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ABSTRACT

A design for a large, passive, light water reactor has been developed.
The proposed concept is a pressure tube reactor of similar design to
CANDU reactors, but differing in three key aspects. First, a solid
SiC-coated graphite fuel matrix is used in place of pin-rod bundles to enable
the dissipation of decay heat from the fuel in the absence of primary
coolant. Second, the heavy water coolant in the pressure tubes is replaced by
light water, which serves also as the moderator. Finally, the calandria
tank, surrounded by a graphite reflector, contains a low pressure gas
instead of heavy water moderator, and the normally-voided calandria is
connected to a light water heat sink. The cover gas keeps the light water out
of the calandria during normal operation, while during loss of coolant or
loss of heat sink accidents it allows passive calandria flooding. Calandria
flooding also provides redundant and diverse reactor shutdown. The entire
primary system is enclosed in a robust, free standing cylindrical steel
containment cooled solely by buoyancy-induced air flow, and surrounded by
a concrete shield building.

It is shown that the proposed reactor can survive loss of coolant
accidents without scram and without replenishing primary coolant
inventory, while the safe temperature limits on the fuel and pressure tube
are not exceeded. It can cope with station blackout and anticipated
transients without scram — the major traditional contributors to core
damage frequency — without sustaining core damage. The fuel elements
can operate under post-CHF conditions even at full power, without
exceeding fuel design limits. The heterogeneous arrangement of the fuel
and moderator ensures a negative void coefficient under all circumstances.
Although light water is used as both coolant and moderator, the reactor
exhibits high neutron thermalization and a large prompt neutron lifetime,
similar to D20 moderated cores. Moreover, the extremely large neutron
migration length results in a strongly coupled core with a flat thermal flux
profile, and inherent stability against xenon spatial oscillations.
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Chapter1

INTRODUCTION AND BACKGROUND

This work is focused on a conceptual design of a large, passive light
water-cooled reactor. The main effort is directed towards the reactor’s
ability to reliably discharge decay heat to the ultimate heat sink without the
need for replenishment of primary coolant in loss of coolant accidents while
ensuring the integrity of the fuel and reusability of major reactor
components. Additionally, it is required that the accidents leading to large
temperature increases result in inherent reactor shutdown. The target
power rating is at least 1000 MWe.

The proposed concept achieving these goals is a passive pressure tube
light water reactor (PTLWR) of similar design to CANDU reactors. A solid
fuel matrix is used in place of conventional fuel rod arrays to enhance the
dissipation of decay heat from the fuel in the absence of primary coolant.
There is no moderator in the calandria, the moderating function is
performed by the light water coolant inside the pressure tubes. The
calandria contains low pressure gas and is connected to a light water heat
sink. The purpose of the gas is to keep the light water out of the calandria
during normal operation, while during loss of coolant or loss of heat sink
accidents it is vented to allow passive calandria flooding. The entire
primary system is enclosed in a robust, free standing cylindrical steel
containment, cooled solely by buoyancy-induced air flow, and surrounded
by a concrete shield building. The large heat capacity of the water pool
outside the calandria, absorbs a significant amount of decay energy and
reduces the peak pressure during the long term containment

pressurization.



1.1 MOTIVATION

Historically, the dominant design philosophy for nuclear reactors has
been to improve economics by increasing unit power output. To ensure
safety, the principle of defense in depth, employing active devices was
adopted. The current trend in reactor development has shifted towards
stronger emphasis on improved means of maintaining the defense in depth
approach of protecting the public and plant investment: in particular,
passive or semi-passive safety systems, which rely on natural processes
and do not need complex active safety systems for their reliable operation.
This approach leads to substantial simplification of the system, while
enhancing safety. On the other hand, the use of passive systems for decay
heat removal generally necessitates lower achievable heat transfer rates,
which results in lower unit power outputs, and hence, in higher cost per
installed kW. This disadvantage may, however, be offset by considerable
simpliﬁcation of the plant and elimination of a number of redundant and
complicated safety components, yielding a cost per installed kW roughly
‘comparable to first generation plants with higher power outputs. A plant
which could combine the benefits of simplification with enhanced safety,
while running at a high power output of about 1000 MWe, would decrease
the cost per kWhr even further, making nuclear power more economically
advantageous than fossil fuels. Also, many utilities in Europe and Japan
prefer to retain the current size range of about 1000 MWe because of the
difficulty in securing suitable plant sites. Therefore, this study will be
focused on the development of a conceptual design of a nuclear power
reactor having passive decay heat removal capability from the fuel to the
ambient and simultaneously having a large power rating of at least
1000MWe.

For nearly half a century, reactor designers have conceived hundreds
and built dozens of reactor concepts. This creative outpouring has derived
from the fundamental physics of the fission and energy extraction
processes which permits a variety of solutions to the fissioning, moderating
and cooling functions. Achievement of these functions has been possible
through utilization of a variety of materials and configurations. These
approaches have succumbed to the superior economic performance of the



light water cooled reactor, a reactor whose dominant manifestation
worldwide, the Pressurized Water Reactor (PWR) concept was developed for
submarine propulsion. Light water cooled reactors, especially PWRs and
Boiling Water Reactors (BWRs) dominate the world nuclear market by a
large margin (84% of operating power reactors are LWRs: 62% PWRs and
22% BWRs). Since light water coolant has been successfully demonstrated
in reactor operation on a large scale and has simultaneously low unit cost,
it has been selected for the reactor concept studied here. The choice of light
water coolant also reflects the results of the research and development
program initiated by the U.S. utilities for future nuclear power electricity
generation in the early 1980s. A dominant message from this program,
managed by the Electric Power Research Institute (EPRI), was that light
water technology is a valid base for future expansion, but that the future
systems must be simpler. This choice further influenced the decision to
restrict this study’s search for an innovative, passive nuclear power reactor
to a light water reactor concept.

The extensive introduction of passive features in light water reactors
received increased attention only recently, motivated by the proposal for the
Process Inherent Ultimately Safe Reactor (PIUS), developed by ABB Atom.
Since the PIUS introduction, many LWR designs or concepts have been
conceived and several are under active development. They incorporate
passive safety features at various levels, but all have one feature in common
— the need to replenish the lost primary coolant to the voided fuel bundles to
assure removal of the decay heat from the fuel. In contrast, the objective of
this study is to ensure sufficient decay heat removal from the voided fuel
without the need for replenishing the primary coolant. This goal is partially
motivated by the Modular High Temperature Gas Cooled Reactor
(MHTGR), being developed by General Atomics, which has the capability to
survive the absence of coolant without fuel damage. It has, however, a very
low power output (140 MWe), and more importantly, the absence of a
conventional containment building will require very high quality particle
fuel. The present study will achieve a similar capability to survive the
absence of primary coolant in a LWR while retaining the current defense in
depth philosophy with multiple barriers to fission product release,
including the final barrier—containment.
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One disadvantage of all light water cooled reactors is the relatively high
coolant pressure needed to raise primary system temperature. If the high-
pressure primary system boundary breaks, the coolant inventory is rapidly
discharged, resulting in fuel uncovery if no protective action is taken. The
consequences of such a loss of coolant accident (LOCA) scenario have been
recognized since the early days of reactor technology [Emergency core
cooling, 1967], and the plants were designed to safely handle the double-
ended break of the largest primary system piping. However, catastrophic
failure of the pressure vessel containing the fuel, was excluded from the
design basis accident. The vessel is designed such that the probability of
catastrophic failure is extremely low; moreover reactor vessels are very
closely monitored during the plant lifetime to detect any signs of eventual
deterioration. For advanced reactor concepts, this hypothetical pressure
vessel failure remains in the beyond design basis accident domain. This

work will attempt to move the protection level one step further and include

catastrophic pressure boundary failure as a design basis accident by
designing a light water reactor which could safely survive any break of the
primary system boundary, including the catastrophic failure of the core

region boundary.

1.2 BACKGROUND

It has now been almost four decades since the first nuclear power
plants made their way into the energy industry and became an important
factor in electricity generation. Although the majority of nuclear power
plants have operated safely, there were several failures that aroused doubts
and resentment towards nuclear technology among the public and some
experts, and halted further deployment for several years. In particular, the
accidents at Three Mile Island and Chernobyl contributed to these worries.
These accidents revealed certain vulnerabilities of current nuclear power
plants, particularly, to human errors and chains of small failures which
may result in a bigger accident. These experiences and the negative
attitude of the public towards nuclear power initiated a major shift to a

much stronger emphasis on more convincing protective features.



1.2.1 Active and Passive Safety Approaches

There are three main issues in reactor safety — reactor shutdown
which stops the instantaneous fission reaction in case the reactor reaches
preset limits, maintenance of core cooling, and long term decay heat
removal from the reactor core following the shutdown. In the early days of
nuclear technology, the main emphasis was put on reactivity control and
safe reactor shutdown. The need for inherent feedbacks which rely on
natural law was recognized and passive means were incorporated into the
design to control fission power increases. The fundamental requirement
was that if power increases, the intrinsic design features of the core would
cause the reactivity to decrease without the need to move control rods. This
requirement has been adopted in essentially all light water reactors except
for the RBMK design, where the absence of this fundamental feature was
an important contributor to the Chernobyl accident.

Core cooling and ultimate decay heat removal functions have
traditionally employed active means to deliver emergency coolant to the core
if normal cooling is impaired. Active devices are, however, often
complicated, expensive, and in particular, susceptible to human error.
These and other economic reasons led the manufacturers to a passive
safety approach. The passive safety approach utilizes natural processes
which operate without or with little human intervention, and thus
considerably reduce or completely eliminate the need for active means for
decay heat removal. The term “passive” has been extensively used in recent
years to describe certain approaches to safety, although its precise
definition is still debated. Several definitions of the word “passive” have been
offered; this work will adopt the definition proposed in the ALWR utility
requirements issued by EPRI. Passive systems are defined here as systems
which “rely on natural forces such as gravity or natural circulation; stored
energy such as batteries and compressed gases; or energy inherently
available in the system itself, such as from steam or pressure. They do not
rely on modulating valves or other types of valves except to initiate operation
of the safety function” [Marston et. al., 1993].



1.2.2 Review of Advanced LWR Concepts

Advanced light water reactor concepts incorporate passive safety
features at various levels and can be divided in this aspect into three major

categories:

¢ evolutionary concepts,
¢ passive concepts, and

* innovative concepts.

The evolutionary LWR concepts include the concepts based on previous
designs with safety-related improvements, which are often derived directly
from the experience with the older reference designs. To indicate the
advancement compared to their predecessors, these concepts are called
“advanced” by their vendors. The improved LWR concepts include for
PWRs: the Westinghouse-Mitsubishi Advanced Pressurized Water Reactor
[Hirata et. al., 1989}, ABB Atom-CE’s System 80+™ [Turk and Matzie,
1992], Framatome’s N4+ [in Frisch et. al.., 1993], Siemens’ Konvoi 95+
[Meyer, 1991] and Nuclear Power International’s (NPI) concept being
studied by the joint venture of Siemens and Framatome [Vignon and
Schneider, 1992]; and for BWRs: the ABWR 1300 designed by GE, Hitachi
and Toshiba [Wilkins et. al;, 1992], and ABB Atom-CE’s BWR90 [Rastas and
Sundqvist, 1990]. These designs can be generally characterized by increased
safety margins, increased coolant inventories to mitigate transients, larger
degree of separation between control and safety functions, more consistent
separation of redundant trains, and larger and improved containments
with features for the mitigation of consequences of severe accidents.
Incorporation of passive features in this category of advanced plants is very

limited.

Passive concepts are also based to a large extent on proven designs.
However, they incorporate new features with emphasis on passive safety
system functions for emergency core cooling and decay heat removal. The
major representatives in this category are Westinghouse’s Advanced Plant
600 MWe (AP600) for PWR, and the Simplified Boiling Water Reactor
(SBWR) being developed by GE.
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In the AP600 [Tower et. al., 1988], decay heat removal is accomplished
by a passive safety injection system and by passive containment cooling.
The passive safety injection system provides the residual heat removal
(RHR) function and maintains the coolant inventory in the reactor coolant
system (RCS). In the RHR function, the coolant from the hot leg flows to the
RHR heat exchanger located in the In-containment Refueling Water
Storage Tank (IRWST) above the loops and returns to the cold leg driven by
gravity head. Passive reactor coolant makeup is provided from two core
makeup tanks, two accumulators, and, in the long term, from the IRWST.
However, the RCS must be depressurized to enable the utilization of this
last water source. Passive decay heat removal to the ambient is
accomplished by natural convection of air, and water film evaporation from
the containment shell. The water film on the containment shell is provided
by draining water tanks located at the top of the containment structure.
Draining of the tanks is actuated by air-operated valves.

The decay heat removal system in the SBWR is comprised of three main
systems — the Gravity Driven Cooling System (GDCS), the isolation
condenser system, and the passive containment cooling system (PCCS)
[McCandless and Redding, 1989], [Wilkins, et. al., 1992]. Emergency core
cooling is accomplished by the GDCS. It includes elevated large pools
located inside the containment with sufficient capacity to flood the entire
containment to a level at least one meter above the top of the core. The
isolation condenser (IC) system can remove the decay heat from both the
reactor vessel and the containment (in case of accidental steam release to
the containment). The steam is channeled through pipes to the condenser
located in a water pool outside the containment where it condenses and the
condensate returns to the reactor vessel by gravity head. The heat from
condensing steam is transferred to the boiling water in the pool and
released ultimately to the atmosphere. Both the AP600 and the SBWR
depend on the automatic depressurization system to initiate long term

decay heat removal.

Besides the widely known AP600 and SBWR, which have reached a
rather advanced design stage, other passive LWR conceptual designs have
been conceived. However, their design features are much less detailed.



These include the VVER-500 [Voznessensky et. al, 1992] being developed by
Atomenergoprojekt, Babcock and Wilcox’s concept B600 PWR [in Frisch et.
al., 1993] and simplified medium size PWR and BWR concepts being
developed by Japanese vendors [Oka et.al., 1991].

Innovative concepts also employ passive features to a large extent but,
in addition, they utilize new principles to achieve a higher level of safety,
which often deviate significantly from traditional LWR designs. Two
reactor concepts from the LWR arena — the Safe Integral Reactor (SIR™)
[Matzie, et. al., 1992], developed jointly by ABB Atom-CE, Rolls-Royce and
Associates Ltd., Stone & Webster Engineering Corp. and AEA Technology,
and PIUS [Hannerz, 1987] developed by ABB Atom-CE, can be included
under this category. A similar concept to PIUS is also being studied in
Japan under the name ISER (Intrinsically Safe and Economical Reactor)
[Wakabayashi, 1988].

