
1000 ppm to 1001 ppm?

Problem 2.6.1:
Plot gallons per ppm vs ppm for both dilution and boration processes over the

range of 2000 ppm to 100 ppm.

Question 2.6.4: Does the answer to Problem 2.6.1 differ if the RCS is at 565 °F
and the coolant being charged is at 100 °F? If not, why not? If

s0, how can the answer to Problem 2.6.1 be corrected?

The applications of Equation 2.6.1 are limited to situations in which the system
concentration is being adjusted by a batch process and the system and the input
(charging) fluid are at the same density. In many real applications these limitations
are not part of the boundary conditions and consequently a more general model is
necessary. This model involves establishing a control volume with known inputs and
outputs and solving the differential equation for the time rate of change of the
concentration of the species of interest. One complicating aspect of the solution is
that the fluid in the RCS and the makeup (charging) fluid are not at the same
temperature. The RCS is normally operated in the 550 °F to 600 °F range and the
charging fluid is at about 100 °F. Consequently, it becomes necessary to include
density compensation on system volume and volumetric flow rates to perform an
analysis on the rate of change of mass of the fluid and solute. Temperature

dependent densities and/or specific volumes are available in the ASME Steam Tables.
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Figure 2.6.1, Concentration/Dilution Control Volume

Control Volume:

Input:

Output:

Pin

Vout
C
Pout

= C(t)
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dC/dt = Pin ‘}incin/psys Vsys * Pout r’outcout/psys Vsys

If the inlet and outlet flows are measured at the same temperature, then

Pin = Powt = pcharging = PcH
If the system level is constant and the system temperature is constant, then

Pys I8 @ constant and

r’in = Voul = Vcharging = VCH

Example 2.6.2:
Solution of the above model to the dilution process:

Ci, = 0, since dilution is with pure water

dC/dt = - pcy VerC/Pres Vres
(1/C)dC/dt = -pey Ven/Pres Vres
C(t) = Cexp(-pcuVent/Pres Vres)

C(t)/C, = exp(-pcu Veut/Pres Vres)

Veu = Veut =[Pres/Pcul VsysIn(Co/Cpa) 2.6.2

Problem 2.6.2:
Apply Equation 2.6.2 to determine the number of gallons of 100 °F water
which must be charged into a 100,000 gallon system, at 565 °F, to reduce the

system soluble boron concentration from 850 ppm to 500 ppm.
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Problem 2.6.3:
Develop an equation which applies for boration processes in which the
charging water and RCS water are at different temperatures and the
concentration of the boration water is a variable. Express the solution in
terms of the amount of charging water (gallons) which must be added to affect

a specified increase in boron concentration of the RCS.

Students should verify that they are capable of predicting the impact of
dilution/boration on the magnitude of ITC, Boron Worth, and MTC. An explanation
of the cause of this effect is also required.

Soluble boron used for reactivity control is provided in the form of boric acid
(H;BOs3) which is a weak acid. The dissociation and ionization of boric acid in water
results in the reactor coolant becoming an acidic solution which has an undesirable

effect on the corrosion rate of the walls of the piping and components of the system.

Problem 2.6.4:
If the first ionization constant for boric acid is 6 E-8 at 565 °F, calculate the

pH of a boric acid solution which is 2000 ppm in boron.

In addition to possible system piping failure or heat transfer surface fouling,
an effect of the increased corrosion rate is to remove material from the piping and
vessel walls and allow the material to be transported thru the reactor and become
activated. The resultant RCS activity contributes to the radiation dose rate created
by the reactor coolant if it is allowed to escape into the environment and is limited
(PVNGS Technical Specifications, 1993). To increase the pH and thus reduce the
corrosion rate, the acidic nature of the boric acid is adjusted by the addition of the
strong base lithium hydroxide (LiOH). This base was chosen to help simplify the
chemistry of the RCS sirce Lithium is produced when the Boron-10 nucleus absorbs

a neutron as it acts as a poison to the reactor system. However, the presence of
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lithium in the system presents an additional neutron activation hazard which must be

compensated for.

Problem 2.6.5:
Use the Chart of the Nuclides to determine the radiation hazard associated
with using natural lithium as the source of lithium hydroxide and postulate a

solution to this hazard.

As the reactor is operated at power, soluble boron absorbs neutrons and
produces lithium which causes the pH to slowly increase. Periodically it is necessary
to reduce the lithium concentration by the use of a de-lithiating ion exchanger which
selectively removes the lithium cation. The soluble boron concentration is slowly
decreased during operation to insert positive reactivity to compensate for the negative
reactivity caused by fuel depletion and fission product poison accumulation. As the
boron concentration decreases, the efficiency of the dilution processes decreases and
increasingly large amounts of water must be used to cause the dilution [Refer to the
solution to Problem 2.6.1 for an understanding of this process]. To avoid the
generation of large quantities of radioactive waste late in core life a different type of
selective ion exchange media is used. A de-borating resin removes the boron ion

(radical) to perform this reactivity control function.

2.7 _Boron Equalization Calculations

. .|
2EO14: Perform boron equalization calculations and evaluations.

Whenever the RCS is diluted or borated, the pressurizer liquid volume

concentration does not change at the same rate. Even though the pressurizer is
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connected to the RCS by both a surge line and a spray line the mass flow rate thru
these lines is relatively small. Consequently it is possible that the pressurizer soluble
boron concentration could be significantly different than the RCS. In such cases, an
outsurge from the pressurizer could have an unwanted reactivity effect. Thus it is
necessary to assure that the pressurizer liquid volume soluble boron concentration is
equalized with the RCS soluble boron concentration. This is accomplished by
increasing the mass flow rate of the spray while maintaining pressurizer level. In
effect, water is taken from the RCS cold leg, thru the spray valves and spray nozzle,
into the pressurizer and out the surge line back into the RCS hot leg.

Boron equalization is initiated by energizing all of the pressurizer heaters
which increases heat input and vaporization rate of the saturated liquid in the
pressurizer. As pressure tries to increase, the spray valves are driven open by the
pressurizer pressure control system to create a flow rate which will absorb the
additional heat input and maintain pressure near the setpoint. Previous calculations
(Problem 2.4.2) have shown that the energization of 1500 kw of heaters will create
a flow rate of about 100 gpm thru the spray nozzle. The increased turnover rate of
liquid thru the pressurizer shortens the time required to equalize the boron
concentration. The pressurizer in the System 80 plants has a ’purification half-life’
of about 1 hour at 100 gpm.

Extrapolating from the information presented in Example 2.6.2, boron
equalization is a dilution process in which the pressurizer is being diluted to the RCS
boron concentration by the RCS fluid. Consequently, rather than expressing
equations in terms of concentration they will be expressed in terms of a concentration

difference (given the symbol D).

D(t) = Doexp [' r’aprayt/ VPZR] 2.7.1
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Vispray! Vipzr has units of time™, is given the symbol L, and represents the time

constant for pressurizer boron equalization. To derive an expression for the

purification half-life, set D(t)/D, = 0.5 and solve for time.

D(t)/D, = e
t,z = -(In 0.5)/L = 0.693/L 2.7.2

Problem 2.7.1:
Use Equations 2.7.1 and 2.7.2 to verify that the purification half-life for the
System 80 type plant is approximately 1 hour if boron equalization flow rate

is approximately 100 gpm.

The relationship between a purification time constant and a purification half-
life is the direct analog of the relationship between a radioactive decay constant and
a radioactive half-life. Both Equations 2.7.1 and 2.7.2 clearly show that the key
physical parameters for determining the efficiency of a dilution [D(t)/D,] process are
the system volume and the dilution flow rate.

The meaning of a purification half-life applied to the pressurizer is : the
length of time required to reduce the concentration difference between the
pressurizer and the RCS by a factor of 2. PVNGS procedures specify that whenever
the RCS soluble boron concentration is changed by 50 ppm or more, the pressurizer
should be equalized with the RCS until the difference is reduced to less than 10 ppm.
Verification of equalization is accomplished by actually sampling both the RCS and
Pressurizer scluble boron concentration, but the purification half-life is used to gauge

when sampling and analysis is warranted.
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Example 2.7.1:

With all pressurizer heaters energized, the pressurizer has a purification half-
life of 1 hour. If the RCS soluble boron concentration has been diluted by
100 ppm, how long should boron equalization be performed to equalize the

pressurizer to the RCS within 10 ppm?

Solution: Applying the concept of half-lives, somewhere between three and
four half lives are required to reduce the difference from 100 ppra to 10 ppm.
Thus, sampling is not warranted until after 3 or 4 hours of equalization has

taken place.

D = D,0.5)"*
t = t,,[In(D/D,))/In 0.5 = 3.32 hours

2.8 Differential Pressure Type Level Detection Systems

2EO15: Given system conditions, predict the relationship
between indicated and actual level in the system.

Differential pressure level detectors function based upon the difference in
pressure generated by the level of water (hydrostatic head) in a tank and the pressure
at the bottom of a reference column. The tank and reference column are connected
across a differential pressure cell as shown in the Figure 2.8.1. The DP cell separates
the liquid in the tank from the reference leg with some type of flexible diaphragm
which moves depending upon the delta-P across it. The diaphragm is connected to

a sensing system which is capable of either local or remote indication or both. The
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signal from the sensing system can also be an input into an automatic level control

system or protection system.

Reference Leg
/"——ﬂ\
i r/
. 4
( F 3
Faas
X
h f:’quuid
il
I /|
7 T
1" DPCELL ‘2

Figure 2.8.1, Differential Pressure Level Measurement System

Problem 2.8.1:
Propose a strategy for converting the mechanical deflection of the level
detection system diaphragm into a useable electronic signal.
ke K ok ok 2k o 3K ok 3k 3 ok Ak
The principle of operation of this type of detection system is important to
understand so that the engineer will have confidence that the "indicated level" is truly

indicative of the "actual level" in the tank or system.

Does Indicated Level === Actual Level ?
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Accurate tank level data is extremely important during both normal operating

and upset conditions.

1. Low tank level readings might cause operators to secure flow from a
tank when flow is really needed from that tank.

2. High tank level readings could cause pressurizer heaters to become
uncovered and burnout.

3. High tank level readings could prevent automatic protection systems

from tripping a pump and result in damage to that pump.

Differential level detection systems are installed on tanks which contain
subcooled liquid (VCT) and tanks which contain saturated liquid/vapor combinations
(pressurizer and steam generators). Some systems contain dry reference legs and
some contain wet (filled) reference legs. All of these variations on the basic system
will be discussed. While it is possible to generate equations which calculate the DP
across the detector in terms of level and fluid density, a more physical approach will
be used.

Considering the simple drawing provided earlier, increasing tank level causes
the diaphragm to move to the right which the sensing system detects and indicates
as a level increase. This response is the desired response and with calibration of the
sensing system will result in actual level and indicated level being the same.
Circumstances which result in indicated level changing even though actual level within
the tank remains the same become important since actual level and indicated level
are no longer the same.

Any parametric variation which causes the diaphragm to move to the right,

when actual level remains unchanged, will cause indicated level to increase.

Any parametric variation which causes the diaphragm to move to the left,

when actual level remains unchanged, will cause indicated level to decrease.



61
Table 2.8.1, Subcooled system: Dry Reference Leg

Perturbation Response Result
a. Tank pressure
increase/decrease
b. Tank temperature
increase/decrease
¢. Condensation within
reference leg

d. Diaphragm failure

Table 2.8.2, Subcooled system: Wet Reference Leg

Perturbation Response Result
a. Tank pressure
increase/decrease
b. Tank temperature
increase/decrease
c. Reference leg
temperature
increase
d. Draining of the
reference leg

e. Diaphragm failure
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Table 2.8.3, Saturated system: Wet Reference Leg with condensing mechanism

Perturbation Response Result
a. Tank temperature/

pressure

increase/decrease

b. Draining of the
reference leg

¢. Reference leg
temperature
increase/decrease

d. Diaphragm failure

Figure 2.8.2 demonstrates that the relationship between indicated level and
actual level in the pressurizer depends upon the saturation conditions (temperature
and pressure) within the pressurizer. This dependence is based on the variations in

both saturated vapor and saturated liquid as the saturation conditions change.

Problem 2.8.2:
Develop an equation for the differential pressure across the DP cell in a
pressurizer level detection system in terms of the tank size, liquid level and the
thermodynamic properties of the fluid in both the pressurizer and the
reference leg.
3k ok o o o e ok Aok k
The 2250 psia line on Figure 2.8.2 has a slope of one which indicates that the
level detector was calibrated at 2250 psia saturation conditions. As the pressurizer
is depressurized the various lines on this figure are used to infer the actual level in

the system from the indicated level.
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Figure 2.8.2, Pressurizer Level (Indicated vs. Actual)
(PVNGS Procedures, 1993)

Problem 2.8.3:

Sketch a set of lines similar to those in Figure 2.8.2 which qualitatively depict
the relationship between indicated and actual level if the detector were

recalibrated at 500 psia saturation conditions.
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11.
12.

13.
14.
15.

Learning Objectives

Evaluate RCS pressure/temperature conditions relative to limits.

Predict the response of nuclear instrumentation to changing RCS temperature
conditions.

Perform pump work calculations.

Predict the effects of changing RCS temperature on system fluid hydraulic
parameters.

Predict the effects of changing pump configurations cn system fluid hydraulic
parameters.

Predict the effects of changing RCS temperature on core reactivity.
Perform reactivity calculations and assessments.

Perform pressurizer heater power/spray flow calculations.

Given thermodynamic data and descriptions of processes, predict the
thermodynamic state of the working fluid.

Perform ECC calculations.

Develop ECC methods.

Given a completed ECC and plant conditions, determine if the ECC is still
valid.

Perform concentration/dilution calculations.

Perform boron equalization calculations.

Given system conditions predict the relationship between indicated and actual

level.
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2.9 SOLUTIONS
Problem 2.3.1:

Develop a plot of water density vs. temperature for saturated water over the temperature range of

100 °F to 600 °F and explain the impact of this variation on the neutron flux reaching the neutron

detectors. Assume constant core power and leakage flux. In which temperature range is the

measured neutron flux signal changing the most rapidly per degree change in water temperature?

The plot of water density vs temperature for saturated water and two
pressures of subcooled water is provided below. All three sets of data show the same
trend. The rate of water density reduction increases as temperature increases. The
similarity between the three sets of data indicates that the saturated liquid parameters
for the specified temperature is a very good estimate of the actual subcooled data
and is adequate for most calculations. This is an especially significant conclusion
since subcooled or compressed water tables are not as available as the saturated
water data normally available in condensed versions of the 1967 ASME STEAM
TABLES.

The impact of these water density variations is that changes in temperature
cause a non-linear variation in neutron flux reaching the detectors which changes the
most at high temperature. The fact that the ex-core neutron detectors detect fast
neutron leakage which is assumed to be proportional to core power level must be
modified by the fact that the proportionality constant for the detector efficiency is a

non-linear function of temperature of water in the reactor vessel downcomer region.

It must be stressed that this has nothing to do with the fact that moderator/coolant

temperature changes insert reactivity which in turn changes core power. One of the

reasons for specifying a minimum temperature for criticality is to assure that the
instrumentation is in its normal range of operation from a temperature standpoint.
A key phrase which relates to this impact is TEMPERATURE SHADOWING OF
THE DETECTOR.
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For example, a "cold water accident” is a class of event in which the RCS cold
leg temperature is suddenly reduced by an upset in the secondary plant. If MTC is
negative, this reduction in temperature will cause a positive reactivity insertion which
will drive reactor power up, however the colder water in the reactor vessel
downcomer will shadow the neutron detector and consequently the detector will not
increase as much as actual rcactor power increases. If temperature compensation of
the flux signal is not performed then the detector output will read low and possibly

interfere with the power signal reaching a trip setpoint.

Problem 2.3.2:
Calculate the Pump Work and Electrical Motor Power requirements (in MW) for the PVNGS
NSSS systems assuming that both the pump and the motor are 85% efficient.

Data: System Pressure 300 psia
Coolant Temperature 100 °F
Pump Delta P 145 psid
Flow Rate 100 x 10° bm/hr
L Determine both the total enthalpy rise through the pump and the enthalpy rise through
the pump due only to the pressure increase.
2. Estimate the exit temperature of the fluid as it leaves the pump.
3. Predict: As the system is heated up, what will happen to motor amps? Pump work?
Pumping Power?
4. Use equations to explain the basis for each of the above variations.

Pump work and pumping power calculations are performed by analyzing the
pressure rise of the fluid as it passes thru the pump and realizing that pump
efficiency relates to how efficient the pump is at developing pressure head compared
to the total energy input into the fluid by the pump. In an ideal pump, 100% of the
energy input results in pressure head increase and there is no heating in the pump
internals. In a real pump, some of the energy input into the pump results in fluid
heating whereas hopefully most of the energy input results in pressure head increase.

Ideal pump work: W, = vAp (specific volume) x (pressure rise)
(f/1bm) x (1bf/in®)(144 in%/ft?)
ft-Ibf/lbm
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Real pump work : W (real) = W (ideal)/pump efficiency (n,)
Motor work: W, = W /motor efficiency (n,,)
Pump power: P, = m x W, [(mass flow rate) x (pump work)]
(Ibm/hr) x (ft-1bf/Ibm)
ft-1bf/hr (convert as reqd)
Pump power: » = PAVWAp = AvAp

Pump work: W, (ideal) = (0.016130 ft*/Ibm) x (145 psid) x (144 in%/ft?)
= 336.8 ft-1bf/lbm = 0.433 Btu/lbm
W (real) = 336.8/0.85 = 392.3 ft-1bf/lbm = 0.504 Btu/lbm
Thus: 0.433 Btu/lbm due to pressure rise and 0.071 Btu/Ibm due
to Temp rise
Pump Power: need to know that the nominal mass flow rate is
specified at 100 x 10° Ibm/hr with 3 pumps running and
that there are 3.412 x 10° Btu/hr in 1 Mw.

P, (real) = (100 x 10° Ibm/hr) x (0.504 Btu/lbm) x ( 1Mw/3.412 x 10° Btu/hr)
= 14.77 Mw total for that specified flow rate for the three pumps
maximum which are allowed to be operating.
= 4.92 Mw/pump of pumping power delivered by the motor to the
shaft
P (real) = (4.92 Mw-mechanical/pump)/0.85 = 5.79 Mw-electrical per motor

As the fluid is heated from 100 °F towards 565 °F, the density of the fluid
decreases, the viscosity decreases and thus the fluid friction decreases. Consequently
the Ap around the loop decreases for the same volumetric flow rate and pumping
power decreases.(P, = AvAp): note that the density and specific volume terms cancel

and there is no parameter in this equation which is an explicit function of



69

temperature. It is necessary to understand that system pressure drop depends on
temperature thru viscosity. The key point is that pumping power decreases and this
is observed by seeing pump motor amps decrease. Since the pump motor is supplied
a constant voltage, if power required by the motor decreases, then so must the

current since motor power = E; . x I, x (3)%

Question 2.3.1: If RCS temperature is 250 °F, what minimum pressure is required if the minimum
allowed subcooled margin is 28 °F?

The value of P, for 278 °F is 47.7 psia(Steam Tables). Thus, a pressure of
at least 47.7 psia is required to assure that water at 250 °F is at least 28 °F away from

the onset of boiling.

Question 2.3.2: If RCS pressure is 400 psia, what maximum temperature is allowed if the minimum
subcooled margin is 30 °F?

T.a(400 psia) = 445 °F : T,, = T, - Required SCM = 445 - 30 = 415 °F

Question 2.3.3:  If an operating RCP requires a suction pressure 300 psi greater than P,,, what maximum
RCS temperature is allowed if system pressure is 500 psia?

P, (max) = 500 - 300 = 200 psia: T, (200 psia) = 381.8 °F

Question 2.3.4: What are the indications and consequences of cavitation?

Cavitation is a fluid dynamic condition which occurs because the fluid pressure
is dropping below P, for the existing temperature and flashing to vapor. The fluid
then re-enters a high pressure area and the vapor bubble collapses creating a shock
wave. The indications are a loud popping noise and vibration caused by the shock
wave. If cavitation occurs in a centrifugal pump, then the shock wave causes erosion
and pitting of the impeller and casing and the vibration can lead to damage to the

pump seals and bearings. Cavitation can also occur when a fluid that has a
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temperature near to the value of T,,, passes thru a flow restriction (pressure drop)

such as a partially throttled valve or a flow orifice.

Question 2.3.5: What is the mechanism of damage for the process known as cavitation?

The mechanism is the production of a shock wave caused by the rapid collapse
of vapor bubbles. One model used to explain the process is called the water jet
impingement model. As two adjacent vapor bubbles collapse, the water region
between them is accelerated and impinges on the metal barrier which is the impeller
or casing of the pump or the outlet region of a partially throttled valve. The kinetic

energy of the water jet causes the pitting.

Question 2.3.6: How is the brittle-->ductile transition temperature experimentally determined ?

During World War II, the US experienced spectacular failures in
approximately 25% of its Liberty ships and T-2 tankers. The mild steel plates of
these ships were connected by welds that lost their ductility and became brittle at low
temperatures. Some of the ships actually broke into two pieces. Such brittle failures
are most likely to occur when three conditions are met: 1) triaxial stress, 2) low
temperature, and 3) rapid stress loading. Toughness is a measure of the material’s
ability to yield and absorb highly localized and rapidly applied stresses. Notch
toughness is evaluated by measuring the impact energy that causes a notched sample
to fail.

In the Charpy test popular in the US, a standardized beam specimen is given
a4sd notch. The specimen is then centered on sample supporis with the noich
down. A falling pendulum striker hits the center of the specimen. The kinetic energy
expended at impact, equal to the initial potential energy of the pendulum, is

calculated from the initial height of the pendulum. It is designated C, and is normally
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expressed in foot-pounds. The energy required to cause failure is a measure of the
toughness.

As temperature of the specimen is reduced the toughness decreases. In BCC
metals, such as steel, at a low enough temperature the toughness decreases sharply.
The transition from high energy ductile failure to low energy brittle failure begins at
the fracture transition plastic temperature. This temperature is also known as the nil-

ductility transition temperature.

Problem 2.3.3
Use Figures 2.3.2 thru 2.3.7 to determine which limits apply at the following conditions of
temperature and pressure.
Temperature Pressure Limit
CF) (psia)
225 100 Case 1
225 400 Case 2
225 600 Case 3
300 400 Case 4
300 600 Case 5
300 1500 Case 6
400 1000 Case 7
Condition Case
1 2 3 4 s 6 A
Subcooled A A A A A A A
Subcooling A M N A A N A
Harsh Subcooling N N N A N N A
NPSH N A A A A A A
Metallurgical N A A(l) A A(2) AB) AU

(1) if heatup rate is < 10 °F/hr
(2) if heatup rate is < 40 °F/hr
(3) if heatup rate is < 40 °F/hr
(4) if heatup rate is < 75 °F/hr
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Question 2.3.7: The reactor coolant system is being operated at 510 °F with 3 of the 4 RCP’s operating.
The fourth RCP is about to be started. Predict how the following parameters will change
due to the start of the fourth pump. Do not consider the effects of the starting transient
but only the steady state changes caused by the start of the fourth pump.

a. Differential pressure across the core.

b Differential pressure across the RCP's.

c Motor current to one of the pumps which was previously running.
d. Flow rate through the core.

The starting of the fourth RCP causes a steady flow increase in the mass flow
rate of the coolant thru the system. Core Ap is a measure of the fluid flow friction
head loss of the coolant as it flows thru the core. Head loss thru a fixed component
depends upon the mass flow rate of fluid thru the component and consequently the
Ap across the core increases. The Ap across the pumps at steady flow conditions has
to be equal to the Ap across the loop and consequently the Ap across the pumps
increases. Flow rate caused by 4 pumps is less than 4/3 times larger than the flow
rate caused by 3 pumps. Thus when 4 pumps are running, each pump is performing
less work than when 3 pumps are running and the individual motor current of each

of the previously running pumps decreases.

Question 2.3.8: If soluble Boron Worth is dependent upon RCS temperature, why is a A py, term not
included?

Apgporon = A ppm(Average Boron Worth): See Notes 2.3.0 in Appendix B

The only time that boron worth is used to determine a reactivity input is when
boron concentration is changed. However, the reactivity effect of a temperature
change does depend, in part, upon the RCS soluble boron concentration at the time
of the temperature change. The effect of differential boron worth as a function of
temperature at constant boron concentration is an input into the determination of
ITD. See Notes 2.2.0 in Appendix B.
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Problem 2.3.4:
Determine the net reactivity change associated with a dilution of RCS soluble boron concentration
from 1500 ppm to 1000 ppm with the RCS at 100 °F followed by a heatup from 100 °F to 565
°F at 1000 ppm. Assume ARI, Xenon free, and 200 EFPD conditions.

The solution strategy is identical to Example 2.3.2 but the values of reactivity
defects are different because of the differences in the tabulated values as a function
of RCS temperature and soluble boron concentration. Unfortunately Table 2.3.2
does not provide soluble boron worth values at 100 °F so this problem is not solvable
with the data provided. Review of Tables 2.2.2 and 2.15.1 clearly show that the
values of ITD and change in CEA worth are different. The boron worth data is not
provided because dilution is not usually accomplished until after plant heatup is
complete. The following figure displays the two different paths which can be taken
to move between the two different states. The reactivity difference between the two
states is a fixed number. However the accuracy of the tabulated path reactivity data
might result in different numbers depending upon the path taken. If the two
different path values are significantly different, due to the use of average values, then

the determination of the path by smaller steps is warranted.

State 2

State 4

State 1

State 1 = 100 oF/1500 ocom

State 2 = 565 oF/1500 ppm

State 3 = 100 oF/1000 ppm

State 4 = 565 oF/1000 ppm

Process A: ITD(100->565) @ 1500 ppm
Process C: (Deippm){Avg BW) @ 565 oF
Process B: (Delppm)Avg BW) @ 100 oF
Process D: TD(100->565) @ 1000 ppm

Stata Changa = Slale 1->State 4 J

465 of heatup and S00 ppm dilution
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Question 2.3.9: How do the solutions of Example 2.3.2 and Problem 2.3.4 compare? What is the reason
for any difference?

Differences are due to the accuracy and linearity of the data which is used to

make the path values approximate the differences in the state values.

Problem 2.3.5:
Determine the net reactivity change associated with a heatup from 100 °F to 500 °F with RCS
soluble boron concentration at 1250 ppm. Assume ARI, Xenon Free, and 200 EFPD conditions.

This problem stipulates MOC conditions and consequently the reactivity
insertion caused by the heat up are tabulated on the MOC ITD vs T,y Table and
Curve (2.2.2) of the core data book (Appendix B). The problem specifies that the
RCS soluble boron concentration is 1250 ppm, consequently interpolation between
the 1500 ppm and 1000 ppm data is required.

Apr = ITDgy - ITDygo :at 1500 ppm: Apy

: at 1000 ppm: Apy

Reactivity inserted = (289 + 1654)/2 = 971.5 pcm

An alternate solution could be attempted by manually sketching in a 1250 ppm

267 -(-22) = 289 pcm
-99 -(-1753) = 1654 pcm

line on Curve 2.2.2 and then using that curve. The general principle worth noting is
that the curves are fine for visual display of the trend of a parameter but the best
way to obtain valid numbers is to use the data tabulations which are also provided

for each curve in the form of the associated table.

Question 2.3.10: If the RCS is heated from 100 °F to 565 °F, how many pounds mass of water must be
removed from the system?

Since the volume of the RCS is fixed, this solution is based on the fact that the
mass of liquid present in the system is the product of the system volume and the
density of the fluid at the specified temperature.

Mass;q = Volumegy,, x Densityg,, = (ft°) x (Ibm/ft?)

system
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Density is obtained from the ASME Steam Tables using the saturated liquid
parameter as an estimate. The Steam Tables tabulate the value of the specific
volume (ft}/Ibm) of the working fluid which is the reciprocal of the density.

Mass;;q = Volumeg,,./(Specific Volume)g ;4

system

Vi = 0.016130 ft¥/lbm  vgss = 0.022245 ft¥/lbm  Volume, . = 12,997 ft'

Initial mass = 12,997/0.016130 = 8.058 x 10° Ibm
Final mass = 12,997/0.022245 = 5.843 x 10° Ibm

Mass removed = (8.058-5.843) x 10° Ibm = 2.215 x 10° Ibm
which is about 27.5% of the initial mass

Question 2.3.11: If the RCS is heated from 100 °F to 565 °F, what happens to the response of the ex-core
neutron detector? Does the response depend upon the RCS soluble boron concentration?
Why, or why not?

During this heatup, two mechanisms are causing a change in the neutron
detector response. The heatup is inserting positive reactivity ( See Example 2.3.1)
which causes an increase in actual core power level thru the process of subcritical
multiplication which will be discussed in a later chapter. However, during the heatup
the reactor is extremely subcritical and this reactivity effect is small. Problem 2.3.1
and Question 2.3.9 substantiate that the magnitude of temperature shadowing of the
detector (due to a 27.5% reduction in the amount of water present between the core
and the detector) results in an increase in the detector response. In this case, both
of the mechanisms cause an increase in the detector response.

However, a heatup does not always insert positive reactivity because of the
temperature dependency and the boron concentration dependency of the moderator

temperature coefficient. Even if the heatup inserts negative reactivity which should
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cause a decrease in actual core power, the fast neutron flux hitting the detector

should increase due to the reduction in temperature shadowing of the detector.
Recall that the detector detects fast neutron leakage from the core which is

thermalized in the vicinity of the detector. Boron-10 is a thermal neutron poison;

consequently the response should be independent of the boron concentration.

Question 2.4.1: If the RCS is at 400 psia and 150 °F with a N, bubble and an insurge causes a bubble
volume reduction from 900 ft* to 500 ft*, what happens to RCS pressure? Is a Pressure-
Temperature limit exceeded? Which limit? What could cause a rapid insurpe into the
pressurizer?

From the ideal gas law, a volume reduction of 5/9 will cause a pressure
increase of 9/5 [from 400 psia to 720 psia]. The applicable limit is approximately 500
psia from Figure 2.3.7. Such a rapid insurge can occur when a reactor coolant pump

is started in an idle loop and the steam generator in that loop is hotter than the RCS.

Question 2.4.2: If the PZR is at 50 psia and 100 °F and heaters are energized to increase temperature to
212 °F, what pressure would exist even if no boiling occurred? Assume that the PZR level
control system maintains liguid level constant. If the level were allowed to increase and the
mass of liguid within the PZR is held constant, what would happen 1o the pressure?

From the ideal gas law, if liquid level is maintained then the change in

pressure is driven by the change in absolute temperature of the gas.
P, = P,[T/T,] = 50[460+212/460+100] = 60 psia

If the mass of liquid is constant then the temperature change causes a liquid
mass expansion and a resultant gas bubble volume reduction as well as heating. The
specific volume of the liquid mass increases from 0.016130 o 0.616715 which is an
increase in the liquid level by a factor of 1.0365 from 50% to 51.825%.
Consequently, the gas bubble volume is reduced from 50% to 48.175% which causes

pressure to increase by a factor of (50/48.175) = 1.0379.
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P, = 50(1.0379)[460+212/460+100] = 62.3 psia

Obviously if the pressurizer initial level were not at 50%, then the same
magnitude of liquid volume change would result in a different pressure change due
to the factor by which the gas volume changes. To demonstrate, assume that the
PZR liquid level were initially at 70%. Liquid level increases by a factor of 1.0365
from 70% to 72.555% and the gas volume changes from 30% to 27.445% and causes
a pressure increase by a factor of 1.0931.

P, = 50(1.0931)[460+212/460+100] = 65,6 psia

Question 2.4.3: What are the metallurgical consequences associated with frequent temperature cycling
of a component?

Temperature cycling of any component whose ability to expand/contract is
restricted produces stress in the component. The temperature cycling produces
alternating compressive/tensile or tensile/compressive loading of the component and
leads to the possibility of fatigue in the component. Fatigue is defined as failure due
the repeated application of cyclic stress with magnitude less than the minimum
specified yield stress [MSYS] of the material. The application of the stress a single
time is not expected to cause failure but the repeated application does. The
endurance limit is that magnitude of stress which can be cyclically applied an infinite
number of times with out causing failure. Stresses between the endurance limit and
the MSYS will result in fatigue failure if applied a sufficient number of times. A
power plant application of this concept is in limiting the cycling of the pressurizer
spray nozzle or the number of plant heatup/cooldown cycles at the specified
maximum rate.

Fatigue failures are fracture failures and not yield failures. They start with
microscopic cracks at the material surface. Some of the cracks are present initially;
others form when repeated cold working reduces the ductility in the strain-hardened

areas. These cracks grow minutely with each loading. Since cracks start at the
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location of surface defects, the endurance limit is increased by proper treatment of

the surface.

Problem 2.4.1:
Assume that the pressurizer has insulation heat loss of 300 kw and a bypass spray valve flow rate
of 10 gpm, calculate the heater power required to maintain constant pressure of 2250 psia.

Spray flow originates from the RCS cold leg (565 °F), enters the pressurizer
and is heated to the saturations conditions of the PZR. Since the PZR level and
pressure are maintained, an equal mass of saturated liquid leaves the PZR out the
surge line. Thus the net energy balance is the conversion of spray flow (10 gpm)
from subcooled liquid at 565 °F to saturated liquid at 2250 psia. The enthalpies of
these two conditions are available from the ASME Steam Tables if the subcooled
liquid is approximated as saturated liquid at 565 °F. Why is this approximation

valid?

Volume flow rate of spray: (10 gpm) x (60 min/hr) x (1 ft%/7.4805 gal)
= 80.209 ft}/hr

Mass flow rate of spray:  (80.209 ft*/hr) x (1 Ibm/0.022245 ft%)
= 3,606 Ibm/hr

Enthalpy change of spray: (701.0 - 568.7) Btu/lbm

Heater Power Required:  (123.3 Btu/Ibm) x (3.606 x 10° Ibm/hr)
= 4.771 x 10° Btu/hr = 140 kw

Total heater power required = 140 kw,,., + 300 kw,, = 440 kw

If 140 kw will support 10 gpm at 2250 psia, then the total heater power
available in the PZR (1500 kw nominal) will support about 107 gpm of spray

flow while maintaining PZR level and pressure constant.
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Problem 2.4.4:
Assume that 1500 kw of heater power is energized and sufficient spray flow exists 10 maintain the
pressure constant at 2225 psia, calculate the spray flow rate in gpm of cold leg water.

See solution to Problem 2.4.1

Question 2.4.2: If the relief valve is stuck in a fixed, non-shut, position what happens to the acoustic
signal as the RCS depressurizes?

The expansion of steam from the pressurizer vapor space, thru the relief valve,
into the Reactor Drain Tank is an isenthalpic process which is very turbulent. As the
RCS depressurizes, the flow rate of the steam will decrease and the magnitude of the
acoustic signal will decrease. The significance of this is that the acoustic monitor will
potentially lie to the operator by indicating that the valve has moved toward the
closed position. Understanding the principle of operation of this detector will help

keep from being misled.

Problem 2.4.5:
If the pressurizer relief valve remains open and the RDT pressurizes to 100 psig, what is the
expected temperature indicated by the tailpiece temperature detector?

As the RDT pressurizes to 100 psig (115 psia) the dynamics of the isenthalpic
expansion change. The wet-vapor mixture is expanding into a higher pressure,

consequently the saturation temperature increases. T, (115 psia) = 338 °F.

Question 2.4.3: The pressurizer relief valve tailpiece temperature detector is located close to the
pressurizer. Steam being released must travel through a long run of piping before
reaching the RDT. Assume that the RDT is at 100 psig and that the pressurizer is at
2250 psia, what impact does physical location have on the temperature indicated by the
leak detector?

The temperature of the steam-water (wet vapor) mixture at the location of the
temperature detector depends upon the enthalpy of the sat vapor being released

from the PZR and the actual pressure at that location ini the relief line. Obviously
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the pressure of the RDT is only an estimate of the pressure at the measurement
point in the relief line. The actual pressure must exceed the pressure in the RDT;
consequently the answers to previous questions are only an estimate of the
temperature at that location. The other condition which must be considered is that
the value measured by the tailpiece temperature detector is really only an estimate
of the actual conditions in the pipe and subject to detector lag if conditions are
rapidly changing.

The reason for spending so much time on this issue is that failure to
understand this concept is one of the human performance issues which exacerbated
the event at Three Mile Island. The temperature of the saturated steam inside the
pressurizer at 2250 psia is 652 °F. However, the dynamics of the isenthalpic
expansion process dictates that the temperature down stream of the relief valve
cannot approach 652 °F. It must be lower and is driven by the pressure into which

the steam is relieved.

Problem 2.4.4:
Assume that the steam generator is at 1250 psia and is relieving to atmospheric conditions. What
are the thermodynamic conditions of the relieving steam? What temperature would a leak
detector indicate?

It is necessary that the steam tables and the Mollier diagram be consulted
while completing this problem. The relieving steam from a PZR at 2250 psia into an
atmospheric or sub-atmospheric condition results in the saturated steam becoming
wet vapor. The process remains under the vapor dome. However, relieving steam
from a steam generator at 1250 psia or lower pressures goes directly into the
superheated region. Thus, the temperature will be greater than 212 °F even though
the process is relieving to atmospheric pressure. Again, understanding of the
dynamics of the physical process is essential to the proper interpretation of the

instrumentation. Steam at 1250 psia which is relieved to atmospheric pressure will
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be superheated (not visible until some condensation takes place) and will have a

temperature of 280 °F.

Question 2.5.1: What are the consequences of using the wrong value boron worth in the calculation for
ECBcC?

The boron worth is used to determine the amount of boron adjustment
necessary to compensate for the reactivity change terms in the ECBC determination.
If the wrong boron worth is used then the core will either be under borated or over
borated for the Time, Temperature, CEA Positions used in the ECBC and the
startup will result in the reactor achieving critical at a CEA position which is lower
than or higher than the ECRP. This could result in an actual critical position which
is lower than the PDIL which is a violation of Tech Specs. The assessments of count
rate change which take place during a startup should preclude actually violating the
startup, but if the error is too big, the startup might have to be aborted and then the

boron adjusted.

A ppm = -(Appower T+ Aprrp + APcea + APxenon + APsupy )/ Boron Worth (avg)

If BW is high then A ppm is low and the core is under borated and criticality

will occur early.

If BW is low then A ppm is high and the core is over borated and criticality

will occur late.

Problem 2.5.1:
Develop a strategy for determining the ECBC for a startup at 250 EFPD which uses previous
data from a startup at 150 EFPD instead of previous data from HFP operation just before the
trip.

ECBC = Original Boron Concentration + A ppm
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A ppm = '(APITD + ApXenon + ApCEA + ApSm/Pu + ApCore Age )/Average BW

Aprrp is zero if the two startups take place at the same RCS T,

A pxenon depends on both time in life and time after trip for each startup.

Apcgs depends on both time in life and the CEA position for each startup.

A psnp depends on both time in life and time after trip and power level before
the trip for each startup.

A poore age 18 determined by evaluating the reactivity insertion between the two
times in life by using the boron letdown curve to predict the change in

boron concentration.

Question 2.6.1: Does the answer differ if the coolant were first charged into the system and then
removed?

Yes: a dilution batch process is always more efficient if the coolant is first
the equation show this, but so does physical insight. If the goal is to reduce the
concentration, then draining the higher concentration before dilution is more efficient.
Efficiency, in this case, is measured by the number of gallons of water which must be

moved to affect the desired concentration and volume change.

Question 2.6.2: Does the answer differ if the coolant were initially at 500 ppm and being diluted to 499
ppm?

The efficiency of the dilution process is expressed in terms of the number of
gallons of water required per ppm of concentration change. In the first case the 1
ppm change is 1/1000 of the boron present in the system. In the second case the 1
ppm change is 1/500 of the boron present in the system. Clearly these two changes

will require different quantities is water.
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If the defining equation for batch process small magnitude dilution is solved,
symbolically for the volume drained, the results are:
Virsined = Vaystem X (Desired Concentration Change)/(C,,;q)

Question 2.6.3: Does the answer differ if the coolant were being borated from 1000 ppm to 1001 ppm?

In the case of system boration, the key parameter is the boron concentration
of the fluid being charged into the system as a borating fluid. If the charging fluid
is heavily borated, then very little charging flow is required to increase the system
concentration by 1 ppm. On the other hand, if the charging fluid is only slightly more
borated than the system, then large quantities of charging flow are required to
increase the system concentration by 1 ppm.

If the general batch process concentration-dilution equation is solved for the

required charging volume for small magnitude borations, the results are:

Vaddea = Vepstem X (Desired Concentration Change)/(C, ;4.4 - Ciriua)

Problem 2.6.1:

Plot gallons per ppm vs ppm for both dilution and boration processes over the range of 2000 ppm

to 100 ppm.

The solution strategy is to solve the two previous equations for a 100,000
gallon system with a 1 ppm boron concentration change in both the boration and the
boration fluid has a boron concentration of 4000 ppm (per Technical Specifications).
Solve the equations over a range of initial concentrations from 2000 ppm to 100 ppm
and compare the results with the typical values given in the core data book
(Appendix B).



Dilution:  Vagines = Vaggea = V(8 PPM)/Ciriga

Boration:  Viygined = Vagged = V(8 PPMY/(Couded = Cinitiar)

Cinitial V,44eq(dilution) V. 44eq(boOration)
2000 50 50
1500 67 40
1000 100 33
500 200 29

100 1000 26

The solution demonstrates the fact that the efficiency of the dilution process
is significantly affected by the initial concentration of the system and that the

efficiency of the boration process is relatively constant.

Question 2.6.4: Does the answer to Problem 2.6.1 differ if the RCS is at 565 °F and the coolant being
charged is at 100 °F? If not, why not? If so, how can the answer to Problem 2.6.1 be
corrected?

Since the system 'measure’ is volume and not mass; and since the fluid being
charged is measured at low temperature while the system is at hot temperature; the
charging system volume added must be adjusted to compensate for the expansion of
the colder fluid to a larger specific volume (lower density). The data in the previous
solution can be adjusted by multiplying by the ratio of fluid densities. The correct
correction factor is pyyem/Padded OF Vadded/V which can be obtained from the

ASME steam tables.

system

Problem 2.6.2:
Apply Equation 2.6.2 10 determine the number of gallons of 100 °F water which must be charged
into a 100,000 gallon system, at 565 °F, to reduce the system soluble boron concentration from
850 ppm to 500 ppm.
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VCH = (VCH/ vsystem)vsyslemln(c(}/ Cﬁnal)
Vg = (0.016130/0.022245)(100,000)In(850/500) = 38,500 gallons

Problem 2.6.3:
Develop an equation which applies for boration processes in which the charging water and RCS
water are at different temperatures and the concentration of the boration water is a variable.

Express the solution in terms of the amount of charging water (gallons) which must be added to
affect a specified increase in boron concentration of the RCS.

Problem 2.6.4:
If the first ionization constant for boric acid is 6 E-8 at 565 °F, calculate the pH of a boric acid
solution which is 2000 ppm in boron.

The ionization constant provides information about the extent of ionization of
the chemical molecule into ions. In this case, boric acid ionizes (slightly) in water to
produce hydronium ion and the hydrogen borate radical. The concentration of the
hydronium ion in the solution is the variable which specifies the pH of the solution.
pH is an important concept since the corrosion rate of the metallic surfaces which are

exposed to the water is a strong function of the pH.

H,BO; + H,0 --> H,0* + (H,BO;) where the ionization constant is:
K = 6 E-8 = [H,0*][H;BO;] / [H;BO;]

2000 ppm boron as boric acid has a concentration of 1.85 x 10" moles/liter of
the boric acid. The value of the ionization constant is so small that essentially none
of the boric acid ionizes and the ionization constant expression becomes

K = 6x 10® = X*(1.85 x 10") = 6 x 10® where X is the unknown amount

(small) boric acid which ionized into the two products. Thus X = [H.O%]

X?® = 111x10% and X = 1.05 x 10* and pH = -log[H,0*] = 4.00

The conversion of 2000 ppm boron as boric acid into units of moles/liter of

boric acid is as follows:



2000 ppm Boron = 2000 mg Boron/kg water = 2 g Boron/liter water
2 g B/liter (1 mole B/10.8 g B)(1 Mole H;BO;/Mole B) = 1.85 x 10" mole/liter

Problem 2.6.5:
Use the Chart of the Nuclides to determine the radiation hazard associated with using natural
lithium as the source of lithium hydroxide and postulate a solution to this hazard.

The Chart of the Nuclides indicates that naturally occurring lithium exists as
two separate isotopes in the following proportions. Li-6 7.5% : Li-7 92.5%. 7.5% is
relatively low; however this isotope has an n-a capture cross section of 941 barns for
thermal neutrons. Consequently the presence of even a small quantity of Li-6 would
result in the following reaction. The ability to evaluate products by writing balanced
nuclear reactions is important because the Chart of the Nuclides provides reaction

data and not a complete listing of reaction products.

In + Li --> ['Li’] --> %@ + 3H : The second reaction product of the Li-6
capture reaction is tritium; and if natural lithium were used, the tritium levels
within the RCS would be considerably elevated. The solution to this result is
to use lithium which has had its Li-6 fraction reduced by enrichment processes

which are quite expensive.

Problem 2.7.1:
Use Equations 2.7.1 and 2.7.2 to verify that the purification half-life for the System 80 type plant
is approximately 1 hour if boron equalization flow rate is approximately 100 gpm.

Problem 2.8.1:
Propose a strategy for converting the mechanical deflection of the level detection system
diaphragm into a useable electronic signal.

A strategy which works is to apply the principle that the movement of a
metallic core inside an electric coil will change the impedance of the electric circuit.
If the power source is a constant voltage [current] source then motion of the core will

resalt in a varying current [voltage] which is directly related to the motion and can
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be calibrated in terms of level. An alternate strategy would be to make the
diaphragm of the Ap cell the moving portion of a variable capacitor. Again the
motion of the diaphragm would change the impedance of an electrical circuit and

produce a signal proportional to level.

Problem 2.8.2:
Develop an equation for the differential pressure across the DP cell in a pressurizer level detection
system in terms of the tank size, liquid level and the thermodynamic properties of the fluid in both
the pressurizer and the reference leg.

In terms of the terminology and symbology used in Figure 2.8.1:

X= Distance between level taps on the tank. This is the height of
the reference column of fluid at density p . (rence:

h = Height of the fluid in the tank above the bottom level tap of the
tank at density pyiquig-

(X-h)= Height of the vapor or gas column above the fluid level in the
tank at density pggyapor)-

P Pressure of the cover gas or vapor above the liquid in the tank.

g,as(vapor):
This pressure is also seen by the reference leg side of the Ap cell
since the gas either in on top of the fluid in a wet reference leg

system or fills the reference leg in a dry reference leg system.

Ap = hp\iquid + (X'h)pgas + Pgas - (Xpre{erencc + Pgas)

Note that P_ cancels out on both sides of the Ap cell and in the equation.
This is a definite advantage and reason for connecting the reference leg to the top
of the tank instead of referencing the system to atmospheric system. Changes in tank
pressure do not change the indicated level unless the change in pressure causes a

change in the density of the fluid or vapor in the tank.
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Problem 2.8.3:
Sketch a set of lines similar to those in Figure 2.8.2 which qualitatively depict the relationship
between indicated and actual level if the detector were recalibrated at 500 psia saturation
conditions.

The 500 psia line would have a slope = 1. Lines which are at higher pressure
would have steeper slope and lines which are at lower pressure would have shallower
slope. The key factor is that saturation pressure (temperature) dictates the density
of the liquid and vapor columns inside the tank and thus impact the relationship

between indicated and actual level.
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CHAPTER 3
REACTOR STARTUP

3.1 Initial Conditions
Reactor sub-critical
All control rods fully inserted (ARI)
ECC complete and RCS diluted to ECBC
RCS at NOT/NOP

All plant systems capable of supporting operation at power levels

moowp

capable of producing heat

3.2 Major Activities

A. Perform a reactor startup from ARI to criticality
B. Monitor neutron detector output during the approach to criticality,

prevent early criticality, and validate the accuracy of the ECRP

3.3 _Theory Overview

If a reactor system contains a source of non-fission neutrons then a steady

state neutron population(power level) will be achieved only if the reactor is
subcritical. If the strength of the neutron source is constant, then the steady state
neutron population can be described in terms of the source strength and the
reactivity state of the reactor. As positive reactivity is added to the reactor system,
or as fuel is loaded into the core, the variation in neutron population level can be
utilized to monitor the approach to criticality and predict when the reactor will
achieve that state condition. Utilizing the dynamic response of a neutron detector
to predict the approach to criticality is much more accurate than using reactivity

coefficient data to calculate an ECC. Any analytical approach based on monitoring
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core power or neutron population must be applied with the understanding that "...
in practice we measure neutron leakage flux near the edge of the core and assume

that leakage flux is proportional to neutron population inside the reactor" (Williams,
1993).

Define:

Subcritical Multiplication Factor (M) :

M = Total steady state neutron population from both fission and sources
divided by source neutron population only.
M =[S + F]/S where:
S=  source neutron population produced in a time interval equal to
the fission neutron generation time.

F= fission neutron population produced each generation.

Generation designation: S, => source neutrons in first generation
F, => fission neutrons in second
generation
Derivation:
S;+F=S,+F, [steady state]
F, =[S, + F] x K [neutron generation model]
S;+F =8, +[S; + FilxK, [substitution)
S=8§;, =85, [constant source strength]
S+F-S+F]xK=S8S [rearrangement]
F=F =F, [steady state]
[S+F] x [1-K,] = S [rearrangement]

[S+F)S = 1/(1-Kp) = M 33.1
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At any point during the startup or fuel loading of the reactor, the value of M
can be determined by comparing the current steady state detector response to the
detector response which was present due to the source alone with no fuel. The
variation in M during the startup or fuel loading will be used to predict when the
reactor will achieve criticality by realizing that as M increases, the parameter (1-K)
decreases which means K., --> 1. Predictions based on these methods must take into
account that there is a variation in power signal even when the reactor is at steady
state. This variation is caused by the statistical variability of the neutron source
strength which is driven by the radioactive decay processes from which source

neutrons originate. Subsequent sections will discuss these methods.

3.4 Sources of Source Neutrons
Since a source neutron is defined as a neutron produced by some process
other than neutron induced fission, the following nuclear processes can result in the

production of source neutrons.

1. Spontaneous fission of fissionable material. 2°U,%¥U, %°Pu, and #*°Pu
all have the capability of contributing source neutrons to any fuel
assemblage.

2. Photoneutron (gamma,n) materials. Some materials such as 2H
experience (gamma,n) reactions when exposed to gamma fluxes which
exist even after a reactor is shutdown. Thus the presence of deuterium
in water moderated/cooled reactor systems contributes to source
neutrons in a shutdown reactor. Deuterium is present naturally and is
produced by neutron activation of 'H during power operation.

3. Photo-fission (gamma,f) processes take place with high energy gamma
photons and contribute to the source neutron population in a shutdown

reactor.
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All of the above listed sources are commonly called the ’intrinsic’ source in a
reactor and produce a low level of source neutrons which would allow any reactor to
be started up. However, the source strength(neutrons/sec) from these combined
sources usually result in a subcritical multiplication neutron level too low to accurately
detect by neutron detectors located outside the core. To increase the neutron
population to a level such that the neutron leakage flux is accurately and reliably
detectable, additional sources are usually installed into a reactor system.

Installed sources commonly function based upon the principle that some
materials experience alpha-n type reactions. Thus an alpha emitting source is
combined with a suitable target material to result in an installed source to increase

the total source strength of the reactor. Common combinations are

1. Z%Pu/°Be
2. *9Pu / “Be
3. Naturalsb / 9Be

The first two sources function based upon the natural radioactive decay of
either plutonium isotope producing the alpha which interacts with the beryllium to
produce a neutron. The third process is activated when the reactor is operating at
power. The natural isotopes of Antimony (121 & 123) undergo (n,gamma) reactions
to produce Antimony 122 & 124 which experience beta decay. The gamma which
accompanies these decays excites the beryllium which in turn splits into two alpha
particles and a neutron. The high energy alpha can in turn interact with additional

beryllium and produce another neutron.

3.5 Subcritical Multiplication
The point-reactor equations (Hetrick, 1971) are presented here and are used

to derive useful relationships for monitoring the state of a subcritical reactor. The
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equations show that a subcritical reactor can and will operate at a constant power
level if a constant neutron source (intrinsic or installed) is present. This process is
called subcritical multiplication and forms the basis for understanding and predicting

the behavior of a reactor during the approach to critical(See Appendix C-2).

dn/dt = (p-B)(n/e) + YAC + ¢
withi = 1->6

At steady state, with neutron density (n), neutron removal rate [which is
proportional to neutron power] (n/¢), reactivity (p),and source strength (q) constant,
both the time rate terms (dn/dt and dC/dt) are zero. The concept of neutron power
is introduced to differentiate from thermal power which is driven by the decay of
fission fragments when the reactor is subcritical and stable on source neutrons due
to subcritical multiplication. The symbol, (n/¢), has units of neutrons/cm®-sec and is
proportional to the fission rate which is occurring within the subcritical system. If the
reactor is highly subcritical and has been so for long enough that the delayed neutron
precursors have decayed away, then the point-reactor kinetics equations reduce to the
following equations which demonstrate the process of subcritical multiplication and
are completely compatible with Equation 3.3.1 which was developed earlier using a

different approach.

n/e =-q/p, 3.5.1
e, = Ke
n/e, = q/(1-K) = Mg, 3.5.2

Where n /¢ and ny/¢, are representations of the constant power level which
exists due to the constant source level (q,) being acted upen by the reactor system

which is subcritical with a given value of reactivity (p) or K (K). Note that
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Equation 3.5.2 defines the subcritical multiplication factor (M) in the identical

manner as Equation 3.3.1 earlier.

L ... _ . .__ . . - |
3E001: Given count rate data and reactor conditions, assess the

reactivity state of the core.

Application:
In both Equations 3.5.1 and 3.5.2, n/¢ and nJ/¢, are assumed to be

proportional to the count rate (CR) of the neutron detector and CR, is the count
rate at that detector caused by q, when K=0. The resulting equations used to

monitor subcritical multiplication are:

CR,p; = CR, = CR,p, 353
if the reactor is near critical.
CR;(1-K;) = CR, = CR,(1-K;) 35.4
ifK<1
the third useful relationship is that
CR/CR, = /(1K) =M 3.5.5

where M is the Subcritical Multiplication factor.

The important aspect of Equation 3.5.5 is that the subcritical multiplication
factor (M) depends upon the relationship between measured count rate at two
different points. The procedures and strategies presented will utilize the changes in
measured count rate to predict the criticality state of the reactor. Whether the
development is based upon the use of (1-K) and (n /¢,) or on the use of reactivity
(p) and (ny/¢); the changes in measured count rate will only accurately model the
criticality state of the reactor if the system is homogeneous and the relative location

of the detector and the source is proper.
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The differences between Equations 3.5.3 and 3.5.4 depend upon how closely
reactivity ( p = K-1/K) and AK (which is = K-1) model each other. At a condition
with K = 0.95, p = -5263 pcm and AK = -5000 pcm. The difference being
approximately 5%. Since ex-core neutron detectors, which are used to monitor
reactor startups, are not calibrated; 5% represents a reasonable limit of their
accuracy. Thus, below K = 0.95, Equations 3.5.2, 3.5.4, and 3.5.5 will be used. If K
> 0.95, Equations 3.5.1 and 3.5.3 will be used. Furthermore, with K > 0.95, M will
be defined as

M = CRx/CRl = pi/px' 3.5.6
Where the ’i° denotes the state condition of count rate

and reactivity when Equation 3.5.6 starts being applied.

The following examples assume that in the point reactor there are no spatial
effects caused by source distribution, detector location, fuel loading patterns or
control rod locations which impact the response of the detector to reactivity
insertions. Actual response when these conditions do not all apply will be discussed
later. Further, these examples assume that reactivity insertion coefficients and defects

are evaluated and tabulated as reactivity units and not AK units.

Example 3.5.1:
A reactor is highly subcritical with K = 0.85 and a stable count rate = 50 cps.
Boron is diluted to insert +3000 pcm of reactivity. Predict the final stable

count rate which will exist after the dilution.

Solution:
K, = 0.85 => p, = -17,647 pcm
P = p, + 3000 pcm
p, = -14,647 pcm
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K, = 0.872

CR,(1K,) = CR,(1:K,)

CR, = 50(0.15/0.128) = 59 cps

Example 3.5.2:
A reactor has a stable count rate of 200 cps with K = 0.95. Boron is to be
diluted to insert +3000 pcm of reactivity. Predict the final stable count rate

which will exist after the dilution.

Solution:
K, =095 => p, =-5263 pcm
p, = p; + 3000 pcm = -2263 pcm
CR;p, = CRyp;
CR, = 200(-5263/-2263) = 465 cps

An important aspect of subcritical multiplication can be realized by studying
the solutions to Examples 3.5.1 and 3.5.2. In both cases +3000 pcm was added to a
subcritical reactor. In the first case, count rate increased by a factor of 1.18 (59/50);

while in the second case, count rate increased by a factor of 2.325 (465/200).

The closer a subcritical reactor approaches criticality, the larger the count

rate response will be to a given constant reactivity addition step.

One indication of impending criticality is that large changes in stable count

rate result from relatively small additions of reactivity.

Question 3.5.1: How would the prediction in Example 3.5.2 have been different
if the reactor had been -5000 pcm subcritical before the addition
of 3000 pcm?
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Example 3.5.3:

A reactor is 5000 pcm subcritical and has a stable count rate of 100 cps.
Predict the stable count rate which will exist after each of four successive

insertions of 1000 pcm of positive reactivity.

Solution:
CR,p, = CRyp,
Px=p; + Ap
Core Reactivity Count rate
pcm €ps
-5000 100
-4000 125
-3000 167
-2000 250
-1000 500

The count rate response in this example demonstrates another key aspect of the

process of subcritical multiplication.

If a reactivity insertion causes count rate to double, then that reactivity

insertion has reduced the net negative reactivity of the core by a factor of 2.

Figure 3.5.1 graphically displays the count rate response calculated in Example
3.5.3. It shows the effect of each of the +1000 pcm additions. Following each
addition of positive reactivity, count rate increases and then levels off an the new
stable value predicted by the example. Each successive insertion takes longer for

count rate to stabilize. Details to explain the time response will be prezented later.

An indication of impending criticality is the increasing length of time

required for count rate to stabilize after a positive reactivity insertion.
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Previous examples made the assumption that the initial reactivity state of the
core was known. However, this is not usually the case. Reactivity coefficients are
fairly well known but the actual core reactivity state is inferred from count rate
response. Subcritical multiplication processes can be used to predict the point of

criticality even if the initial reactivity state is unknown.

Rho (pcm)

Count Rate (cps)

oty Ay oty ot Time

Figure 3.5.1, Count rate Response to Successive Equal
Reactivity Insertions
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Question 3.5.2: Using the information presented in Example 3.5.3 and Figure
3.5.1, predict the final reactivity state of a reactor if a 2000 pcm
reactivity insertion causes stable count rate to double. What
impact does uncertainty in the value of the reactivity insertion

have on the predicted final reactivity state of the system?

Example 3.5.4:
2000 pcm is inserted into a subcritical reactor which results in an increase of
stable count rate from 100 cps to 180 cps. Assume that the reactor was
initially in a state with K > 0.95. Determine the net reactivity in the core
after the 2000 pcm insertion and validate the assumption that K > 0.95 prior

to the insertion.

Solution: CR,p; = CR,p,
P2 =p + Ap

p, = -CR,Ap/(CR, - CR))
p,> = (100 cps)(-2000 pcm)/(180 cps - 100 cps)
p, = -2500 pcm => p, = -4500 pcm

Initial assumption that K > 0.95 is valid

Example 3.5.4 illustrates, as long as the assumptions of the point reactor
model hold, that subcritical multiplication processes can predict the core reactivity
state using only changes in the count rate and reactivity additions as inputs. This is
a powerful analytic tool which can be used to prevent inadvertent criticality events

and to assure appropriate reactivity management during a reactor startup.
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Problem 3.5.1:

750 pcm is inserted into a subcritical reactor and results in stable count rate
increasing from 500 cps to 900 cps. Determine the net reactivity in the core

after the 750 pcm insertion.

-}
3EQ02: Evaluate reactor startup strategies for adequacy.
... ]

Example 3.5.5:
A reactor is to be started up by diluting soluble boron from the coolant in 100
ppm increments. Initial Conditions are:
1) all safety control rods fully withdrawn
2) regulating rods withdrawn to the ECRP
3) reactor coolant system boron concentration = 1500 ppm

4) count rate = 100 cps.

The calculated predicted boron concentration at criticality is 1000 ppm with
an acceptable margin of + 50 ppm. Assume that reactivity worth of soluble

boron is -9.5 pcm/ppm in the concentration and temperature range of interest.

After the first 100 ppm dilution, the count rate stabilizes at 300 cps. Should
the dilution toward 1000 ppm continue? Why, or why not?

Solution:
CR,p, = CRyp;
P1 = p2- 950 pcm
100(p, - 950) = 300(p.)
p, = 100(-950)/200 = -475 pcm
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After only a single 100 ppm dilution, with 4 more planned, the reactor is less
than 500 pcm subcritical. Obviously an additional dilution of 100 ppm (950 pcm) will
result in supercriticality 300 ppm prior to the acceptable target.

Example 3.5.5 could have been evaluated by realizing that the first 100 ppm
dilution had caused count rate to triple. Clearly the next 100 ppm dilution would
have resulted in supercriticality.

An alternate solution could have been based upon the assumption that boron
worth is constant. In such cases, the problem could have been solved in terms of

ppm instead of pcm.

Alternate solution:
Define BM as the boron concentration margin to criticality with units
of ppm.
CR,(BM,) = CRy(BM;)
BM, = BM, + delta ppm
100(BM, - 100) = 300(BM,)
BM, = 100(-100)/200 == -50 ppm

50 ppm additional dilution will result in criticality.

Example 3.5.6:
A 4000 pcm addition to a subcritical reactor results in an increase in stable
count rate from 100 cps to 200 cps. How subcritical is the reactor after this

first addition?