The SIR design has all major primary system components — the core,
steam generators, reactor coolant pumps and the pressurizer — contained
within a large pressure vessel. In addition to the normal decay heat
removal path via steam generators and the main condenser, SIR employs
three independent decay heat removal systems: the Secondary Condensing
System (SCS), the Emergency Coolant Injection System (ECIS) and the
Safety Depressurization System (SDS). The SCS is initiated by battery-
powered valves which open the path between the steam generators and the
separate condensing pools, sized to absorb a minimum of 72 hours of decay
heat by boiloff. The ECIS provides reactor vessel refilling by injecting water
from suppression tanks into the pressure vessel downcomer using a
passive steam injector. The injector takes high pressure steam from the
upper head of the reactor vessel, which is used to accelerate cold water
from a low pressure source. The SDS is initiated manually and allows
primary system discharge into the pressure suppression tanks located
above the reactor vessel. Water from the pressure suppression tanks
returns by gravity back into the reactor vessel. The SIR design uses a
mixture of passive and active means to accomplish long-term cooling.
However, catastrophic failure of the large pressure vessel would render

most of these means ineffective.



The PIUS design takes a more radical approach. It aims for the
preservation of core integrity by reliance on processes based entirely on
natural laws. PIUS consists of the reactor active core, a once-through
steam generator, and the main recirculation pump, submerged in a large
pool of cold pressurized borated water. The primary system is separated
from the cold pool by low pressure ducting and is thermally insulated
except for two hydraulic locks, which provide a communication path
between the core and the pool. The pool of borated water is contained in a
prestressed concrete reactor pressure vessel. There are no control rods in
the reactor; reactivity is controlled by the boron concentration and the
temperature coefficient. If the steam generators are not available, decay
heat is removed through density locks into a pool. The pool is cooled by
convectional forced-circulation systems and backed up by a passive natural-
circulation cooling system to ambient air via natural draft cooling towers.
If all cooling systems fail, the amount of water in the prestressed reactor
vessel is sufficient to cool the fuel for 7 days before the level reaches the top
of the core. The PIUS concept does not require system depressurization or
any valves to initiate passive decay heat removal. However, it may be
sensitive to perturbations that normally occur during operation and which
could lead to inadvertent reactor shutdown.

1.2.3 The Contribution of the Present Work

With respect to the classification of advanced light water reactors in
Section 1.2.2, the conceptual LWR design presented in this work is an
innovative concept. It departs significantly from the traditional LWR
designs in terms of thermohydraulics during normal operation, reactor
physics, and the decay heat removal process from the fuel. Compared to the
SIR concept, as well as all passive LWR concepts, it eliminates the need for
primary system depressurization, which is associated with large dynamic
forces on the discharge piping and suppression pools. Similarly to the PIUS
reactor, the proposed Passive Pressure Tube LWR concept (PTLWR) uses a
lock (although the type of the lock is different) to keep the cold water pool
outside the core during normal operation, and to allow the pool to provide
for redundant reactor shutdown and serve as a heat sink during accidents.
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However, there are several important differences between the PIUS and
PTLWR concepts:

e While PIUS removes the decay heat by directly cooling the fuel
elements with its water heat sink, the PTLWR concept cools the
pressure boundary enclosing the fuel elements. Hence, the fuel
elements do not require the presence of primary coolant, and are
cooled by radiation, conduction and convection of their ambient

steam/air mixture.

¢ The PIUS cold water pool is maintained at high operating pressure;
therefore it necessitates a large pressure vessel. Any hypothetical
failure of this pressure vessel would result in the depletion of the pool
and would have deleterious consequences on fuel cooling capabilities.
Moreover, such a system is susceptible to interfacing LOCAs, such
as failure of steam generator tubes, which could lead to depletion of
the pool inventory. On the other hand, the PTLWR heat sink is
maintained at atmospheric pressure and does not require any
pressure vessel. Hence, there is no possibility of a large pressure
vessel break in the PTLWR concept. Breaks of the primary pressure
boundary anywhere are handled as a design basis accident. This is
one of the key contributions of the proposed PTLWR concept.

e The power rating of PIUS is limited to relatively low power because of
the constraints on the size of the large prestressed-concrete pressure
vessel. The PTLWR has no such constraint, since its power rating
can be easily increased by adding more pressure tubes. Hence, the
economy of scale can be realized with the PTLWR while preserving

passive safety features.

e No boron is needed in the water pool to shut down the reactor or in
the primary coolant to compensate for excess reactivity. Hence all the
systems associated with boron control are eliminated.

It can be seen from the above discussion that the PTLWR concept
proposed in this study offers certain important safety enhancements in the
LWR arena. It is, however, noted that the implementation of all passive
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safety features needs to be quantified in terms of core damage frequency.
Such a quantification is beyond the scope of this study. In addition to its
safety implications, the new LWR concept, with its unique reactor physics
characteristics, opens the path for additional explorations of various

alternatives of fuel-channel-in-a-voided-space design.

1.4 OBJECTIVES

The primary objective of this study is to develop a conceptual design for
a light water cooled nuclear power reactor of a large power rating having
passive decay heat removal capability. Conventional light water cooled
reactor designs rely on normal functioning of the primary coolant system
or emergency cooling systems to provide primary makeup inventory and to
remove the decay heat. As noted earlier, the advanced LWR concepts retain
the need to provide coolant makeup, but the processes for coolant delivery
rely more on passive or semi-passive features. The effort in this work will
aim at designing a light water cooled reactor compatible with passive safety
features that can ensure integrity of the fuel and reusability of reactor
components, including the fuel, without the requirement for the delivery of
primary coolant. The passive decay heat removal phenomena employed
involve thermal conduction, radiation, natural convection of a steam/air
mixture, and the boiling/condensation processes of the heat sink, which is
not primary coolant, but put in place passively upon sensing a LOCA.

1.4.1 Historical Design Objectives for Nuclear Power Reactors

A primary objective in designing nuclear power reactors has been the
achievement of required safety at acceptable cost. In addition, however,
other objectives have had parallel emphasis. These include dual production
of electricity and defense materials, design compactness and enhancement

of uranium utilization.

The dual production objective was a feature of early gas-cooled reactor
designs in the UK and France and of the current water-cooled, graphite-
moderated RBMK design in the former USSR. These approaches were not
successful in supplanting the light water reactor concept for civilian
electricity production, and the pressurized water reactor (PWR) appeared
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as the dominant power-generating reactor worldwide. Among the reasons
for the success of the PWR was its superior economic performance because
the objective of compactness and the consequent minimization of the
primary system size and weight, which governed the design evolution of the
PWR system, also led to minimum cost of the reactor plant. This PWR
objective also led to embracing the approach of a reactor core within a
monolithic pressure vessel. At the high pressures employed in light water
systems, these pressure vessels are necessarily of limited size, leading to
high power densities in large modern LWRs.

The third objective, enhancement of uranium utilization, has been
pursued to minimize the impact of potential fuel cost increases and to
preserve natural uranium reserves. This objective, pursued through strict
attention to neutron economy, has dominated the development of the
Canadian pressure tube reactor concept. In this concept, promotion of
neutron economy by adoption of heavy water as the moderator, and natural
uranium as the fuel resulted in a large volume, low specific power, reactor
block. Further, enhancement of neutron economy has also favored
retention of heavy water as the coolant, although concepts have been
developed which employed alternate coolants such as light water, gas or

organics.
1.4.2 Proposed New Design Objectives

The current development of new reactor concepts needs to appreciate
but not be constrained by these past efforts. Importantly, the design
objective should be enhanced safety at acceptable cost. The other three
historic parallel objectives noted above are not applicable as individual
goals. In fact, by recognizing and rejecting these parallel objectives, greater
opportunity to realize the primary objective can be achieved.

Specifically, it is recognized that achievement of enhanced safety

requires attention to the three primary goals of ensuring

econtrol of reactivity,
emaintenance of core cooling, and
eultimate removal of decay heat.



Reactivity control has historically been a design focus, and sufficient
alternative means of achieving assured shutdown are available for the
range of reactor concepts. Maintenance of core cooling can be attained by
means which are not dependent on successful delivery of emergency core
coolant by active systems. Finally, provision for ultimate removal of decay
heat is constrained by the geometric path for vapor or heat flow from the
core to the heat sink afforded by the concept geometry.

Concepts which will achieve these three safety related objectives with
acceptable cost are sought. Two major postulates are made:

(1) advanced reactors will not be produced in sufficient quantity such that
savings due to serial production will outweigh economies of scale.
Hence, modular reactors of small size (under 200 MWe) will not produce
competitive economic power blocks of the anticipated needed plant
capacity (600 to 1000 MWe).

(2) advanced reactors will minimize technological and economic risk by
using a coolant already successfully demonstrated in hundreds of years
of fossil and reactor plant operation, which simultaneously has low unit
cost. Such a coolant is light water. Gas is a less effective coolant and has
not achieved a sustained satisfactory operating history. Heavy water has
a relatively high unit cost.

These postulates limit the search to thermal reactor concepts. For the
intermediate term this is acceptable since practical breeder reactors do not
appear to offer overriding safety or economic advantages, and are not
necessary to provide fissile fuel because of the current surplus.

Based on the above discussion, the new design objectives can be
summarized as the basis for design criteria applied in the conceptual
design of passive water-cooled power reactors.

(1) For the intermediate term, i.e., the next generation or two, fast breeder
reactors are not necessary to provide fissile fuel, hence thermal
converter reactor concepts are to be employed.



(2) Successful reactor operation involves the smooth interaction of a large
number of components, systems, coolant and materials. Consequently,
the accumulated operating experience with light water reactors should
be taken advantage of insofar as possible in future designs.

(8) The successful demonstration of light water coolant use over a long
period of time, its low unit cost and the design flexibility conferred by
light water are highly beneficial. The cost of building the infrastructure
necessary to assure heavy water supply can be a concern for countries
which do not have large heavy water facilities. Hence, the study will be
restricted to light water reactor concepts.

(4) It is unlikely that the small sized reactors under 200MWe will be
deployed in numbers sufficient to offset the economies of scale offered by
the larger size units of over 600 MWe needed for base load. Consequently,
the concept should have power rating above 600 MWe, preferably above
1000 MWe.

(5) The reactor physics characteristics should satisfy the fundamental
requirement that power increase leads to inherent reactivity reduction.
Also, accidents leading to large temperature increases should lead to
inherent reactor shutdown.

(6) The safety of future reactors will be stringently judged on their inherent
ability to reliably discharge decay heat to an ultimate heat sink. This can
be accomplished most convincingly if the fuel bundles do not require
replenishment of primary coolant.

(7) Economic competition among energy production means will require the
plant investment to be protected by designing for the reusability of major
reactor components after major accidents. Therefore design limits will
be imposed permitting the reusability of major components after all
design basis accidents.

(7) To minimize research and development cost associated with the new
technologies, use of conventional technology will be relied on to the

largest extent possible.



(8) Whatever the level of safety, any nuclear power plant contains
radioactive material and involves a certain amount of risk. Since one
cannot rule out what is physically possible, the objective of the design
should be to reduce the risk of severe accidents and their consequences
to extremely improbable values, comparable to other risks, which are
commonly accepted. Hence, it is the goal of this design to retain
conventional defense in depth, i.e., to put as many barriers between the

fuel and the environment as possible to prevent fission product release.

1.4 THESIS ORGANIZATION

This work is only concerned on the development of a conceptual design
which is focused on basic characteristics such as reactivity control,
maintenance of core cooling during normal operation, decay heat removal
from the core and ultimate decay heat removal from the containment.
Economic considerations and various accidents are also briefly discussed.
Many reactor design details such as the reactor control and
instrumentation system, coolant makeup and purification system and the

entire secondary system are not covered.

Chapter 2 presents the key rationale leading to the passive pressure
tube LWR concept and a brief description of the concept. The key features of
the proposed concept are described and the reference design and its
parameters are presented. It is shown that the reactor consists of a dry
calandria surrounded by a solid reflector, filled by gas during normal
operation and flooded by a light water heat sink during accidents.

Chapter 3 discusses materials compatibility issues. It covers fuel
matrix materials, fuel materials, structural materials for the fuel channel,

and reflector materials.

Chapter 4 is devoted to reactor physics. Limitations of the application of
the conventional diffusion equation to the proposed design and the need for
the neutron transport equation are discussed. Several Monte Carlo code
models which have been developed to analyze the reference design are
described. The major body of the chapter presents the physics
characteristics of the proposed design. These include prompt neutron
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lifetime, Doppler coefficient, coolant void coefficient, neutron coupling of the
core, neutron spectrum, fast and thermal neutron flux and their
implication to pressure tube fluence and xenon poisoning, neutron
economy, and reflector temperature coefficient. Reactor control is briefly
discussed. One section is devoted to reactivity behavior during the flooding
process of the calandria space. Fuel burnup and the effect of a bi-directional
refueling scheme on the power density profile are also explored. The last
section discusses the possibility of using the proposed concept for plutonium

burning.

The fuel arrangement used in the reference design is only one
alternative. Chapter 5 explores other possible alternatives for fuel
arrangement and their advantages and disadvantages. First, basic factors
influencing the suitability of various fuel arrangements with respect to
reactor physics, thermal hydraulics during normal operation and during
accidents are discussed. Fuel alternatives are listed and evaluated with

respect to these merits.

Chapter 6 concentrates on fuel matrix performance during normal
operation. The primary system configuration and its parameters are briefly
described. A model for analyzing the thermohydraulics of the parallel non-
communicating coolant channels in the fuel matrix is presented. The
multidimensional finite element code ALGOR is used to calculate the
matrix temperature profile and heat flux distribution. The results are
discussed with particular respect to the limits of the critical heat flux ratio,
fuel centerline temperature, and the pressure loss across the coolant
channels. Both the fresh core and the equilibrium core are analyzed.
Consideration is also given to fuel matrix performance in the post-critical
heat flux (CHF) regime.

Chapter 7 carries out the fuel channel analysis in the loss of coolant
accident. It shows that the decay heat generated in the fuel matrix is
significantly decreased after the calandria is flooded. A simplified one-
dimensional, transient heat transfer model of the fuel channel coupled to
the point kinetics equation is described and used to analyze the loss of

coolant accident scenarios. The results show superior thermal
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performance of the proposed design in LOCA without scram and no
primary coolant replenishment.

One of the key features of the proposed design is flooding of the
calandria by passive means. Chapter 8 describes the means employed to
achieve calandria flooding when primary system parameters exceed pre-
defined limits. Analysis of the flooding process is carried out to confirm the
feasibility of a sufficiently rapid flooding process.

Chapters 9 and 10 discuss materials, solid mechanics and thermal
hydraulic considerations of the fuel channel and solid reflector design.
CANDU experience with fuel channels is reviewed and the effects of higher
operating conditions and higher fast fluence in the proposed design are
discussed. Stress analysis of the pressure tube and calandria protective
tube are performed to confirm the capability of these tubes to withstand
thermal stresses during the flooding process. Cooling issues of the solid
reflector and control rods penetrating the reflector are reviewed in
Chapter-10.

Chapter 11 is devoted to containment analysis. A large, free standing
steel shell containment, cooled solely by buoyancy-induced air flow, is
proposed and analyzed. Two computer codes — CONTAIN and GOTHIC -
are used to carry out the analysis. The results show that the proposed
containment with a design pressure falling within the range of
conventional large dry PWR containments can dissipate the decay heat
load. The GOTHIC code is also used to study the effects of thermal

stratification inside the containment on passive containment shell cooling.

Chapter 12 evaluates the response of the reference design to various
accident scenarios. Detailed analysis of the entire spectrum of accidents is

beyond the scope of this work, hence only comparative evaluations with
LWRs and CANDUs are performed.

Chapter 13 touches on some economic considerations. A fuel cycle cost
estimate is performed. Capital cost and operating and maintenance costs
are estimated only in a qualitative manner.



Chapter 14 presents an integrated evaluation of the overall concept. A
summary of major design features and their performance is presented.

Finally, Chapter 15 gives the concluding remarks and recommends
future work directions. Future work is divided into three areas -
improvements in the analysis of the reference design, improvements or
modifications within the reference design, and new promising alternative
versions of a passive pressure tube reactor with voided calandria. These
range from a passive LWR plutonium burner, to a thermal breeder, to a
fast liquid metal cooled pressure tube reactor.



Chapter 2

GENERAL DESIGN APPROACH AND BRIEF DESCRIPTION
OF A CONCEPT

2.1 INTRODUCTION

Development of a passive LWR concept which could survive absence of
primary coolant involves new core configurations which are able to
dissipate the decay heat from fuel bundles by radiation, conduction and
natural convection of steam/air mixtures. Initial work on such LWR
concepts was done by Owens [1990] and Hejzlar et. al.[1991]. The potential
feasibility of achieving this goal has been identified in these studies and
further confirmed by Tang [1992]. Owens studied the geometry of LWR
cores which can provide large heat storage capacity and which can
effectively dissipate decay heat from the core. Hejzlar examined various
approaches of passive heat transfer from the fuel to the ultimate heat sink.
Choke points on the path between the core and the vessel wall, the cavity
between the vessel wall and the containment wall, and between the
containment wall and ambient were identified. The study by Hejzlar et. al.
[1991] yielded the key idea of the modularity of the fuel. As a result, a
concept with a fueled solid matrix in a pressure tube was suggested as the
most promising alternative. This work builds on the conclusions drawn
from this study and complements the investigations performed by Tang
[1992].

In this Chapter, the rationale behind the pressure tube LWR and the
overall description of the proposed reference design are presented. The
main fundamental principles allowing one to maximize the heat removal
rate from voided fuel bundles, to be utilized in the design of the passive LWR
concept, are identified and listed in Section 2.1. The overall layout and



principle of operation of the reference passive pressure tube LWR are given
in Section 2.3. Reference design parameters are listed in Section 2.4.

2.2 RATIONALE LEADING TO A PASSIVE PRESSURE TUBE LWR

The achievable power rating of nuclear reactors is limited by their
coolant’s capability to remove generated power at the location of highest
power density without exceeding safe temperature limits on the cladding
and the fuel. The traditional approach is to establish a nominal power such
that these safe limits are not exceeded, both during steady state operation
and plant transients. To stay within the safe limits in loss of coolant
accident scenarios, the practice is to replenish inventory rapidly with
emergency coolant (either by active or by passive means). The approach
presented here is based on the postulate that the fuel elements should safely
survive the total loss of coolant, hence eliminating the necessity of primary
coolant replenishment. As a result, an additional constraint on the
achievable reactor power output arises. This constraint stems from the
requirement that voided fuel elements must be capable of dissipating the
decay heat by natural phenomena such as conduction, radiation, and
convection in steam/air mixtures, without exceeding safe temperature
limits. The rated core power which would satisfy this requirement can be
estimated from the simplified conduction equation in cylindrical geometry

Q = (Tmax - Tsink) Kefr Liot Fg Rp Fpeax (2-1)

In compliance with the objective of high power rating, it is desirable to
maximize the right hand side (RHS) of Eq. (2-1). The fundamental
principles used to maximize the RHS of Eq. (2-1) and application of these
principles to a LWR design are shown in Figure 2-1.

Tmax is the maximum limiting temperature of the fuel or, more
frequently, of the cladding. Considerable enhancement in this temperature
can be achieved by using high temperature fuel in the form of particles with
ceramic coating. The temperature of the ultimate heat sink, Tgink, is

related to the temperature of the ambient, and is effectively a fixed value.
The effective conductivity due to conduction, radiation and convection, Kefs,
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which is marginal for voided LWR fuel bundles, can be considerably
increased by introducing a solid matrix with dispersed fuel and coolant

channels.

Various arrangements of the fuel matrix in an LWR core have been
investigated and are summarized in [Hejzlar et. al., 1993a]. The main
results of these studies are shown in Figure 2-2. Figure 2-2 was generated
for fixed maximum clad temperature, Tyyax, heat sink temperature, Tgipk,
and peaking factor, Fpeak. Power Q, shown in Figure 2-2, is the core
nominal power allowed by the decay heat removal constraint in case the
fuel elements are voided, i.e., the maximum temperature limit on cladding
cannot be exceed. Two arrangements of fuel and coolant channels in the
matrix have been assessed. One arrangement uses coupled fuel/coolant
channels with cladded fuel pins inserted in the center of coolant channels
and the coolant flows around the rods. The second configuration uses
separate fuel/coolant channels, where the fuel is in a set of fuel holes and
coolant flows through separate coolant channels. The latter arrangement is
beneficial from the decay heat removal standpoint since it exhibits higher
effective thermal conductivity, and hence higher achievable rated power.
This can be observed by comparing the power increase in an annular core
configuration from 3Q to 4.5Q in Figure 2-2. The lower effective thermal
conductivity of the former configuration is the consequence of high heat
transfer resistance between the fuel pin and the coolant-channel wall (heat
transfer is primarily by radiation). Therefore, the matrix configuration
with separate fuel/coolant channels has been selected for the reference

design.

An additional benefit of high effective thermal conductivity, not
captured by Eq. (2-1) is the low maximum fuel matrix temperature during
normal operation, and hence, low initial stored energy. Low initial stored
energy results in reduced temperature of the matrix/steam interface
during LOCA.

The geometry factor, Fg, is equal to 1.0 for solid cylinders, but it can be
be decreased by using an annular geometry. The gain in achievable power
is about 300%, i.e., power increase from 1Q to 3Q, as can be seen in Figure
2-2 by the transition from a solid core to an annular core configuration.
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Figure 2-2 Various fuel matrix configurations in a LWR core and road to fuel modularity,
from [Hejzlar, 1993a]
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Lower geometry factor can be achieved by arranging the fuel matrix such
that a coolant channel is located in the center, creating thus an annular
geometry. By introducing heat removal on the inner surface of the annulus,
the power can be doubled. The implementation of this design is, however,

rather impractical.

The effective total heat transfer length can be expressed as Ligt = N Leore
where N is the number of modules containing voided fuel elements which
are in direct communication with the heat sink (not necessarily the
ultimate heat sink). For example, if the heat sink is located outside a typical
LWR vessel; N=1 since the whole core is one module from which the heat
must be dissipated, from the core center radially across the entire voided
core. When N voided fuel modules are distributed in a low pressure heat
sink, each module communicates independently with the heat sink and the
total heat transfer length in Eq. (2-1) is the sum of all the lengths of these
modules. There are two possible practical applications of this principle —
fuel matrix modules in a high-pressure vessel with heat removal through
the vessel wall, and high-pressure modules submerged in a low-pressure
heat sink. The former approach requires provision of heat sinks (e.g.
thermosyphon loops) for each module capable of transferring the heat from
the module to the high-pressure vessel wall (32Q). However, thermosyphon
loops or similar devices, while efficient mechanisms of heat transport, may
pose design complications and are vulnerable to failure during rapid
depressurization events. Moreover, previous studies showed [Hejzlar et. al.,
1993a] that the heat transfer rate through a thick pressure vessel is limited.
Therefore such an approach was discarded from further considerations.
A more practical application of the fuel modularization principle is a
pressure tube reactor where N is the number of pressure tubes immersed
in the calandria. It can achieve the highest decay-heat limited power rating
(45Q) and can build on conventional technology and experience provided by
CANDU reactors. Consequently, the pressure tube reactor approach has

been selected.

Rp represents the ratio of the average decay heat rate to rated operating
power. It can be decreased by maximizing the heat storage capability of the
fuel. Introducing a fuel matrix effectively delays the time at which the heat



removal rate must equal the heat generation rate by storing a substantial
amount of decay energy in the matrix. This can be observed in Figure 2-3,
which shows the decay power fraction and integrated decay energy as a
function of time. If the storage capabilities of the matrix are zero, the decay
heat to be removed is almost 7% of full power. On the other hand, if the fuel
matrix can store generated decay heat for 300 seconds, the decay heat rate
needed to be removed is about a factor of three lower*. Hence a matrix
material with high specific heat is desirable.
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Finally, reducing the total peaking factor, Fpeak, results in lower peak
parameters at the locations where the limits are reached first, hence
allowing for a further increase in power rating. A considerable decrease in
peaking factor can be achieved by increasing calandria void fraction. This

* Of course, the energy stored in the matrix is subsequently removed at a rate which
corresponds to the excess in heat removal rate over heat generation rate with consideration

of system temperatures.



approach is consistent with reactor physics requirements in a light water
moderated pressure tube reactor. The minimum channel pitch is restricted
by the space requirements associated with header plumbing. The space
between the pressure tubes cannot be filled with light water moderator
since the high slowing down power of HoO would result in a highly
overmoderated system. Also the high absorption cross section of HoO would
require extremely high enrichment to make the system critical. However,
the reduction of moderator-to-fuel volume ratio could be achieved by a
mixture of HoO and voids.

The issue of maximizing decay heat dissipation from the voided fuel
elements, discussed above, has been the main thrust behind the
development of the passive pressure tube LWR concept. Besides heat
transfer performance without primary coolant, there are other important
factors which influenced the design development process. These include
inherent reactor shutdown in accidents leading to a large temperature
increase. To satisfy this objective, the reactor must be designed with
negative fuel and coolant temperature coefficients under all circumstances.
The desire to use conventional technology and experience bases to the
largest extent practical resulted in adoption of many CANDU features.
Besides reducing the development and research cost, this strategy also
allows one to base the issues common to both CANDU and the passive
pressure tube LWR on CANDU experience. Taking into consideration all
these principles and applying them to the overall design resulted in the
passive pressure tube LWR, which will be described next.

2.3 BRIEF DESCRIPTION OF A PTLWR CONCEPT

A schematic of the passive pressure tube LWR, also called the dry
calandria design, is shown in Figure 2-4. Note that Figure 2-4 is highly
schematic to show the principle of operation rather than the actual
arrangement. To build on proven technology to the largest extent possible,
the proposed design is based on CANDU reactors. It consists of fuel

channels, calandria vessel, shield tank and the entire primary system very
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Figure 2-4 Schematic of the passive pressure tube LWR — overall concept
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similar to those of CANDU units. There are, however, several major
features which differ from current CANDU designs. These include

e dry calandria, with no moderator, surrounded by a solid reflector
and connected by a gas lock to a large water pool,

e passive means to flood the calandria,

e passively air-cooled large containment, and

e fuel matrix in the pressure tube.

Under normal operation, the dry calandria space is filled with a gas
under pressure slightly above atmospheric. The calandria bottom is
equipped with passages with extended vertical walls submerged in a large
water pool in the containment ( designated the containment water pool), the
temperature of which is maintained at about 40 °C by heat exchanger HX1.
During normal operation, the containment water level is kept below the
calandria bottom in the space within the extended vertical walls by
maintaining the gas pressure in balance with the containment water
column. The pressure level is maintained by a dc powered blower.

To minimize neutron losses, the calandria space is surrounded by a
graphite reflector with an inner liner. The reflector is internally heated by
neutrons and gamma rays during operation and must be continually
cooled. The temperature of the graphite reflector is maintained sufficiently
high (above 300 °C) to eliminate stored energy buildup in the graphite. The
axial reflector is cooled by the coolant in the pressure tubes penetrating the
reflector. Cooling of the radial reflector is accomplished by non-fueled
pressure tubes. Note that the high reflector temperature enables one to
recover practically all the heat generated in the reflector, and hence
improve plant efficiency. Finally, the calandria is submerged in a shield
tank which attenuates neutrons escaping from the graphite reflector.

Figure 2-5 shows the reactor operation during LOCA. Upon a pre-defined
disturbance of the primary system conditions the gas is released from the

calandria, resulting in calandria flooding.
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Several means to initiate flooding of the calandria are possible. A
passive fluid-operated fail-safe valve could accomplish this purpose. The
valve works on primary system pressure. It’s dead bands are set such that
they envelope pressure disturbances and transients which do not require
reactor shut down. When the predefined envelope is exceeded, the valve
opens the calandria closure seal and the water from the containment water
pool floods the calandria. Note that the valve must open both in case of “low
pressure” accidents, e.g. loss of coolant accident, or in case of “a high
pressure” accident, e.g. loss of heat sink. The valve is designed such that
failures of various valve parts lead to valve opening. Hence the valve was
designated as fail-safe in the sense that any failure results in the desirable
action, i.e. valve opening. One possible design of a passive fluid-operated
valve which can accomplish this purpose is described in Chapter 8. Other
means (or the combination of various means) of calandria flooding can be
also used. For example, the electrically powered blower maintaining the
gas pressure while operating could be designed to lose power and hence
depressurize the gas space upon predefined disturbances in the primary

system parameters.
Calandria flooding has four important purposes:

e it ensures the removal of decay heat from the calandria tubes by
boiling, evaporation and subsequent condensation on containment
walls during an accident,

e it provides a large amount of water, which stores a considerable
amount of decay energy, thus substantially reducing the heat rate
transported through the containment walls early in the accident,

e it shuts down the reactor (if still operating) and renders it deeply
subcritical by excessive neutron absorption (even in the boiling

mode)*, and

* Note that the flooding water is non-borated, and still provides a negative reactivity of about 250 B, once

all pressure tubes are fully covered.
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e it considerably reduces the decay heat load on the fuel matrix (by
about 40%) by absorbing a large portion of gamma heating which

would have been otherwise deposited in the fuel matrix.