The count rate doubling guideline says that the reactor was about 8000 pcm
subcritical prior to the first insertion of 4000 pcm. Thus Equation 3.5.4 must be used

for this solution.
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Solution:
CR,(1-K,) = CR,(1-K,) (Equation 3.5.4)
K, = 1/(1-p;) and K, = 1/(1-p;)
p; = p2 - Ap : substitution into Equation 3.5.4 yields

CRl[Pz2 - p2(1+Ap) + Ap] = CRz[P22 - p2(1+Ap)]

This final expression must be rearranged as a standard quadratic equation of
the form Ax®> + Bx + C = 0 and solved using the quadratic formula. The results
are that p, = -3713 pcm and that the reactor was only -7713 pcm subcritical before
the first insertion of 4000 pcm. Subsequent insertion of another 4000 pcm would

result in the reactor being supercritical by 287 pcm.

If a given reactivity insertion causes count rate to double, then that same
amount of reactivity, added again, will result in the reactor being

supercritical.

Had this example been solved using the same approach in Example 3.5.5, a
much easier solution would have resulted. This alternate solution indicates that the
reactor was exactly 8000 pcm subcritical, the first 4000 pcm insertion caused count
rate to double and a second 4000 pcm would have caused exact criticality. However,
the more complicated solution used in Example 3.5.6 more accurately reflects the
actual response of a reactor system when count rate is used to predict criticality states

and reactivity coefficients are expressed in reactivity units.
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3.6 Inverse Count Rate Plotting

... -]
3EO03: Evaluate reactor startup data and predict where the reactor

will achieve criticality.

Rather than solving algebraic equations to determine the reactivity state based
upon count rate response, a graphical solution is usually performed. This method is

called 1/M or Inverse Count Rate plotting. From Equation 3.5.5 or 3.5.6;

I

M
1M

CR/CR, = (1K)/(1K)
CR/CR, = p,/ p;

As CR, increases and 1/M decreases, K converges to unity and the reactivity

state of the reactor converges to zero (criticality).

Example 3.6.1:
Consider the data from Example 3.5.3; but, ignore the fact that the initial
reactivity was stipulated as -5000 pcm. Assume that the count rate data was
measured for each successive insertion of 1000 pcm, calculate 1/M and plot

to determine the anticipated point of criticality.

Solution data:

Data is plotted in Figure 3.6.1:

STEP DEL RHO CR M
(step/total)

0 0/0 100 1.00

1 1000/1000 125 0.80

2 1000/2000 168 0.60

3 1000/3000 250 0.40

4 1000/4000 500 0.20
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These data indicate that 1/M vs reactivity added is linear for the point kinetics

model with no influencing spatial effects. In theory, the first insertion of 1000 pcm
yielded the same answer as the last 1000 pcm. "Criticality is predicted to occur after
the addition of 5000 pcm total." In reality, 1/M plots are not usually linear and
multiple points are used to evaluate the progress of a reactor startup or a fuel
loading sequence. The actual non-linearity of the response of reactivity insertion or
fuel loading sequence is caused by the relative location of the installed source and
detector, and any associated departures from uniformity such as control rod position
or fuel assembly location relative to the source-detector location. These effects are
particularly prevalent in a large core. However 1/M plotting still produces results

which are very useful in predicting when a reactor will achieve criticality.
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Figure 3.6.1, 1/M vs. Reactivity Added
(Example 3.6.1)
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Problem 3.6.1:

A reactor is to be started up by diluting soluble boron from the coolant in 50
ppm increments. Initial conditions are:

1) all safety control rods are fully withdrawn

2) all regulating rods withdrawn to the ECRP

3) reactor coolant system boron concentration = 1500 ppm

4) count rate = 100 cps

The calculated predicted boron concentration at criticality is 1000 ppm with
an acceptable margin of + 50 ppm. Assume that soluble boron worth

(pcm/ppm) is constant in the concentration and temperature range of interest.

Use the following data to develop a 1/M plot and evaluate whether or not the

next 50 ppm dilution should be performed.

Data:
STEP BORON CR M
(ppm) (cps)
0 1500 100 1
1 1450 103
2 1400 110
3 1350 125
4 1300 150
5 1250 320
Discussion:

Referring to Figure 3.6.2, steps 1-->4 show the result of the 1/M slowly
converging into the range of 1000 + 50 ppm which is the acceptable target range
based upon the predicted calculation. However, the fifth dilution (to 1250 ppm)

caused count rate to increase to 320 cps which is an increase of 2.13 from the
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previous dilution and yields a 1/M of 0.31. Plotting 1/M between steps 4 and 5 and

extrapolating indicates that another 50 ppm dilution would produce criticality at a
boron concentration which is not consistent with the predicted criticality range +
acceptable margin. The only prudent action is to stop and resolve the discrepancy

between the predicted and actual dynamic response of the reactor.
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Figure 3.6.2, 1/M vs. Boron Concentration
(Problem 3.6.1)

The final example will be used in class to apply these concepts to a set of real
data associated with the startup of one of the Palo Verde Nuclear Generating Station

units. The example will utilize an actual control rod worth curve and the instructor
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will provide the count rate data. The actual data and solution is provided in the
solutions portion of this chapter. The PVNGS startup methodology is to utilize 30
inch incremental withdrawal of control rod groups known as the ’regulating rods’. In
the pattern used there are 510 total inches of regulating rod group withdrawal
available. After each 30 inch increment of motion the current stable count rate will
be used to calculate a value for 1/M relative to the point where the regulating rod
withdrawal began. The total worth of the regulating groups of rods is approximately
3500 pcm (depending upon time in life). Consequently Equations 3.5.1, 3.5.2, and
3.5.6 are used to monitor the startup progress.

Students will be expected to analyze the count rate data, determine a current
value for 1/M, project ahead to the anticipated critical position and evaluate the

acceptability of that anticipated position relative to the calculated predicted position.

3.7_Time Response during Subcritical Multiplication

1
3EO04: Given reactor conditions during reactor startup scenarios,

predict reactor response to a specified manipulation.

Example 3.5.3 developed subcritical response to successive equal reactivity
insertions. Figure 3.5.1 displays the results and indicates that the closer the reactor
is to being critical, the longer it takes for count rate to stabilize following a reactivity
insertion. This section develops the time dependencies which govern reactor
response and establishes the foundation for understanding this basic concept.

Using the concept of the neutron multiplication model, K (Keff) is the effect
of the multiplying media (absorption and leakage) on the neutron population from

one generation to the next.
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N, = N,(K)* 3.7.1
where N, =number of neutrons starting the first
generation;
N, =number of neutrons produced by the x’
generation; and
x =number of generations elapsed

If all neutrons are assumed to be prompt, then the number of generations can be
expressed as either:

x= t/e, where t = elapsed time, and

¢, = prompt neutron lifetime
or

Xx= t/e where t = elapsed time, and
£ = neutron generation time
e= ¢, /K

Thus;
N, = N (K)" 3.72

or, because power is directly related to neutron population

P, = P (K)" 3.73
Example 3.7.1:
Assuming that all neutrons from fission are prompt, determine the reactor
power level one (1) second after insertion of 100 pcm of positive reactivity
into a previously critical reactor. Initial power is 1 Mw. Assume that the

neutron generation time for this media is 5 x 10® seconds.

Solution:
. = P(K)" (Equation 3.7.3)
P, = 1 Mw(1.001)"5 S
P, = 4.8x 10° Mw
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It should be obvious that a power level change of such a large magnitude in
such a short time is an uncontrollable excursion and that the reactor would have
destroyed itself. Neither is a reactivity insertion of 100 pcm unrealistic; nor, does it
produce such a rapid excursion in a real thermal reactor. The fallacy in this example
is that all fission neutrons are not prompt and the small fraction of delayed neutrons
(B) results in an effective generation time much longer than 5 x 10” seconds.

The mean effective neutron generation time (£') is the time between
successive generations consisting of the effects of both prompt and delayed neutrons.
Consider the lifetime of neutrons to be the total time which elapses between the
instant that a neutron is absorbed by a fuel target atom until the neutrons which are
released by the fission event subsequently either leak from or are absorbed by the

media.

'n + U > (®U) --> FF, + FF, + vIn + y

The compound excited nucleus, (3°U)’, has a lifetime of about 1 x 10
seconds. This very short time will be ignored in all further discussion because even
the shortest prompt neutron lifetime is orders of magnitude larger than this value.

Of the (v) neutrons produced , v are not produced until the radioactive
decay of the particular fission fragment (delayed neutron precursor) is complete.
This time frame is based upon the radioactive decay mean life (t,) of the specific
precursors and ranges between 0.3 and 80 seconds for the usually referenced 6 group
model for thermal fission in U-235 (Glasstone and Sesonske, 1967). Recall that
t, = 1/A where A is the decay constant for the group.

Once produced, neutrons [both prompt and delayed] begin their slowing down
and thermal diffusion processes which ultimately result in either fission, capture, or
leakage. In a thermal reactor this time frame is on the order of 5 x 10* seconds and
is what is normally referred to as ¢, . Standard reactor dynamics texts present a

formal development of the relationships between the composition of the media (g,
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and M?) and the core geometry (B?) on neutron absorption lifetime, neutron lifetime
and neutron generation time. It should be apparent that all of these time frames
depend upon the composition of the media and consequently will vary as the
composition changes. For example, diluting soluble boron will reduce X, of the total
core and neutron generation time will increase. It should be noted that prompt
neutrons and delayed neutrons are not born an the same average kinetic energy.
Thus the neutron lifetimes of prompt and delayed neutrons are not quite the same.
This difference will not be considered further because the differences in birth
energies only effect the chances of absorption and leakage of the very fast neutrons.

Applying these time frame concepts an expression for the generation time can

be developed for two theoretical cases.

Case 1: assume all neutrons are prompt.
£p = neutron lifetime

2p = 5 x 10° seconds

Case 2: assume ali neutrons are delayed
£, = precursor mean life + neutron lifetime
e « (0.3-->80) seconds + 5 x 10 seconds
£p = (0.3-->80) seconds

As long as the reactor is dependent upon delayed neutrons, the mean effective
neutron generation time becomes a weighted average of the prompt and delayed

neutron generation times.

2, = (l-B)CP + ﬁeD 3.7.4
where £p and £, are defined by the

two previous examples.
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Recalling the typical values of neutron lifetimes and precursor mean life,

Equation 3.7.4 obviously simplifies to
2" = Bty = Blhey 3.7.5

In conclusion, as long as the reactor system does not depart too far from
criticality then delayed neutrons have a significant slowing influence on reactor
transients by creating an effective generation time which is orders of magnitude larger
than neutron lifetimes.

An alternate derivation for the effective lifetime model is to solve the inhour
equation for small values of omega. The results of this model are essentially identical

to Equation 3.7.5 and are displayed below. (Hetrick, 1971)
¢' = YB/A) = Blhey 3.7.6

The basis for the effective lifetime model is that the reactor does not depart

from criticality by too large of a margin.

"As p, increases from zero, the positive root increases very slowly..., but once
p, increases past B the slowing effect of delayed neutrons is lost. The
crossover p, = g is called prompt critical because at this point the chain
reaction is self-sustaining on prompt neutrons alone." (Hetrick, 1971)

In addition to the obvious application of studying the determining factors for
stable period in a supercritical reactor, the slowing down effect of delayed neutrons
also can be used to explain the time dependencies of the subcritical multiplication
process.

Example 3.5.3 demonstrated that successive insertions of the same reactivity,
with constant source strength, resulted in successively larger changes in count rate.
Further, the statement was made that after each successive insertion it takes longer

for count rate to stabilize. For completeness, the same example is repeated here.



Example 3.7.2:

A reactor is 5000 pcm subcritical and has a stable count rate of 100 cps.
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Predict the stable count rate which will exist after each of four (4) successive

insertions of 1000 pcm of positive reactivity.

Solution.(See Figure 3.7.1.)

CR, = 100 cps

CR,p, = CR,p, po = -5000 pcm

p; = -4000 pcm

L. CR  (CR/CR) p, = -3000 pcm

-5000 100 1.00 p; = -2000 pcm

-4000 125 1.25 ps = -1000 pcm
-3000 167 133
-2000 250 1.50
-1000 500 2.00

!

Count Rata (cpa)

Tme

Figure 3.7.1, Count rate Response to Successive Equal

Reactivity Insertions
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Interactive dynamic system simulation software (Korn, 1989) was used to
simulate a reactor startup with an installed source using point kinetics and the
prompt jump approximation (Hetrick, 1971). In three cases the initial power level
was normalized to unity and the core net negative reactivity was reduced by a factor
of two (2)(Appendix D-1 provides the program used). In all of these cases, the
theory of subcritical multiplication (Equation 3.5.3) predicts a final stable power level
which is twice the initial power level. The results of these simulations are displayed
in Figures 3.7.2, 3.7.3, and 3.7.4 and are summarized in Table 3.7.1.
These power vs time responses clearly substantiate the claim on Figure 3.7.1
that :
At, > At; > Aty > Aty

An indication of impending criticality is the increasing length of time

required for count rate to stabilize after a positive reactivity insertion.

Table 3.7.1, Reactor Startup with Source, Summary Data

Case Reactivity($) Power at Approximate time (sec)
initial _ final 500 sec to achieve final power
1 -1.0 -0.5 2.00 200
2 -0.25  -0.125 2.00 440
3 -0.125 -0.0625 1.89 >500

During a startup using 1/M plotting, count rate must first stabilize before data

is collected and 1/M is calculated. Otherwise the erroneous value of 1/M will not

ar‘mlrafply nredict the point of anﬁm‘pated

vvvvvvvv paveave v s18av

determining that count rate has stabilized is normally controlled by specific station
operating procedures. However all personnel present during a startup are responsible

for evaluating data and helping assure that reactivity management is maintained. In
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addition to understanding the fact that it takes longer for count rate to stabilize, it

is important to understand the basis for this response.

Reactivity and Relative Power

75 150 225 300
Time (sec)

Figure 3.7.2, Dynamic Simulation Count rate Response
0.5§ Step with p,= -1.0$

Reactivity and Relative Power

75 150 225 300
Time (sec)

Figure 3.7.3, Dynamic Simulation Count rate Response
0.125% Step into py = -0.25$
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Reactivity and Relative Power

75 150 225 300
Time (sec)

Figure 3.7.4: Dynamic Simulation Count rate Response
0.0625$ Step into p, = -0.125%

Role of the number of generations.

Consider a case where a reactor has a generation multiplication factor (K) of
0.5 and a source count rate (CR,) of 20 cps. The stable count rate in this reactor is

40 cps.
CR = CR,/(1-K) = 20/0.5 = 40 cps

The interpretation is that the neutron detector ’sees’ 20 cps from the source
and 20 cps from fission neutrons produced in the multiplying (subcritical) media due
to fissions in successive generations caused by source neutrons produced in previous
generations. The time response in a subcritical reactor is due to (1) the number of
generations required to achieve a stable count rate and (2) the time duration of the
generations. The effect of the number of generations is presented using a model in
which the subcritical reactor (K = 0.5) is initially free of any source. At time 0’ a
source is added which produces, on the average, 20 neutrons in a time frame equal

to the neutron generation time. The effect of successive ’source bursts™ will be
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studied by showing the effect of the subcritical media on the source. Table 3.7.2

shows that after sufficient generations have elapsed, the stable neutron population

is twice the source neutron population in a reactor with K = 0.5. The multiplying

media produces 20 fission neutrons total from the effect of previous source bursts as

they each decay to zero.

Table 3.7.2, Subcritical Multiplication
K.« = 0.5::Source Strength = 20

SOURCE GENERATION

BURST 1 2 3 4 5 6 7 8 9 10 11 12
1120 10 5 3 1 1 0 0 0 0 0 o
2i*** 20 10 5 3 1 ] 6 0 0 0 O
3|*** *** 20 10 § 3 1 1 0 0 0 o
4 |t **r 20 10 5 3 1 1 0o 0 o
S jem® #%n tes e 20 10 5 3 1 1 o 0
6 LE 2] LA 2 LR N LA B ] LA R 20 10 5 3 1 1 o
7 LR 2 ] LA R LA 2] LA B ] LR X ) LR 23 20 10 5 3 1 1
8 LE R ] L2 2l LR B LR 2 LA 2l LA R ] LA A 20 10 5 3 1

TOTAL® 1 20 80 35 38 39 40 40 40 °°* «e%. 4a% eas

The process portrayed in Table 3.7.2 helps in understanding the following

statement which attempts to define the process of subcritical multiplication.

Subcritical multiplication is the process by which a source of neutrons reacts

in a subcritical media to produce a constant neutron population and power

level.

If the reactor portrayed above is modified by adding positive reactivity until

K = 0.8, subcritical multiplication predicts a stable count rate of:
CR = CR/(1-K) = 20/(1-0.8) = 100 cps
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Table 3.7.3 displays the effect of changing the value of K. The tabular model
indicates total neutron population converging to 100 neutrons as predicted by

equation 4 and also shows an increased number of generations required.

Table 3.7.3, Subcritical Multiplication
K. = 0.8::Source Strength = 20

SOURCE GENERATION

BURST | 1 2 3 4 5 6 7 8 9 10 11 12
1]20 16 13 10 8 7 5 4 4 3 3 2
2|** 20 16 13 10 8 7 5 4 4 3 3
3[*** *** 20 16 13 10 8 7 5 4 4 3
gve **= **= 20 16 13 10 8 7 5 4 4
Sieet et veostt 20 16 13 10 8 7 5 4
6 hRBER RN LA A J LA A LA 2 20 16 13 10 8 7 5
7 LA R} LE R J LA R ] LA R LA A LA R} 20 16 13 10 8 7
8 hed waN "hw LA J LA R ] LA Al LA R 20 16 13 10 8

TOTAL |20 36 49 59 67 74 79 B3 -°r +wo sae <se

If Table 3.7.3 were carried to completion, the following conclusion could be
drawn: '

Following an insertion of positive reactivity into a subcritical reactor, the final

count rate predicted by equations will not be achieved until the effect of the

first source burst has ’decayed to zero’ due to the effect of the subcritical

media.

The data displayed in Tables 3.7.2 & 3.7.3 can aiso be understood by realizing
that M = 1/(1-K) =1 + K + K? 4+ K3 + ... which is an infinite series. The process
of subcritical multiplication causes M to converge to a new value after addition of
positive reactivity based upon the final value of the net negative reactivity in the core.

The series expression for M shows that the degree of convergence depends upon the
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number of generations which have elapsed. If K = 0.5, then M = 1/(1-0.5) = 2.0.

Table 3.7.4 displays the relationship between the number of generations, the series
expression for M, and the convergence toward 2.0 which represents a stable count

rate.

Table 3.7.4, Series Expansion for M (K = 0.5)
M=1+K+K+K +..=2

GENERATIONS SUM OF SERIES
1.5

1.75

1.875
1.9375
1.96875
1.984375
1.9921875
1.99609375

0 3 O N AW e

Problem 3.7.1:
Determine M for K = 0.90 and generate a table which shows
the convergence to a stable count rate.

The process can also be represented by the following equation:
N, = NX* where
N, = source burst
N, = a small percent of the
source burst
x = number of generations
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Let N, = N (1 x 10™): only 0.01% of the source burst is still making
a contribution:
1x10* =K*
x = log (1 x 10%)/log K = -4/1og K

The number of generations required vs K is displayed in Table 3.7.5.

Table 3.7.5, Generations required for Stable Count rate

K X
0.80000 41
0.90000 87
0.95000 180
0.99000 916
0.99500 1840
0.99950 18400
0.99995 184000

In conclusion, one reason for the increased required time for counts to
stabilize is: as K-->1 more generations are required to develop the full effect of
subcritical multiplication. However, even if 1.84 x 10° generations are required, a
generation time of 5 x 10° seconds would result in constant count rate within 10
seconds. Clearly the effect of generation time also needs to be included in the

model.

The role of generation time.
Continuing with the previous specific example as a tool from which to draw

generalizations, recall that with a source strength of 20 cps (or 20 source neuirons per
generation) and K = 0.5, total neutron population was 40 neutrons/generation.
Assuming that the delayed neutron fraction is 0.00650 (8 for Z°U) then the 40

neutrons/generation (or 40 cps) are distributed as follows:
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Count rate Contribution
40 All neutrons
20 Source neutrons
20(1-g)= 19.87 Prompt neutrons
208 = 013 Delayed neutrons

Assuming that the reactor will be called stable when the final count rate has
achieved 99.5% of the calculated stable value for all neutrons, in this case the reactor
will be called stable at a count rate of 39.8 cps.

The delayed neutron population is not required to make up the 39.8 cps and
consequently the ability of delayed neutrons to have an impact on effeciive
generation time is minimal. Source neutrons are continuously being produced and
prompt neutrons have a generation time of about 5 x 10® seconds. Thus when the
reactor is very subcritical the effective generation time is dominated by prompt
neutrons and generation time is very small. Stable count rate is established very

quickly after having achieved the final value of K.

This conclusion is consistent with the inhour equation solution for very large
omega in which @ = (p, -8)/2. The period (time dependencies) in a very subcritical
reactor depend upon the neutron lifetime and not the precursor decay. (Hetrick,
1971)

If K is increased to 0.9, then the stable count rate would be

CR = 20/(1-0.9) = 200 cps.

Count rate Contribution
200 All neutrons
20 Source neutrons
180(1-8) = 178.83 Prompt neutrons
1808 = 117 Delayed neutrons

200(0.995) = 199 Stable indication
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Source and prompt neutrons alone will not produce 199 cps. The reactor will
not be called stable until some of the delayed neutrons have appeared into each
generation. Since the number of delayed neutrons required to make up the
difference is small, the percentage of delayed neutrons required is small and the short
lived precursors will produce sufficient neutrons.

Delayed neutrons result in an impact on the effective generation time but only
the short lived precursor groups are required. In effect, delayed neutrons represent
a time dependent source which must appear prior to stable count rate being
achieved.

As K-->1, the effect of the source is overwhelmed by the effect of the delayed
neutrons as displayed in Table 3.7.6. Also, as the effect of the delayed neutrons
become more and more important, a stable count rate can not be achieved until
more and more of the 'time dependent source’ appears. The delayed neutrons slow
down the transient which is analogous to saying that they lengthen the effective

generation time.

Table 3.7.6, Neutron Population Distribution vs. K

NEUTRON POPULATION

K TOTAL SOURCE PROMPT DELAYED
0.90000 200 20 1.79E2 1.17E0
0.95000 400 20 3.78E2 2.47E0
0.99000 2000 20 1.97E3 1.29E1
0.99500 4000 20 3.95E3 2.59E1
0.99950 40000 20 3.97E4 2.60E2
0.99995 400000 20 3.97E5 2.60E3

The conclusions of the impact of delayed neutrons in nearly critical reactors
is consistent with the solution of the inhour equation for small omega (small p,). As

K-->1, the effective lifetime mode! becomes:

&' = YBi/h = Blhyg
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In summary, physical models and inhour equation solutions have been used
to explain why a reactor startup procedure must take into account that subcritical
multiplication takes time to fully develop. The accuracy of the 1/M plot depends on
utilizing stable count rate data. A rapid approach to criticality would preclude the
ability to predict criticality, would result in lower count rates at the point of criticality,
and would create smaller periods at the point of criticality as the delayed neutrons
continue to build in. If criticality were poorly predicted and not recognized based on
count rate response, then continued insertion of reactivity would result in

supercriticality and potentially very large values of omega (inverse period).

JEO0S: Develop reactor startup monitoring strategies.
. .- ]

Problem 3.7.2:
Apply the principles of subcritical multiplication and develop a strategy, other
than 1/M plotting which will allow the approach to criticality to be monitored

during a reactor startup.
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Learning Objectives

Given count rate data, and reactor conditions, assess the reactivity state of the
core.

Evaluate reactor startup data and predict where the reactor will achieve
criticality.

Evaluate reactor startup strategies for adequacy.

Given reactor conditions during reactor startup scenarios, predict reactor
response to a specified manipulation.

Develop reactor startup monitoring strategies.
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3.8 SOLUTIONS

Question 3.5.1: How would the prediction in Example 3.5.2 have been different the reactor had been -
5000 pcm subcritical before the addition of 3000 pcm?

Apply the solution technique using CR,p,; = CR,p, : since the net negative
reactivity has changed by -2000/-5000, the count rate has changed by 5000/2000 which
means that the predicted CR, = 500 cps. Either solution is adequate as a prediction
of the final count rate. In fact the final count rate is not a single number but a value
which fluctuates significantly due to the randomness of the radioactive decay

processes associated with the production of source neutrons.

Question 3.5.2: Using the information presented in Example 3.5.3 and Figure 3.5.1, predict the final
reactivity state of a reactor if a 2000 pcm reactivity insertion causes stable count rate to
double. What impact does uncertainty in the value of the reactivity insertion have on the
predicted final reactivity state of the system?

Using the CRp = constant approximation, if a reactivity insertion causes stable
count rate to double, then that reactivity insertion reduced the net reactivity in core
by a factor of 2. Thus a 2000 pcm insertion causing doubling, means that the reactor
was 4000 pcm subcritical before the insertion and is 2000 pcm subcritical after the
insertion. This result is easily obtained by solution of the governing equation
(Equation 3.5.3). In reality, if the reactor count rate doubles due to the insertion of
a specified reactivity insertion, then that insertion, if added again, will result in a
supercritical reactor. These equations and solutions all are based on the assumption
that the efficiency of the detector at monitoring the actual core does not change.
Real reactors are not homogeneous point reactors and thus these solutions are "best
estimates’ of what is happening inside the core. If there is an uncertainty in the
measured count rate (there always is), or an uncertainty in the reactivity insertion
(there always is); then these solutions become even more of an estimate of the
reactivity state of the core. Exact measurements and calculations would need to
include the uncertainty of the count rate and the uncertainty of the reactivity

insertions to derive an estimate and uncertainty of the final predicted reactivity state
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of the core. In exact measurements, rather than using an instantaneous value of the
count rate a process is normally used to determine the average count rate and the
uncertainty of same. A counter-scaler is used to measure the time required to obtain
a specified number of counts (say 10,000 or 100,000) and then the average count rate
is determined by CR,,, = Total Counts/elapsed time. The standard deviation of the
count rate is then given by ocz = (Total Counts)*/elapsed time (Friedlander,
Kennedy and Miller, 1964). The following tabulation shows that as total counts
increases, the standard deviation expressed as a percent of the average count rate
decreases. The reduced standard deviation (uncertainty) is the goal of the more

sophisticated measurement technique.

Total Counts CR,,, STD DEV of CR STD DEV as %
(unit time) (cps) (cps) (%)
100 100 10 10
1000 1000 31.6 3.16
10000 10000 100 1
100000 100000 3163 0.316

The uncertainty in the predicted final reactivity state is then obtained by using
the uncertainty in the two measured count rates and the uncertainty in the reactivity

added which is the difference between the two reactivity states.

Problem 3.5.1:
750 pcm is inserted into a subcritical reactor and results in stable count rate increasing from 500
cps to 900 cps. Determine the net reactivity in the core after the 750 pcm insertion.

p2 = CRy(-4p)/(CR-CRy)
p> = 500(-750)/400 = -937.5 pcm
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Problem 3.6.1:
A reactor is to be started up by diluting soluble boron from the coolant in 50 ppm increments.
Initial conditions are:
1) all safety control rods are fully withdrawn.
2) all regulating rods withdrawn to the ECRP.
3) reactor coolant system boron concentration = 1500 ppm.
4) count rate = 100 cps.

The calculated predicted boron concentration at criticality is 1000 ppm with an acceptable margin
of + 50 ppm. Assume that soluble boron worth (pcmippm) is constant in the concentration and
temperature range of interest.

Use the foliowing data 1o develop a 1/M plot and evaluate whether or not the next 50 ppm

dilution should be performed.
Data:
STEP BORON CR M
(ppm) (cps)

0 1500 100 1
1 1450 103
2 1400 110
3 1350 125
4 1300 150
5 1250 320

Discussion:

Referring to Figure 3.6.2, steps 1-->4 show the result of the 1/M slowly
converging into the range of 1000 + 50 ppm which is the acceptable target
range based upon the predicted calculation. However, the fifth dilution (to
1250 ppm) caused count rate to increase to 320 cps which is an increase of
2.1333 from the previous dilution and yields a 1/M of 0.313. Plotting 1/M

between steps 4 and 5 and extrapolating indicates that another 50 ppm
dilution would produce criticality at a boron concentration which is not
consistent with the predicted criticality range + acceptable margin. The only
prudent action is to stop and resolve the discrepancy between the predicted

and actual dynamic response of the reactor.
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Problem 3.7.1:
Determine M for K = 0.90 and generate a table which shows
the convergence to a stable count rate.

Table 3.7.4, Series Expansion for M (K = 0.9 analog)

M=1+K+K+K}+..=10forK =09
GENERATIONS SUM OF SERIES

1 1.9

2 271

3 3.439

4 4.0951

5 4.68559

6 5.217031

7 5.695327

8 6.125795

9 6.513215
10 6.861895
25 9.353891
50 9.953616
75 9.996670
100 9.999760

Problem 3.7.2:

Apply the principles of subcritical multiplication and develop a strategy, other than 1/M plotting,
which will allow the approach to criticality to be monitored during a reactor startup.

Several options exist which can substitute for the 1/M approach of monitoring
rogress of the startup. They all are based on the principles of subcritical
multiplication and may appear on the surface to be identical to the 1/M approach.
However, they do not focus on calculating 1/M and extrapolating the last two points
to determine the current best estimate of the Anticipated Critical Position. Due to

the difference in focus, they have the benefit of possibly preventing a conflict over
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which 1/M is correct. The two strategies which most often come to mind are the
count rate doubling principle and the length of time for stabilization principle.

If the reactor has just been taken to Group 3 at 30 inches withdrawn and the
values of the ACP derived from different 1/M plots are Group 3 at 60 and Group S
at 30 inches withdrawn, these two concepts can help resolve whether or not the core
is close to achieving criticality. Suppose that after moving the rods from Group 3 at
0 to 30 inches withdrawn, the time required for count rate to stabilize is 10 minutes;
the conclusion is that the reactor is closer to being critical than the Group 5 at 30
inches ACP indicates and caution should be used. However, if count rate stabilizes
in 1-2 minutes, then the chances of achieving criticality at Group 3 at 60 inches
withdrawn is remote. Focusing on the time, instead of which 1/M is most correct,
broadens the perspective and perhaps prevents an error being made during the

startup.
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CHAPTER 4
POWER INCREASE TO THE POWER RANGE

4.1 Initial Conditions
Reactor critical at 1x 105% power
All shutdown rods fully withdrawn
Regulating rods at the ECRP
Soluble boron concentration at the ECBC
Xenon concentration zero
Samarium concentration peaked
RCS at Hot Zero Power (NOT/NOP)
RCS temperature being maintained by running reactor coolant
pumps as a heat source and dumping steam from the steam generators

by automatic pressure control valves

4.2 Major Activities
Establish a constant stable period and increase

reactor power from 1 x 10°% to some point below the point of adding
sensible heat and stabilize reactor power.

Discuss methods of performing control rod and soluble

boron reactivity worth measurements from this initial condition.
Increase power to 3% rated thermal power (RTP) and

stabilize.

Discuss the consequences of a reactivity addition accident from
the initial power level of 1 x 10°% and methods of protecting the core

from such power excursions.
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4.3 Theory Overview

Now that the reactor has achieved criticality and is stable it is necessary to

insert positive reactivity and make it supercritical. Reactor power will then increase
until the power output is capable of causing heating and temperature changes will
insert negative reactivity. If the initial reactivity insertion is small, then power will
increase in a controlled manner and the temperature feedback mechanisms will react
to stabilize power without significant overshoot. However, if the initial reactivity
insertion is large, power will increase very rapidly and overshoot before the
temperature feedback mechanisms can respond to return the system to criticality. A
well controlled power increase is achieved by knowing the relationship between
reactivity added and the resultant rate of change of power. The term used to

represent the rate of change of power is reactor period, is defined as the number of

seconds required for power to change by a factor of ’e’, and is given the symbol (T).

The question is: "Upon what factors does the reactor period depend ?"
Standard treatments of reactor dynamics provide detailed developments which answer
this question. For a reactor which does not depart too far from criticality , the

reactor period depends upon the following factors:

1. Net reactivity, p,, in core at time ’t’.
2. The delayed neutron fraction, (8).

3. The delayed neutron precursor decay constant, (1).

If reactivity is not constant, then the rate of reactivity insertion also has a
significant impact on the value of the reactor period. Thus both "transient period"
and "stable period" will be discussed; with the differentiating criteria being whether
or not the reactivity state of the reactor is constant. If the reactor is made
supercritical by a large amount of reactivity, (p >g), then the slowing down effect of

the delayed neutrons no longer has a significant effect and the period depends mostly
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on the amount of reactivity which is inserted and the neutron lifetime. Since neutron
lifetime is a very small number, the reactor period is very small and the rate of
change of power is very large. This condition is known as ’prompt critical’ and is a
condition which must be avoided in a power reactor.

Normal convention in PWR facilities is to utilize a term related to reactor
period but which is more mathematically convenient than the base "e" system.
Startup Rate (SUR) is defined as the number of decades (powers of 10) by which
power changes in a minute and is expressed in decades per minute (DPM). Changing
the format of the expression does not alter the fact that the same factors listed above
affect the process; however the format is easier to use. For example, consider the

following:

A reactor has a stable period of +80 seconds.
which is equivalent to saying

A reactor has a startup rate of 1/3 DPM

Both statements accurately reflect the dynamics of the situation but in the
latter case it is easy to predict that in three (3) minutes the power will have increased
by a factor of 10. In the former case, a calculation, utilizing exponentials, is necessary
to predict the final power relative to the initial power level. BWR facilities and most
test reactor facilities utilize the reactor period format, so it is important that the
nuclear engineer be familiar with both methods of expressing the dynamic response
of the reactor. Since this is a power plant operations course, no time will be spent
discussing the effects of significant positive reactivity insertions into critical assemblies,
such as 2§ pulses into a TRIGA, but will focus on the effects of reactivity insertions
much less than the delayed neutron fraction. Large power excursions such as the
military SL-1 accident and the event at Chernobyl obviously can occur. However, the

causes, sequences, and effects of these accidents is beyond the scope of this text.
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4.4 Derivation
Since Reactor Period [ T ] is defined as the number of seconds required for

power to increase by a factor of ’e’, then:

P, = P eV 4.4.1
or
n, = ne”’ 4.4.2

where n is neutron density which is proportional to power.

Solving Equation 4.4.2 for reactor period leads to
T = n/(dn/dt). 4.43
Consequently an expression for reactor period can be obtained by solving the
neutron balance equations for n/(dn/dt).
Using the simplified neutron cycle presented in Figure 4.4.1 (Hetrick, 1971),
the following equations are easily developed. (Appendix C-2)

dn/dt = (n/e)(p-B) + Zilici + q
dCy/dt = (n/e)B; - AC;
withi = 1->6

If conditions are limited such that the external source strength is very small
and the collection of delayed neutron precursors is modelled as a single "effective"”

group, then the following one-group model equations result.

dn/dt = (n/e)(p-B) + AC 4.4.4
dC/dt = (n/)B - Ay C 4.4.5
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Figure 4.4.1, Simplified neutron cycle
(Hetrick, 1971)

4EO001: State the limitations of the Prompt Jump Approximation
(single greup model) solution to the reactor dynamics

equations.

4E002: Given a value for net core reactivity, calculate the value of

NEUTRON NON-FISSION
LEAKAGE ABSORPTION
NEUTRON DIFFUSION FISSION
LOSS RATE = n/2, |= PRODUCTION RATE = kn/4,
° (1-B) kn/2o °
) f i
qQ Xy = I Bikn/dq
] 1
NEUTRON DELAYED-NEUTRON PRECURSORS
SOURCE ("LATENT NEUTRONS")
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These two coupled differential equations can then be solved to provide a
reasonable expression for the reactor period in a reactor which is not very
supercritical. [Prompt Jump Approximation with (p < g)](Hetrick, 1971).

Assume:
a. p<§B

b. dn/dt is small

Derivation:

dn/dt = (n/e)(p-B) + A,C =0 (Assumptions)
(p-B)(n/2) = -A,4C (Rearrangement) 4.4.6
C = (B-p)(n/2)/Aey (Rearrangement) 4.4.7

Taking the derivative of Equation 4.4.7
dC/dt = [(B-p)/2A)(dn/dt) - [(n/2)/A](dp/dt) 4.4.8

Substituting Equations 4.4.7 and 4.4.8 into 4.4.5 and rearranging

(B-p)(dn/dt) = n(dp/dt) + Apn 4.49
n/(dn/dt) = T = (B-p W(Aexp + p) 4.4.10

of if reactivity is expressed in dollars and given the symbol (R), then
T = (I-R)/(AR + R) 4.4.11

The accuracy of Equations 4.4.10 and 4.4.11 can be evaluated by comparing

the results with solutions of the inhour equaticn displayed in Figure 4.4.2.



Example 4.4.1:

Assume:
po = 0.2$
p =0

heg = 0.1 sec™

Calculate T using Equation 4.4.11 and compare with Figure 4.4.2:

Solution:
T = (1-0.2)/(0.1)(0.2) = 0.8/0.02 = 40 sec

Problem 4.4.1:
Repeat at p, = 0.5$ and compare.

4E001: State the limitations of the Prompt Jump Approximation
(single group model) solution to the reactor dynamics

equations.
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In a single group model, no single value of the delayed neutron precursor

decay constant can accurately model the effect of all 6 groups of precursors over a

wide range of net reactivity. Table 4.4.1 displays the solution to Equation 4.4.11 and

the corresponding value from Figure 4.4.2 for specified values of p, <8 (R<1). As

. < AY
p, increases toward g2, actual reactor response is faster (smaller pericd)

predicted by the single group model with fixed decay constant (4. = 0.1 sec™).

sl
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Figure 4.4.2, Reactor Period vs. Reactivity (U-235 data)
(Keepin, 1965)

137



138
Table 4.4.1, Stable Period vs. Reactivity (Comparison)

Reactivity Period (sec)
$ Eq. 4.4.1 Fig. 4.4.2
0.2 40 40
0.4 15 10
0.6 6.7 3
0.8 2.5 1
Question 4.4.1: What solution(s) exist to result in a closer correspondence

between a single group model and a six group model over a
wide range of reactivity?
3k 3 3k 3k 3k A ok ok 3k ok k %k
Since most normal power plant operations are limited to reactivity insertions
with p <pg, the following values will be used for the single group model effective

decay constant to simplify calculations.

Reactor condition A

Lelf
Subcritical p<pg 0.05 sec?!
Supercritical p<g 0.10 sec™

4.5 Startup Rate

4E003: Given a value for reactor period [SUR], calculate the

corresponding value of SUR [reactor period].
- .- ]

Startup Rate [SUR ] is defined the rate of change of power in decades per
minute and satisfies Equation 4.5.1:

P, = P, 105® with time expressed in minutes 4.5.1
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Problem 4.5.1:
Frove that SUR = 26.06/T and validate that

SUR = [(Aap + j)/(B-p)]26.06 452

Question 4.5.1: Specify the units which are required for each of the following in

order that the definitions of reactor period and startup rate are

jointly satisfied.

e
©

3 A K ok ok ke ok % o 3k Kk ok

Electronic circuits in the reactor power monitoring instrumentation measure
the rate of change of power and display the instantaneous value of the startup rate.
The operator is tasked with limiting the value of startup rates established and also
with using the value of startup rates to evaluate the reactivity state of the reactor.
Pursuant with that responsibility, the operator is responsible for performing the

following types of calculations.

. _____________ .- ]
4EO04: Given a value for the net core reactivity [stable SUR],

calculate the value of the stable SUR [net core reactivity].
- - .- .
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Problem 4.5.2:

If 100 pcm is inserted into a critical reactor, what stable SUR results?
Assume that beta = 0.00600 and that the reactor is at a very low power level

so that no reactivity feedback exists.

Problem 4.5.3:
A power increase procedure says "create a stable SUR no greater than
0.75 DPM". What is the maximum reactivity which should be added to the

previously critical reactor? Assume beta = 0.00600.

4E005: Discuss the variations in the stable SUR caused by

variations in the delayed neutron fraction.

Question 4.5.2: Discuss how the value of the stable startup rate would be
affected if each of the following parameters were changed one

at a time.

a. The value of p, is increased

b. The value of g is decreased

c. The value of A is increased

AR K A R
Since, for thermal neutron induced fissions, Plutonium-239 has a different

delayed neutron yield than Uranium-235, the production of Plutonium-239 during
core operation causes a change in the effective delayed neutron fraction of the core
as it ages.

¥ = 0.00652

B = 0.00266
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The relative values of the delayed neutron fraction for these two fissile

nuclides result in a decrease in the effective delayed neutron fraction of the core over

the life of the core.

Question 4.5.3:

Assume that all power is generated by fissions of U-235 and Pu-
239 by thermal neutrons. Develop an expression for g8, in
terms of the nuclide specific parameters [fraction of power
produced per nuclide, delayed neutron fraction for each nuclide,

and energy produced per fission for each nuclide].

4E006: Predict the effect of specified reactivity insertions on the
value of stable SUR over the life of the core (below POAH).

Question 4.5.4:

Question 4.5.5:

Question 4.5.6:

What impact does this change in the delayed neutron fraction
have on the response of the reactor to a specified reactivity

insertion?

Is an unplanned positive reactivity insertion event into a critical
reactor more severe at the beginning or end of the operating
cycle? Assume that the reactor is fueled with Uranium fuel

material which is nominally 4% enriched.

How is Plutonium-239 produced in an operating reactor? Use

balanced nuclear reactions to show the process.
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Problem 4.54

Assume that a new core is fueled with Uranium fuel material which is 4%
enriched. Given the following information, determine the effective value of
the delayed neutron fraction for the core.
a. 85% power production from thermal fission of U%*

8% power production from fast fission of UZ®

7% power production from fast fission of U?*

b. Assume the delayed neutron fraction for each nuclide:

U>(thermal) = 0.00620
US5(fast) = 0.00650
UP(fast) = 0.01400

30 3k ok 3 ok e e e e ek ok

During a reactor startup, the operator makes a series of positive reactivity
insertions and watches power level increase and level off. As criticality is
approached, the magnitude of the power level change increases and the time required
for stabilization increases but the reactor power still levels off. If the reactor were
made exactly critical, then fission neutron population would be maintained, and
source neutrons would be adding a constant number of neutrons every generation.
Power would still increase and level off when the number of source neutrons added
per generation becomes a very small percentage of the total population. How then
does an operator recognize that a reactor system has achieved criticality? There is
no direct indication that the reactor is critical and the process of adding positive
reactivity in increments will continue until the reactor is actually supercritical. In this
case, the neutron population will increase exponentially and the operator will be able
to detect the effect of his actions and call the reactor critical. As long as the reactor
power remains very low, insignificant heating occurs as power increases and there is
no reactivity feedback. SUR remains constant and power increases at a steady rate

until the reactivity state of the core is changed. Most reactor startup procedures
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direct the operator to stop the power increase somewhere before the "point-of-
adding-heat" so that criticality checks can be performed. Low power physics testing

can also be performed at these power levels from an initially critical condition.

Problem 4.5.5:
The operator has just created a stable SUR of 0.6 DPM by withdrawing
control rods 10 inches from the critical condition. Power is increasing from
a level of 1 x 10°% toward 1 x 102% where it will be stabilized by the

operator. What actions are required by the operator to stabilize power level?

4.6 _Step Reactivity Insertions

- ___________________________________________ /|
4EO007: Predict the effect of step insertions of reactivity into an

initially critical core (below POAH).
- -]

For conditions where p < <g, reactor dynamics developments lead to

Equation 4.6.1. (See Appendix C-3 for derivation):

n = [no/(ﬁ'po)][Bexp(leffpot/(ﬁ'po) - poexp-(p-po)t/e] 4.6.1

Due to the relative magnitudes of the two exponents, the second term quickly

goes to zero and Equation 4.6.1 reduces to:

n = no[B/(ﬁ-po)]cxp[leﬂ'pot/(ﬁ'po)] 4.6.2

where: n initial power level

(]

B/(B-p,) = prompt (instant) power
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change factor due to prompt
neutron multiplication.
Aeep/(B-po) = Inverse stable period (sec™)

due to reactor conditions

Equation 4.6.2 shows that a step insertion of positive reactivity creates the

following:

1. A rapid prompt jump of power level due to the rapidly decaying
transient, and
2. A sustained power increase due to the effects of the buildup of delayed

neutron precursors.

Analyzing the same step insertion process with Equation 4.5.2 yields an
expression for the stable startup rate which is completely consistent with the

formulation in Equation 4.6.2.

SUR = 26.06[(Aqrp + p)(B-po)]

p = 0 (step insertion)

p = p, (magnitude of step)

SUR = 26.06[Aqp o/(B- po)] 463

Problem 4.6.1:
Sketch power level (log scale) vs time for a 0.20$ step insertion into a

previously critical reactor.
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4.7 _Ramp Reactivity insertions

4E008: Differentiate between stable SUR and transient SUR and

identify the conditions necessary for each.

4EO09: Predict the effects of ramp reactivity insertions into a
previously critical core (below POAH)

Slow ramp insertions of positive reactivity are most easily evaluated by
evaluating the value of the SUR for a given value of both reactivity and reactivity
insertion rate at a given instant using Equation 4.5.2. Table 4.7.1 portrays the effects
of a one minute ramp insertion of 2 pcm/sec into a previously critical reactor with a

delayed neutron fraction (8) = 0.00600.

TABLE 4.7.1
RAMP REACTIVITY INSERTION

TIME ,(RATE) p( ALUE) SUR

(sec) (pcm/sec) (DPM)
0 0 0.00
0* 2 0 0.09

10 2 20 0.18
30 2 60 039
50 2 100 0.62
60 2 120 0.76
60, 0 120 0.65

The instantaneous response of power depicted by the rapid (step) increase in
SUR at the instant the insertion starts (t=0%) is due to the effect of even small
reactivity changes on the existing neutron population. The specific formulation of the

response depends upon the assumptions used to model the process, but independent
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of the formulation and assumptions; reactivity insertion rate has an effect on reactor
response. As long as p,<g, the reactor is subcritical on prompt neutrons alone and
even a very small insertion of positive reactivity has an immediate prompt effect
which quickly dies off. The reactivity insertion rate term can be modelled as the
cumulative effect of a series of small step insertions with these quickly dying effects.
Because the neutron lifetime is so short compared to delayed neutron precursor
mean lives and reactivity insertion time frames, the effect of these guickly dying terms
is essentially immediate. The long term growth in neutron population (+stable SUR)
is possible only due to the decay of precursors but the prompt neutrons have an

effect when reactivity is being inserted.

L .|
4EO10: Identify the conditions necessary for power turning.
|

Problem 4.7.1:
Qualitatively sketch both SUR and Log Power vs time for a one minute
reactivity ramp and the two minute period following the ramp. Assume that

no reactivity feedback occurs.

Problem 4.7.2:
Continue with the example portrayed in Table 4.7.1. Assume that two
minutes after having established the +0.65 DPM stable SUR, the operator
inserts reactivity at a rate of -2 pcm/sec for exactly 60 sec. Calculate the SUR

at each increment and complete the data in Table 4.7.2.
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TABLE 4.7.2
NEGATIVE REACTIVITY INSERTION RAMP

TIME 4(RATE) o(VALUE) SUR
(sec) (pcm/sec) (pcm) (DPM)

180 0 120 +0.65
180* -2 120

190 -2 100

200 -2 80

210 -2 60

220 2 40

230 2 20

240 -2 0

240* 0 0 0.00

Question 4.7.1: Between time 230 and 240 seconds, how is power responding?

What is the core net reactivity?

Question 4.7.2: If the operator had secured the negative reactivity insertion at

exactly 235 seconds, how would power have responded?

Question 4.7.3: How would the transient displayed in Table 4.7.2 have differed
if the operator had inserted negative reactivity at the rate of -6

pem/sec for exactly 20 seconds?

Question 4.7.4: An operator withdraws control rods at a constant rate until the

SUR meter indicates 0.5 DPM and then halts the withdrawal.

What will happen to the rate of power change?

Question 4.7.5: What are the consequences of negative SUR with positive net

reactivity due to negative reactivity insertion rate?
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4.8 Power Turning
Table 4.7.2 depicts a transient in which negative reactivity is being inserted

into a previously supercritical reactor. The data indicates that the negative reactivity
insertion rate has the effect of causing power to decrease before all of the positive
reactivity is removed from the core. This effect, which is referred to as "power

turning", is summarized as a condition in which:

P net 18 pOSitive,
p  Iis negative,
SUR s zero or negative, and

Power has stopped increasing and started decreasing.

Consistent with models previously developed, Equation 4.5.2 is used to identify

the conditions necessary for power turning to occur.

SUR = 26.06[(Ap + p)/(B-p)] 4.5.2
Set SUR = 0 (power constant)
lcrrpnex + p =0 4.8.1

This Equation (4.8.1) is satisfied under two circumstances:
1) Both p, and p are zero (trivial case), or

2) p = ~Aeqp e In which p ., is positive and p is negative.

When p,., is positive (<<p), any power increase depends upon the
appearance of delayed neutrons from precursors produced in previous generations.
A negative reactivity insertion rate can be reducing the existing neutron population

more quickly than the delayed neutrons can appear. Thus, neutron population
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decreases even though the reactor is still supercritical’. If the negative reactivity
insertion rate is halted, then the existing neutron population is no longer being
suppressed (rapidly dying transients), delayed neutrons from previous generations
continue to appear, and power again increases with a stable SUR due to the then

current value of p,,.

Question 4.8.1: Power is being increased from 1 x 10°% toward 1 x 10°% and
the operator is attempting to stabilize power. Control rods are
inserted until the SUR meter indicates zero and then the
insertion is halted. What happens to power after the insertion
is halted?

a4 2 2k o o o 4 sk ok ok e
Power turning due to the dynamic effects of reactivity insertion rate is not an
artifact of the simplifications and assumptions used in the single group prompt jump
approximation which led to Equation 4.5.2. Dynamic simulation experiments were

performed using the neutron balance equations and are included in Appendix D.

The results of these computer simulations show that even in the six group model,

power decreases prior to when reactivity returns to zero during negative reactivity

insertion processes. The actual timing of power turning is obviously different
between the single group and six group model because no single group effective
decay constant can model the dynamics over a wide range of values of reactivity.
Any negative reactivity insertion mechanism is capable of causing power
turning. Equation 4.8.1 indicates that, within the bounds of this model, the key
parameter for power turning is the rate of insertion of negative reactivity. When the
reactor is below the point-of-adding-heat, the most rapid reactivity insertion
mechanism is the movement of control rods. However, when the reactor is operating
in the power range, temperature dependent feedback mechanisms are also capable
of rapid insertion and will function to limit power excursions. Power/temperature

dependent mechanisms are discussed in Chapter S.
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4EO11: Predict the effects of a reactor trip on power level.

A simple example of the effect of power turning is to consider a reactor trip.
Assume that the reactor was critical at 1 E-6% power when a reactivity insertion

event inserts 0.5 of positive reactivity. Further assume that control rods worth 178

are fully withdrawn from the core and capable of being fully inserted within a 4

second time frame from receipt of a trip signal. The power turning model will be

used in the following examples.

Example 4.8.1:
What stable SUR exists after the insertion of 0.5$ of reactivity?

SUR = 26.06[(Agtpo + p)(B-po)]

0o = 0.58
p =0
SUR = 26.06[%R,/(1-R,)]
R, = 0.5%
Aeg = 0.1 sec?
SUR = 2.6 DPM

Example 4.8.2:
When the reactor power level reaches 1 x 10%, a reactor trip is initiated.
What is the average velocity of the control rods as they fall into the core if the
core is 150 inches tall?
Velocity = 150 inches/4 sec = 37.5 inches/sec
If the rods accelerate from rest at the rate of 8 ft/sec?, how long does it take

for the rods to attain a velocity of 37.5 inches/sec?
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time = Velocity/Acceleration
= (37.5 in/sec)/(96 infsec?) = 0.391 sec

How far do the rods move as they attain the average velocity of 37.5 in/sec?
distance = %at® = %(96 in/sec?)(0.391 sec)® = 7.3 inches

Question 4.8.2: If the differential control rod worth (DRW) is zero during the
first 7.5 inches of travel, what is the value of p,, as the control

rods pass the point 7.5 inches from the top of the core?

Example 4.8.3:
When the control rods are moving at an average velocity of 37.5 in/sec, what
is the reactivity insertion rate? Assume that the DRW is zero in the top and

bottom 7.5 inches of the core and constant throughout the remaining travel.

p = (DRW)(Rod Speed)
p = (-178/135 inches)(37.5 in/sec) = -4.72 $/sec

Example 4.8.4:
As the control rods are passing the point 7.5 inches from the top of the core,

what is the value of the transient SUR assuming that Equation 4.5.2 applies?

SUR = 26.06[A 4R, + R)/(1-R,)]
Aegr = 0.1 sec?
R, = +058
R = -4.72 $/sec
SUR = 26.06[(0.05 - 4.72)/0.5] = -243 DPM
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The previous examples lead to the conclusion that the large negative reactivity
insertion rate is the dominant factor in determining the transient power response.
During a reactor trip, reactor power very quickly begins to rapidly decrease. Even
though the single group model used in this section is clearly an approximation of
reactor response, the qualitative conclusions are still valid. On a reactor trip event,
power level is rapidly decreasing well before the control rods reach the bottom of the
core. This results in a very rapid prompt drop in power level as the neutron
popuiation decreases. The remainder of the reactor trip response is presented in

Chapter 5.

Question 4.8.3: Using Uranium-235 delayed neutron data, what is the maximum
possible value for 1 if it were set equal to the maximum value
of ;7 Would using this value for A change the conclusions

reached in the previous examples?

Problem 4.8.1:
What value of negative reactivity insertion rate is required to instantly turn

power if 4., = 0.2 sec’ and p, = 0.75 $?

Question 4.8.4: How difficult is it to achieve the value required in Problem 4.8.1
if 10 $ of rods are available and they are capable of being fully

inserted within 5 seconds?

4.9 Reactivity Worth Measurements

If a reactor is at a stable power of 1 x 10%%, then the stable power level
depends upon the process of subcritical multiplication and thus upon the magnitude
of the source strength and the net negative reactivity in the core. At such a relatively

high power level for subcritical muitiplication the reactor must be very close to being
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critical or the source strength is quite large. Taking the former case, the reactor is
very close to being critical with high count rate so very good statistics exist for the
initial state of the system. Subcritical multiplication still applies, thus a sudden
insertion of a quantity of negative reactivity will cause the reactor power level to
decrease to a new level. Both the new level and the rate of power decrease (initial
negative period) are related to the magnitude of the negative reactivity insertion.
Thus it is possible to use the dynamic response of the reactor as a map of the value
of the reactivity insertion. Since the reactor is subcritical, but very close to being
critical, (p,, = -1 pcm), a sudden insertion of positive reactivity would create a
supercritical reactor whose stable period or startup rate is directly related to the
magnitude of reactivity inserted. Incremental changes in control rod position or boron
concentration can be used to effect a response from which the reactivity worth of that
incremental change can be inferred. In addition, incremental temperature changes
can be used as the driving function and the reactivity worth of that temperature
change can be measured. Specific procedures are used for each of these
measurements but the principles supporting each are founded in the theories and

models presented in this text.

Question 4.9.1: If the reactor coolant system temperature is increased by 5°F
and the immediate dynamic response is measured, what

temperature coefficient is measured?

Question 4.9.2: If the reactor coolant system temperature is increased by S°F
and the final stable power level is used to infer the reactivity

change, what temperature coefficient is measured?
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4.10 Power Stabilization

4E012: Given a value for stable SUR (below POAH), predict the

power level at which the reactor will stabilize.

4EO0O13: Given power level and typical plant parameters, predict the
value of RCS T, and T,,,.

If the reactor is on a positive period, then unless the operator or a control
system intervenes, power level will continue to increase until heating occurs. The
heating of both fuel and coolant produces reactivity feedback which alters the
reactivity state of the system and thus changes the period. In a stable system, the
reactivity feedback is negative and thus the power excursion becomes self limiting.
The nature of the interfacing control systems for such processes as steam demand will
govern the response of the reactor system.

Two fundamental principles must apply when determining where the system
will stabilize. These are:

1. Since the primary coolant system in a PWR is both an energy storage
and an energy transfer system, if temperature of the system is to
remain constant with time, then power added to the system must equal
power removed from the system.

2. In order for power added to the primary coolant system to be constant

with time, the reactor core must be critical.

Prior to increasing reactor power level, system temperature is being
maintained at NOT/NOP at hot zero power conditions by running reactor coolant

pumps as a heat source and dumping steam from the steam generatiors by automatic
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pressure control valves. Consequently, as the reactor starts making more power, the
steam demand must increase or else the reactor coolant system will be storing the
extra power and will continue to heat up. As the power level being transferred by
the reactor coolant system increases, the loop temperature difference is driven by

heat storage processes (Equation 4.10.1).

Q = 1resColThor Teaia) 4.10.1
where pmpes = mass flow rate (Ibm/hr)

C

4

Q

I

average heat capacity (btu/lbm°F)

Heat transfer rate (btu/hr)

The relationship between fuel temperature and average coolant temperature
is driven by the conductive and convective heat transfer processes between the fuel

and the bulk coolant (Equation 4.10.2).

Q = VA(TuerTay) 4.10.2
where Q = Heat transfer rate (btu/hr)
U = Heat transfer coefficient from the fuel
into the coolant (btu/ft’hr°F)
A = Heat transfer surface (ft?)

The actual variation in T,,, and Ty, for a specified power increase, depends
upon how the RCS cold leg temperature is controlled. The option selected for these
discussions is the constant cold leg temperature program. With T, being held
constant, reactor power increases cause steady state increases in both T,,, and T,

The reactivity insertions caused by these temperature changes are due to:
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Moderator density reduction due to temperature increase.
Doppler broadening due to fuel temperature increase.
Neutron flux spectral hardening due to temperature increase.

Boron atom density reduction in the core due to temperature increase.

AN S A L

Axial flux profile shift due to water density non-linearity as temperature

increases.

These reactivity insertions are cumulatively evaluated and integrated into the
power defect reactivity term tabulated in Appendix B (PVNGS, 1992). The use of

this reactivity defect is demonstrated by example.

Example 4.10.1:
Under MOC conditions, the reactor operator establishes a stable SUR = 0.5
DPM and allows power to increase. As power causes heating, steam valves
automatically open to increase heat removal. At what power level does the
core stabilize?
Assume : B = 0.00570
A= 0.1 sec™

Solution: Solve the startup rate equation for p,,,.

SUR = 26.06[(Aqp + p)(B-p)]

p =0

SUR = 0.5 DPM
Ay = 0.1sec”
n - N NONETIN
> - V.UuUJ iV

Poe = SURB/(26A + SUR) = (0.5)(0.00570)/(2.6 + 0.5) = 0.00092
Poe = 92 pcm
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Solution: Use power defect value to identify the power level from Table 2.1.1

of Appendix B. By linear interpolation, power = 4.5% RTP.

Thus, if T, is maintained nearly constant at 565 °F, then a power increase
to 4.5% RTP will add sufficient negative reactivity to offset the 92 pcm initially

inserted and the reactor will return to criticality at an increased power level.

... |
4EO014: Given power level and typical plant parameters, predict the

value of required feedwater flow rate.

Problem 4.10.1:
Assuming that water is being fed into the steam generators at 100 °F and that
the steam pressure is 1150 psia at the new power level, what feed flow rate
is necessary to maintain steam generator levels constant at a reactor power
level of 4.5% RTP with RCP work equal to 0.5% RTP? Assume that any

other heat inputs and losses can be ignored.

Problem 4.10.2:
Repeat Example 4.10.1 under EOC conditions in which g = 0.00520.

Problem 4.10.3:
If the operator desires to stabilize power at 3% RTP, under MOC conditions,
what value of stable SUR should be established? If the operator begins his
positive reactivity insertion at 90 inches withdrawn on Group 4 CEA’s, how far
should he withdraw control rods to establish the desired stable SUR?

In the previous examples and problems, the assumption is made that the

steam valve control system automatically adjusts load in response to the power
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increase. The cause and effect relationship which drives this process is that the steam
valves are controlled from a steam generator pressure signal. As reactor power
increases and starts causing heating, the first parameter to increase is fuel
temperature (Equation 4.10.2). Hotter fuel causes increased heat transfer into the
coolant and T, increases (Equation 4.10.1). Hotter coolant temperature causes
increased heat transfer into the steam generators and the increased boiling causes
steam pressure and steam temperature to increase. The steam valve control system
detects the pressure increase and opens the valves to control the pressure. As the
valves open, steam flow rate increases and consequently heat removal from the

primary system by the secondary system increases (Equation 4.10.3).

O = msunm(hsuam'hfeed) 4.10.3
where g = steam flow rate (Ibm/hr)

hyean = steam enthalpy (btu/lbm)
he.s = feed water enthalpy (btu/lbm)

There are limitations on how large of an initial positive SUR is allowed. The
first is caused by the dynamics of the response. Since the solution to Example 4.10.1
is a steady state solution, it does not consider that power level will overshoot and
then come back down to 4.5% RTP. If a larger SUR had been used, then the
overshoot would be even larger. The second is based on the solution to Problem
4.10.1. As the plant is being started up, steam generators are usually fed by auxiliary
feed water pumps which have limited capacity to deliver feed. If the power level
exceeds the capacity of these pumps, then steam generator inventory will decrease.
Higher capacity main feed pumps are normally driven by steam turbines and can be

started only after power level is in the range of 3% RTP.
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If steam valves are in a fixed position and not capable of responding to an
increase in the steam pressure, then steam flow rate can not significantly change and
the primary system can not stabilize at a higher poWer level. If the operator
established the same positive SUR = 0.5 DPM as in Example 4.10.1, then the
following scenario would result. As core power increases and causes heating, since
steam demand can not increase, the entire system (Tg.s Thow Tooiss aNG4 Tyeam) heats
up, but the temperature differences which drive heat transfer rate (T,-T4) do not.
The increase in fuel and moderator temperature inserts negative reactivity, turns
power and returns the reactor to being critical at a power level too low to cause
detectable additional heating. This is an example of an isothermal temperature
change process. The plant will stabilize when the isothermal process has removed

the initial p, by negative feedback.

L. e
4EO01S: Given a value for RCS T_; and reactor power level, use

typical plant parameters to predict the value of steam

pressure.
]

Example 4.10.2;
Determine the isothermal heating which results if the reactor is allowed to
enter the power range with a 0.5 DPM SUR with steam control valves in a

fixed position.