Once the temperature of the flooding water in the calandria gets close to
saturation, steam which begins to escape from the calandria will condense
on containment walls, and the condensate returns to the water pool,
completing the heat transport circuit. The containment steel shell is cooled
by an annular air chimney created by the space between the steel shell and
the protective prestressed concrete shell. The containment decay heat
removal system must handle both the full blowdown of the primary system
and the decay heat generated in the core.

Figure 2-6 shows the reference (one of several considered) fuel matrix
arrangement in a fuel channel both in normal operation and in a LOCA
situation, i.e., without a coolant. Several matrix materials have been
considered. The most promising appears to be nuclear grade graphite fully
coated by silicon carbide such that the graphite does not contact the coolant.
Although graphite is compatible with light water coolant at operating
coolant temperatures of 300 °C, the silicon carbide coating is required to
prevent excessive graphite oxidation at high temperatures in the absence of
coolant. Fuel compacts contain TRISO" particles and are arranged in two
concentric rings. Cooling is accomplished by light water coolant flowing
through 19 circular channels and one outer annular channel. The matrix
elements are 50 cm long and slide in the channel on bearing pads.

The pressure tube is surrounded by a protective tube, also termed the
calandria tube. This tube has the primary function of preventing excessive
pressure tube stresses which would have resulted had the cold water
during flooding come into contact with a hot pressure tube still under
pressure. The detailed design of the gap between the calandria tube and
pressure tube has not been finalized at this stage. The main requirement is

* Four layer coating consisting of a composite structural coating, made up of two relatively

dense PyC layers encasing a SiC layer over a buffer coating.
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that the effective thermal conductivity is about 2W/m-K. This can be
achieved by filling the space with a packed bed of graphite pebbles, proposed
by Tang [Tang, 1992], zirconia spheres as proposed by Dutton [Dutton, 1993],
or a duplex tube, similar to those used in EBR-II sodium-water steam
generators. Similarly as in current CANDU reactors, it is desirable to
maintain gas in the gap to monitor for leakage from pressure tubes.

& Pressure tube ¢ Containment water pool in calandria
@ Coolant (OO Steam/air mixture

Fuel matrix (silicon carbide coated graphite) & Protective calandria tube

@ Fuel compacts with particle fuel

Normal Operation Accident Operation
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Figure 2-6 Fuel matrix in a fuel channel during normal and accident
operation

The PTLWR primary system is essentially the same as that of a
published CE-CANDU design except for the Emergency Core Cooling
System (ECCS), which has been eliminated. Instead flood water in the
calandria provides the heat sink for the decay heat. Another philosophy is
to retain the ECCS and use the heat sink in the calandria as a backup.
However, since the fuel elements do not require reflood and since the
calandria flooding system can be designed to provide a reliable heat sink, it
is argued that the ECCS is not needed. Elimination of the traditional ECCS
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allows simplification, cost reduction associated with elimination of piping,
valving and an ac safety grade power supply including diesel generators.
Moreover, once the coolant is lost and the temperature of the fuel matrix is
raised to about 900 °C, direct reflooding of the fuel matrix is not desirable
because it would lead to rapid quenching of the fuel matrix coating.
Although the matrix coating will be able to withstand such phenomena, it
is prefered that the fuel matrix be cooled down more slowly from the outside

of the fuel channel.

The PTLWR retains CE-CANDU’s shutdown cooling system. This
cooling system supplements the heat removal system through the steam
generators and is used to reduce the temperature of the reactor coolant
system (RCS) in post shutdown periods from normal operating temperature
to a plant maintenance temperature and to maintain this temperature for a
period of time. It also has the capability of operating under post loss of
coolant accident or loss of heat sink conditions to cool the plant and bring it

to a cold shutdown condition.

The schematic of the shutdown cooling system circuit and primary heat
transport system is shown in Figure 2-7. During shutdown cooling, a
portion of the reactor coolant flows out the shutdown cooling nozzles located
on the reactor outlet headers. The coolant is recirculated through the
shutdown cooling heat exchangers by the shutdown cooling pumps and
returned to the reactor cooling system at the reactor inlet headers. During
normal operation, the system is isolated from the RCS.

2.4 REFERENCE DESIGN PARAMETERS

The specific conceptual design of a passive pressure tube LWR
discussed in this paper is based on the Combustion Engineering (CE) study
of a large heavy water reactor for U.S. siting [Shapiro and Jesick, 1979].
This reactor concept, denoted CE-CANDU, has 740 fuel channels and a
power rating of 1260 MWe. The main difference between the CE-CANDU
concept and CANDU reactors is its larger number of pressure tubes and
higher primary system pressure (by about 5 MPa).
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There are several motivations for this choice:

e the CE-CANDU reactor has a high power rating which covers the
targeted range,

¢ it has the same power density as CANDU units and is based on
CANDU experience,

e it allows one to avoid the need for detailed assessment for design
parameters not central to PTLWR features.

* it was designed with US regulatory and market practices in mind,
and

* detailed information on CE-CANDU design parameters was
available.

The reference design parameters will be listed in four categories — core and
primary system parameters, fuel channel parameters, flooding system

parameters and containment parameters.
2.4.1 Core and Primary System Parameters

Core and primary system parameters for the reference PTLWR concept
are listed in Table 2-1. In essence, core and primary system parameters are
identical to the reference CE-CANDU design, except for core thermal
power, which takes into account recovery of PTLWR heat losses in the core,
and was calculated such that the net power output of the PTLWR equals
that of CE-CANDU. Total power peaking depends on the refueling scheme.
The maximum power peaking for the bi-directional refueling scheme is
1.35. For the fresh core, peaking is only 1.2.

2.4.2 Fuel Channel Parameters

Fuel channel parameters for the reference PTLWR concept are -
summarized in Table 2-2. Dimensions of the fuel channel, except for the
fuel matrix geometry and the gap between the pressure tube and calandria
tube are the same as for the CE-CANDU design. As discussed in Section
2.3, the gap design remains to be finalized. For the purpose of the present
analysis, a 2 mm-wide gap is assumed. Lattice channel pitch was selected
the same as for the CE-CANDU design. However, it is noted that the
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PTLWR concept is not constrained by reactor physics characteristics
resulting from changed fuel channel pitch as is the case in CANDU
reactors. Hence, the pitch can be decreased as far as the header
arrangement allows. If the currently used faceseal closure is used, the
minimum pitch is 22.86 cm; employing a boroseal closure would allow a
minimum pitch even lower, i.e., 20.4 cm [Hart, 1991]. This would allow
more pressure tubes in the same space (by about 160), and hence increase
net power to about 1550 MWe. Moreover, neutron leakage would be
decreased due to the decrease in neutron streaming.

Table 2-1 Reference core and primary system design parameters

Core and primary system parameters Values
Total core thermal power 3899 MWt2
Core radius 8.7 m
Core length 5.94 m
Reflector material/thickness graphite/l m
Total number of fueled pressure tubes 740
Total power peaking <1.35
Primary system pressure 15.34 MPa
Primary system temperature at fuel channel inlet 298.9 °C
Total mass flow rate through fuel channels 14,100 kg/s

2 Yields net power output of 1260 MWe with an overall thermal efficiency of
32.3%. Net power output is identical to that of the CE-CANDU, thermal
efficiency is higher than that of CE-CANDU due to elimination of heat

losses in the moderator.



Table 2-2 Reference fuel channel parameters

Fuel channel parameters

Values

Pressure tube inner diameter

Pressure tube thickness

Pressure tube-calandria tube gap thickness
Calandria tube thickness

Pressure tube pitch

Fueled pressure tube length

Fuel matrix outer diameter

Fuel matrix element length

Number of fuel compacts per fuel matrix
Number of coolant channels in the matrix
Diameter of fuel compacts in the inner fuel ring
Diameter of fuel compacts in the outer fuel ring

Diameter of intermediate coolant channels

Diameter of central coolant channel?

Fuel/Initial fuel enrichment

128 mm
5.79 mm (Zr-2.5Nb)
2 mm
1.52 mm (Zr-2)
285.75 mm
5.94 m
120.8 mm
0.5m
26
19
12.4 mm
12.7 mm
8.4 mm

22.7 mm

UO9/7%

2 Central coolant channel employs sand-grain type roughness.

2.4.3 Flooding System Parameters

Main flooding system parameters used in analysis of the reference

PTLWR concept are summarized in Table 2-3. The volume of flooding water

in the containment was selected to provide sensible and latent heat for about

60 hours, i.e., beyond the time when the containment peak pressure is

reached. This reduces the containment pressurization rate as well as the

maximum pressure peak.
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Table 2-3 Reference flooding system parameters

Flooding system parameters Values
Volume of flooding water 4200 m3
Flood water temperature 40°C
Height of driving water column 145m
Number of bottom intakes for flood water 3
Total flow area of bottom intakes 2.95 m2
Number of passive valves for flooding initiation 4
Flow area for gas exhaust per valve 0.125 m2
Operating gas pressure in the calandria space 0.24 Mpa

2.4.4 Containment Parameters

Main containment parameters used in analysis of the reference
PTLWR concept are summarized in Table 2-4.

Table 2-4 Reference containment parameters

Containment parameters Values
Containment shell inner diameter 60 m
Containment shell height 8lm
Containment free volume | 1.7x105 m3
Thickness of steel shell 4 cm
Thickness of vented air gap 0.5m
Total flow area of air inlet passages 100 m2
Total flow area of air outlet passages 90 m2




2.5 IMPOSED DESIGN LIMITS

Key design limits imposed on the PTLWR concept are summarized in
Table 2-5. These limits are based on the requirements of existing designs
and on the evaluation of materials of choice. More detailed discussion of
these limits will be given in the pertinent chapters.

Table 2-5 Imposed design limits

| Design limits Values
Normal full power conditions
Maximum fuel centerline temperature <1300 °C
Minimum CHF ratio (local) 21.3
Coolant pressure drop across fuel channel ~1MPa
Coolant void reactivity zero or negative
Accident conditions
Maximum fuel centerline temperature <1600 °C
Maximum matrix temperature <1300 °C
Maximum pressure tube temperature <500 °C
Maximum calandria tube temperature <500 °C

2.6 SUMMARY

The philosophy adopted in developing the PTLWR concept, with
emphasis on passive decay heat removal from voided fuel elements is
presented. Using a simple assessment process, it is concluded that a
pressure tube reactor with matrix-type fuel has the most promising
.otential to achieve high power density and still be able to safely dissipate
the decay heat from voided fuel elements. Applying fundamental principles
derived from a simple conduction equation, a passive pressure tube LWR



concept is proposed. The conceptual design is briefly described and the
main functions are explained. Major design parameters for the reference
PTLWR, based to a large extent on the CE-CANDU design, are selected.
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Chapter 3

MATERIALS CONSIDERATIONS

3.1 INTRODUCTION

The design objective of passive decay heat removal from the voided fuel
elements poses new challenges to the fuel element materials. This chapter
summarizes the issues considered in the choice of fuel matrix materials
and identifies a matrix material compatible with light water coolant under
normal operating conditions and with steam/air mixtures under accident
conditions. Design requirements on the fuel matrix are listed in Section 3.2.
The matrix material selection is based on an extensive review of
experiments, experience, and research and development results published
in the open literature. Materials covered in the search, the conclusions and

the final selection are given in Section 3.3.

The reflector plays a more important role in the PTLWR concept than in
typical LWRs because it affects the entire core. In fact, criticality could not
be reached without the reflector because of very high leakage. Hence, it is
desirable that the reflector material has very low absorption cross section
and good reflective power. Reflector materials are covered in Section 3.4.

Section 3.5 reviews the fuel materials. Two types of fuel have been
considered — coated particle fuel and pin fuel with cladding. Coated particle
fuel is used for matrix-type fuel elements, either arranged in fuel compacts
or dispersed in the matrix. Cladded pin-type fuel can be also used in the
PTLWR fuel channels, although it affords less effective decay heat removal.
Various fuel arrangements possible with the PTLWR fuel channels are
further discussed in Chapter 5. The reference PTLWR design, analyzed
throughout this work, uses TRISO particle fuel arranged in compacts.
UOg, UC or UN fuels in silicon carbide cladding are proposed for pin-type

fuel.



The structural materials covered in Section 3.6 include zirconium-
niobium alloy pressure tubes. To satisfy the objective of reusability of the
pressure tubes after major accidents, the design limits used for the fuel
channel analysis, are identified. Other structural materials used in the
primary system are the same as in the CE-CANDU and/or conventional
CANDU concepts and are not discussed.

3.2 DESIGN REQUIREMENTS FOR MATRIX AND REFLECTOR
MATERIALS

3.2.1 Matrix material

The design requirements for the matrix material are summarized in
Table 3-1. For normal operating conditions, the matrix material must be
compatible with the light water coolant at temperatures around 300 °C
during the time the fuel elements reside in the core. For the reference
PTLWR concept, this residence time is about 1.6 years. Another important
requirement is good irradiation stability.

Accident conditions are understood as the sequence of phenomena
occurring during the time period following a total loss of primary coolant
accident. During such an event, the system is depressurized, the primary
coolant is discharged and the matrix material becomes surrounded by a
mixture of air and steam. Since the heat removal capabilities are
considerably decreased in the absence of coolant, the material undergoes a
temperature excursion. The most limiting requirement in such scenarios
is the capability of the material to withstand this time period without
substantial degradation due to high temperature oxidation or corrosion in
an air/water vapor environment. Design requirements on matrix material

are discussed in detail in [Hejzlar et. al., 1993c].
3.2.2 Reflector material

The primary purpose of the reflector is to reflect neutrons back into the
core, and hence to minimize leakage from the reactor. The important

nuclear property of the reflector is minimum absorption cross section, and



Table 3-1 Requirements on matrix material,

from [Hejzlar et. al., 1993c].

Requirement
description

Corrosion and
oxidation

Irradiation stability

Stored energy

Water-material
reaction

Thermal
conductivity

Surface emissivity

Thermal stress
resistance

Operating conditions

resistant in HoO at

temperature of 300 °C for
a long time period

lifetime up to fluence

1.05x1022 (E>.05MeV)P at
irradiation temperature
in the range 350-600°C

no or negligible
accumulation of stored
energy in temperature
range 350 -600°C

no water-material
reaction at 350 °C

k>10 W/m-K°®

N/A

ability to withstand
thermal stresses during
plant operation

Accident conditions

resistant in mixture of
water vapor/air at
temperatures up to

1300°C2 for several hours

N/A

no or negligible release of
stored energy in
temperature excursions
above 350 °C

no or negligible energy
release from steam -
material reaction up to

temperature of 1300 °C2,
N/A

e20.7

good thermal stress and
shock resistance in large
temperature excursions

2A temperature of 1300°C was specified based on anticipated matrix
temperatures needed to dissipate decay heat during LOCA. However it is
to be noted that for the reference design with matrix-type fuel, a
maximum matrix temperatures of only 900 °C suffices to dissipate
projected decay heat levels from the matrix to the heat sink outside the
calandria tube. For the concepts with cladded pin-type fuel, maximum
temperatures are envisioned to be around 1300 °C.

b This value pertains to the reference fuel matrix design; alternative fuel
arrangements may have difference fluence limits.

¢ Applies for the reference design with separate fuel and coolant holes.
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to a lesser extent, high moderating ratio. These properties are satisfied by
graphite, beryllium, beryllium oxide and heavy water. However, DoO must

be discarded since, in the case of a hypothetical break of the inner calandria
wall separating the D9O reflector from the gas space, flooding of the core
with D20 would cause a large positive reactivity excursion. Therefore only

graphite, Be, and BeO were considered in this study.

Requirements for the reflector material are summarized in Table 3-2.
The most important requirements are good irradiation resistance, since the
reflector should be able to withstand plant lifetime without replacement,
and no or negligible accumulation of stored energy.

Table 3-2 Requirements on a reflector material,
from [Hejzlar et. al., 1993c]

Requirement Operating conditions Accident conditions
description
Irradiation stability |lifetime up to fluences of N/A
2x1022 n/cm? at
irradiation temperatures
of 350 °C to 800 °C
Thermal stress ability to withstand good thermal stress and
resistance thermal stresses during shock resistance in
plant operation cooldown transients
Stored energy issue |no or negligible no or negligible release of
accumulation of stored stored energy in
energy at temperatures of temperature excursions
350 °C to 800 °C above 350 °C

3.3 MATRIX MATERIALS

The following candidate materials were identified for the matrix and

reviewed:

egraphite,



esilicon carbide,

esilicon nitride,
eberyllium,

eberyllium oxide,
eberyllium carbide,
eberyllium silicon nitride,
ealuminum oxide,
ezirconium oxide,
ezirconium carbide, and
ezirconium hydride.

An extensive review is given in [Hejzlar et. al., 1993c]; only the main results
and final choice will be presented here. Regarding the traditional solid
moderator materials, beryllium, beryllium oxide, and graphite, none was

found to be entirely satisfactory as a matrix material.

Beryllium has excellent nuclear and thermophysical properties. Its
thermal properties are superior to those of graphite; in particular, the heat
“capacity of beryllium exceeds that of graphite by a factor of two and its
thermal conductivity is not affected by irradiation. However, the data
accumulated so far do not conclusively support the long term use of
beryllium in high temperature water. Further, the irradiation behavior at
operating matrix conditions does not seem satisfactory either. Most of all,
beryllium is compatible with water vapor only up to temperatures of 600°C,
which is far below the envisioned temperature peak during an accident —
1000°C. Toxicity, high cost, and problems with waste management are
additional factors contributing to rejection of beryllium as a matrix
material

Beryllium oxide exhibits good corrosion resistance in water vapor up to
a temperature of 1175°C, which is a substantial improvement over
beryllium metal. Also, corrosion behavior in high temperature water
seems to be good, but this is supported only by one set of data. The major
obstacle to the application of beryllium oxide is poor irradiation resistance.
Irradiated beryllium oxide exhibits microcracks and cannot sustain the
projected doses. The disadvantages of high cost, toxicity, and waste



management problems apply as well. Thus, beryllium oxide was
eliminated from any further considerations.

Graphite has very good long term corrosion behavior in high
temperature water and good resistance to irradiation damage, as well as
excellent thermal, mechanical and neutronic physical properties.
However, the resistance to oxidizing gases at high temperatures is low. The
rates of oxidation of graphite in air or air/water vapor mixtures at
temperatures around 1000°C are high, so that the graphite matrix would be
burned out in a relatively short time (if sufficient air supply is provided). To
avoid graphite contact with air/vapor mixtures, a protective coating on the
graphite matrix is necessary. The primary function of the coating is to
protect graphite in an oxidizing environment at high temperatures. The
coating should be capable of retaining its integrity in fast temperature
excursions and during irradiation. Hence, matching coefficients of
thermal expansion of graphite substrate and the coating material is

desirable.

Although there are several coating materials which could be used to
protect graphite, silicon carbide coating is the most promising one. Also,
considerable experience has been obtained with silicon carbide coating of
graphite. Silicon carbide coating of large graphite blocks with coolant holes
is possible using current technology. In fact, large graphite blocks are
routinely coated with silicon carbide. Two major technical difficulties with
a silicon carbide coated graphite matrix in the proposed application are the
possibility of hair-line cracks in the coating in heatup cycles and oxidation
of graphite substrate through these cracks, and delamination due to
irradiation. The first problem may be alleviated by selecting a compatible
grade of graphite to accommodate thermal expansion and by coating
techniques which allow for gradual transition of the silicon carbide
concentration between the graphite outer surface and the silicon carbide
coating layer so that the thermal stresses typical of sharp interfaces are
reduced. The second problem may be solved by employing a low density
buffer carbon layer between the graphite matrix and the silicon carbide
coating. Earlier tests showed very good performance of irradiated and
thermally cycled silicon carbide-coated graphite [Jackson, 1966]. Recent



research and development program results on silicon carbide coated
graphite blocks for nuclear applications indicate that the silicon carbide
coated graphite matrix is a viable option [Eto and Shindo, 1992],
[Kugeler,1992], [Schulten, 1993]. Another important advantage of the
selection of silicon carbide-coated graphite is the ongoing research for even
more strenuous applications such as the first wall liner and divertor in
fusion technology. Any progress in coating technology achieved for these
applications can be directly applied to the matrix for the proposed pressure
tube concept.

The molded block fuel elements developed by HOBEG (Hochtemperatur-
Brennelement GmbH) [Hrovat et. al., 1975] are especially attractive for the
PTLWR matrix-type fuel. These monolithic blocks consist of an isotropic
highly crystalline graphite matrix with coolant channels and fuel regions
with TRISO particles embedded in a graphite matrix. The important
characteristics are the elimination of the gap between the fuel compact and
graphite matrix typical of MHTGR blocks, excellent thermal contact
between fuel particles, and highly dense graphite matrix material. This
allows operation at higher power density while keeping the maximum
operating fuel temperature relatively low. Another advantage is that
graphite losses during manufacturing are avoided since no machining of
the graphite is required. Irradiation experiments on these blocks in the
Peach Bottom HTGR showed very good performance [Wallroth et. al., 1976].
Because of these attractive properties, molded monolithic blocks coated by

silicon carbide are considered as a very promising option.

Regarding non-traditional materials, the following materials were
reviewed: silicon nitride, beryllium carbide, zirconium oxide, beryllium
silicon nitrides, silicon carbide, zirconium hydride and aluminum oxide.

Silicon nitride was eliminated from further consideration because of its
progressive corrosion in high temperature water. Beryllium carbide and
zirconium oxide had to be rejected because of their very low thermal
conductivity. The possibility of the use of beryllium silicon nitride still
remains uncertain because of the lack of available information, but it is felt

that its rather high absorption cross section will prevent its use.



The most promising material appeared to be silicon carbide. It has
reasonably good nuclear properties, good thermal properties and resistance
to irradiation damage. Furthermore, its long term corrosion behavior in
high temperature water was found to be excellent. Silicon carbide is also
compatible with water vapor and air up to temperatures of about 1300°C.
Therefore, silicon carbide is the best candidate of the materials reviewed for
matrix conditions. There are, however, several important issues — the cost,
and relatively high absorption cross section, and hence more expensive fuel
cycle. Since the mass of silicon carbide matrix in the core is relatively high,
parasitic absorption in the silicon carbide matrix would require about 0.5%
higher enrichment compared to a graphite matrix. Additionally, the
relatively low thermal conductivity of irradiated silicon carbide and
associated thermal stresses may limit the power rating during normal
operation. Consequently, a graphite matrix with silicon carbide coating

was deemed to be preferable.

Another promising material is zirconium carbide. But the issue of high
parasitic neutron losses due to a relatively high absorption cross section
holds for zirconium carbide as well as for silicon carbide. An attractive
option would be to use zirconium carbide for coating of both the particle fuel
and the graphite matrix. The main advantage of zirconium carbide
coatings is the increased peak fuel temperature permissible under
operating and accident conditions, compared to silicon carbide. However,
analysis of the reference PTLWR concept shows that the maximum fuel
temperatures reached during normal operation and during an accident
should not exceed 1300°C, hence this increase is not essential and silicon
carbide coating is more than sufficient. Moreover, silicon carbide coatings
have undergone extensive development to reach the present state of
technology (over 10 years), while it will probably take a similar time period
to develop the technology for the production of consistent high-quality
zirconium carbide-coated particle fuels [Kasten, 1990]. But more
importantly, zirconium carbide has poor oxidation resistance and the
emissivity of zirconium carbide pales in comparison with that of silicon
carbide. Such a small emissivity would lead to unacceptably high matrix
temperatures in the PTLWR reference design.



Zirconium hydride is attractive for the PTLWR concept, where the
space for HpO moderator/coolant inside the fuel channel is limited, because
it can provide additional moderation due to its high moderation ratio. It has
relatively good thermal properties and irradiation resistance. However,
more data are needed to confirm the corrosion resistance in high
temperature steam/air mixtures and long term corrosion behavior in high
temperature water. Also, the effects of hydrogen redistribution on reactivity
changes would need to be quantified.

Finally, aluminum oxide was considered as another possible candidate.
Although the corrosion rates of high density alumina are acceptable, the
corrosion behavior in high temperature water is not as good as that of
silicon carbide. Conclusive irradiation data over the whole range of
conditions are not available, but it is judged from irradiation tests at
temperatures around 400°C that the irradiation behavior could be
satisfactory. Compatibility with water vapor is very good up to 1550 K. The
disadvantage of aluminum oxide is its relatively low conductivity, which
excludes alumina as a matrix material for the reference PTLWR fuel
design employing a fuel matrix with separate fuel and coolant holes.
Moreover, as for silicon carbide, higher enrichments and higher
manufacturing cost would make aluminum oxide economically
uncompetitive with silicon carbide-coated graphite matrix fuel.

The conclusions above are briefly summarized in Figure 3-1 .

It follows from the above that silicon carbide-coated graphite appears to
be the most promising choice for the matrix material. Chemical vapor
deposited (CVD) SiC can provide long term oxidation protection at
temperatures below 1300°C if variability due to small flaws in the coating
can be eliminated. Silicon carbide is also a very stable material in high
velocity steam up to 1100°C and the presence of hydrogen or helium in the
steam does not affect the corrosion of SiC. CVD SiC, however, tends to
crack and peel off during severe thermal cycles. The behavior of a SiC-
coated graphite matrix under thermal cycles arising in the proposed design
needs to be further investigated. To confirm the compatibility of SiC-coated
graphite with PTLWR conditions, a small-scale experimental program has
been initiated at MIT.
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Figure 3-1 Summary of material compatibility with fuel matrix conditions
from [Hejzlar et. al., 1993c]
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3.4 REFLECTOR MATERIALS

Three reflector materials were considered — graphite, beryllium and
beryllium oxide. Light water was discarded due to its high absorption cross
section and heavy water was also dismissed because of the theoretical
possibility of flooding the calandria upon breach of the wall separating the
reflector and the calandria space, which would render the reactor

supercritical.

The review of irradiation effects on beryllium [Hejzlar et. al., 1993c]
showed that beryllium and beryllium oxide have poor irradiation
properties. The lifetime of beryllium is significantly less than that of
graphite, especially at higher irradiation temperatures. Moreover, neutron
irradiation of the beryllium reflector during reactor operation results in the
buildup of 6Li and 3He, which are characterized by their large thermal
neutron absorption cross sections. As a result, nonnegligible reactivity loss
would occur. Beryllium and beryllium oxide were therefore dismissed from
further considerations.

Graphite appears to be the best choice as a PTLWR reflector material.
Fast neutron flux in the reference PTLWR design at the location of reflector
contact with the liner is quite high, i.e., 1x1014 n/s-cm2 (E>0.05MeV), which
leads to a fluence in the portion of the graphite reflector with the highest
exposure accumulated after 30 years of operation to be 1x1023 n/cm?2
(E>0.05MeV). However, fast flux decreases very rapidly with radial
coordinate towards the outer periphery. For example, at the position
representing the radial midplane of the reflector, the fast neutron flux is
lower by an order of magnitude, i.e., 9x1012 n/s-cm2 (E>0.05MeV), or a
fluence of only 8.5x1021 n/cm? (E>0.05MeV) after 30 years of operation.
Hence, in practice, the most exposed inner part of the reflector must be
designed to be replaceable. The use of pin-type fuel substantially decreases
fast fluence on the reflector, hence the replacement of the inner reflector
may not be needed for this alternative.



3.5 FUEL MATERIALS

There are two important considerations when selecting the fuel
materials for the PTLWR concept — use of existing fuel technologies to the
largest extent and maximizing the temperature limit of the fuel and
cladding to withstand the higher temperatures needed for radiative heat
transfer. Two types of fuel are applicable to the PTLWR fuel channel. The
first type is matrix-type fuel, where coated fuel particles are dispersed in
the fuel matrix or arranged in the matrix heterogeneously in separate fuel
compacts. The second type is the traditional cladded pin fuel arranged in
two concentric rings in the fuel channel. The geometry is the same as in
conventional CANDU 37-rod bundles but the central fuel rod and the
innermost fuel ring are removed to shorten the path for heat transfer
between the fuel and the pressure tube wall.

3.5.1 Particle Fuel

Particle fuel was developed for high temperature gas cooled reactors
(HTGRs). It comprises a small heavy metal kernel coated with several
(typically two to four) layers of ceramic material, usually pyrolytic carbide
and silicon carbide. Two types of coated particles have been developed —
BISO particles and TRISO particles. TRISO particles offer better fission
product retention then BISO due to the additional protective layer. In the
current U.S. HTGR program, the fuel kernel material comprises a two
component mixture of 19.9 weight percent enriched uranium dioxide (UO9)
and uranium dicarbide (UCO). A coated fuel particle is shown in Figure
3-2.