Ap = (ITC)(ATpem)
Ap = -p, = -92 pcm (Example 4.10.1)
AT = (-p,)ITC

ITC = -12.9 pcm/°F (Appendix B)
AT «7F
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Since steam conditions start out at approximately 565 °F/1180 psia, if steam
temperature increases 7 °F, then the conditions would be 572 °F/1250 psia. This
steam pressure is above the relief valve setpoint and the option demonstrated by this
example is clearly unacceptable.

3k 30 ok e 2 o ok o ok ok ok ok

In summary, the operator is tasked with increasing power level from below the
point-of-adding-heat into the low end of the power range in a safe and prudent
manner. He must be aware of the cause and effect relationships between his actions
and plant response. He must be aware of system status and constantly evaluate the
adequacy of system response to his actions. His success is based, in part, on his
understanding of the nuclear and thermodynamic principles which govern the

processes and systems.

4.11 Power Excursions

When the reactor is critical, or very nearly critical, below the point-of-adding-
heat, reactivity insertions create power increases which do not immediately produce
temperature dependent feedback. A reactivity addition event could consequently
create large values of SUR and rapid increases in power level. Ultimately, power
would cause heating, heating would create negative feedback, and the power increase
would turn. However, the peak power produced could be severe enough to result in
damage to the fuel and release of fission product activity into the RCS coolant. Such
inadvertent insertions of positive reactivity must either be avoided or the
consequences of such an event must be mitigated.

Examples of potential initiating events include:

1. Inadvertent continuous motion of control rods.
2. Rapid ejection of a control rod due to a failure of the pressure
boundary.

3. Inadvertent continuous dilution of RCS soluble boron.
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4. Rapid reduction in RCS T4 (negative MTC) due to failure in the heat

removal system which causes sudden increase in heat removal rate.

Design features which serve to limit the severity of such events include:

1. Limiting the reactivity worth of individual control rods and groups of
rods.
2. Limiting the design speed with which control rods are capable of being

moved by the control system.

3. Providing alarms for power increase which direct operator attention to
search out the cause if it is not an intentional power increase.

4, Limiting the rate at which RCS boron can be diluted.
Limiting the magnitude by which heat removal rate can increase.

6. Limiting the magnitude of the negative MTC.

Features which allow the system to respond to, and mitigate the consequences
of, such an event are based on automatically initiating a reactor trip in response to
a que caused by the event. Whenever the reactor is critical, or close to being critical,
a large quantity of negative reactivity is available for rapid insertion into the core.
Safety, or shutdown, control rods are fully withdrawn and capable of rapid insertion
upon receipt of a reactor trip signal. Reactor trip signals which can initiate a trip in

these reactivity insertion event type scenarios include:

1. Trip on high power level below the point-of-adding-heat. During a
normal, controlled, power ascent, these trips are bypassed as the trip
setpoint is approached. However, in an inadvertent positive reactivity
insertion event they are designed to prevent power level overshoot
from causing damage.

2. Trip on high SUR. If power is increasing too rapidly, a trip is initiated

before power level increases to too high of a level.
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Trip on low steam generator pressure. A low steam generator pressure
is indicative of a large heat removal event such as a break in the steam
line and initiates a trip to prevent the positive reactivity insertion from

RCS cooldown from causing a power increase.
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Learning Objectives
State the limitations of the Prompt Jump Approximation (single group model)

solution to the reactor dynamics equations.

Given a value for the net core reactivity, calculate the value of the reactor
period.

Given a value for reactor period [SUR], calculate the corresponding value of
SUR ([reactor period].

Given a value for net core reactivity [stable SUR], calculate the value of stable
SUR [net core reactivity}.

Discuss the variations in stable SUR caused by variations in the delayed
neutron fraction.

Predict the effect of specified reactivity insertions on the value of stable SUR
over the life of the core (below POAH).

Predict the effect of step insertions of reactivity into a previously critical core
(below POAH).

Differentiate between stable SUR and transient SUR and identify the
requirements for each.

Predict the effects of ramp reactivity insertions into a previously critical core
(below POAH).

Identify the conditions necessary for power turning.

Predict the effects of a reactor trip on power level.

Given a value for stable SUR (below POAH), predict the power level at
which the reactor will stabilize.

Given power level and typical plant parameters, predict the value of RCS T,,,
and RCS T,,.

Given power level and typical plant parameters, predict the value of required
feedwater flow rate.

Given a value for RCS T, and reactor power, use typical plant parameters

to predict the value of steam pressure.
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4.12 SOLUTIONS

Problem 4.4.1:
Repeat at p, = 0.58 and compare.

T = (1-0.5)/(0.1)(0.5) = 0.5/0.05 = 10 sec

Comparison of these two solutions with Figure 4.4.2 indicates that the solution
for p = 0.2% is in close correspondence with the information displayed in the figure
but that the solution for p = 0.5$ departs from the value displayed in the figure. The
differences indicate the fundamental limitation in using a single value for A, for all
values of the initial reactivity. However, 0.53 is a relatively large amount of reactivity
insertion for a large commercial reactor and thus the previous equations represent

a good model for the solution of the stable period under normal conditions.

Question 4.4.1: What solution(s) exist to result in a closer correspondence between a single group model
and a six group model over a wide range of reactiviiy?

The best solution available to allow a single group model to more closely
represent the 6 group solution is to use a reactivity dependent value for A, in the
solutions. This approach is cumbersome when attempting to perform quick
calculations but does result in better answers. Another solution is to continue to use
a single value for 1, in all solutions and recognize that the solutions are estimates

of the actual conditions within the reactor.

Problem 4.5.1:
Prove that SUR = 26.06/T and validate that

SUR = [(Agp + p)I(B-p)]26.06
The proof of the relationship between SUR and reactor period is to realize

that both SUR and T both represent the dynamics of the same process and can be

related to each other by use of the governing equation as shown.
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P(t) = P, exp(t/T) = P, 105V where t in the reactor period expression is in
seconds and t in the SUR expression is in minutes. If the transient is

expressed for a period of one minute, then:

P(60 sec) = P(1 min) = P, exp(60/T) = P, 10°" where P, is the same

in both cases.
P(60 sec)/P, = P(1 min)/P, = e®M = 105UR:: take logs and equate.
60/T = (SUR)In(10) ==> SUR = 26.06/T

This relationship indicates that the 26.06 in the solution takes into account the
relationship between minutes and seconds and the relationship between base e and
base 10 logs. Thus the units of 26.06 are sec/min with an implied modifier of
(Decades/Power of €) to produce Decades-sec/(Power of e)-min. Thus, dividing 26.06
by reactor period produces decades per minute and dividing 26.06 by decades per
minute produces sec per power of e. Such a derived equation has the possibility of
causing error since the common method of equation usage is to assure unit
consistency. A common error is to take a reactor period of 40 seconds and convert
it to minutes before substituting into SUR = 26.06/T which is clearly wrong.

The validation of the expression for SUR then is made by substituting the

symbolic expression for reactor period into SUR = 26.06/T. Again all units inside

the symbolic expression for reactor period must be in seconds time frame.

Question 4.5.1:  Specify the units which are required for each of the following in order that the definitions
of reactor period and startup rate are jointly satisfied.

a. Po

b. B

C. leﬂ'

d P

e. 26.06
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a. po any reactivity unit or normalized unit

b. B : any unit with similar format to p

For example; if p = 0.00100 then use a g format of 0.00520
if p = 100 pcm then use a g format of 520

if p = 0.25 then use avalue of g = 1

C. A : units of sec’!
d. p : any reactivity unit or normalized unit consistent with the

value and units of p expressed as p/sec

e. 26.06: see the discussion in Problem 4.5.1 solution.

Problem 4.5.2:
If 100 pcm is inserted into a critical reactor, what stable SUR results? Assume that beta =
0.00600 and that the reactor is at a very low power level so that no reactivity feedback exists.

SUR = 26.06 [(Aip + p)/(B-p)] with p = 100 pem
B = 600
p=0
Aoy = 0.1 sec™

SUR = 26.06 (10/500) = 0.52 DPM

Problem 4.5.3:
A power increase procedure says "create a stable SUR ne grearer than 0.75 DPM". What is the
maximum reactivity which should be added to the previously critical reactor ? Assume beta =
0.00600.

Solve the SUR equation for the value of stable reactivity required to establish
the SUR. Thus p = 0.
p, = SURB/(26.061 4 + SUR)
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p, = (0.75)(600)/(2.606 + 0.75) = 134 pem

Question 4.5.2: Discuss how the value of the stable startup rate would be affected if each of the
following parameters were changed one at a time.

a. The value of p, is increased.
b. The value of B is decreased.
c The value of A is increased.

In all cases, the variation specified causes an increase in the stable SUR
produced by the event. The value of p, can be affected by the change in the
reactivity worth of control rods or soluble boron such that the same physical property
change results in a different reactivity insertion. For example, an event which creates
an excessive steam demand will result in a rapid reduction in the value of RCS T,
which will in turn insert reactivity into the core based on the value of the moderator
temperature coefficient. As the core ages, the value of MTC becomes more negative
and the same sudden reduction in RCS T, inserts a larger quantity of positive
reactivity. The value of the effective delayed neutron fraction depends upon the
types of fuel which are producing power and the relative contribution of each. As
the core ages, the fraction of power level produced by U-238 remains relatively
constant, the fraction of power level produced by U-235 decreases significantly due
to the depletion of fuel and the fraction of power level produced by Pu-239 increases
because of the age dependent production of that isotope form U-238. The results
of these changes is to reduce the effective delayed neutron fraction. Reasonable
numbers for the PVNGS cores are Bgoc = 0.00620, Byoc = 0.00570, and Bgoc =
0.00520. This 16% reduction in the value of the effective delayed neutron fraction
causes a significant variation in the stable SUR over the life of the core even if the
reactivity insertion remains constant.

A specified event such as a control rod ejection event from the "just critical
condition" at 1 x 10°% RTP must then be analyzed for both the variation in the
reactivity worth of the rod and the variation in the effective delayed neutron fraction

over the life of the core to determine the most limiting conditions.



169

The value of A is relatively constant over the life of the core. Even though
the different fuel isotopes produce varying quantities of power level and thus
contribute to the variation in the effective delayed neutron fraction, each fuel
produces delayed neutron precursors in a fairly consistent distribution between the

6 groups and A, does not change much.

Question 4.5.3: Assume that all power is generated by fissions of U-235 and Pu-239 caused by thermal
neutrons. Develop an expression for B in terms of nuclide specific parameters
[fraction of power generated per nuclide, delayed neutron fraction for each nuclide, and
energy released per fission for each nuclide].

Delayed neutrons are produced by the decay of fission products which are
produced at a rate governed by the fission rate of the specific nuclide. The
expression for B, is a weighted average expression taking into account the value of
the delayed neutron fraction for each nuclide with ’per cent fission rate’ as the

weighting factor.

Define R-X as the nuclide specific fission rate expressed as a fraction of total
fission rate. R-X = fraction of power produced by a fissions specific

nuclide/energy released per fission for that same nuclide.
Boore = (R-235)p™ + (R-239)p%

Question 4.5.4: What impact does this change in the delayed neutron fraction
have on the response of the reactor to a specified reactivity
insertion?

See the response to Question 4.5.2. Any specified reactivity insertion results
in a more rapid change in power level as the core ages and the value of the effective
delayed neutron fraction decreases. The design of reactor protection system response
must take into account this variation and assure that the most limiting condition is

protected against.
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Question 4.5.5: Is an unplanned reactivity insertion event more severe at the beginning or end of the
operating cycle? Assume that the reactor is fueled with Uranium fuel material which is
nominally 4% enriched.

See the response to Question 4.5.2 and Question 4.5.3.

Question 4.5.6: How is Plutonium-239 produced in an operating reactor? Use balanced nuclear
reactions to show the process.

'n + U --> [U*] --> U + y

The isotope U-239 is radioactive and will undergo decay by the beta minus
mechanism as shown below:

U --> ' + ®Np  23.5 minutes
®Np --> "B + ®Pu 2.35 days

While Pu-239 is also radioactive in the alpha decay mode, as are the other fuel
nuclides, with a half life of 2.411 x 10 years, the quantity of Pu-239 does not decrease
by decay. An equilibrium concentration of this fuel would be achieved only after
sufficient quantity has been produced so that the removal rate by neutron absorption
equals the production rate as displayed above. Uranium-238 has a very small fission
cross section, and only then for fast neutrons. However, Plutonium-239 has a thermal
neutron cross section of 742 barns for fission and 269 barns for radiative capture.
The total absorption cross section for thermal neutrons of 1011 barns is 48% larger
than the absorption cross section of Uranium-235 for thermal neutrons making each
atom of Pu-239 a more effective thermal fuel than U-235.

While the reactor is operating at high power levels, this Pu-239 production
mechanism results in an equilibrium level (power dependent) of both U-239 and Np-
239 existing in the reactor. After a reactor trip, this inventory of Plutonium-239
precursors decays and the Pu-239 atom density increases. The positive reactivity
insertion after a trip is time dependent and must be accounted in the ECC procedure

for maximum accuracy of that procedure.
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Problem 4.5.4
Assume that a new core is fueled with Uranium fuel material which is 4% enriched. Given the
following information, determine the effective value of the delayed neutron fraction for the core.
a. 85% power production from thermal fission of U
8% power production from fast fission of UP®
7% power production from fast fission of U™
b. The delayed neutron fraction for each nuclide is listed as:

U(thermal) = 0.00620
US(fast) = 0.00650
U(fast) = 0.01400

The solution strategy to this problem is merely a weighted average calculation

where the weighting factor is the percent power generated by each nuclide.

Bex = [BZ°(PWr™®)]y + [B7¥(PWr)]y + [B(PWr™)]p
B = (0.00620)(.85) + (0.01400)(.08) + (0.00650)(.07) = 0.00685

This solution indicates that the value of 8. is greater than the value of g**
due to the contribution of U-238 which has a very large value of the delayed neutron
fraction. This solution would be typical of the value for a commercial PWR fueled
with uranium isotopes at the beginning of the first cycle of operation. After that
time; however, there is a contribution from the Pu-239 inventory which has been bred
into the core which results in g, being less than the value of 2. This solution
assumes that the energy released per fission is the same for fast and thermal fissions
of both U-235 and U-238. Does this assumption fit the boundary conditions specified
by the real world?

Problem 4.5.5:
The operator has just created a stable SUR of 0.6 DPM by withdrawing control rods 10 inches
from the critical condition. Power is increasing from a level of 1 E-6% toward 1 E-2% where
it will be stabilized by the operator. What actions are required by the operator to stabilize power
level?

To stop the power increase, the reactor must be returned to criticality by the

operator by re-inserting the control rods to the same position as they were before the
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initial withdrawal. This assumes that rod worth has not changed and no other

reactivity insertion occurred.

Problem 4.6.1:
Sketch power level (log scale) vs time for a 0.208 step insertion into a previously critical reactor.

Discussions and sketching will take place in class.

Problem 4.7.1:
Qualitatively sketch both SUR and Log Power vs time for a one minute reactivity ramp and the
two minute period following the ramp. Assume that no reactivily feedback occurs.

Discussions and sketching will take place in class.

Problem 4.7.2:
Continue with the example portrayed in Table 4.7.1. Assume that two minutes after having
established the +0.65 DPM stable SUR, the operator inserts reactivity at a rate of -2 pcm/sec for
exactly 60 sec. Calculate the SUR at each increment and complete the data in Table 4.7.2.

TABLE 4.7.2
NEGATIVE REACTIVITY INSERTION RAMP

TIME p(RATE) p(VALUE) SUR
(sec) (pcmjsec) (pcm) (DPM)

180 0 120 +0.65
180 -2 120 0.54
190 -2 100 0.42
200 -2 80 0.30
210 2 60 019
220 -2 40 0.09
230 -2 20 0.00
240 -2 0 -0.09
240* 0 2 80.00

Question 4.7.1: Between time 230 and 240 seconds, how is power responding? What is the core net
reactivity?

The reactor is still supercritical, since net core reactivity is positive but power

is decreasing [negative SUR] due to the reactivity insertion rate.
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Question 4.7.2: If the operator had secured the negative reactivilty insertion at exactly 235 seconds, how
would power have responded?
The reactor would still have been slightly supercritical and thus the power

level would have stopped decreasing and started increasing.

Question 4.7.3: How would the transient displayed in Table 4.7.2 have differed if the operator had
inserted negative reactivity at the rate of -6 pcmi/sec for exactly 20 seconds?

The effect of the reactivity insertion rate would have been more extreme,

power would have turned quicker, with 60 pcm still in core. A graph will be

developed and displayed in class.

Question 4.7.4: An operator withdraws control rods at a constant rate until the SUR meter indicates 0.5
DPM and then halts the withdrawal. What will happen to the rate of power change?

The 0.5 DPM transient SUR is due to both the positive reactivity in core and
the positive reactivity insertion rate. When the control rod motion is halted, the
transient SUR becomes a stable SUR whose magnitude depends only on the net
positive reactivity in core. Thus the SUR makes a ’prompt drop’ in magnitude. Note
that this transient is really a very rapidly decaying exponential of the short lived

terms.

Question 4.7.5: What are the consequences of negative SUR with positive net reactivity due to negative
reactivity insertion rate?

Reactor power can be made to quickly start decreasing due to the insertion
rate of negative reactivity. The reactor can be subcritical on the prompt neutron
population even though the delayed neutrons, which will eventually appear, result in
the reactor still being critical. Large negative reactivity insertion rates due to CEA

insertion or fuel heating are very important to accident mitigation.
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Question 4.8.1: Power is being increased from 1 x 10°% toward 1 x 10°*% and the operator is attempting
to stabilize power. He inserts control rods until the SUR meter indicates zero and then
halts the insertion. What happens to power after he halts the insertion?

The operator just experienced power turning and the reactor is still
supercritical. Power will start increasing again and the operator will need to insert

additional negative reactivity.

Question 4.8.2: If the differential control rod worth (DRW) is zero during the first 7.5 inches of travel,
what is the value of p,., as the control rods pass the point 7.5 inches from the top of the
core?

The rods have not yet inserted any reactivity so the value of p,,, is the same
as whatever initial amount of reactivity was inserted into the core. The point behind
this series of examples and questions is to show that the rods achieve terminal
velocity very quickly after they start moving. At that point, they have inserted very
little (or no) reactivity, and since they are travelling at constant speed, when they

start inserting reactivity they will do so at a nearly constant negative rate.

Question 4.8.3:  Using Uranium-235 delayed neutron data, what is the maximum possible value for A 4
if it were set equal to the maximum value of A,? Would using this value for A . change
the conclusions reached in the previous examples?

The maximum value of A, is that value associated with the delayed neutron
precursor group with the shortest half life. For U-235, the values are t% = 0.230 sec
and A¢ = 3.01 sec’. Even if A, were 3.01 sec’, the large negative reactivity insertion
rates demonstrated in the previous examples and problems would very quickly turn
power.

Recall::all that is necessary is for

dap + 5 =0

EAT 8
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Problem 4.8.1:
What value of negative reactivity insertion rate is required to instantly turm power if A = 0.2 sec
and p, = 0.75 §?

Pregd="Aerp

P reqa = -(0.758)(0.2 sec™) = 0.15%/sec
Even at BOC at PVNGS, 0.15$/sec is only 78 pcm/sec which is relatively easy

to achieve.

Question 4.8.4: How difficult is it to achieve the value required in Problem 4.8.1 if 10 $ of rods are
available and they are capable of being fully inserted within 5 seconds?

Not very, the average insertion rate of these rods in 2$/sec which is much
more than required. All that is necessary is to get the rods moving in the right

direction and have them approach their terminal velocity relatively quickly.

Question 4.9.1:  If the reactor coolant system temperature is increased by 5°F and the immediate dynamic
response is measured, what temperature coefficient is measured?

The coolant temperature leads the fuel temperature by several seconds
because of the heat transfer time constant between the fuel and the coolant across
the cladding and gas gap of the fuel pin. Thus the immediate dynamic response is
due to reactivity inserted by moderator temperature changes alone. The reactivity

coefficient being measured in this case is MTC.

Question 4.9.2:  If the reactor coolant system temperature is increased by 5°F and the final stable power
level is used 1o infer the reactivity change, what temperature coefficient is measured?

Lo H FrsLleUel s

Both moderator and fuel temperatures have changed and the final power level
is driven by the total reactivity insertion of both moderator and fuel mechanisms.

Since ITC = MTC + FTC, this coefficient measurement process measures ITC.
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Problem 4.10.1:
Assuming that water is being fed into the steam generators at 100 °F and that the steam pressure
is 1150 psia at the new power level, what feed flow rate is necessary to maintain steam generator
levels constant at a reactor power level of 4.5% RTP with RCP work equal to 0.5% RTP?
Assume that any other heat inputs and losses can be ignored.
Solution strategy: Convert 5% RTP to btu/hr of heat generation which must
be removed if temperatures are to be maintained constant. Realize that heat
removal is by boiling in the steam generators which convert 100 °F water into steam

at 1150 psia.

Solve the equation: Q = My4(Nyean = Npeeq) for m:
Q = (0.05)(3800 x 10* Kw)(3412 Btu/Kw-hr)

O = 6.48x 10° Btu/hr
h*®® = h8(1150 psia)=  1187.0 Btu/lbm
W = h(100 °F)= 68.0 Btu/lbm

Mtea = 6.48 x 1091119 = 5.79 x 10° Ibm/br = 9.66 x 10° Ibm/min

Fiteea = 1165 gpm

Problem 4.10.2:
Repeat Example 4.10.1 under EOC conditions in which B = 0.00520.

Poa = SURB/(26A ., + SUR):: Substitute values from the problem
Poe = 84 pcm: Refer to Table 2.1.1 of the Core Data Book in
Appendix B and interpolate. Answer = 3.1% RTP.

Problem 4.10.3:
If the operator desires to stabilize power at 3% RTP, under MOC conditions, what value of stable
SUR should be established?
If the operator begins his positive reactivity insertion at 90 inches withdrawn on Group 4 CEA'’s,
how far should he withdraw control rods to establish the desired stable SUR?
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3% RTP ==> Power Defect = -61.6 pcm from Table 2.1.1 by interpolation.
To achieve that power level, +61.6 pcm must be added which creates a Stable SUR
of 0.32 DPM.
To determine the required control rod motion it is necessary to use Table
2.9.2 of the Core Data Book (Appendix B)
p(Gp4 @ 90) = -519.0 pcm
Ap(required) = 61.6 pcm
p(Final Rod position) = -457.4 pcm
Which corresponds to Group 5 @ 18 inches withdrawn by interpolation

from the rod worth curve.
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CHAPTER 5
POWER RANGE OPERATIONS

5.1 Initial Conditions
Reactor Critical at 3% RTP
All shutdown rods fully withdrawn
Regulating rods at or near the ECRP
Soluble boron concentration at the ECBC
Xenon concentration at or near zero
Samarium concentration peaked
RCS at Hot Zero Power (NOT/NOP)
RCS temperature being maintained by balancing heat production from
reactor coolant pumps and the core with heat removal by heat transfer

into the steam generators

5.2 Major Activities
Perform power range reactivity assessments which include the effects

of feedback from temperature dependent processes and fission product
poisons.

Perform fluid flow evaluations associated with multiple pumps and
parallel flow paths.

Evaluate and control the spatial distribution of power.

Evaluate core power using thermodynamic processes balance
(calorimetric).

Predict system response to a dropped rod event.

Predict system response to a reactor power cutback event.
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G. Predict system response to a reactor trip event.
H.  Evaluate the adequacy of shutdown margin.
L Evaluate the ability to borate the RCS while cooling down.

3.3 Intreduction

Power range operations differ from low power, below the point-of-adding-heat,
operations because of the dynamic power dependent feedback which occurs from
temperature dependent processes and fission product poisons within the core. In
both these mechanisms, power changes initiate reactivity insertions which in turn
affect the criticality state of the reactor. Both the transient and steady state effects
of changing power level are discussed in this chapter. In formulating the presentation
in this chapter, it has been assumed that the student has previously completed a
course of study which included the heat transfer and thermodynamic processes
associated with a nuclear steam supply system. Further, it is assumed that the
student understands the production and removal mechanisms of the principal fission
product poisons present in a relatively high power density thermal reactor. The
purpose of this chapter is to develop the operational, not the theoretical, aspects of
these processes. However, the student must understand the theoretical aspects to
fully understand the operational. To facilitate this understanding, the following listing
is presented as a summary. If the student does not understand the basis for each

statement, individual review of supporting principles should occur.

Temperature DIoCesses:

1. Steady state primary system loop temperature difference depends upon
power level.
2. Steady state temperature difference between the RCS (T,,,) and the

secondary (T,..,) depends upon power level.
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Steady state fuel-to-coolant temperature difference in a local region
depends upon the local power density in that region.

The design and operational goal is to maintain RCS cold leg
temperature constant over the entire range of power conditions.
Steam generator feedwater temperature increases as power level
increases.

Steady state steam generator pressure decreases as power level
increases.

Subcooled water density (constant pressure) decreases, at an increasing
rate, as water temperature increases.

Reactivity insertion mechanisms initiated by moderator temperature
changes depend primarily upon the consequent moderator density
changes.

Reactivity insertion mechanisms initiated by fuel temperature changes
depend primarily on changes in resonance capture processes with U-
238 and Pu-240 nuclides.

When core power level changes, heat transfer processes dictate that
fuel temperature changes lead moderator temperature changes.
When RCS heat removal processes change, heat transfer processes
dictate that coolant temperature changes lead fuel temperature
changes.

The power density produced within the core is not spatially uniform

under either steady state or transient conditions.

Fission product poison processes:

1.
2.

The principal fission product poisons are Xe-135 and Sm-149.
Steady state xenon concentration increases, at a decreasing rate, as

power level increases.
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Steady state samarium concentration remains constant as power level
increases.

As fission product poison concentration increases, reactivity worth per
atom decreases.

The initial transient response of fission product poison inventory to a
power level change is to produce positive feedback.

Following a reactor trip, xenon inventory peaks then decays to zero.
Following a reactor trip, samarium inventory peaks and then does not
change with time.

The dynamics of fission product poison transients depend upon the half
life of both the specific poison nuclide and any radioactive decay
process parent nuclide.

Xenon-135 transients can result in reactivity insertion rates on the
order of hundreds of pcm per hour while Samarium-149 transients
result in rates on the order of a couple of hundred pcm per day
maximum.

Spatial variations in local power density result in spatial variations in
the local concentration (and worth) of xenon throughout the core.
Thus a redistribution of power within the core can induce a net
reactivity insertion due to the non-linearity of xenon worth and the

distribution of xenon.

Question 5.3.1: If Xenon-135 concentration changes were the only reactivity

feedback mechanism present in the core, what would be the
effect of a small positive reactivity insertion initiated by the
operator? Assume no other operator actions occur after the

initial reactivity insertion.

o o o oK ok ok oK o ok ok e ok ok ok
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In order to increase reactor power and steam demand and maintain T,

constant, it is necessary to both open the turbine steam throttle valves and insert

positive reactivity into the core. The process can be initiated by either first opening

the throttle valves followed by positive reactivity insertion or the reverse. In either

case, however, if the two processes are not synchronized then T, will change

significantly from the initial value. Adjustments of the power level typically take

place at a rate of 5-10 percent per hour. The following example serves to

demonstrate the cause and effect relationships which are in effect during a power

increase evolution.

Example 5.3.1:

The following sequence of events demonstrate the process of increasing power

level from equilibrium 20% RTP to 30% RTP assuming that all systems are

aligned to support the evolution.

L

The steam plant operator first initiates a steam flow increase by
opening the steam throttle valves.

The steam valve opening causes a reduction in steam pressure within
the steam generator.

Due to the thermodynamics of a saturated water-steam working fluid,
the reduction in steam pressure results in a reduction in steam
temperature.

Reduction in steam temperature and increase in steam flow rate cause
an increase in the heat transfer rate out of the RCS and result in a
decrease in T .

If MTC is negative, T,y decreasing inserts positive reactivity creating
a supercritical condition and causing power level to begin increasing to
follow the increase in steam demand. This load following capability is
an example of the inherent stability of a control system with negative
feedback.
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6. Fuel temperature increases in response to the power level increase and
inserts negative reactivity. All commercial power production reactors
in the United States have a negative fuel temperature coefficient by
design.

7. When the plant stabilizes; reactor power = steam demand; the positive
Ap due to AT_ 4 and the negative Ap due to AT, cancel each other;
RCS loop AT has increased; and RCS T4 is lower than initially.

8. To return T, to the desired value, the operator inserts positive
reactivity. The magnitude of positive reactivity inserted to return T,
to the initial value following a steam demand change is tabulated as the
"power defect" in Appendix B.

9. The net steady state effects are:

The reactor returned to a state of criticality, and;
T, remained constant,
RCS Loop AT increased,
Reactor power increased,
Steam Generator heat transfer rate increased,
Steam Generator pressure decreased,
Steam Generator temperature decreased,
Steam flow rate increased,
and either RCS soluble boron concentration was changed
or the control rods were moved to provide the required

compensating reactivity.

To facilitate the performance of the evolution outlined in Example 5.3.1, the
operator could have predicted the required reactivity insertion by consulting the
Power Defect data in Appendix B Table 2.1.0. Establishing a reactivity insertion rate
such that the required reactivity becomes inserted within the desired time frame

results in a slow increase in T4 As the steam plant operator observes increasing
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T,

cold

throttle valves. The net result is that both of the operators observe reactor power,

, increases in steam demand are created by incremental opening of the steam

steam flow rate, and RCS Loop AT increasing with T4 being held approximately

constant.

SEO01: Develop cause and effect scenarios which illustrate the effect

of reactivity insertions on key pamniétgrs.

Problem 5.3.1:
Develop a cause and effect scenario similar to Example 5.3.1 to illustrate why
and how T4 changes if positive reactivity is inserted while steam demand is

held constant.

Problem 5.3.2:
Develop a cause and effect scenario similar to Example 5.3.1 to illustrate the

effects of inserting negative reactivity while steam demand is held constant.

SE002: Differentiate between the effects of positive and negative MTC

conditions on reactor transients.

Question 5.3.2: How do the responses to Exampie 5.3.1, Probiem 5.3.1, and
Problem 5.3.2 differ if it is assumed that the moderator

temperature coefficient is positive?
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Problem 5.3.3:
Develop a cause and effect scenario to illustrate the effects of reducing steam

demand with no other operator initiated changes.

Question 5.3.3: What initiating cue should an operator use to decide when to

insert reactivity when steam demand is being reduced?

SEO03: Predict the magnitude of reactivity insertions necessary to

compensate for plant transients.

SEO04: Predict the effects of plant transients on key parameters
(power level and temperature) if adequate compensating
reactivity is not inserted.

Assuming that the transient discussed in Example 5.3.1 were a step change
which was instantly stabilized at 30% RTP, a xenon transient was initiated which will

have the following effects.

1. Over the next 40-50 hours (at MOC conditions) the xenon transient
will insert -374.1 pcm as equilibrium xenon increases from -1524.3 pcm
to -1898.4 pcm (Appendix B Table 2.5.1).

2. However the initial xenon transient will be a positive reactivity insertion
as the increased power level causes an increased burnout of the
previous xenon concentration. The total xenon transient is depicted in
Figure E.2.1.

3. This total xenon transient would cause a change in RCS T, if the

steam demand were held constant.
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4. To prevent the changes in RCS temperature, the operator must be
prepared to insert compensating reactivity as the xenon transient is
occurring. To do so, the operator must recognize that this temperature
transient is an isothermal temperature transient and be able to access
the correct reactivity data from the core data book (See Appendix B
Table 2.2.0).