Outer PyC layer Fuel kernel

SiC layer Buffer layer

Inner PyC layer

Figure 3-2 Layers of TRISO fuel particle



The heavy metal kernel is surrounded by a buffer layer of low density
isotropic carbon which provides expansion volume for fission gases and
protection against fission product recoil damage. The buffer layer is
followed by an inner pyrolytic carbon (PyC) layer which provides a smooth
substrate for successive coatings. The next coating layer is a silicon carbide
primary structural coating which serves as an impermeable barrier to
fission products and pressure boundary. An outer pyrolytic carbon layer
provides a redundant pressure barrier to the SiC and serves as a bonding
surface between the particle and the carbonaceous binder. Newer particles
employ an additional outer layer of protective pyrocarbon. U.S. and German
tests of millions of TRISO coated particles have shown that the particles can
retain retain fission products up to temperatures of 1600°C [Sleicher and
Wistrom, 1992]. During normal operation, the limiting fuel temperature is
set at a lower value to reduce fission gas release by diffusion into the
primary circuit. To ensure that the radiation dose resulting from
accidental release of the primary system inventory to the atmosphere
remains within regulations, the limit on fuel particle center temperature is
1300 °C at 100% power [Todreas and Kazimi, 1990]. Parameters of TRISO
coated particles used in the analysis of the reference PTLWR concept are
summarized in Table 3-3. The main disadvantage of coated fuel particles is
a small core heavy metal loading, and hence high absolute levels of both
thermal and fast neutron flux.

3.5.2 Clad Fuel

Although the coated particle fuel offers superb thermal performance,
the relatively high core-average fast fluence associated with a small heavy
metal loading is a disadvantage. To decrease the fast fluence on pressure
tubes, clad fuel in a two ring arrangement is proposed in Chapter 5. This
section discusses fuel material issues for this fuel arrangement
alternative.

The most experience has been obtained with uranium dioxide fuel in a
Zircaloy cladding. UOg has a high melting point, mechanical stability due
to absence of metallic phase transitions, low fission gas release and less
swelling and chemical compatibility than carbide fuel, and is not leached
out of the clad by water in case of a leak. The drawbacks are very low
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Table 3-3 Parameters of TRISO particle fuel [Lefevre, 1977],
[Dahlberg et. al., 1969]

Particle layer Thickness (um) Density (g/cm3)
Kernel (U235-enriched UO9) 300 (diameter) 10.97
Buffer 50 11
Inner PyC 20 1.9
SiC | 2 3.18
Outer PyC 40 1.8

Other parameters

Binder content 36 vol%
Maximum temperature at full power 1300 °C
Maximum transient temperature 1600°C

Table 3-4 Thermal properties of fuel materials [Chalder et. al., 1967],
[Smith, 1967]

Property UOg UC UN  UsSi U-metal
Theoretical density (g/cm3) 1097 1363 1432 1558 19.04
Melting point (°C) 2880 2390 2650 1400 1133

Thermal stability upper limit (°C) | 2880 2390 2650 1400 665

Average thermal conductivity at 3.6 23 21 15 32
200-1000°C (W/m-K)

thermal conductivity and relatively low density. Since the PTLWR with a
two-ring arrangement has less fuel pins than the reference CANDU design
and operates at the same core power, fuel with higher density is desirable to
compensate for less fuel volume. It can be seen from Table 3-4 that other




fuels offer higher densities and much better thermal conductivity. The
choice is, however, limited by the high temperature which the fuel must
withstand without damage during accidents. Because of this consideration,
two fuels with the highest density — metallic uranium and U3Si were
dismissed. UN appears to be an attractive fuel with its high melting point,
high thermal conductivity and high density. Russian scientists recently
proposed replacing UOg fuel in advanced light water reactors with
uranium nitride (with N-15 enriched nitrogen to obtain a low neutron
absorption cross section) [Subbotin, 1993]. While this fuel appears to be
attractive for the PTLWR concept, it needs more research and development

and it may be costly.

Most operating water-cooled reactors use Zircaloy as the cladding
material. It has a low absorption cross section and good compatibility with
the fuel and light water coolant. However, it undergoes an exothermic
reaction with steam at relatively low temperatures. Since the maximum
temperatures of the voided fuel elements in a two-ring arrangement are
predicted to be higher than 1200°C (the temperature at which the
metal/water reaction becomes significant) another cladding material needs
to be considered. The major candidate materials for this application are
alumina, zirconia and silicon carbide. Alumina and zirconia have been
dismissed because of their very low emissivity (about 0.4), which
significantly effects the maximum cladding temperature during an

accident.

The most attractive option appears to be silicon carbide. It has very high
tensile strength, good fracture toughness, and creep does not occur even at
temperatures of 500°C. High thermal conductivity and a lower thermal
expansion coefficient than that of Zircaloy results in lower thermal stresses
during LOCA. SiC does not react with UOg fuel pellets and is stable in high
temperature water. Production of silicon carbide tubes is a mastered
technology. Silicon carbide tubes for nuclear application were
manufactured on a large scale in the U.K. for AGR advanced fuel
elements. They contained a packed bed of lightly bonded coated fuel
particles [Kennedy and Shennan, 1974]. Feinroth also considered silicon
carbide cladding in a feasibility study on use of ceramic cladding to reduce



the severity of light water reactor accidents [Feinroth, 1990]. Feinroth’s
study concluded that silicon carbide is a quite acceptable candidate cladding
material for LWR application during normal operating conditions, but
questionable for LOCA accidents due to its reactions with steam at high
temperatures (above 1500 °C). Preliminary calculation of the two-ring
arrangement shows that the maximum temperature of cladding should not
exceed 1350°C, which is quite below the temperature ranges considered in
Feinroth’s study. At these temperatures, silicon carbide oxidation in
steam/air mixtures is negligible [Hejzlar et. al., 1993]. Hence silicon
carbide cladding in the two-ring fuel arrangement should be capable of
surviving LOCA, without primary coolant replenishment, undamaged.
More research is, however, needed to confirm its compatibility with fuel pin

material.

3.6 STRUCTURAL MATERIALS

Structural materials of the primary system are the same as for the
reference CE-CANDU design and hence do not need to be discussed here.
The critical component of pressure tube reactors is the pressure tube. Since
the desired objective is the reusability of major components after a major
accident, pressure tubes need to be designed to conform to this requirement.
The purpose of this section is to identify the design limits for the pressure
tubes which would allow their reusability.

CANDU reactors use pressure tubes made of Zr-2.5 wt% Nb material.
This material has demonstrated superior performance over the previously
used Zircaloy-2 material. Pressure tubes are designed for 5% diametral
increase and 2% elongation due to creep and growth for 30 years of
operation [Ross-Ross, 1978]. Extensive experience has been gained with this
material. It has very good corrosion behavior and picks up less hydrogen
than does Zircaloy-2. Some failures of pressure tubes, however, have been
experienced because of the presence of delayed hydride cracks, and AECL is
developing improved fuel channels to minimize these problems and to
extend pressure tube lifetime [Cheadle et. al., 1993].

To prevent pressure tube damage and to permit their reusability in
LOCA or loss of heat sink accidents, the maximum temperature of the
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hottest pressure tube should not exceed about 500°C [Spinks, 1991].
Shewfelt’s failure maps for pressure tubes under accident conditions also
suggest that the maximum tolerable temperature of the hottest pressure
tube under full pressure should not exceed 500°C [Shewfelt, 1986]. Hence,
the temperature of 500°C will be used throughout this work as a limiting
value. More details on fuel channel behavior under PTLWR conditions will
be given in Chapter 9.

3.7 SUMMARY

The materials covered in the subject assessment include fuel matrix
materials, reflector materials, fuel materials and pressure tube materials.
Among all matrix materials under consideration, a graphite matrix with
silicon carbide coating appears to be the most promising candidate. It has
low neutron absorption cross section, high thermal conductivity, is
compatible with light water coolant at operating conditions and it is
corrosion resistant in air/steam mixtures at temperatures up to 1300°C. It
also exhibits good irradiation stability. However, the stability of the SiC
coating under thermal shock and long-term irradiation must be further

confirmed.

Graphite has been selected as a reflector material since it provides
much better irradiation stability than beryllium or beryllium oxide and is
available at lower cost.

Two key fuel arrangements have been considered for the PTLWR. The
first arrangement, used for the reference design, is a matrix-type fuel with
fuel compacts inserted in a matrix, and consisting of TRISO fuel particles.
This fuel is based on the technology developed for HTGRs, and does not
require extensive development. The second arrangement comprises fuel
pins with silicon carbide cladding arranged in the two outer fuel bundle
rings. Fuel pins can employ UO2 fuel or preferably higher density fuel such
as UC or UN with N-15. Compatibility of all these fuels with silicon carbide
cladding would need to be further confirmed.

Zr-2.5%Nb material has been selected for pressure tubes. It has shown
very good performance in CANDU reactors and more development to
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increase its lifetime is underway at AECL. To meet the requirement of
reusability after major accidents, the design limit of the maximum
pressure tube temperature was identified to be about 500°C.




Chapter 4

REACTOR PHYSICS

4.1 INTRODUCTION

- The objective of this Chapter is to assess the key reactor physics
characteristics of the reference PTLWR design, and to show that these
characteristics fall within the limits currently accepted in nuclear
industry, or that they bring certain advantages. The reference design must
also satisfy the objective of achieving an inherent shutdown in accidents
leading to a large temperature increase, as stated in Chapter 1.
Consideration will also be given to physics aspects of alternative fuel
arrangements within the fuel channels and to using alternative fuel such
as plutonium for plutonium disposal.

The reactor physics chapter is divided into three major sections. The
first section discusses, briefly, the fundamental equation which governs
neutron behavior in the system of interest, the second section describes the
tools used to solve the governing equation and the third section, which
represents the main body, discusses the results describing the physics
characteristics of the proposed PTLWR concept.

The proposed passive pressure tube reactor concept is a light water
cooled and moderated reactor with an overall layout very similar to a
Pressurized Heavy Water Reactor (PHWR) such as the CANDU. Similarity
with LWRs lies in the use of light water as both the coolant and moderator.
One can think of the PTLWR as an array of LWR bundles pulled apart and
placed in a voided space surrounded by a reflector. The PTLWR resembles
very closely a PHWR configuration, however, heavy water coolant is
replaced by light water, and the typical CANDU fuel bundles are replaced
by a matrix fuel. Consequently, reactor physics characteristics of the
PTLWR are unique, and differ in several aspects from those of either LWRs
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or PHWRs. The key design feature distinguishing the proposed concept
from both LWRs and PHWRs, as well as from any other operating power
reactor, is a voided calandria space. Neutron behavior in such a system
significantly differs from that in conventional LWRs and PHWRs, and

deserves special attention.

Section 4.5.1 investigates the effect of various geometrical
arrangements of heterogeneously distributed light water moderator in a
voided calandria space on reactivity. This study shows that for the reference
fuel matrix with TRISO particle fuel, no light water moderator in the
calandria space is needed to achieve sufficient moderation, thus
simplifying the calandria design. Section 4.4.2 describes the models used
for the analysis of the reference design. To make the computation feasible
using available computer technology, TRISO particle fuel is treated as a
homogenized region rather than modeling every fuel particle. The effect of
this simplification is evaluated in Section 4.4.3.

Voiding of the calandria space results in a significant increase of
neutron mean free path in the core, which becomes comparable to core
physical dimensions. The proposed concept is, in this aspect, similar to
reflector moderated reactors with gaseous fuel in the core conceived in the
early days of nuclear technology by Bell and Cohen [Bell,1955],
[Cohen,1962], or to the concept of the graphite-moderated heterogeneous gas
core reactor studied at Oak Ridge National Laboratory (ORNL) [Barrett et.
al., 1980]. Long neutron mean free path will significantly affect core physics
characteristics, in particular core coupling, nuclear peaking, prompt
neutron lifetime and stability against xenon spatial oscillations. The study
of these characteristics is performed in Section 4.4.4.

Very important nuclear characteristics are the Doppler coefficient and
the coolant void effect. It is desirable that both the Doppler and void
coefficients are negative. This goal can be easily satisfied with the Doppler
coefficient since the PTLWR is a thermal reactor with low-enriched fuel,
but is more difficult to achieve for the void coefficient. Many pressure tube
reactors such as the CANDU-PHW (pressurized heavy water reactor), the
CANDU-BLW (boiling light water reactor) and the CIRENE (an Italian
design of a heavy water moderated and light water cooled pressure tube
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reactor) operate with slightly positive void reactivity. This leads to concerns
over accidents resulting in coolant voiding, such as a LOCA, and imposes
very strict requirements on reliable functioning of shutdown systems. The
issue of positive coolant void reactivity has become an even more important
factor after the reactivity accident at Chernobyl, which involved a graphite
moderated and boiling light water cooled pressure tube reactor. Hence, it is
considered essential that the proposed PTLWR exhibits negative coolant
void reactivity at all operating conditions. That this can be accomplished in
a pressure tube reactor, has been demonstrated by the UK’s steam
generating heavy water reactor (SGHWR) and the Japanese FUGEN HWR.
Both the Doppler and void coefficients are investigated in Section 4.4.4.

Other characteristics of the reference dry calandria design, evaluated
in Section 4.4.4, include fluence on the pressure tubes and the reflector
temperature coefficient. Section 4.4.5 discusses the issues of reactor control.

Passive flooding of the voided calandria space with light water is unique
to the PTLWR concept, and does not have any experience base in the LWR
or HWR arena. Since it introduces large reactivity changes, detailed
calculations need to be performed to prove that the flooding will result in a
reactor shutdown, and that no reactivity excursions, which could lead to a
large power increase, are possible. These issues are discussed in Section
4.4.6.

TRISO particle fuel can achieve much higher burnups than typical UO9
fuel pellets, which are constrained by mechanical limits. Section 4.4.7
investigates fuel depletion, and the options to utilize this high burnup
potential. Power distribution in the PTLWR equilibrium core depends on
the refueling scheme. The PTLWR concept employes bi-directional on-line
refueling, as is common practice in CANDU reactors. The power density
profile in an equilibrium core using bi-directional refueling and the effects
of bundle shuffling in the channel are studied in Section 4.4.8.