In reality, power changes are not step changes followed by discreet
temperature changes caused by the resultant xenon transient. Instead, both transients
occur as power is ramped up or down to a new level and then the xenon transient

continues.

Problem 5.3.4:
Develop a cause and effect scenario which describes the effects of the

previous xenon transient on RCS T_,,. Assume that steam demand is held
constant at 30% RTP.

Problem 5.3.5:
If a xenon transient inserts -300 pcm while steam demand is held constant,
how much does RCS T4 change? What action is required, by the operator,
to prevent RCS T, from changing?

5.4 Reactivity Assessments

Reactivity assessments in the power range consist of using the reactivity
coefficients or reactivity defects tabulated in the core data book (Appendix B) to
predict the magnitude of control rod motion or RCS soluble boron concentration
adjustment necessary to stabilize the reactor during various transients. The core data

book supplied as part of this text only provides steady state (equilibrium) xenon
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reactivity data. Consequently, transient xenon reactivity data must either be
estimated or obtained from a different source. Appendix E provides transient xenon
data which was obtained from a computer program entitled XENON (Revision 6.1)
which is used at PVNGS. This program produces transient xenon reactivity data
specific to each unit, fuel cycle, and time-in-life for either step power changes or for
ramp power changes which are simulated as 15 minute time steps.

The key to understanding reactivity assessments is to realize that a power
plant is operating at stable steady state conditions (above the POAH) when, and only

when, the following two conditions are both satisfied.

The reactor is critical: p,,, = 0.

2. Reactor power level = steam demand; which is to say that heat
generation within the RCS and heat removal from the RCS are equal
to each other. All generated heat is being transferred and none is

being stored.

Thus, if steam demand does not change during a transient; steady state reactor
power level can not change. If steam demand does change during a transient; steady
state reactor power level must change.

If reactivity is inserted into a critical reactor, then compensating reactivity must

be inserted to return the reactor to a state of criticality.

Ap(initiating event) + Ap(compensating process) = 0

The following examples demonstrate typical reactivity assessments performed
during power range operations. Unless otherwise specified, the assumption is made
that the core is at middle of cycle (MOC) conditions (200 EFPD for Unit 1 Cycle 4
and that RCS cold leg temperature (T,,4) starts out at 565 °F. A reasonable value
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for MOC delayed neutron fraction with mixed uranium-plutonium equilibrium fuel
cycle is g = 0.00570.

SEO05: Given a value for stable SUR (below POAH), predict where

the plant will stabilize. o

Example 54.1:
A stable startup rate of 0.4 DPM was just created and power is increasing into
the power range. Assuming that automatic steam pressure control valves
maintain steam generator pressure at 1170 psia, and that the feedwater flow
system can sustain steam generator levels at up to 5% RTP, at what power

level will the reactor stabilize?

Solution strategy: Solve for pyger given SUR, and equate to power level
using power defect from Appendix B Table 2.1.1.
From Table 2.1.1: -102.7 pcm for 5% RTP ==> -20.54 pcm/% RTP.
From SUR Equation: pygr = SUR(B)/(264.4 + SUR) = 76 pcm.
Final stable power = -pyer/Power Coefficient = 3.7% RTP.

Question 5.4.1: In Example 5.4.1, all of the +Ap which was inserted to create
the +SUR (0.4 DPM) was compensated by power defect due to

the increase in steam demand. Where does RCS T, stabilize?

Example 5.4.2
Assume that the reactor is stable and critical at 10% RTP, with equilibrium
xenon conditions and a RCS boron concentration of 1000 ppm. If steam
demand is increased to 20% RTP, and the resultant RCS transient is

compensated for by changing the boron concentration, what final boron
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concentration is predicted? Ignore the xenon transient caused by the power

increase.

Solution Strategy: Appewer + APpoon = 0 (reactor returns to critical)
APgoron = (Average Boron Worth)(A ppm)
Relate required change in boron concentration to desired change

in power using boron worth as a coefficient:

A ppm = -(Power defect)/(boron worth)

Power Defect = -402.4 -(-204.6) = -197.8 pcm for 10% power increase
From Table 2.1.1
Boron worth at 1000 ppm and 565 °F under MOC conditions and

averaging for power level as follows:

Table 2.3.2: 0% RTP: Boron Worth = -8.85 pcm/ppm

Table 2.3.5: 50% RTP: Boron Worth = -8.58 pcm/ppm

Interpolation for average power level during the transient.
15% RTP:  Boron Worth = -8.77 pcm/ppm

A ppm = -(-197.8 pcm)/(-8.77 pcm/ppm) = -22.6 ppm

the negative sign on A ppm implies a dilution or reduction in
boron concentration is required. This positive reactivity
insertion is used to offset the negative reactivity insertion caused

by the power increase.

Question 5.4.2: In Example 5.4.2, reactor power and steam demand were
increased from 10% RTP to 20% RTP. RCS T, was
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maintained by diluting the RCS soluble boron concentration.
How would the plant have responded if steam demand were

increased but no boron dilution was initiated?

SEO06: Given a specified plant power transient, predict (qualitatively)

the resultant xenon transient.

Example 5.4.3:
The power increase in Example 5.4.2 initiates a xenon transient which inserts
+150 pcm over the three hours following the power increase. What
temperature change will occur if no reactivity adjustment is made? What RCS
boron concentration adjustment is required to prevent, or respond to, the

temperature change?

Solution strategy: This example is solved using the fact that following the
power increase from Exampie 5.4.2, steam demand (and consequently steady
state reactor power level) is maintained constant. Reactivity insertions which
occur when power level is constant result in jsothermal temperature changes.
Thus the reactivity insertion is related to a temperature change using the
isothermal temperature coefficient. To prevent, or respond to a temperature
change, the required boron change is related to the reactivity insertion with
the boron worth.
Data: Reactivity insertion: +150 pcm A pxenon
ITC (20% RTP, 1000 ppm, 565 °F)

Table 5.2.2: - 6.34 pcm/°F

Table 5.2.5: -11.25 pcm/°F

Interpolated value: -8.30 pcm/°F
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Boron Worth (20% RTP, 1000 ppm, 565 °F)
Table 2.3.2: - 8.85 pcm/ppm
Table 2.3.5 - 8.58 pcm/ppm
Interpolated value: - 8.74 pcm/ppm

ApXenon + ApTemp =0
ApTemp = ITC(AT)
AT = -Apxeno/ITC = -150 pcm/(-8.30 pcm/°F) = 18 °F

The positive sign is consistent with the fact that a positive reactivity

insertion will result in heating.

Ap}(enon + Ap[!»oron = 0
A pporon = Boron Worth(A ppm)

A ppm = -Apy.,../(Boron Worth) = -150 pcm/(-8.74 pcm/ppm)
A ppm = 17 ppm

The positive sign is consistent with the fact that a positive reactivity

insertion from xenon requires a negative reactivity insertion (boration)

to prevent a temperature increase.

Question 5.4.3:

In Example 5.4.3, the initial effect of the xenon transient is
heating of the RCS. if RCS T, increased by 18 °F, what
happened to steady state steam temperature in the steam

generators?
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... |
S5EOQ07: Identify the initiating cues which are used to determine that

reactivity adjustments are required. _
. ______ ]
Question 5.44: What indications would the operator use to determine that it

was necessary to borate the RCS?

Question 5.4.5: What indications would the operator have to deduce that xenon
was inserting positive reactivity and that compensation was

necessary?

Question 5.4.6: How long after the power increase from 10% RTP to 20% RTP
should the operator expect to have to borate the RCS to

prevent temperatures from isothermally increasing?

Question 5.4.7: If the xenon transient does cause an isothermal temperature
increase of 18 °F, what is the value of RCS T,,, which results?
Question 5.4.8: If the xenon transient does cause an isothermal temperature
increase within the RCS, and the system is held at 20% RTP,

what can be said about steam pressure?

Example 5.4.4:
If the reactor were quickly brought to the following conditions, what RCS
boron adjustment would subsequently be required to prevent temperature
from changing due to the induced xenon transient?
Conditions: Power = 20% RTP
RCS Boron = 1000 ppm

Xenon free
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Solution strategy: After stabilizing power level at 20% RTP, the operator will
experience a xenon transient as xenon builds in to the 20% power equilibrium
condition. Table 2.5.1 in Appendix B indicates that the equilibrium xenon
worth at 20% power is -1524.3 pcm. To relate this reactivity insertion to an
RCS boron adjustment it is necessary to use an average boron worth. Since
boron worth is a relatively strong function of RCS boron concentration it is

necessary to iterate the solution.

Data: APxenon = -1524.3 pcm
Boron Worth: Table 2.3.2: 1000 ppm: - 8.85 pcm/ppm
500 ppm: - 9.08 pcm/ppm
Table 2.3.5: 1000 ppm: - 8.58 pcm/ppm
500 ppm: - 8.82 pcm/ppm
Interpolated @ 20%, 1000 ppm: - 8.74 pcm/ppm

Solution:

Ap)(enon + A")Bomn =0
Appoo, = Boron Worth(A ppm)

Final ppm = Initial ppm + A ppm

A ppm = -Apx.../(Boron Worth) = +1524.3 pcm/(- 8.74 pcm/ppm)
A ppm = - 174 ppm
Final ppm = 1000 ppm - 174 ppm = 826 ppm

Iterate:

Average Boron Worth = (BW,,, + BWq,.)/2
Average Boron Worth = (-8.74 -8.82)/2 = -8.78 pcm/ppm

A ppm = -Apy.../(Boron Worth) = +1524.3 pcm/(-8.78 pcm/ppm)
A ppm = -174 ppm
Final ppm = 826 ppm
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In this case the iteration was not necessary, but until the variation in
boron concentration and the resultant effect on boron worth is
evaluated; the effect on required boron concentration changes can not

be ignored.

Question 5.4.9: How long after having stabilized reactor power at 20% RTP
should the operator expect this xenon transient to have an effect

on changing temperature?

Question 5.4.10:  What indications should be available to the operator that this

reactivity insertion is taking place?

Example 5.4.5:
Assume that the reactor is now stable at 20% RTP, equilibrium xenon
conditions, and RCS boron at 825 ppm. If the steam plant operator increases
steam demand to 30% RTP and the primary system operator neither moves
control rods nor changes the RCS boron concentration, where does the plant

stabilize?

Solution strategy: Increases in steam demand result in increased heat removal
from the primary system. Reduced moderator temperature inserts positive reactivity
and power level increases in response. Increased fuel temperature inserts negative
reactivity and the plant stabilizes at the increased power level with temperature lower
than it should be at that power level. Recall, that in order for the plant to stabilize
at desired conditions after a power change, it is necessary that the operator inserts
reactivity equal to, but opposite in sign from, the power defect for the power change.
Failure to insert the appropriate reactivity results in the reactor stabilizing at the
power level equal to steam demand but with temperature ’off program’. Previous

examples have shown that whenever the reactor is off program, the temperature
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response is an isothermal temperature response. Thus, the solution to this problem
is to relate the resultant AT ¢ o0y tO the power level change using the power defect

for the power level change and the appropriate value of the isothermal temperature

coefficient.
Data: Appowe = -186.7 pcm  (Table 2.1.1)
ITC: Table 5.2.2: 1000 ppm: - 6.34 pcm/°F @ 565 °F
500 ppm: -12.93 pcm/°F @ 565 °F
1060 ppm: - 4.48 pcm/°F @ 540 °F
500 ppm: -10.56 pcm/°’F @ 540 °F
Table 5.2.5: 1000 ppm: -11.25 pcm/°F @ 565 °F
500 ppm: -18.96 pcm/°F @ 565 °F
1000 ppm: - 9.12 pcm/°F @ 550 °F
500 ppm: -16.27 pcm/°F @ 550 °F
Interpolated at 30% RTP, 825 ppm: -11.83 pcm/°F @ 565 °F
- 9.94 pcm/°F @ 550 °F
Solution:

ApPower + Ap’l‘emp = 0
ApTemp = ITC(AT)
AT = -ApPpoue/ITC = 186.7 pcm/(-11.83 pcm/°F) = -15.8 °F

The negative sign is consistent with the fact that increasing steam
demand will result in a decrease in RCS temperature. The value of
the temperature reduction (15.8 degrees) implies that RCS T, ends
up at approximately 550 °F. Thus, an appropriate value for ITC to use
during an iteration calculation would be the average value between the
temperatures of 565 °F and 550 °F. Average ITC =« -10.89 pcm/°F.



196

Iterate:
AT = -App,.../(Average ITC) = 186.7 pcm/(-10.89 pcm/°F)

AT = -17 °F and Final T, ~ 548 °F

In this example, additional iteration is not possible because the data for ITC

at 50% RTP (Table 5.2.5) is not available in the Core Data Book. However,

a valid conclusion can still be drawn: the data indicates that the plant will

stabilize at 30% RTP with T_, less than the minimum required by technical

specifications which is 552 °F (PVNGS Technical Specifications, 1993).

% 3 ok 3k 3k o ok o ok ok

The previous example shows the solution strategy and effects of changing
power level without inserting the required amount of compensating reactivity. The
changes in temperature caused by adjusting steam demand are rapid and decisive.
In fact, the operator uses these changes as initiating cues to either insert
compensating reactivity or halt the adjustment of power..

The process of increasing steam demand and reactor power level, while
simultaneously maintaining RCS T4, requires close coordination between the
operators. One option is for the primary operator to initiate a dilution of the RCS
soluble boron concentration at a specified rate. This positive reactivity insertion
results in an increase in RCS T, The secondary operator uses the change in
temperature as the initiating cue to increase steam demand which reduces T4 and

causes reactor power level to follow the increase in steam demand.

. ___________________ . -}
SEO08: Predict the effect of plant transients on the axial distribution

of power density within the core.
.. . |
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SE009: Explain the mechanism by which plant transients induce
changes in the axial distribution of power density within the

core.

Question 54.11:  If the transient described in Example 5.4.5 were allowed to
occur, what changes would occur in the axial distribution of
power within the core?

3 o e e o e ke ok ok kK

The previous examples have considered step power changes and have
evaluated the effects of power adjustments and xenon reactivity insertions as separate
processes. In reality, power changes are usually ramp changes and xenon reactivity
changes the instant that power starts changing. Normal operating procedures task
the operator to increase power level at a prescribed rate and maintain the RCS cold
leg temperature at the normal design value + a small band. If the operator increases
steam demand and then waits until RCS cold leg temperature starts changing before
initiating a reactivity insertion, it becomes very difficult to maintain both the desired
power ramp and the desired temperature band. Instead, the operator needs to be
able to predict the magnitude of reactivity insertions necessary, the timing of those
insertions, and to be prepared to react in advance to impending changes. Example

5.4.6 considers a one hour ramp from 30% RTP equilibrium conditions and the

simultaneous effects of the xenon transient. The xenon reactivity data is included in

Appendix E.

5EO010: Develop, and evaluate the acceptability of proposed, reactivity

control strategies.
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Example 5.4.6:

Reactor power is to be increased from 30% RTP to 40% RTP at a uniform
rate over a 1 hour period and then held constant for testing. During the
power increase, and subsequent to it, RCS T, is to be held constant at a
value of 565 °F * 2 °F by using RCS soluble boron concentration adjustments.
Determine the required boron adjustments both during and subsequent to the
power ramp for a period of 36 hours. Assume that prior to the power
increase, the reactor is stable and at 30% RTP equilibrium conditions with an

RCS soluble boron concentration of 750 ppm.

Solution strategy: Determine the reactivity insertion due to the power
increase from Table 2.1.1 of the Core Data Book and the insertion due to the
xenon transient from Appendix E. Determine the net insertion of reactivity

during three distinct time frames for the transient:

1. The one hour period during the power increase ramp.

2. The period (3-4 hours) after the power increase while the xenon
transient is inserting positive reactivity.

3. The period (32-33 hours) after the power increase while the xenon

transient is inserting negative reactivity.

Data: Power Defect: 30%-->40% RTP (Table 2.1.1): -181.5 pcm
Xenon Reactivity Change (Appendix E)
During Power Ramp: + 16 pcm
Following Power Ramp:Decreasing + 29 pcm
Following Power Ramp:Increasing -255 pcm
Boron Worth: Interpolate (Table 2.3.2 and 2.3.5)
30% RTP and 750 ppm - 8.81 pcm/ppm

40% RTP and 700 ppm -8.77 pcm/ppm
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Value used for all calculations: - 8.80 pcm/ppm
Solution:
Appomr + APxenon = APner
Apner + APporon = 0

Apg,... = Average Boron Worth(A ppm)

A ppm = -Apygr/(Average Boron Worth)
Power Ramp: Apyer = -18L5 + 16 = -165.5 pcm
0-1 Hours: A ppm = +165.5/(-8.80) « -19 ppm
1-4 Hours : Apygr = + 29 pcm

A ppm = - 29/(-8.80) « + 3 ppm

4-37 Hours: Apyer = -255 pcm

A ppm = +255/(-8.80) = -29 ppm
Total Transient: Apyer = -391.5 pem
A ppm = +391.5/(-8.80) = -44 ppm

Question 5.4.12:  An operator proposes to establish an average boron dilution
rate of 1 ppm/hr, increase steam demand from 30% to 40%
RTP during the first hour and let the plant stabilize at the end
of the 36-37 hour transient at 40% RTP on program. Is this an
acceptable strategy? Why, or why not?

Problem 5.4.1:
Assume that the operator dilutes the prescribed 19 ppm during the one hour
ramp and then waits until the xenon reactivity insertion turns from being
positive to negative before making an additional adjustment to RCS soluble
boron concentration. Would RCS T, remain within the desired bounds? Is

this an acceptable strategy?
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Problem 5.4.2:

Assume that 6 hours after having stabilized the reactor at 40% RTP, the

operator just completed an adjustment to RCS soluble boron concentration

approximately 720 ppm and that RCS T, is 566.5 °F. How long can the

operator wait before adjusting T 4 if the minimum allowed value is 563.5 °F?

Fodok AR

The previous problems and questions are more than mere academic exercises
in using reactivity coefficients and predicting effects. Knowledge of expected trends
(magnitude and direction) allow the operating staff to determine if plant response is
normal or an indication of an abnormal condition. For example, in the time frame
5-10 hours after a power increase the resultant Xenon transient is inserting negative
reactivity and RCS T, should be decreasing at a predictable rate. If RCS T, is
decreasing more rapidly than predicted, then an inadvertent RCS boration event
might be taking place. If RCS T, is constant or increasing, then an inadvertent
RCS dilution event might be taking place. In either case, knowledge of predicted

response allows detection and identification of the abnormal.

Problem 5.4.3:
Assume that the reactor is stable at 80% RTP equilibrium conditions with an
RCS soluble boron concentration of 575 ppm. In a manner similar to
Example 5.4.6, evaluate the reactivity transient and soluble boron
concentration adjustment requirements for a 2 hour ramp power increase to

100% RTP and the ten hours following the power increase.

Question 5.4.13:  What is the expected trend in the axial distribution of power
density as power is increased from 80% RTP to 100% RTP?
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Question 5.4.14:  What is the expected trend in the axial distribution of power
density if steam demand is held constant at 100% RTP and a
xenon transient causes a reduction in RCS T,,?

Question 5.4.15: When steam demand is held constant, a xenon transient induces
a change in RCS T ;. Any reactivity insertion will do the same
if steam demand is not changed. What process is used to
discriminate between a normal temperature change caused by
steady state power operation (fuel depletion) and a temperature
change caused by a xenon transient, inadvertent boration or

dilution, or a slipped or dropped rod type event.

Problem 5.4.4:
The reactor is operating at 100% RTP, under MOC conditions, when an
inadvertent boration increases RCS soluble boron concentration from 600
ppm to 615 ppm. Assuming that no change in steam demand occurs, where

does the system stabilize?

Problem 5.4.5:
The reactor is operating at 100% RTP, under MOC conditions, when CEA
regulating groups 4 & 5 drop into the core simultaneously with a rapid

reduction in steam demand to 60% RTP. Where does the system stabilize?

Problem 5.4.6:
The reactor is operating at 100% RTP, under MOC conditions, when a single
CEA worth 75 pcm drops into the core. Assuming that no change in steam

demand occurs, where does the system stabilize?
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Question 5.4.16:  'What change in steam demand is necessary to restore RCS T4
to the normal control value following the rod drop event in
Problem 5.4.6?

5.5 Fluid Flow Evaluations

. .- ]
SEO11: Given changes in pump or system configuration, predict the

effect on fluid hydraulic parameters such as pumping power,

flow rate, and system or component Ap.
.. _________________________ ]

During the reactor power level increase from 3% RTP to 100% RTP, it is
necessary to align the main feedwater pumps to provide flow into the steam
generators. At low power levels, an auxiliary feedwater pump provides sufficient flow
and requires minimum pumping power requirements. At higher power levels, a
pump with increased capacity is required; while at or near 100% RTP more than a
single main feedwater pump is required. Due to the need to provide a wide range
of flow rates over the full range of power output, feedwater pumps are normally
variable speed pumps which function in conjunction with regulating valves to provide
controlled flow rate to maintain steam generator levels. The use of parallel pumps
and parallel piping system configurations is commonly used in other systems also.
This section develops the tools necessary to evaluate and predict the performance of
such pumping systems.

Fluid flow systems are used as the energy transfer medium in many of the
systems associated with the operation of nuclear power facilities. These systems
involve a variety of components such as pumps, valves, tanks, heat exchangers, ion
exchangers and filters arranged in a combination of series and parailel connections.

System manipulations such as isolating components, starting/stopping additional
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pumps, clogging filters or throttling valves all have the ability to affect system flow
rate and differential pressure across the system or individual components. The
operator and engineer should be able to predict the consequences of such system
manipulations and evaluate the performance of the system.

The evaluation of a fluid flow system is analogous to the evaluation of an
electrical system. Normal convention is to treat the system and the source as two
different portions of the total system and develop characteristics for both. For
example, a battery does not provide constant terminal voltage to a system as the load
(current) passing thru the system increases. Neither does the head developed by a
centrifugal pump remain constant as the flow rate thru the system increases. The
voltage drop across a system depends upon the load flowing thru the system; and the
head loss created by a system due to viscous flow is also dependent upon the flow
rate thru the system.

System head loss describes the pressure drop created by the system from the
discharge of the pump or other head source such as a static reservoir and is a
function of the flow rate thru the system as demonstrated by Equation 5.5.1 which

is commonly known as the Darcy equation (Lindeburg, 1990).

h, = fLv}/2Dg 5.5.1
where: h: = head loss (ft)
f: = Darcy friction factor
L: = piping length (ft)
v: = fluid velocity (ft/sec)
D: = piping diameter (ft)
g: = gravitational acceleration

In situations where the system offers a back pressure to flow; such as static
head in a tank due to level, a spring loaded check valve, or static pressure in a tank

due to vapor or cover gas, no flow will occur until the head available exceeds the
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back pressure. Then, the head loss described by Equation 5.5.1 will occur. Head loss
is related to pressure drop by: Ap = h,;x p. A typical graph of system head loss is
referred to as the system characteristic curve and is provided in Figure 5.5.1 and a
typical fluid flow system configuration is provided in Figure 5.5.2. These two figures
are used to describe the effects of throttling valves, clogging filters, increased back
pressure and valving in a parallel flow path. Any process which results in the system
becoming more resistive to flow results in the system characteristic curve becoming
steeper. Any process which results in the system becoming less resistive to flow
results in the system characteristic curve becoming flatter. Any process which
changes the system back pressure causes the system characteristic curve intersection
with the ’head’ axis moving vertically along that axis. Any process change which
increases the flow rate thru a fixed component causes an increase in the head loss

thru that component.

Question 5.5.1: If HX #1 and HX #2 are identical components, and HX #2 is
initially isolated so that no flow is passing thru it, what effect
does admitting flow thru HX #2 have on the resistance to flow

offered by the system?

Question 5.5.2: Component V, is a spring loaded check valve. What effect does
increasing the spring load have on the system characteristic
curve?

Question 5.5.3: Component V, is a regulating and control throttle valve. What

effect does opening this valve from 30% open to 50% open have

on the system characteristic curve?



Head Loss (peia}
{Thousands}

o
—
e
>
o
o
-
S

5
Flow Rate {100K gpm)
o SHL300T + SHLS00T o SHL 300U

Figure 5.5.1, Typical System Head Loss Curves
Effects of back pressure and throttling

p

ST rg?_%W | v, M
sls

Tz

ST: Surge Tank

P. Pump

F: Fitter

HX: Hoeat Exchanger

Figure 5.5.2, Typical Fluid Ilow System
Configuration

205



Question 5.5.4:

Question 5.5.5:
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If the pumps connected to this fluid flow system are varied to
provide increased flow rate, what will the resultant effect be on
the following differential pressures?

1) Ap(1->4):

2) Ap(1->3):

3) Ap(2->3):

Component F is a fluid filter. If the filter starts to clog and no
other component is adjusted, what will the resultant effect be on

the following differential pressures?

1) Ap(1->4):
2) Ap(1->2):
3) Ap(2->3):
4) Ap(3->4):

SEO12:

Given a pump curve for single pump operation, sketch a

pump curve for multiple pump operation.

Knowing the fluid flow characteristics of the system is only one part of the

solution to fluid flow problems for actual pump-system configurations. The head or

Ap characteristics of the pump provide the source of motive power to cause flow thru

the system. When the pump capacity equals the system loss then flow rate and head

loss stabilize at the ’operating point’ of the configuration. For a given impeller and

casing design and constant speed, the head added to the fluid by a centrifugal pump

will decrease as the flow rate thru the pump increases. Pump manufacturers provide

a ’pump characteristic curve’ for their pumps which can be used in conjunction with

system curves to determine the operating point for the configuration of pump and

system. A typical pump curve is displayed in Figure 5.5.3 for a single centrifugal
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pump operating at constant speed, two identical pumps in parallel and a single pump
operating at half speed. This figure only provides information on head delivered by
the pump. Actual curves provided by the manufacturer also include pump efficiency,
pumping power requirements and the minimum net positive suction head
requirements all as a function of the flow rate through the pump. Pumps can be

configured either in series or parallel arrangements.

1. Pumps in parallel add flow rate at constant head.

2. Pumps in series add head at constant flow rate.

- - |
SEO13: Apply the pump affinity laws.,
L. - ]

If a pump is coupled to a variable speed source and the pump impeller-casing
design maintains constant efficiency characteristics, then the resulting head and flow
rate characteristics of the pump can be predicted using relationships known as the

pump affinity laws (pump laws)(Lindeburg, 1990).

1. (Flow rate),/(Flow rate), = speed,/speed,
2. head,/head, = [speed,/speed, ]
3. power,/power, = [speed,/speed,]*

Question 5.5.6: If the pump curve displayed in Figure 5.5.3 is for a centrifugal
pump operating at 2500 rpm, sketch a curve for the same pump

(no change in impeller efficiency) operating at 5000 rpm.

Question 5.5.7: If the pump curve displayed in Figure 5.5.3 is for a single
centrifugal pump, sketch a curve for two of the same pumps

operating in a parallel pump configuration.
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Figure 5.5.4 displays the system curve from Figure 5.5.1 and the pump curve
from Figure 5.5.3 and depicts the operating point for single pump operation of the
system displayed in Figure 5.5.2. The initial state of the pump-system configuration
is that HX #2 is isolated and the flow rate thru the system is 1 x 10° Ibm/hr.
Consider each of the following questions (5.5.8 thru 5.5.11) separately and use Figure

5.5.4 determine the effect of the manipulation identified.

Question 5.5.8: If HX #2 is unisolated, then
1. Pump Ap (p,-p,): increases, decreases, remains constant.

2. mass flow rate: increases, decreases, remains constant.

Question 5.5.9: If pump #2 is started and its discharge valve fully opened, then

1. mass flow rate: increases, decreases, remains constant.
2. HX #3 Ap (ps;-p,): increases, decreases, remains
constant.
15
14+
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Figure 5.5.3, Typical Pump Head Delivery curves:
Single pump at two speeds and parallel identical pumps
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HEAD vs FLOW: PARALLEL PUMPS

System and Pump curves
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Figure 5.5.4, Combined Pump-System curves:

Operating Point Determination

Filter F begins to clog causing a reduction in system mass flow
rate to a lower value, then
1. Pump Ap (p,-p,): increases, decreases, remains constant.

2. HX #3 Ap (p;-ps): increases, decreases, remains constant.



Question 5.5.11:

Question 5.5.12:

Question 5.5.13:

Question 5.5.14:

Question 5.5.15:
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If regulating valve V, is throttled down from 50% open to 40%

open, then

1. System mass flow rate increases, decreases, remains
constant.

2. Differential pressure (p,-p,) increases, decreases, remains
constant.

3. Differential pressure (p;-p,) increases, decreases, remains
constant.

The steam generators are being supplied by two identical
feedwater pumps running at the same speed with regulating
valves on each in the same position. If the steam generator
pressure is suddenly reduced and no pump speed changes or
valve position changes occur, what happens to the flow rate of

feedwater into the steam generators? Why?

A second feed pump has just been started at 2500 rpm while the
first feed pump is operating at 4800 rpm. Does the second feed
pump need to be increased to 4800 rpm to deliver any flow into

the steam generators?

The feed pumps are operating at constant and equal speed
supplying the steam generators. If regulating valves are slowly
throttled down, what must happen to pump speed if the system

mass flow rate is to be maintained constant?

High pressure safety injection pumps are constant speed

centrifugal pumps which deliver borated water into the RCS
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during certain upset conditions. What happens to the flow rate

delivered by these pumps as the RCS pressure is decreased?

5.6_Spatial Distribution of Power Density

SEO14: Identify the factors which contribute to the spatial variations

of power density within the core.

SEO15: Predict whether or not a specified plant transient will
exacerbate or mitigate spatial variations in core power

density.

The nuclear core at PVNGS is rated to produce 3800 Mw(thermal). Based
on design information included in Chapter 1, approximately 55,000 fuel pins (12.5 ft
each) and 6.9 x 10° feet of fuel pins are present in the core. Consequently, the
average fuel pin produces 68.8 kw and the average linear heat rate which exists in the
core at 100% RTP is 5.5 kw/ft. However, "A striking characteristic of thermal
conditions existing in any core design is the large differences among conditions in
different spatial regions of the core" (Todreas and Kazimi, 1990). To determine if
thermal conditions are approaching a limit, it is necessary to evaluate the limiting
parameter (such as linear heat rate) at the peak (or hot spot) location within the
core. Some fuel pins produce subsianiiaily more (less) than 68.8 kw. Ali fuei pins
have a hot spot. The hottest foot of the hot pin has thermal conditions much closer
to thermal limits than indicated by core average conditions. The following rhetorical

questions are posed to introduce the scope of this section.
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1. What features of core design/construction/operation lead to spatial
variations in thermal conditions?

2. Can expected transient conditions exacerbate the spatial variations in
thermal conditions.

3. How are average thermal conditions and peak (hot spot) thermal
conditions related?

4, What thermal conditions are evaluated and pose operating limits?

The spatial variations in thermal conditions throughout the nuclear core derive

from the following features:

1. Coolant is heated as it passes thru the core so that the exit

temperature exceeds the inlet temperature [Q = mC,(To,~-Tin)l

2. Coolant passing thru the core experiences a pressure drop due to
viscous flow so that T,,(Exit) < T,,(inlet).

3. Power production within the core is not uniformly distributed so that
coolant heating is not uniform.

4. In some core designs, coolant flow rate is not uniform throughout the
core due to flow orificing of specific channels.

5. The relationship between bulk coolant temperature in any location and
the corresponding fuel temperature in that location depends upon the

power generated in that region and the heat transfer characteristics of
that region [Q = UA(Ty-Touw)]

6. Local power density depends upon fuel density and neutron flux
(principally thermal flux) in that region.

7. Fuel density varies significantly due to fuel assembly types and
irradiation histories. Typical loading patterns place high enrichment

assemblies near the core center and low enrichment (or previously
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burned) assemblies near the core edges. Even though this pattern
promotes power density peaking in the central regions of the core, it
is used to reduce power generation near the core edges. Lowering the
peripheral power density reduces the fast neutron leakage from the
core, reduces fuel costs, and helps extend the useful lifetime of the
reactor pressure vessel by reducing the neutron enbrittlement rate.

8. Locai flux depends both on local power density (since fissions produce
fast neutrons) and neutron diffusion processes. In general neutron flux
is high in the central regions of the core and low near the edges and
top/bottom of the core. The temperature gradient across the core
causes a moderator density gradient which impacts neutron diffusion
processes. Consequently, flux is peaked in the bottom of the core
(colder water) and suppressed in the top of the core (hotter water).

9. Fuel assembly loading and control rod placement are performed in a
symmetrical manner such that the core is comprised of 4 or 8 equal
azimuthal segments. Control rods are then moved in symmetrical

patterns so that all of the segments are affected uniformly.

The combination of fuel loading patterns, control rod locations, control rod
operation and the resultant flux profiles create a non-uniform power density profile
in both the radial and axial direction within each of the supposedly equal quadrants
or octants. It is possible that the maximum local power density under normal
operating conditions is more than twice the global average power density. Each fuel
cycle is analyzed to assure that even though these variations exist, they do not result
in peak thermal conditions exceeding a failure limit. However, abnormal conditions

can result in local power density increasing and the margin to the limit decreasing.
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Examples include:

1. Mis-positioning control rods within an assigned group causing the
design symmetry to be disrupted.

2. Mis-loading a fuel assembly such that a high enrichment assembly is
placed into a location designed for a low enrichment assembly.

3. Dropping a control rod or control rod subgroup and maintaining core
total output power.

4. Unequal steaming of steam generators so that cold leg temperatures
returning to the core are significantly different.

J. Increasing total core power output so that global average power density
and peak power density are both increased.

6. Creating a situation in which global average power density is
maintained constant but local power density oscillates between a high
value and a low value in a divergent manner.

Global average thermal conditions are easily estimated by measuring total core

power output and thermodynamic conditions of the fluid.

L. __ _ . _ ____ . ]
SEO16: Predict core thermal hot spot conditions.

Problem 5.6.1:
The coolant exiting the core at 3800 Mw(thermal) is at a nominal bulk
average temperature of 623 °F with a pressure of 2250 psia. Determine the
amount of subcooling in °F, the amount of subcooling in psia, and the

enthalpy-margin-to-boil in btu/lbm for the coolant.

Problem 5.6.2:
If the average linear heat rate is 5.5 kw/ft at 100% RTP, what is the average
linear heat rate at 75% RTP?
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Problem 5.6.3:
If the average linear heat rate is 5.5 kw/ft at 100% RTP, what is the average
heat flux (btu/ft>-hour) at the surface of the fuel pin cladding at 100% RTP?

Question 5.6.1: If the peak linear heat rate is 2.19 times larger than the global
average linear heat rate, how does the peak fuel pin heat flux

compare to the average fuel pin heat flux?

e ofe o ok ok ok ok ok k-

To determine peak conditions it is necessary to measure or predict power
distribution and use that distribution to infer thermal conditions. Consideration must

be given to engineering and measurement uncertainties.

“Starting with a core average condition such as linear
power rating...nuclear power peaking factors, overpower
factors and engineering uncertainty factors are
sequentially applied, leading to the limiting value".
(Todreas and Kazimi, 1990)

The limiting or maximum peak value is then compared to the failure limit to
determine if a limit has been exceeded. The sequential application of multiplicative
peaking factors is demonstrated as follows:

1. Nominal steady state full power core average power density is
multiplied by the radial peaking factor to determine the axial average
power density in the peak radial pin at nominal steady state fuil power.

2. Axial average power density in the peak radial pin is multiplied by the
axial peaking factor to determine the nominal peak power density in
the peak radial pin at nominal steady state full power.

3. Nominal peak power density in the peak radial pin is multiplied by the
local flux peaking factor and the measurement uncertainty factor to
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determine the maximum peak power density in the core at nominal
steady state full power.

4. Maximum peak power density at nominal steady state full power is
multiplied by the overpower factor to determine the maximum peak
power density in the core for a design overpower event which was
initiated from nominal steady state full power level.

5. The maximum peak power density is compared to the failure limit
(peak power density which would result in failure) to determine the

margin-to-failure for the specified transient.

Radial peaking factors and axial peaking factors can change throughout the
fuel cycle due to depletion of fuel and the redistribution of the flux profile caused by
that depletion. Control rod alignment, asymmetric steaming, dropped control rods
and power density oscillations can cause either of these peaking factors to change
over a short period of time. It is necessary to monitor these peaking factors by
monitoring the actual distribution of power within the core and continually update
the margin available for both steady state and design transient conditions. At
PVNGS the in-core flux detector system provides the ability to monitor 305 specific
locations and generate both axial and radial profiles which can be used to perform
that task.

The specific thermal conditions which are monitored for approach to limits are
quality margin of the bulk coolant, linear heat rate, and the departure from nucleate
boiling ratio (DNBR). Quality margin is a measure of the bulk coolant enthalpy at
a specific location compared to the saturation enthalpy for the bulk pressure. It is
similar to measuring the amount of subcooling of the bulk fluid. Linear heat rate is
used to assure that local power density is not high enough to cause fuel melting. Fuel
melting would result in molten fuel material (uranium-plutonium oxide) coming in
contact with the cladding and causing cladding perforation. DNBR is monitored to

assure that the coolant remains in the nucleate boiling regime where heat transfer
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coefficients are large and cladding surface temperature is kept relatively low. If the
coolant experiences DNB then cladding temperatures will escalate and cladding
perforation will occur. Cladding perforation is avoided to maintain the cladding
intact to act as a barrier between the coolant and the excessively radioactive fission
products contained within the fuel material (PVNGS Technical Specifications, 1993).

On-line calculators called the core protection calculators use a variety of inputs
to calculate the real time value of worst case linear heat rate and DNBR for each of
the four core quadrants, compare those calculated values to a limiting condition and
initiate a reactor trip if the calculated value equals the limiting value or setpoint.
Since each of these calculators performs the calculation on a specific core quadrant,
the assumption is made that each quadrant is producing more power than the others.
This is accomplished by using an azimuthal tilt peaking factor which multiplies the
measured power level prior to performing the calculation. If the actual core
distribution results in an azimuthal tilt greater than the tilt peaking factor used, the

tilt peaking factor must be updated by the operator.

SEO17: Identify the PVNGS safety limits, trips and LCO’s which are

related to or based on spatial variations in power density.
.- ]

The inputs of these calculations are:

Linear heat rate (kw/ft):

Core Power
Radial distribution
Axial distribution
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DNBR:
Core Power
Radial distribution
Axial distribution
Core inlet temperature (RCS T,,)
RCS pressure

Coolant flowrate thru the core

To demonstrate the method behind these calculations, the following example
will outline the calculation of the quality margin on a theoretical fuel pin which is
referred to as the pseudo hot pin. First the core is divided equally into 20 axial slices
and the peak radial power location in each axial node is determined. Coolant with
inlet temperature of RCS T4 and RCS flowrate is allowed to enter the first node.
The inlet enthalpy is determined from the inlet temperature and pressure. The exit

enthalpy from the first axial slice is determined by using heat transfer equations.

Qloal = m(houl'hin)

houl = hin + OIml/m

The exit pressure for the axial slice is estimated and the saturation enthalpy
determined. The exit enthalpy is compared to the saturation enthalpy to determine
the margin and then the exit enthalpy is assumed to be the inlet enthalpy to the
second slice even if the radial peak in the second slice is at a different location than
the first. The calculation is repeated is succession for each slice with the exit

enthalpy at each node being compared to the saturation enthalpy at that location.
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Thus the coolant is artificially assumed to always be heated by the hottest location

in the core as it progresses up the core.

In the case of DNBR, the calculator generates a heat flux profile for the hot

channel and compares that profile to the predicted profile for critical heat flux. The

predicted profile for critical heat flux is generated by a vendor specific correlation

which uses temperature, pressure, flowrate and fuel pin design parameters. DNBR
is the ratio between these two profiles [DNBR = Ciritical heat flux/Actual heat flux).

The relationship between these profiles and a plot of DNBR is displayed in Figure

5.6.1. which clearly indicates that the point of minimum DNBR is not at the core exit.

SEO18:

~ Evaluate the effects of spatial variations in power density.

HEAT FLUX RELATIVE VALUE

0s

TS S S TN S S OIS NN UG T T R EEY VA S W I
20 40 60 80 100
AXIAL POSITION (%)
ACTUAL HEAT FLUX + CRITICAL HEAT FLUX © DNBR/2

Figure 5.6.1, Evaluation of DNBR using CHF and

Actual Heat Flux Profiles
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Question 5.6.2: If the RCS pressure is reduced, what happens to the DNBR

margin? How is this explained using Figure 5.6.1?

Question 5.6.3: If RCS T4 increases, what happens to the DNBR margin?
How is this explained using Figure 5.6.1?

Question 5.6.4: If the RCS flowrate decreases, what happens to the DNBR

margin? How is this explained using Figure 5.6.1?

Question 5.6.5: If a dropped control rod results in an increase in the radial
peaking of power density, what happens to the DNBR margin?
How is this explained using Figure 5.6.1?

Question 5.6.6: If core power increases from 100% RTP to 105% RTP with no
change in distribution, what happens to DNBR margin? How
is this explained using Figure 5.6.1?

Question 5.6.7: If core power is held constant and power density redistributes
toward the top of the core, what happens to the DNBR margin?

How is this explained using Figure 5.6.1?

Another situation associated with spatial distribution of power is power density
oscillation caused by variations in the local xenon concentration and the resultant
reactivity insertions. In terms of control system thecry, the initial portion of a xenon
transient (first few hours) produces positive feedback. Consequently, if power density
is reduced in one region of the core, over the next few hours the local xenon change
will insert negative reactivity and the local power density will continue to decrease.
However, if total core power is maintained constant, then local power density in some

other region of the core must increase which results in a positive reactivity insertion
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due to the local xenon transient. Thus local power density in the second region of
the core continues to increase. After a few hours, the xenon feedback changes from
being positive in nature to negative in nature and power density continues to
redistribute. In large cores, with significantly non-uniform axial power density profiles
this xenon effect causes an oscillation of power density from the top of the core to
the bottom of the core. If the oscillation is divergent in nature and is allowed to
continue in an unchecked manner, then ultimately the local power density will exceed
a limit. The monitoring and control of these axial oscillations is extremely important.

The axial oscillation of power density is caused by the effects of a local
reactivity insertion from xenon. Control is effected by inserting reactivity into the
core in specific regions to dampen the oscillation. As power density is moving into
the upper portion of the core, negative reactivity is selectively inserted in that region
and the oscillation is temporarily dampened. The mechanisms available to selectively
insert negative reactivity into the top of the core are control rod insertion, increasing
RCS T4 while maintaining reactor power constant, and increasing power level while

maintaining RCS T4 constant.

L. .- |
5EO19: Given a plant transient or parameter change, predict the

effect of that transient on spatial variations in power density.

Question 5.6.8: Develop a cause and effect scenario to explain why increasing
RCST

negative reactivity to be inserted into the upper portion of the

while maintaining reactor power constant causes more

cold

core than the lower portion of the core.

Question 5.6.9: Develop a cause and effect scenario to explain why increasing

reactor power level while maintaining RCS T4 constant causes
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more negative reactivity to be inserted into the upper portion of

the core than the lower portion of the core.

3k 3k ok ok 3 o o 3k %k Kk

At PVNGS a parameter known as axial shape index (ASI) is used as the
monitoring and control parameter to control the axial distribution of power with in
the core and provide data for the decision to effect control of the axial power density
oscillations. ASI is defined as the power generated in the lower (L) portion of the
core minus the power generated in the upper (U) portion of the core divided by the

total power generated within the core (L+U).

ASI = (L-U)/(L+U)

The value of ASI is provided by output from the in-core flux detector system
and is displayed on a strip chart recorder available to the operators. A control value
is determined for ASI and the axial oscillation of power density is monitored by
comparing the current value and trend of ASI to the control value. Control action
is taken by operations personnel when power density is moving into the top of the
core. Interms of ASI: control action is taken when ASI is crossing the control value
for ASI heading in the negative direction. Since the driving force behind the axial
power density oscillation is the xenon transient, the time frame for the oscillation is

on the order of magnitude of several hours.

Question 5.6.10:  What characteristics of xenon production and removal processes
are the key determinant of the timing of the power density
oscillation?

ok ok e ok A ok ok %k %k k-
At PVNGS, the power density oscillation has a full cycle time of 26-30 hours.

Even though the oscillation can be divergent and would ultimately result in local



223

power densities exceeding a limit, the long cycle time for the oscillation provides

sufficient time for the manual control intervention described above.

5.7 Calorimetric Evaluations of Power

SE020: ‘Specify the need for and methods of calorimetric

measurement of reactor power.

Neutron detectors (fission chambers or ion chambers) are used to provide an
electronic signal proportional to the reactor core power level by detecting core
leakage flux which is assumed to be proportional to core power. These signals are
used as input to control systems and reactor protection systems [different detectors
and separate systems for each] and must be calibrated against an accurate value of
power level which is obtained by measurements of thermodynamic data;hence, the
name calorimetric. If the electronic signal is not properly calibrated then one of two

undesirable conditions can exist.

Case 1: Indicated power < Actual core power

The control system will allow the reactor to operate at 100 % indicated power
but actual power will exceed 100 %. The core is operating at too high of a power
level and is too close to thermal limits but the reactor protection system is incapable
of detecting the high power level. The reactor protection system safety margin has
been reduced. The design criteria for reactor protection systems require that actual
power is never more than 2 % greater than indicated power level. Thus a trip
setpoint of 110% RTP makes allowance for actual power being at 112% RTP at the

time of trip initiation from an indicated value of 110 %. This requirement in turn
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imposes accuracy criteria on the methodology for performing calorimetric power

signal calibrations.

Case 2: Indicated power > Actual core power

The control system will allow reactor output to be taken to 100 % indicated
power. However, actual thermal output will be less than 100 % as will be electrical
power generation which costs the utility in reduced revenue. If turbine output were
to be increased to bring electrical output up to 100 % of nominal power, then the
reactor would load follow. Indicated core power would exceed 100 % which is a
violation of license agreements with the NRC. Also, if the deviation is too large, a
reactor trip at 110 % indicated power could even occur even though actual power
were less than 100 %.

The methods available for calculating reactor power from thermodynamic data

depend upon the reactor plant system configuration. See Figure 5.7.1: General

System Diagram.

Basic Principles:

QPrimary = QRx + QRCP - Qboss

Qmmnry = IilPﬁCp(Thoz - Tea)

if Qrep and Q. are known, then measurement of s, Ty, and T, allows

the calculation of with appropriate allowance for the propagaiion of measurement

At steady state:

Q.l’rimnry = Q.S/G - Q.Secondnry

Q.Secondary = 1t Feed{Psteam = Nieed)
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again, measurement Of pj peeqs Ngpeam from Pg,,r, and hg 4 from T, 4 will allow

the calculation of Qg,

SEO21: Specify why secondary plant calorimetrics have less

uncertainty than primary calorimetrics.

The secondary calculation is more accurate because of decreased

measurement uncertainty.

Primary: mpq inferred from RCS AP across the S/G.

Temperature input to enthalpy has large uncertainty.

Question 5.7.1: Assume that RCS loop AT is measured by separate instruments
for Ty, and T,y and that each have the ability to measure
actual temperature + 1 °F. What is the contribution of this

measurement uncertainty to the uncertainty of RCS loop Ah?

SEO22: Explain the principle of operation of Ap type flow meters.

Question 5.7.2: Would it be a sound engineering decision to install an accurate
AP type flow meter in the primary system to provide accurate

flow rate data? Why, or why not?

Secondary: g In€asured using a Venturi Flow meter with relatively low

uncertainty
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Question 5.7.3: What is the principle of operation of a Venturi flow meter?

3 2k 3k 3K 2k 2k sk ok 3k 3k %k

Pg,.., input to enthalpy has low uncertainty

Question 5.7.4: Assume that Pg,,, is 1100 psia + 50 psia. What is the range of

steam enthalpy which would result?

. ... .. ]
SEO023: Given a set of plant conditions, evaluate the expected

difference between actual core power and the calorimetric

thermal power calculation.

The sources of error for the determination of Qg, are:

1. Faulty values for RCP and LOSS terms

2. Venturi Flow meter fouling or erosion leading to increased uncertainty
in the zjp.q Measurement

3. Failed sensors for Py, or Tg.4 leading to increased uncertainty in the
determination of Ah across the S/G

4. Failure to account accurately for blowdown heat losses from the S/G

This last source of error requires further discussion. The calculation for Qs,,

assumes that all feedwater (i p.q at €nthalpy hg..4) is heated in the S/G to saturation
conditions and then boiled resulting in a final value of hg,,,. In reality, some of the
feed flow which enters into the S/G is taken away as blowdown flow to help maintain
the purity of feedwater and consequently protect the S/G from accelerated corrosion.

The value of blowdown flow rate and heat removed by blowdown must be accounted
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for in the calculation of Qg,. If the value of Qpmaows is NOt accurate then Qg, will

be inaccurate and not representative of the actual core power.
Blowdown flow rate is varied at periodic intervals to increase the impurity

removal rate and stir up sludge in the S/G (PVNGS Procedures, 1993). Assuming

that (g,(actual) = Qg.(calculated), consider the effects of increasing the blowdown
flow rate but not updating the Qg, calculation to reflect the new flow rate. The

value of Qg,(calculated) does not change, but the increased heat removal from the
RCS due to increased blowdown will provide reactor feedback and cause an increase

in Qgy(actual) and the electronic power signal generated by the nuclear instruments.

Since reactor power instrumentation is compared to, and calibrated by the value of

Qrs(calculated), the increase in blowdown flow rate will result in the condition where

Reactor Power;,giaed = Qrs(actual) > Qg (calculated). Since the calculated value
of reactor power is used to calibrate the nuclear instrument, the indicator would be
calibrated to a lower power level and the condition which would then result is that
actual reactor power would be greater than indicated reactor power. Conversely, if

actual blowdown flow rate is smaller than the value used in the calculation,

Qrx(actual) would be less than Qg,(calculated). If the nuclear instruments were then

calibrated to the calculation, actual reactor power would be less than indicated
reactor power level.
To prevent blowdown flow from being a source of error in the calorimetric

determination of power level, 1) flow rates and heat removal rates must be accurately
measured, 2) and the calculation of (g, must be updated whenever blowdown flow

rate is changed. On a frequent basis, operators compare the value of Qg,(calculated)

to the value indicated by the nuclear instruments. If the difference between these

two values exceeds some threshold value (say 2% RTP) then the electronic
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instrumentation is adjusted so that they match. This process is referred to as a
calorimetric calibration of instrumentation. On a routine basis the operators refer
to both the value of the calculated reactor power and the nuclear instrument value

of reactor power and control both within plant specific limits.

Question 5.7.5: If core power is maintained at 100% RTP, what processes occur
over time which could cause a change in the power indicated by

the ex-core neutron detectors?

Question 5.7.6: During a refueling outage, a low leakage core is loaded. The
net effect is to reduce the fuel density near the core periphery
and increase the fuel density in the central regions of the core.
What is the impact of this loading scheme on the ex-core

neutron detector output?

5.8 Dropped Rod Events

SEO024: Predict the effects of a dropped rod event.

SEO25: Develop strategies which mitigate the consequences of a
dropped rod event.

SEO26: Predict the effects caused by the xenon transients initiated
by a dropped rod event.
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The situation described in Problem 5.4.6 identifies part of the effects of a
dropped rod event. The rapid insertion of reactivity causes reactor power to quickly
decrease. However, if steam demand is not also reduced, the mismatch between heat
production and heat removal causes RCS temperature to decrease and reactor power

to return to a value equal to steam demand.

Problem 5.8.1:
Assume that the reactor is operating at 100% RTP at MOC conditions with
500 ppm of soluble boron. A control rod worth -50 pcm drops into the core.

Where does the system stabilize if steam demand is not reduced?

Question 5.8.1: What factors impact the reactivity worth of a control rod which
might drop into the core? What factors impact the magnitude
of ITC which limits the temperature response to the dropped
rod event? Is the answer to Problem 5.8.1 typical of all possible

rod drop events? Why, or why not?

To return RCS T4 to the normal value of 565 °F, it is necessary to either add
positive reactivity by diluting the RCS soluble boron or reduce steam demand. If the
RCS is diluted, then the reactor would return to normal rated power and
temperature conditions. However, the dropped CEA would be creating a local
reduction in power density and consequently power density must be peaked in other
regions of the core. If the dropped rod is not the single central contro! rod, then the
dropped rod has also created a non-uniform redistribution of power which is known
as a "tilt". The effects of this redistribution of power density is to cause some
portions of the core to be closer to thermal limits. The option of choice is to reduce
steam demand to reduce both average and peak power density in the core while

returning RCS T4 to the normal control value.
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Problem 5.8.2:
Continue with Problem 5.8.1. How much must steam demand be reduced to

result in RCS T, being returned to the normal control value?

Question 5.8.2: What are the effects of the xenon transient which results from
the dropped CEA event if the CEA is left fully inserted?

Question 5.8.3: If a symmetrical subgroup drops into the core, is a tilt created?
Is power density redistributed? Is the core closer to or farther

from thermal limits in this case?
Question 5.8.4: If the tilt can not be corrected by withdrawing the dropped

CEA, what other actions can be taken to reduce the long term

effects of the power density redistribution?

5.9 Reactor Power Cutback Events

SEO27: Predict the effects of a RPCB event.

SEO28: Develop strategies to recover from the consequences of a
RPCB event.

5E029: Predict the effects caused by the xenon transients initiated
by a RPCB event.
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The situation identified in Problem 5.4.5 is known as a Reactor Power Cutback

(RPCB) event. This event is activated by a control grade instrumentation system

whose purpose is to avoid a reactor trip. A RPCB attempts to quickly reduce reactor

power to a level which is within the capacity of the heat removal system. Two

initiating sequences are common.

1.

Loss of Main Feedwater Pump: the remaining feed pump(s) is (are)
incapable of delivering feedwater into the steam generators at a rate
compatible with the continued production of 100% RTP. The RPCB
system actuation automatically reduces turbine steam mass flow rate
and drops pre-selected control rod groups. If these actions are not
taken quickly, steam generator level will decrease and initiate a reactor
trip.

Large load reject: a rapid large or complete reduction in electrical
generator output results in 100% steam flow and 100% reactor power
no longer being required. Steam bypass valves have the capacity to
dump about 60% steam flow directly into the condenser. Thus the
reactor can be kept on line and hopefully the turbine-generator
realigned to distribute electrical power in a short time. If the bypass
valves can accommodate 60% RTP, then reactor power must be
quickly reduced to about 60% power or the RCS will heat up and
pressure will increase which initiates a reactor trip. Again, pre-selected
control rod groups are dropped into the core to effect the rapid

reduction in power.

For the reactor to stabilize in a RPCB event or any other transient, the

following two conditions must exist.

Reactor power = Steam demand

Apn.: = 0 [Reactor is critical]
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The two reactivity insertion mechanisms interacting in the RPCB event are the
CEA insertion and the power defect. Thus, Apgoas + A PpowerDetect = A Pet With A Prods

being a negative quantity and A ppoyer petet PEING @ pOSitive quantity.

If Apy., = 0, then the reactor power stabilizes at steam demand with
Tea = 565 °F.
If Apye > 0, then the reactor power stabilizes at steam demand with
Teq > 565 °F.
If Apy, < 0, then the reactor power stabilizes at steam demand with
Teq < 565 °F.
Problem 5.9.1:
Use data from the core data book under MOC conditions at 100% RTP to
evaluate where the reactor will stabilize following a RPCB event in which
steam demand is reduced to 60% RTP and the RPCB event drops both
Regulating Groups 4 & § into the core. Assume that the RCS is at a soluble
boron concentration of 500 ppm.
AR A Ak KK
Following a RPCB event, a xenon transient will insert reactivity which will
either cause a change in RCS T, necessitate a change in power level,or require

changes in soluble boron concentration or CEA position to prevent T, from

changing. The xenon transient for a RPCB event is included in Appendix E.

Problem 5.9.2:
Devise a strategy to be implemented after a RPCB event which allows the
reactor to remain at 60% RTP, T4 to remain at 565 °F, and permits the
regulating rods to be withdrawn to the Group 5 at 110 inch position over a 2

hour period.
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Problem 5.9.3:

Devise a strategy to be implemented after a RPCB event which allows the
reactor to be returned to 100% RTP, T, to remain at 565 °F, and permits
the regulating rods to be withdrawn to the Group 5 at 110 inch position over

a 2 hour period.

5.10 Reactor Trip Events

. ]
SEO30: Given a plant parameter which is used to initiate a Reactor

Trip event, state the basis for that parameter being used.

A reactor trip (SCRAM) is a manual or automatic insertion of most or all of
the control rods of a nuclear facility. The purpose of the trip is to rapidly and
completely cause the reactor to become extremely subcritical. In such a case, all of
the roots of the In-hour equation are negative and reactor power decreases very
rapidly. Once the "reactivity control" safety function has been established by the
reactor trip, the attention of the operating staff can be directed to mitigating the
consequences of or correcting other off normal conditions. If the core reactivity is
not controlled, and the reactor not forced subcritical, then heat removal or pressure
and inventory control must take a second seat because reactor dynamics principles
dictate that a supercritical reactor will increase in power until the positive reactivity
is removed or negative reactivity is rapidly inserted. A reactor trip which successfully
completes will establish a subcritical reactor from which the fission rate is quickly no
longer a problem for the heat removal systems to accommodate. Following the
successful reactor trip, the heat sources which must be accommodated are stored
energy and decay heat which are sufficient to cause cladding damage but capabie of

being handled even with systems which have degraded capability.



The reasons for tripping a reactor can be summarized as follows:

1.

POWER:

Power is increasing too rapidly

Power is at too high of a level

Power density in a local region is too large
Fuel melt may occur
Boiling crisis may be reached

FLOW:

Flow rate is decreasing too rapidly

Flow rate is too low

The Power/Flow ratio is too large (boiling crisis)

PRESSURE & INVENTORY:

Pressure is dropping toward P,

Level is dropping and the core is in danger of
being uncovered

Primary coolant (radioactive) is leaking from the
RCS and getting too close to the PUBLIC

HEAT REMOVAL:

Too large: Reactor power will follow

Too low:  Reactor system will heat up and pressurize

COMBINATION OF THE ABOVE:

Power is slightly too high

Flow is slightly too low

Pressure is slightly too low

Inlet temperature is slightly too high

Power density is peaked in one location

235
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Under the combined conditions listed in item 5 above, the boiling crisis could
be at hand and a sophisticated calculator and code are required to calculate the
approach to the boiling crisis. A computer/calculator uses process inputs and
determines if the boiling crisis is being approached. If the limit is exceeded, a reactor
trip is initiated. At PVNGS, the actual parameter which is calculated as an indication
of the approach of the boiling crisis is DNBR which was discussed in Section 5.6.

Some nuclear facilities utilize power-to-flow ratio as an indication of the approach to

the boiling crisis. The convective heat transfer equation [ = 5 C,AT] provides the
basis of this model. If (/4 increases, then AT must also increase. Since inlet

temperature is held constant, an ‘ncrease in (/7 beyond limits implies that core exit

temperature is approaching the boiling crisis.

The actual parameters which are monitored to initiate a reactor trip vary
between reactor systems, vendors and types. However, the following discussion is
typical of what might be found in a PWR type system. Generally speaking, at least
three separate channels of safety grade instrumentation are monitored for each
parameter and two of these channels must simultaneously indicate a trip condition
before the reactor will trip. Some nuclear power plant designs utilize four separate
channels of safety grade instrumentation to monitor each parameter and process.
The four channel design allows a single individual channel to be taken out of service
for maintenance or calibration and still provides two-out-of-three channel protection.
Any time a critical parameter is trending toward a limiting condition (set point), the
human operator has the ability to manually initiate a reactor trip before the

automatic protection system does so.

Question 5.10.1:  Consider the case of a reactor system with three channel
protection systems. Assume that a single channel is taken out
of service for maintenance and placed in the tripped condition.

While maintenance activities are in progress, a detector or
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sensor in one of the two remaining operable systems fails and
enters the tripped condition. What would this single instrument

failure do to the reactor status?

Question 5.10.2:  Consider the case of a reactor system with four channel
protection systems. Assume that a single channel is taken out
of service for maintenance and placed in the bypassed (not
tripped) condition. While maintenance activities are in progress,
a detector or sensor in one of the three remaining operable
systems fails and enters the tripped condition. What would this
single instrument failure do to the reactor status?

3 3k o ok 3k ok ok o 3%k Kk

Typical reasons for initiating a reactor trip include:

1. Reactor power is too high or increasing too rapidly while the reactor
is in the "power range". Normally set at about 110 % RTP.

2. Reactor power is below the point-of-adding-heat (POAH) but is too
high or increasing too rapidly. This trip setpoint protects against
positive reactivity insertions below the POAH where temperature
dependent feedback does not occur. This trip function can be bypassed
during a controlled power increase.

3. Pressurizer pressure is too low which implies a leak from the RCS,an
approach to saturation conditions by the RCS fluid, and the potential
uncovering of the core. This condition is referred to as a loss of
coolant accident (LCCA).

4. Pressurizer pressure is too high which implies a loss of heat removal
and a challenge to the RCS piping.

S. Containment pressure is too high which implies a leak of high energy

fluid into the containment atmosphere. If a LOCA exists then each
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pound of leaking fluid carries approximately 600 btu into the
containment atmosphere. If main steam at 1100 psia is leaking from
the secondary system into containment, then each pound of leaking
fluid carries approximately 1190 btu into the containment atmosphere.
Steam generator pressure is too low which implies a loss of secondary
coolant, an increase in heat removal, and a cooldown of the reactor
coolant.

Steam generator level is too low which implies a loss of feedwater flow
into the generator and an impending loss of heat removal from the
primary system.

Steam generator level is too high which implies that moisture may be
carried over into the turbine and cause damage. If the turbine is to be
tripped, the reactor must also be tripped.

Reactor coolant system flow rate is too low as indicated by the
differential pressure across the steam generator which implies that hot
leg temperature will be increasing toward saturation conditions due to
the power/flow imbalance.

Local power density (kw/ft) is too high which implies that the limiting
region of the core is in danger of approaching limiting fuel
temperatures.

The calculated value of DNBR is too low which implies that the boiling
crisis is being approached and that cladding temperatures will increase

significantly unless heat flux is reduced.