To reflect the recently increased interest in weapons-grade plutonium
disposal, a qualitative assessment of the proposed concept using plutonium
fuel is performed in Section 4.4.9.
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4.2 BASIC NEUTRON TRANSPORT EQUATION

The fundamental neutron balance equation describing a reactor in a
steady state critical condition is [Henry, 1986]:

VJ(rE) + Z(r.E) ®(r.E) = ] dE'[Z fi(E) vi ZHr,E)+Zy(r.E'—>E) ] @(r,E)

j (4-1)

Equation (4-1) states the fact that neutron leakage plus neutron removal
from the system equals neutron production. J is the net neutron current

defined as

J =[ QdQ y(r, Q,E) = f € dQ v(E) N(r, Q, E)
2 o (4-2)

where Q is the direction vector in 3-D space, r is the vector describing space
coordinates, E is neutron kinetic energy relative to the laboratory system,
and ¥(r,Q,E) is the directional flux density defined as the product of
neutron speed, v(E) and the neutron density in the phase space, N(r,Q,E).
In Eq. (4-1), fi(E) is the fission spectrum for isotope j, vi is the number of
neutrons per fission for isotope j, ZJ} is the fission macroscopic cross section
for isotope j, Xt is the total macroscopic interaction cross section, Z(r,E'=E)
is the differential scattering cross section from energy E' into interval dE,
and @ is the scalar flux density defined as

d):f y(r, Q, E) dQ
a (4-3)

)

commonly called neutron flux. The most common approach for finding the
unknown neutron flux, which is widely used in most reactor-design
calculations, is to solve Eq. (4-1) directly for ®. This approach necessitates

relating neutron current to neutron flux. The approximation satisfactory
for most reactors is Fick’s law relating J and ® by the equation

J (r,E) = -D(r.E) V&(r.E) (4-4)
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where D is the diffusion coefficient. Substituting Eq. (4-4) for neutron
current in Eq. (4-1) yields the diffusion equation

-V.D(r.E)V®(r.E) + Z(r,E) ®(r.,E) =

= J dE'[z f(E) Vi X(r.E") + zs(r,E'—aE)}cp(r,E')
o j (4-5)

which is widely applied in reactor analysis.

The validity of the key approximation introduced to obtain the diffusion
equation, i.e., Fick’s law, must be re-examined when applied to the dry
calandria design with significant void space in the core. Fick’s law is based
on the analogy of gas diffusing through media where the molecules, driven
by concentration gradient, diffuse from regions of high concentrations to
regions with low concentration. There are two important conditions for the
diffusion analogy to be valid. First, if the neutrons are to behave like gas
molecules diffusing through porous media, significant scattering must be
ensured, i.e., Zs>>X, and g and X, should not vary rapidly as a function of
position in the region under investigation. If the scattering macroscopic
cross section is very small compared to macroscopic absorption cross
section, neutrons will exhibit a beam-like distribution in preferred
directions — a quite different situation from diffusion-like behavior.
Secondly, the mean free path of the neutrons should be small compared to
the physical dimensions of the system under investigation.

Unfortunately, none of these conditions is satisfied in the dry calandria
design. Neutron scattering in the voided space is virtually zero, while large
in the reflector and in the coolant channels. Neutron absorption is very
large in fuel regions, but almost zero in the voided space. Also both the Xg
and X, vary considerably within the core as a function of position. But more
importantly, neutron mean free path is large (on the order of several
meters, compared to several cm in LWRs) and is comparable to the core
physical dimensions. Hence the commonly used argument that Fick’s law
is valid several mean free paths within regions in which the X5 and X, do
not change rapidly with position and where the X5 >> X; [Henry, 1986] is
clearly not satisfied for the dry calandria concept. In fact, no such a region
can be found within the entire core. One can also observe, that in some
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selected directions (i.e., parallel with fuel channels), neutrons can easily
travel throughout the entire core without having any collision while in
some other directions the probability of collision is large. Therefore, the
directional distribution needs to be taken into account, a property which
cannot be described well by Fick’s law.

Limitations of Fick’s law for the dry calandria design can also be
demonstrated from the thermal flux profile. Section 4.4.4.3 will show that
the thermal flux in the core center is almost constant across a substantial
portion of the core. Constant thermal flux in Eq. (4-4) implies zero current
density, J, and hence zero leakage of thermal neutrons from the core
center. This does not correspond, however, to the real situation where
thermal neutrons leak easily from the center of the core to the outer

boundary.

In view of the above arguments, a second, more rigorous, approach
needs to be applied in finding neutron flux. The neutron flux can be
calculated directly from the definition (4-3), if the directional flux density,
y(r,Q,E), is known. Knowledge of the directional flux density requires the

solution of the static neutron transport equation [Henry, 1986]

Q- Vy(r, Q,E) + Z(r,E) y(r, Q,E) =

= J dE' f dQ'[Z fi(E) v zi(r,E‘) + Zs(r,Q'—»Q,E'—)E)]w(r, Q' E)

j (4-6)

where I (r,Q'—-Q,E'>E) is the differential scattering cross section from
energy E’ and direction Q’ into interval dE dQ.

Solving Eq. (4-6) for the directional flux density poses enormous
mathematical difficulties. Four methods have been developed to solve the
transport equation — the spherical-harmonics method, the Fourier-
transform method, the discrete-ordinates technique, and the Monte Carlo
method. The spherical-harmonics and Fourier transform methods are
practically intractable for more complex geometries, such as the core of the
dry calandria design, while the discrete-ordinates method suffers from ray
effects [Henry, 1986]. To avoid ray effects in the proposed design, a very
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large number of ordinates would have to be employed, thus increasing the
computation time. The Monte Carlo method, which is the best suited
method for the complex geometry of the dry calandria core, was chosen to
solve the neutron transport equation. It is also the best developed and
benchmarked method available.

Note that Monte Carlo is a statistical method, while the other three
methods are deterministic methods. The Monte Carlo method simulates
the random histories of a large number of neutrons in a system, and
statistically samples probability distributions governing these events to
describe a total phenomenon. The deterministic methods solve the integro-
differential equation (4-6) directly, while the Monte Carlo method solves the
same transport equation, but in the integral form. Since the Monte Carlo
method solves the transport problem by simulating particle histories rather
than solving an equation, the integral transport equation does not even need
to be written to solve the transport problem by Monte Carlo. The
disadvantage of the Monte Carlo method is that a very large number of
particles need to be run to achieve accurate results, especially if the
quantities desired are a function of position in the core.

The voided calandria core is neutronically similar to the nuclear vapor
thermal rocket (NVTR) engine, which employs a gaseous uranium
tetrafluoride (UF4) fuel contained in bottled channels reflected at the top
and bottom as well as at the outer radial edge of the core. A large mean free
path in the fuel zone in the NVTR, comparable to the channel length,
necessitated transport code analysis for nuclear criticality assessment
[Watanabe and Dugan, 1993]. Attempts have been made to apply buckling
corrections by modifying the core height or by generating fictitious
materials whose cross sections closely simulate axial loss from streaming
through additional absorption. The approach of effective core height,
however, encountered difficulties (in terms of achieving sufficient
accuracy) for heterogeneous problems with significant axial streaming
[Watanabe and Dugan, 1993].

Finally, it is noted that the application of the neutron diffusion equation
would be possible if the diffusion constants are corrected for neutron

streaming effects. Several methods for obtaining effective diffusion
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coefficients in lattices with neutron streaming have been developed
[Gelbard, 1983], although mostly for a lattice where voided space is small
compared to space taken up by solid or liquid material. This differs from the
dry calandria design, where most of the space is occupied by voids (80%).
Hence the validity of the methods developed for lattices where solid material
is dominant would need to be confirmed for void-dominant lattices. Note
that the methods reviewed by Gelbard still need the solution of the neutron
transport equation in some form to obtain the effective diffusion constants.
The advantage of using these methods lies in the fact that the set of effective
diffusion coefficients, spanning the conditions of interest, can be
precomputed once and then used as input data in the standard computer
codes based on the neutron diffusion equation. This would speed up reactor
analysis, since the diffusion equation-based codes are much faster than the
Monte Carlo method. This approach was not chosen in this work, however,

because it requires an extensive development effort.

4.3 ANALYSIS TOOLS

As has been discussed in the previous section, the Monte Carlo method
has been selected to solve the static neutron transport equation. There are
several Monte Carlo codes available; some widely known being MCNP
[Briesmeister, 1986], RCP01 [Candelore et. al., 1978], SAM-CE [Lichtenstein
et. al., 1979], and KENO (Petrie and Landers, 1984]. From these, the Monte
Carlo Neutron Photon Transport (MCNP) code, developed at Los Alamos
National Laboratory, was selected as the main analysis tool, due to its
availability, versatility and extensive verification for a variety of
applications including heterogeneous lattices for thermal reactors. The
MCNP code will be briefly described in Section 4.3.1.

One of the MCNP limitations is its inability to calculate core depletion.
To perform the scoping burnup calculations in the dry calandria design,
the ORIGENZ2 code [Croff, 1980], [Croff,1983], developed at Oak Ridge
National Laboratory (ORNL), has been chosen. Since the effective one-group
cross section library required by the ORIGEN2 code is not available for the
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PTLWR core, the ORIGEN2 code was combined with MCNP, as will be
described in Section 4.3.2.

4.3.1 The MCNP Computer Code

The MCNP code [Briesmeister, 1986] is a general-purpose coupled
neutron/photon Monte Carlo transport code. The strength of MCNP is its
easy application to complex geometric configurations. It treats an arbitrary
three-dimensional configuration of materials in geometric cells which are
bounded by first- and second-degree surfaces. Special cases, e.g., elliptical
tori with four-degree surfaces are also available.

The code can be used for neutron, photon, or coupled neutron/photon
transport as well as for calculation of eigenvalues of critical systems. The
code’s versatility offers the capability to use the code in three modes;
neutron transport only, photon transport only, or combined neutron/photon
transport, where the photons are produced by neutron interactions.

The MCNP code uses continuous energy cross section data libraries.
The neutron energy regime is from 10-11 MeV to 20MeV, and the photon
energy regime spans the range between 1lkeV and 100MeV. The major
sources of nuclear data are the Evaluated Nuclear Data File (ENDF/B)
[Kinsey, 1979] system, the evaluated nuclear data library (ENDL) [Howerton
et. al., 1975] and the Activation Library (ACTL) [Gardner and Howerton,
1978] from Livermore, and evaluations from the Applied Nuclear Science
Group at Los Alamos. Cross section data are available for neutron
interactions, photon interactions (allowing one to account for coherent and
incoherent scattering, photoelectric absorption with the possibility of
fluorescent emission, and pair production), neutron dosimetry or
activation, and thermal particle scattering S(o,B). Thermal data tables with
a S(o,B) scattering treatment include chemical binding and crystalline
effects that become important for low energies. This treatment is available
for moderator materials.

The MCNP code has been extensively verified for a variety of
applications [Whalen et. al., 1991), [Forster et. al., 1990]. The adequacy of
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ENDF/B nuclear data for use in thermal reactors has been assessed by
numerous researchers, such as [Mendelson, 1968], [ENDF-313, 1981] to
name a few, although mostly for homogeneous cores at room temperature.
Heterogeneous designs at room temperature have also been validated [Haga
et. al., 1979], [Manaranche et. al., 1979]. Recently, extensive validation of
ENDF/B data using MCNP has been done for multibundle systems in full
three-dimensional configurations for LWR temperatures representative of
both cold and operating conditions [Sitaraman and Rahnema, 1993]. The
eigenvalue predictions of the MCNP code coupled with ENDF/B-V data
showed excellent agreement with critical measurements, and MCNP was
recommended as a benchmarking tool to validate faster, more approximate
codes used in LWR core design and analysis [Sitaraman and Rahnema,
1993]. In addition to predicting eigenvalue with very good accuracy, MCNP
can also predict well local parameters such as fission densities.

The MCNP code can also track photon generation and energy deposition
associated with these iterations. Application of the MCNP energy deposition
tracking method to the Advanced Neutron Source (ANS) reactor design
showed that MCNP is capable of generating very accurate results (within
1%) for the total energy deposition within a reactor, including the photon
heating in the reflector and the heating associated with delayed secondary
decay mechanisms in activation daughter products [Wemple and Jashan,
1991]. Monte Carlo methods have been also validated against critical
experiments for fuel assemblies with low hydrogen densities which can
arise if moderating media from fire sprinkle heads or fire hoses enter dry
fuel storage racks [Elmaghrabi and Klotz, 1991]. A good level of accuracy

was achieved.

Very good results obtained in the MCNP validation effort show that the
MCNP code is capable of calculating correct eigenvalues, fission density
profiles and energy deposition for the proposed passive pressure tube light
water reactor concept. There are, however, limitations in using MCNP.
The most serious drawback with respect to this conceptual study is the
inability of MCNP to calculate fuel depletion. While complete MCNP
burnup calculations are not available, MCNP full core calculations at
various stages of burnup can be done. To obtain the change of fuel
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composition with burnup, the ORIGEN2 computer code was used, while the
change of reactivity with burnup is calculated by MCNP using fuel
composition from ORIGEN2. More details about this approach will be given
in Section 4.4.7. Very recently, a new MCNP-ORIGEN2 Coupled Utility
Programs (MOCUP) package has been developed at Idaho National
Engineering Laboratory (INEL) that provides the means to use MCNP for
the neutronics solution and ORIGEN2 to perform depletion [Babcock et. al.,
1993]. Unfortunately, this package was not available at the time of the

present burnup study.

4.3.2 The ORIGEN2 Computer Code

ORIGEN2 [Croff, 1983] is a versatile point-depletion and radioactive-
decay computer code. It is used to simulate nuclear fuel cycles and
calculate the nuclide compositions and characteristics of materials during
the fuel cycle. The ORIGEN2 code is a revised and updated version of the
ORIGEN ([Bell, 1973] computer code developed at ORNL.

The ORIGEN2 code maintains a data base of 1700 nuclides, divided into
three segments: 130 actinides, 850 fission products, and 720 activation
products. Nuclide properties computed by ORIGEN2 include mass, thermal
power in watts of recoverable energy, fractional isotopic composition,
radioactivity, radioactive and chemical ingestion, radioactive inhalation,
neutron absorption rate, fission rate, neutron emissions and photon
emissions. In addition, the code calculates the infinite multiplication factor

as a function of burnup and instantaneous neutron flux.

Effective cross sections for all nuclides, particularly the actinides, are
generally a strong function of the type of reactor and the concentration of
the nuclides. ORIGEN2 uses one-group effective cross sections (n,%) to
ground and excited state, (n,2n) to ground and excited states, (n,3n) and
(n,fission) for the actinides, and (n,p) and (n,a) for the activation products
and fission products. Since these cross sections depend highly on reactor
and fuel type, several data bases of one-group effective cross sections are
available. These include data bases for PWRs and BWRs for the U-Pu cycle,
PWRs with alternative fuel cycles (e.g., for thorium based fuels and
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extended burnups), CANDU reactors with natural or slightly enriched U-
Pu cycle, LMFBRs with U-Pu cycle, LMFBRs with thorium cycle, and also
specifically for the fast flux test facility and Clinch River Breeder Reactor.
Clearly, a one-group effective cross section library for the proposed PTLWR
is not available in ORIGEN2. Calculation of this library is a complex
process, beyond the scope of this work, that is specific to the reactor type,
and must be performed using sophisticated codes other than ORIGEN2. At
this stage of the study, a simplified approach has been chosen. The PTLWR
fuel was burned by ORIGEN2 using one-group cross section data for a PWR
on the U-Pu cycle, with the cross sections of the major actinides modified to
match reaction rates obtained by MCNP. More details about this approach

are given in Section 4.4.7.