SEO31:

Given plant data, predict the power level which will result

due to the instantaneous effects of a reactor trip.
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The evaluation of the dynamics of a reactor trip can be completed using two
different models to reach similar conclusions. The first model assumes that the
reactor trip is an instantaneous insertion of a large quantity of negative reactivity.
The second model assumes that the reactor trip is a rapid insertion of negative
reactivity at a large rate. Both models are used to show that a reactor trip produces
a very large and rapid reduction in the fission rate of the core.

If, based on fuel composition, a reactor has a delayed neutron fraction (g8) of
0.00600, then approximately 0.6% of all fissions are produced by neutrons which were
delayed. The delayed neutron precursors present at the time of the trip will continue
to produce delayed neutrons independent of the fact that the reactor is subcritical
and fission rate (power level) has dropped. Consequently, the reactor power level
can not drop below the level which is sustained by the delayed neutrons. Further,
after having achieved this level, even though the reactor is extremely subcritical,
fission rate can not decrease any more rapidly than the delayed neutron production
rate decreases due to the decay of the precursor inventory.

When the PVNGS reactor is tripped, the total inserted CEA worth is on the
order of 14,000 pcm (negative) which is -22 $ of reactivity minimum (Appendix B).
The minimum required CEA insertion time following a trip is 4 seconds (PVNGS
Technical Specifications, 1993). Consequently, the average insertion rate of a reactor
trip is on the order of -3,500 pcm per second. The following discussion will show how
this large negative reactivity insertion rate and magnitude result in reactor power
(fission rate) being rapidly reduced.

In the step reactivity insertion model, the large insertion of negative reactivity
creates an instantaneous negative muitiplication (decrease) of neutron population due
to the very short neutron lifetime. Equation 5.7.1 describes the relationship between
initial power level (P,), instantaneous power level after the prompt drop (Pp), and

reactivity inserted (Ott and Neuhold, 1985).

Py = P [8/(8-p)] = P ([1/(1-R)] 5.10.1
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This expression was previously used to evaluate step reactivity insertions in
Section 4.6 and was referred to as the ’prompt (instantaneous) power change factor

due to prompt neutron multiplication’ in Equation 4.6.2.

Problem 5.10.1:
Assume that the reactor was operating at 100% RTP under MOC conditions
when a reactor trip inserted 14,000 pcm of negative reactivity and that
B8=0.00570. Use the prompt drop/jump equation (Equation 5.7.1) to predict

the level to which the nuclear instruments will instantly drop.

5EO032: Identify the process mechanisms which provide reactivity
feedback during :
* Transient over power conditions
* Loss of flow conditions
* Loss of heat removal conditions

* Increase in heat removal conditions

Question 5.103:  Does heat production within the RCS instantly drop from 100%
RTP to 3.9% RTP? Why, or why not?

Question 5.104:  Assuming that during the reactor trip event that all reactor
coolant pumps continue to operate, what is the expected

response of RCS loop AT?

Question 5.10.5: How sensitive is the answer from Equation 5.10.1 to the
magnitude of reactivity inserted by the reactor trip event?
Suggestion: plot Py, vs reactivity added by the trip for a range of
reactivity values from -6000 pcm to -15,000 pcm.



241

Question 5.10.6: Is it sound engineering practice to increase the worth of the
shutdown (scram) rod groups from 14,000 pcm to 28,000 pcm?
Why, or why not?

Question 5.10.7:  Assuming that the reactivity worth of the shutdown (scram) rod
groups is constant over the life of the core at 15,000 pcm, does
P, depend upon time in life? If yes, how and why? If no, why

not?

In the large negative reactivity insertion rate model, a large negative startup
rate (SUR) is instantly produced. (Refer to Equation 4.5.2 and Example 4.8.4). Even
if core net reactivity is positive, the large negative insertion rate results in power
decreasing rapidly. While the prompt drop equation (Equation 5.10.1) results in a
final power level for the prompt drop, this SUR model adds validity to the fact that
power decrease is very rapid. Interactive dynamic system simulation programs (Korn,
1989) were used to simulate the effects of a reactor trip using six group reactor
kinetic models. The results are included in Appendix D and substantiate the results

of the previous models.

Problem 5.10.2:
If the reactor were critical at 100% RTP when a reactivity insertion event
inserted +30 pcm as a step, how long would it take (minimum) for power
level to reach 110% which is the reactor trip setpoint on high power level?
If there is a 1 second delay time between when the power exceeds the setpoint
and the scram rods start dropping into the core, what is the peak power

possible?

Question 5.10.8 What mechanism(s) would extend the time from the minimum

calculated in Problem 5.10.2?
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Question 5.10.9: Is the event described in Problem 5.10.2 more serious at BOC
or EOC? Why?

Question 5.10.10: How would the answer to the previous problem and questions

differ if the initiating event were a step insertion of+200 pcm?

With the rapid creation of an extremely subcritical system, power rapidly drops
to =4% and the production of fissions becomes driven by the delayed neutron
population which continues due to the inventory of precursors which exist from
previous fissions. Thus, the post trip stable response becomes limited by the decay
rate of the delayed neutron precursors. Equation 4.5.2 can be used to derive a model
which shows the dependency of this response on the effects of delayed neutron

precursors.

SUR = 26.06[(Aqp + p)(B-p)

Immediately following the trip, the following conditions apply:

p =0
P = very large negative number
(B-p) =-p

Thus Equation 4.5.2 reduces to SUR « -264 ., which shows that the stable
SUR following a reactor trip event depends only on the decay of the precursors.
Since precursor half lite ranges trom 0.2 sec to 55 sec, the short lived precursors
quickly decay away and the stable startup rate depends only on the longest lived

precursors.



SUR o~ "26).[»"8 Lived
where 4 = 0.693/t,,
SUR « -26(0.693)/t,,

with t,, for the longest lived group = 55 sec

SUR ~ -1/3 DPM
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This solution is consistent with the negative 80 second period referenced in

most reactor dynamics texts and substantiated by the multigroup solution displayed

in Figure 4.4.3. Thus, within a minute or two after a reactor trip event, power

(fission rate) is below 1% power and is decreasing at a rate of -1/3 DPM (3 minutes

per decade). As power level continues to decrease, the neutron population

eventually approaches a level which is sustained by sub-critical multiplication, and

power levels off. Since sub-critical multiplication will sustain power levels in the

range of 10°% -> 10°% power, a duration of 15 to 18 minutes after a trip is

required before fission rate stops decreasing.

SEO033: Given plant conditions, predict the feedwater flow rate

requirements after a reactor trip.

S5E034: Given plant conditions, predict RCS Loop AT after a

reactor trip.

SEO35: Plot neutron power level and thermal power level vs time

after a reactor trip event.
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Even though the reactor has been "turned off" and the fission process is a level
well below the ability to produce measurable heat; the heat removal systems must
continue to be operated to remove the decay heat and all the stored heat of the
system mass. Decay heat is the term used to describe the energy produced by the
radioactive decay of the inventory of fission products which exist within the fuel
material. These decay processes are mostly 8-y decay in which the beta energy is
deposited directly into the fuel material because of the short beta range.
Consequently, the fuel material must continue to be cooled for a long time after the
reactor is shutdown. The decay heat load is an important parameter which must be
taken into account in the design of safety heat removal systems and post accident
heat removal systems. Consequently, decay heat loads are calculated in accordance
with a standard methodology specified by ANSI 5.1-1979. The key parameters
associated with the decay heat load are the type of fuel (Uranium, Plutonium, or a
mix of the two), the power level and duration of operation and the time interval since
operation has ceased. The PVNGS Core Data Book (Appendix B) provides typical
values of decay heat load vs time and indicates that 1.7% RTP is being generated 30
minutes after a trip from 100% RTP. This magnitude of heat generation would

result in the RCS heating up if it were not removed from the system.

Problem 5.10.3:
Assume that the reactor trips from 100% RTP, all four reactor coolant pumps
continue operation and the plant stabilizes with RCS T,y = 565 °F and S/G
pressure at 1150 psia. What feed flow rate and steam flow rate are necessary
to remove the decay heat and pump work from the RCS to maintain RCS
T,,q and also maintain S/G level constant at the time frame 30 minutes after

the trip? Assume that the feedwater inlet temperature is 100 °F and that
RCP work is 17 Mw.
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Question 5.10.14: Consider two otherwise identical reactors which both trip at the
same time. Reactor A has been operating at 100% RTP for 20

days, while Reactor B has been operating at 100% RTP for 200

days. How will the decay heat loads compare at 1 minute, 1

hour, 1 day, 1 month and 1 year after the trip?

Problem 5.10.4:
Plot both neutron power and thermal power vs time for the time period
t=0 to 1 hour for a trip from 100% RTP at t =0. Use a scale which allows

the plotting of the full range of neutron power.

5.11 Shutdown Margin Evaluation

SEO36: Define Shutdown Margin and state the PVNGS technical
specification limits on the value of SDM.

The previous discussion on a reactor trip showed that the reactor is quickly
and completely shutdown. The large amount of negative reactivity inserted at the
time of the trip is sufficient to drive the reactor very subcritical and cause power to
decrease to the level of subcritical multiplication. The minimum amount of negative
reactivity available for a trip is controlled by technical specifications by specifying a

required minimum shutdown margin. In addition, following a reactor trip, several

which could, in theory, cause the reactor to return to criticality. To avoid this
possibility, a minimum value of shutdown margin is specified by technical

specifications and always maintained.
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Shutdown margin is defined as:

"That amount of negative reactivity by which the reactor is, or is
capable of being instantly made, subcritical from its existing state. In
determining the value of the shutdown margin, the reactivity worth of
the most reactive control rod and the worth of any part length rods are
not included in the reactivity determination." (PVNGS Technical
Specifications, 1993)

The basis of maintaining a minimum value for the shutdown margin is to
assure that 1) the reactor can be made subcritical from any condition, 2) the reactor
can be kept subcritical, and 3) that the reactor is capable of responding to all

anticipated operational occurrences.

At PVNGS, the required values of minimum shutdown margin are:

1) 1% AK/K when all rods are fully inserted, and

2) a temperature dependent value which ranges between 4% AK/K and
6.5% AK/K when any full length control rod is not fully inserted.
See Figure 5.11.1: Shutdown Margin(SDM) vs Cold Leg Temperature.

S5EO37: Evaluate the adequacy of SDM

SEO38: Develop strategies to recover adequate SDM.

The following material determines the magnitude of the shutdown margin
when the reactor system is operating at 100% RTP with all control rods fully
withdrawn and compares that value to the technical specification limiting value of

6.5% AK/K. An equation is developed from the definition which aids in this
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SHUTDOWN MARGIN vs T-COLD
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Figure 5.11.1, Temperature Dependent Shutdown Margin
(PVNGS Technical Specifications, 1993)

evaluation. Based on the definition of SDM, only the actual core net reactivity and
any instantaneous reactivity insertion mechanism need to be considered. When the
control rods are considered, no credit can be taken for any part length rods and the
maximum possible worth of a single stuck rod must always be discounted from the
calculation. The only reactivity insertions which occur instantly on a reactor trip are
the insertion of control rods and the collapse of power dependent temperature
differences used to determine power defect. Using the following symbols, an

equation for SDM is determined which fits the definition:
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Pne = Det reactivity in-core, or instantly available

p, = initial reactivity in-core prior to any insertion

TRW = Total Rod Worth available for insertion if all full length rods
are fully withdrawn

PD = Power defect reactivity associated with core power dependent
temperatures and the temperature dependent reactivity
insertion mechanisms

RI = reactivity worth of any rods which are in the core prior to the
rapid insertion due to the trip. These rods contribute to
the existing p, and must be subtracted from the total rod
worth.

SRW = reactivity worth of the worst case single stuck rod

SDM = -py, = -[p, + TRW - PD - RI - SRW] 5.11.1

Using values from the core data book(Appendix B), Equation 5.11.1 will be
used to evaluate the magnitude of the available SDM and how the SDM changes

after a reactor trip due to Xenon reactivity transients and RCS cooldown.

Example 5.11.1:
Determine the SDM available when the reactor is operating at 100% RTP
under MOC conditions, with T,y = 565 °F, 500 ppm boron, and all rods fully
withdrawn except for Group 5 which is at 135 inches to control power

distribution.

Data: Po 0 [Reactor Critical]
TRW = -13,570 pcm [Table 2.15.1}
PD = + 1,885 pcm [Table 2.1.1]
RI + 27 pcm [Table 2.11.2]
SRW + 3,470 pcm [Table 2.16.1]
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Solution: Using Equation 5.11.1, py,, = -8,188 pcm and thus the value of
SDM = 8,188 pcm or 8.188% AK/K which is greater than the

minimum required value of 6.5% AK/K.

Problem 5.11.1:
Assume that the reactor is tripped from the conditions specified in the
previous example and is stabilized at 565 °F. How does the value of the SDM

vary over the next 96 hours as the post trip Xenon transient occurs?

Problem 5.11.2:
Assume that the reactor from Problem 5.11.1 and Example 5.11.1 is now
xenon free and is to be cooled down to 250 °F so the system can be
depressurized and alternate cooling systems used. How does the value of the
SDM vary as the system is cooled if the assumption is made that no soluble

boron concentration changes occur?

Question 5.11.1: In general, what can be said about the effects of cooldown with
out boration on the value of SDM? What is the largest
contributor to the effects?

3¢ o 2k e ok e ok ok Ak Kk
To avoid needing to perform a reactivity balance calculation to determine
whether or not the available shutdown margin is adequate, the PVNGS Core Data

Book provides a set of curves of required boron concentration vs temperature [T ]

which will assure adequate shutdown margin. [See Section 3.1.0 of Appendix B]

Review of the curves and the previous evaluation example show that cool down

without boration results in a reduction in the available shutdown margin. However,

separate analysis has shown that adequate shutdown margin can always be assured
if the cooldown caused contraction of RCS inventory is made up for with heavily

borated [> 4000 ppm] water. The key is to assure that prior to initiating cooldown,
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RCS soluble boron concentration is above the minimum required for the existing

temperature and to then make up all inventory from a borated source.

Problem 5.11.3:
Explain why adequate SDM does not exist after a trip in which a single full
length CEA fails to fully insert. Use the conditions specified in Example
5.11.1 and the appropriate curve from Section 3.x.x of the core data book
(Appendix B).

Question 5.11.2:  Will the Xenon present in the core after the trip provide
sufficient reactivity that adequate SDM does exist (Problem
5.11.3)? Why, or why not?

Question 5.11.3:  What action must be taken to restore adequate SDM for the

situation described above?

5.12 Boration while Cooling Down

L ]
SEO39: Evaluate boration strategies and determine if SDM will be

recovered or maintained.
... - .. ]

As the RCS is cooled, the contraction of water provides free volume for make
up to the system. In fact, if no make up occurs, then the pressurizer will drain and
the steam bubble in the pressurizer will shift to the reactor head area. Control
systems are available to allow make up water to be pure water, borated water [>
4000 ppm], or a blend of the two at any specified boron concentration. Review of

the core data book and the examples, problems and questions in the latter pcstion
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of Section 5.11 indicated that the cooldown also inserts positive reactivity due to
several reactivity insertion mechanisms. To assure that the cooldown does not
compromise the value of adequate SDM, it is necessary to borate the RCS. If all
make up, necessary to compensate for contraction, is taken from the borated water
source, then RCS soluble boron concentration will increase faster than the
requirements for adequate SDM increase.

The basis for these statements is shown in the following calculation

descriptions which were used to develop the spread sheet contained in Appendix C.

1. Using the specific volume of water at two different temperatures and
the volume of the system, determine the mass of water which can be
added to the system to maintain level while cooling down from the
higher to the lower temperature.

2. Using the specific volume of the water source, determine the volume
of water make up required to maintain system level while cooling the
system.

3. Perform a boration calculation on the system for the volume of borated
water added during the cooldown to determine RCS boron

concentration at the end of the cooldown.

4. Perform 1-3 for each of several temperature increments during the
cooldown.
3. Plot RCS soluble boron concentration vs RCS T4 for a given

specified RCS soluble boron and compare to the curves in Section 3.1.0

of the core data book.

Problem 5.12.1:
Assume that the RCS contains 100,000 gallons, T,y = 565 °F, and that make
up capacity with three charging pumps is 150 gpm of 100 °F water. Is it
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possible to cool the RCS at the rate allowed by Figure 2.3.7 and maintain

pressurizer level? Why, or why not?

Question 5.12.1:

Assume that the reactor is tripped, all reactor coolant pumps
are secured and that the following data exists. What action must
be taken to initiate a cool down of the RCS?

Current conditions:

T,o.= 540 °F (increasing)

T

Steam Generator pressure = 1200 psia

= 330 °F (increasing)

€O

Steam Generator level = 50% constant
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Learning Objectives

Develop cause and effect scenarios which illustrate the effect of reactivity
insertions on key parameters.

Differentiate between the effects of positive and negative MTC conditions on
reactor transients.

Predict the magnitude of reactivity insertions necessary to compensate for
plant transients.

Predict the effects of plant transients on key parameters (power level and
temperature) if adequate compensating reactivity is not inserted.

Given a value for stable SUR (below POAH), predict where the plant will
stabilize.

Given a specified plant power transient, predict (qualitatively) the resultant
Xenon transient.

Identify the initiating cues which are used to determine that reactivity
adjustments are required.

Predict the effect of plant transients on the axial distribution of power density
within the core.

Explain the mechanism by which plant transients induce changes in the axial
distribution of power density within the core.

Develop, and evaluate the acceptability of proposed, reactivity control
strategies.

Given changes in pump or system configuration, predict the effect on fluid
hydraulic parameters such as pumping power, flow rate, and system or
component Ap.

Given a pump curve for single pump operation, sketch a pump curve for
multiple pump operation.

Apply the pump affinity laws.
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Identify the factors which contribute to the spatial variations of power density
within the core.

Predict whether or not a specified plant transient will exacerbate or mitigate
spatial variations of core power density.

Predict core thermal hot spot conditions.

Identify the PVNGS safety limits, trips and LCO’s which are related to or
based on spatial variations in power density.

Evaluate the effects of spatial variations in power density.

Given a plant transient or parameter change, predict the effect of that
transient on spatial variations in power density.

Specify the need for and methods of calorimetric measurement of reactor
power level.

Specify why secondary plant calorimetrics have less uncertainty than primary
calorimetrics.

Explain the principle of operation of Ap type flow meters.

Given a set of plant conditions, evaluate the expected difference between
actual core power and the calorimetric thermal power calculation.

Predict the effects of a dropped rod event.

Develop strategies which mitigate the consequences of a dropped rod event.
Predict the effects caused by the xenon transients initiated by a dropped rod
event,

Predict the effects of a RPCB event.

Develop strategies to recover from the consequences of a RPCB event.
Predict the effects caused by the xenon transients initiated by a RPCB event.
Given a plant parameter which is used to initiate a Reactor Trip event, state
the basis for that parameter being used.

Given plant data, predict the power level which will result due to the

instantaneous effects of a reactor trip.
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Identify the process mechanisms which provide reactivity feedback during:

* Transient over power conditions

* Loss of flow conditions

* Loss of heat removal conditions

* Increase in heat removal conditions

Given plant conditions, predict the feedwater flow rate requirements after a
reactor trip.

Given plant conditions, predict RCS Loop AT after a reactor trip.

Plon neutron power level and thermal power level vs time after a reactor trip
event.

Define Shutdown margin and state the PVNGS technical specification limits
on the value of SDM.

Evaluate the adequacy of SDM.

Develop strategies to recover adequate SDM.

Evaluate boration strategies and determine if SDM will be recovered or

maintained.
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5.13 SOLUTIONS

Question 5.3.1: If Xenon-135 concentration changes were the only reactivity feedback mechanism present
in the core, what would be the effect of a small positive reactivity insertion initiated by
the operator? Assume that no other operator actions occur after the initial reactivity
insertion.

If the only feedback mechanism is positive feedback, then the reactor response
would be unstable. A small positive reactivity insertion would drive the reactor
supercritical and power level would start increasing. The positive feedback from
xenon would then insert additional positive reactivity and power level would increase
faster. In the absence of operator intervention, power level would continue to
increase. This example is provided to indicate the destabilizing effects of positive
feedback. In the case of the xenon transient, the rate of feedback is sufficiently small
that intervention would still be possible. However other insertion mechanisms do in

fact exist which counteract the xenon insertion and stabilize the reactor system.

Problem 5.3.1:
Develop a cause and effect scenario similar to Example 5.3.1 to illustrate why and how T,
changes if positive reactivity is inserted while steam demand is held constant.

Positive reactivity insertion into a critical reactor while steam demand is held
constant: The reactor is driven supercritical and reactor power level begins
increasing which causes fuel heating. As fuel temperature increases, negative
reactivity in inserted which helps counteract the initial positive reactivity insertion.
The increased fuel temperature results in increased heat transfer rate from the fuel
into the coolant and RCS T, increases. Moderator heating also inserts negative
reactivity to assist in counteracting the initial positive reactivity insertion. As the
hotter primary fluid enters the steam generators it is cooled off by transferring heat
into the secondary fluid. However, since steam demand has not been allowed to
increase, the heat removal rate is not increased and the primary fluid leaves the
steam generator hotter than before. The RCS stabilizes at reactor power level equal

to steam demand (no change) and net reactivity equal to zero (criticality). Since the
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initial driving force was positive reactivity, temperatures have increased and since the
isothermal temperature coefficient is negative, the temperature changes add

compensating negative reactivity to restore the state of criticality.

Problem 5.3.2:
Develop a cause and effect scenario similar to Example 5.3.1 to illustrate the effects of inserting
negative reactivity while steam demand is held constant.

Similar to the previous problem:: the initial reactivity insertion is negative so
the reactor goes subcritical and for a period of time reactor power is less than steam
demand. The mismatch between heat generation and heat removal results in a
reduction in temperature within the RCS. Since steady state power level does not
change, all AT’s along the heat transfer path must remain constant and consequently
all temperatures along the heat transfer path decrease: Ty, Thop Tavg Teolsr @nd
Tieam- Since the isothermal temperature coefficient is negative, the reduction in
temperature inserts positive reactivity which compensates for the initial negative
reactivity insertion and returns the reactor to a state of criticality. In both of these
scenarios, had the magnitude of the ITC been positive, then the reactor would not
have stabilized without intervention on the part of the operator or some reactivity

insertion control system.

Question 5.3.2: How do the responses to Example 5.3.1, Problem 5.3.1, and Problem 5.3.2 differ if it is
assumed that the moderator temperature coefficient is positive?

See the response to the previous problem. If MTC is positive and sufficiently
large that ITC is also positive, the reactor is destabilized. Positive reactivity insertion
causes power increase which causes heating. With positive ITC, heating inserts
positive reactivity and power increases more. Intervention is required. Negative
reactivity insertion causes power decrease which causes cooling of the system. With
positive ITC, cooling inserts negative reactivity and power decreases more.

Intervention is required.
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Problem 5.3.3:
Develop a cause and effect scenario to illustrate the effects of reducing steam demand with no
other operator initiated changes.

Assume that the reactor is initially critical at constant power level with power
equal to steam demand and all temperatures "on program" for the power level. If
steam demand is reduced, the rate of heat removal from the RCS by the boiling
processes in the steam generators is reduced and RCS T, begins to increase. When
the hotter water reaches the core a reactivity insertion occurs based on the magnitude
of MTC. Assuming that MTC is negative, the temperature increase inserts negative
reactivity and reactor power level begins to decrease to follow steam demand. The
power level reduction decreases fuel temperature which inserts positive reactivity to
compensate for the negative insertion from moderator temperature effects. The
plant stabilizes at the new power level equal to steam demand but the RCS is hotter
than it should be for the new power level. The system is now "off program" because
the reactivity required to counteract the power defect was not inserted by rod motion
or boron adjustment. An uncompensated power adjustment always results in the
RCS being off program. Since the basis of the temperature program is the
maintenance of a constant RCS T_,,, the easiest method to determine if the

temperature program is not being maintained is to observe RCS T;.

Question 5.3.3: What initiating cue should an operator use to decide when to insert reactivity when
steam demand is being reduced?

The solution to the previous problem should make it obvious that the initiating
cue is RCS T, If the secondary operator begins to lower steam demand, the
primary operator will observe an increasing trend on RCS T_,,. Since the normal
control band is 565 °F + 2 °F, as T, increases towards 567 °F, the primary operator
will initiate negative reactivity insertion to lower temperature. An alternate strategy
is for the primary operator to initiate a negative reactivity insertion (boration). This

negative reactivity insertion will reduce RCS T4 As the secondary operator sees
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the RCS temperature begin to change, steam demand is decreased to return T, into

the normal operating band.

Problem 5.3.4:
Develop a cause and effect scenario which describes the effects of the previous Xenon transient
on RCS T, Assume that steam demand is held constant at 30% RTP.

Applying previous solutions: The xenon transient induces an isothermal
temperature change since steam demand is being held constant. If the xenon
transient is positive reactivity, then RCS temperature increases and if ITC is negative
the temperature change inserts negative reactivity stabilizing the transient. If the
xenon transient is negative reactivity, then RCS temperature decreases and if ITC is

negative the temperature change inserts positive reactivity stabilizing the transient.

For example: Positive reactivity insertion from xenon drives the reactor
supercritical and causes power to increase above steam demand. The
mismatch between heat generation and heat removal causes heating of the
RCS. The remainder of the scenario depends upon the value of ITC. If ITC
Is negative, then the heating inserts negative reactivity and the reactor returns
to critical at a higher temperature (isothermally). If ITC is positive, then the
heating inserts positive reactivity and the reactor power increases in an

-uncontrolled manner until intervention takes place.

Problem 5.3.5:
If a Xenon transient inserts -300 pcm while steam demand is held constant, how much does RCS
T change? What action is required, by the operator, to prevent RCS T, from changing?

The magnitude of the temperature change depends upon the magnitude of
ITC which is dependent upon RCS soluble boron concentration, RCS T4, and time-
in-life and is tabulated in Appendix B.
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Achnon + ApTcmp =0
Ap'I'etnp = ITC(AT)
ATo(f program '[A chnon]/IT C

The operator can not prevent the xenon transient from initiating a
temperature change but attempts to minimize the temperature change can take place.
If the operator has the ability to predict the xenon transient, then compensating
reactivity can be inserted before temperature changes. Or, as temperature changes,
the operator can use the change as an initiating cue to insert reactivity to return
temperature to the previous value and thus compensate for the effects of the xenon
transient. The control reactivity options available to the operator are control rod

motion or soluble boron concentration adjustment.

ApXenon + ApBomn =0
A pporn = Average Boron Worth(Appm)
Appm = -[Apxe.onl/(Average Boron Worth)

While knowledge of the magnitude and rate of the xenon transient may not
be used directly to establish a slow boron adjustment rate to prevent temperature
from changing, the knowledge does allow the operator to predict the magnitude and
rate at which temperature will be changing and the frequency with which boron

concentration adjustments will be required.

Question 5.4.1: In Example 5.4.1, all of the + Ap which was inserted to create the +SUR (0.4 DPM)
was compensated by power defect due to the increase in stearn demand. Where does
T Stabilize?

If reactivity insertion and power change match such that the reactor is

returned to criticality (p,., = 0) then the reactor ends up on program and RCS T,

cold

does not change from the value it had prior to the insertion of initiating reactivity.
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Prior to establishing the +SUR, RCS T, was isothermal with steam temperature

and T4 has not changed.

Aplniu’aling + Apf’ower =0
A ppoer = (Power Coefficient)(A% Power)
A% Power = -[A pyiaingl/(Power Coefficient)

Question 5.4.2: In Example 5.4.2, reactor power and steam demand were increased from 10% RTP to
20% RTP. RCS T, was maintained by diluting the RCS soluble boron concentration.
How would the plant have responded if steam demand were increased but no boron
dilution was initiated?

If steam demand is increased and compensating reactivity is not inserted by
the operator then the plant stabilizes at the higher power level but with temperatures
lower than they should be at that power level. The reduction in temperatures from
the higher power level value has inserted the reactivity necessary to compensate for

the negative reactivity caused by the power increase.

ApPower + ApTempemlure =0

A ppower = Power Defect
ApTempcralun: = (ITC)(AT)

AT gt program = -[Power Defect]/ITC

Question 5.4.3: In Example 5.4.3, the initial effect of the xenon transient is heating. If RCS T,
increased by 18 °F, what happened to steam temperature in the steam generators?
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and sieam generators is

simplistically modelled by the equation : 9 = UA(T,, - Tsesp)- The xenon transient
is taking place during a time frame in which both reactor power level and steam
demand are held constant. Consequently, the AT (T,y, - Ts,,,) and the heat transfer

rate are constant. The xenon reactivity induced heating has caused an increase in
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T, of 18 °F; thus, Tg,,, must also have increased by the same amount. When the
reactor is operating at constant power and steam demand, isothermal temperature
changes initiated by reactivity insertions propagate into the secondary system based

upon the thermodynamic principles described in the heat transfer equations.

Question 5.4.4: What indications would the operator use to determine that it was necessary to borate the
RCS?

The power increase is stabilized but has initiated a + A p for 4-5 hours (See the
Xenon data in Appendix E). With steam demand constant, the +Ap initiates an
increase in RCS T4 (isothermal temperature change). This increase in RCS T,
is the initiating cue to borate and lower temperature. Indirectly, temperature is used
as a "Xenon meter" to serve as an initiating cue for the required action to

compensate for xenon reactivity.

ApXenon + ApBomn =0
Appoon = (Average Boron Worth)(Appm)

Appm = -[Apyo)/(Average Boron Worth)

Question 5.4.5: What indications would the operator have to deduce that xenon was inserting positive
reactivity and that compensation was necessary?

T, increasing with steam demand constant is an indication of positive
reactivity insertion. The rate of temperature change can be related to the rate of
Xenon reactivity insertion by realizing that the temperature change maintains the
reactor critical,

APxenon + APremperature = 0
A PTemperanure = (ITC)(AT)
AT = -[APxenon) TTC

AT/At = '[A {)Xenon}/ITC
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Question 5.4.6: How long afier the power increase from 10% RTP to 20% RTP should the operator
expect to have to borate the RCS to prevent temperatures from isothermally increasing?

The xenon reactivity insertion will cause temperature increases as long as the
xenon reactivity insertion is positive. The Xenon data in Appendix E indicates that
the power increase from 10% RTP to 20% RTP induces a positive xenon reactivity

transient for 4-5 hours following the power increase.

Question 5.4.7: If the xenon transient does cause an isothermal temperature increase of 18 °F, what is
the value of RCS T, which results?

Since the RCS is 18 °F "off program" high, the value of T,

avg

should be 18 °F
greater than the normal value at 20% RTP.

Tavg = Tcold + (1/ 2)(LOOp AT)Powcr
Toe = (565 + 18) + (1/2)(0.20)(Full Power AT)
T = 583 + (0.10)(56) = 589 °F

Question 5.4.8: If the xenon transient does cause an isothermal temperature increase within the RCS,
and the system is held at 20% RTP, what can be said about steam pressure?

The increase in Ty, T, and T4 with no change in the heat removal rate
must cause an increase in Tge,, due to the heat transfer process described by the
equation Q = UA(T,,, - Ts,e,n)- The steam generator is a saturated liquid-saturated

vapor process and consequently the increase in T, drives an increase in steam

pressure within the steam generators.

Question 5.4.9: How long after having stabilized reactor power at 20% RTP should the operator expect
this xenon transient to have an effect on changing temperature?

The xenon data provided in Appendix E indicates that it takes 40-50 hours of

constant power operation before a new equilibrium xenon concentration has been