A number of verification activities has been performed. These included
a comparison of ORIGEN2 decay heat results with both calculated and
experimental values [Schmittroth et. al., 1980], and comparison of predicted
spent fuel compositions with measured values [Croff, 1981]. The agreement
between the ORIGEN2 results and data is generally very good.

4.4 PHYSICS ASPECTS OF PRESSURE TUBE REACTORS WITH VOIDED
LATTICE

The dry calandria design employs light water as both the coolant and
moderator®. Light water is placed inside the pressure tubes which are
arrayed in a void space surrounded by a graphite reflector. Light water
coolant and the fuel compacts inside the pressure tubes are located in
separate holes in the graphite matrix. Finally, the fuel kernels of TRISO
fuel particles, surrounded by buffer, inner pyrolytic carbide (PyC), silicon
carbide, and outer PyC layers, and distributed in a graphite binder, give
rise to fuel microheterogeneity in a fuel compact. This triply-heterogeneous
system exhibits certain unique features, which differ in several aspects

* Most moderation necessary to thermalize neutrons from fission is accomplished by the
light water coolant inside the fuel channels; some moderation also takes place in the

graphite reflector and in the graphite fuel matrix.
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from those of either LWRs or PHWRs. The most important factor is a
significant fraction of voids present in the core. This section will examine
the key reactor physics aspects of reactor core having heterogeneously
distributed fuel channels in a voided cavity, called a calandria, surrounded
by a reflector. First, various possible configurations of a moderator in the
calandria space are briefly explored, and the two main design options — the
dry calandria design and the wet calandria design are identified. The rest
of this section is devoted to the reference dry calandria design.

4.4.1 Various Moderator Configurations in Voided Calandria

4.4.1.1 Classification of Calandria Designs

In compliance with the premises listed in Chapter 1, light water
coolant is to be used as both the moderator and coolant. Use of light water in
a pressure tube reactor, however, necessitates changes to a PHWR of the
CANDU type due to differences in the nuclear properties of heavy water and
light water. The much smaller slowing down power of D2O than that of HoO
requires a large moderator-to-fuel volume ratio, and hence large pitch
between fuel channels to accommodate a sufficient amount of D20
moderator. Replacing DgO moderator with HoO while maintaining the
same slowing down power would require such a small channel pitch that
the calandria tubes would have to touch each other. Even for such a small
pitch, the design would still be overmoderated and would have a positive
reactivity coefficient. One also needs to consider that the minimum channel
pitch is restricted by the space requirements associated with header
plumbing and on-line refueling. To stay within the current CANDU on-line
refueling practice, channel pitch is kept the same as in CANDUs, and the
reduction of moderator-to-fuel volume ratio is achieved by a mixture of HoO

and voids in the calandria space, i.e., outside the calandria tubes.

Figure 4-1 shows the two basic types of arrangements of the light water
moderator in the calandria. In the first arrangement type, designated as
the wet calandria design, low-pressure HoO moderator is in permanent

contact with the fuel channel, wetting the outer surface of the calandria
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tube. There are two possible versions of the wet calandria design. In the
first version, moderator is discontiguous, separated by voids. One such
possible arrangement, shown in Figure 4-1 employs a moderator annulus
contained in a Zircaloy tube (designated henceforth as the moderator tube)
surrounding the calandria tube. In the second \;ersion, moderator fills the
calandria as a contiguous medium. To provide the optimum moderator-to-
fuel ratio, voided Zircaloy tubes are introduced. The advantage of the wet
calandria design is that the low-pressure moderator, which also serves as a
backup passive heat sink in a loss of coolant or loss of heat sink accidents, is
available at all time, and does not require any initiation for its function. The
disadvantage is the need to provide a “thermal switch” between the
pressure tube and the calandria tube to minimixe heat loss during normal
operation and to enhance heat transfer into moderator during an accident.
Such a switch is difficult to design and adds mechanical complexity.
Another disadvantage, especially of the discontiguous-moderator version,
is the susceptibility to moderator tube failure and subsequent loss of low
pressure heat sink, in case of pressure tube rupture. The wet calandria
approach has been investigated by Tang [Tang, 1992], [Tang et. al., 1992].

In the second arrangement type, no HoO moderator is in permanent
contact with the fuel channels. The calandria tubes are dry during normal
operation, hence the designation as the dry calandria design. A large,
light-water pool, which is kept outside the calandria space by a gas lock has
the designated function of a heat sink, but does not serve as a moderator, as
was the case in the wet calandria design. The dry calandria design does not
require any thermal switch, but it needs a reliable, passive mechanism to
initiate calandria flooding following loss of coolant or loss of heat sink
accidents. The dry calandria design has two versions. The first version
employs Zircaloy tubes containing low-pressure light water moderator,
while the second version does not have any out-of-channel moderator. The
out-of-channel moderator (in addition to the inside-the-channel moderator)
allows good optimization of moderator-to-fuel ratios for fuel arrangements
with high heavy metal loadings. The second version is applicable to a fuel
matrix with TRISO particle fuel, since the heavy metal loadings achievable
with particle fuel are low, and no additional out-of-channel moderator is
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needed. The latter version has been selected as the reference dry calandria
design for the evaluation in the present work.

4.4.1.2 Effects of moderator arrangement on multiplication factor in a

high-streaming lattice

It has been illustrated above, that the out-of channel moderator can be
arranged in the calandria in a variety of ways. The purpose of this section
is to investigate how the geometrical arrangement of the out-of-channel
moderator affects the multiplication factor, and to determine if there is any
preferred arrangement which gives the highest eigenvalue. All the
investigated arrangements represent lattices with large neutron
streaming, since the voided volume fraction is high.

The selected arrangements for one fuel channel are shown in Figure
4-2. Note that the drawings are highly schematic because the limited space
does not allow showing all the moderator tubes and other details. There are
three configurations with moderator tubes (Cases A through C) for the dry
calandria concept and two configurations (Cases D and E) for the wet
calandria concept. Case A employs 32 moderator tubes in a rectangular
array, Case B has 32 moderator tubes in a circular array placed far from
the channel centerline, and Case C has the same number of moderator
tubes, also in a circular array but in the close proximity to the fuel channel.
All the moderator tubes have the same inner and outer diameter to keep
both the volume of the moderator and Zircaloy fixed for all cases. Also the
dimensions of the moderator annulus for Cases D and E are calculated
such that the volume of moderator and Zircaloy exactly match the dry
calandria cases. The fuel channel consisting of the pressure tube,
calandria tube and graphite fuel matrix with 24 fuel regions filled with
TRISO particle fuel and 13 coolant channels is kept the same for all cases

as well.

Multiplication factors for an infinite lattice, calculated by MCNP are
given in Figure 4-2 (see reflective cell boundaries and the dimensions of a
fuel channel in Figure 4-3, which shows Case A arrangement to scale). It
can be observed that the differences in multiplication factors are very small,
hence the effect of geometrical arrangement of light water moderator in a
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voided space on reactivity is negligible. These results also indicate a fairly
flat thermal flux profile in this region since the change of moderator
location does not seem to alter reaction rates in the cell.

Figure 4-4 shows the dependence of the multiplication factor on the out-
of-channel moderator volume for Case A with moderator tubes arranged in
a rectangular array. Change of volume fraction was simulated by changing
the diameter of all moderator tubes while keeping the number of moderator
tubes constant. Figure 4-4 shows that the optimum moderator-to-fuel
volume ratio is achieved for a moderator tube diameter of about 0.2cm. For
larger tube diameters, the system is overmoderated and results in a positive
void coefficient. Therefore this region must be avoided. It can be also
observed that this configuration (recall that Case A employs a fuel matrix
with particle fuel) does not need any moderator outside the fuel channel
since the point on the k-curve for zero fraction of out-of-channel moderator
ensures negative void coefficient and is close to optimum. Moreover, the
curve is relatively flat in this region, which would result in small reactivity
insertion in accidents with cold water ingress. Note that the point at zero
moderator fraction was calculated by keeping the diameter of the Zircaloy
tube equal to 0.25 cm and setting moderator density inside the tubes to zero.
The diamond point, designated “Zy tubes out”, shows the reactivity increase

if all moderator-tube structures are removed.

The results from Figures 4-2 and 4-4 suggest that the geometrical
arrangement of out-of-channel moderator does not have any significant
effect on reactivity, and that the amount of moderator is what matters. The
fuel matrix with particle fuel design does not need any additional
moderator outside the fuel channel. This reduces complexity and the
amount of structural material inside the calandria, and hence decreases
neutron parasitic losses. These factors contributed to the choice of particle
fuel for the reference design.
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Figure 4-4 Dependence of multiplication factor on the volume of out-of-
channel moderator for Case A

4.4.2 MCNP Models

Several MCNP models have been constructed to explore physics aspects
of the reference PTLWR design. Key models include the fuel channel cell,
full core mockup, full core mockup with movable control rods and variable
water level in the calandria to simulate flooding, and the two-channel cell
with axially-variable fuel composition for a bi-directional refueling scheme.
This section will briefly describe these models. MCNP input data and the
codes which facilitate generation of input data are too bulky to be included
here: they are given in a separate report [Hejzlar,1994].

4.4.2.1 MCNP Model of a Dry Calandria Cell with One Fuel Channel
(Model #1)

Figure 4-5 illustrates the cross sectional view of the dry calandria cell
with one fuel channel. A fuel channel comprises 13 coolant holes, 26 fuel
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regions containing TRISO particle fuel, the graphite matrix, an annular
coolant channel, a pressure tube and a calandria tube. The dimensions are
summarized in Figure 4-5. The square, with side length equal to channel
pitch and enclosing the fuel channel, represents reflecting boundaries with
zero current boundary conditions. In the axial direction, only half of the
channel length is modeled, with a reflecting surface at the core midplane.
Two versions of the model with respect to channel end were used. The first
version uses a reflective surface at the end of the active core length,
representing thus an infinite lattice. The second version incorporates a
Zircaloy liner followed by a 1m-thick reflector to account for the axial
leakage. Coolant density and fuel composition are assumed axially

uniform.

The fuel channel is represented accurately except for the silicon carbide
coating of the matrix, and graphite bearing pads, which have been
neglected. However the coolant displaced by bearing pads was accounted
for. These simplifications have a negligible effect on the results. Another
simplification of more importance is the homogenization of the TRISO
particles in fuel regions, since it decreases the resonance escape probability
in fertile isotopes, and consequently leads to a reactivity decrease. More
detailed study of this effect, however, showed that the reactivity decrease is
relatively small (see Section 4.4.3). Model #1 is intended for scoping
calculations of void reactivity coefficient, neutron energy spectra, fluence on

pressure tubes, and detailed mapping of the flux profile inside the channel.

The input deck for the MCNP model #1 is generated by a PASCAL code
developed to facilitate the data building process. The code allows convenient
changes of variable parameters such as coolant density, fuel enrichment
etc. It also gives the options to choose various reflector and matrix
materials, types of coolant, types of fuel and to introduce various
moderators in the space outside the calandria tube. In addition, the code
can correctly generate scaled plots of the cell, such as in Figure 4-5. A
listing of the code, sample input data and sample code output (MCNP input
data deck) is given in [Hejzlar et. al., 1994].
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& graphite matrix

@ calandria tube (CT)
Q insulating gap or void

fuel hole OD=12.7, 12.4mm
coolant hole OD=8.40 mm
matrix OD=120.8 mm
pressure tube ID=128 mm

PT thickness=5.79 mm
gap thickness=10 mm
CT thickness=1.52 mm
pitch=285.75 mm

Figure 4-5 Reference dry calandria design - fuel channel MCNP model

scale = 1/2 real scale
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4.4.2.2 Full Core Mockup (Model #2)

Although the model of one fuel channel can give insight into many
physics aspects of the design, it cannot describe adequately the behavior of
the whole core, because leakage (which is significant in the voided core) is
not represented correctly. Moreover, thermal neutrons from the reflector
will affect a substantial portion of the core due to the large neutron mean
free path. Hence, a full core mockup is necessary for more accurate

calculations.

A full core mockup representation with dimensions is shown in Figure
4-6. The model takes advantage of symmetry by representing one quarter of
the core in the radial direction and one half in the axial direction. Cut
planes are modeled as fully reflective with zero current boundary
conditions. The full core consists of 740 fuel channels. The geometry of
every individual channel is the same as shown in Figure 4-5. Coolant
properties and fuel composition is assumed uniform. Fuel channels are
surrounded by a graphite reflector with a Zircaloy liner. Finally, the core is
submerged in a light-water shield tank. The end reflector employs a
similar arrangement to that shown for the radial reflector. In addition,
control rods inserted in the end reflector between the fuel channels can be
modeled. However, only fully inserted control rods can be represented in
this one-quarter core model to preserve the symmetry. Simplifications in
the model of the fuel channel are the same as explained in Section 4.4.2.1.
The end reflector is simplified by neglecting the detailed arrangement of the
channels penetrating the end reflector. The model is intended primarily for
flux profile mapping in the core.

The input deck for the MCNP model of the full core mockup is
generated by a PASCAL code. Similarly as for MCNP Model #1, the code
allows convenient changes of variable parameters and the choice of various

options. A listing of the code, sample input data and sample code output
(MCNP input data deck) is given in [Hejzlar et. al., 1994].
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coolant holes OD = 8.4mm
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number of fuel channels = 740
reflector ID=9000mm
reflector thickness =1000mm

e R T
P N

o

D R A PR AR NN
CEEERFELF IS
¢~¢.+3‘¢‘§3“’

ONRSTIN
ettt s,
ol o
SRR
AN RSN
: ettt et
& ettt
it L T,
205050508
55005052 8500000 20K 200600 Y
0“0+‘0'*‘0 S NI I

bttt
IR R025RE25e02562026200
St
L0000

Shield

Graphite
reflector

Reflective boundaries Zircﬁoy liner

Figure 4-6 Reference calandria design - MCNP model of a full core with reflector
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4.4.2.3 Full Core Mockup with Movable Control Rods and Variable Water
Level in the Calandria (Model #3)

The disadvantage of MCNP Model #2 is that it cannot be used for
reactivity calculations in processes with calandria flooding. To calculate
such a process, the model must be able to represent the calandria space
between fuel channels in two regions — a lower portion with flood water
having arbitrary density (to account for the possibility of a subcooled state as
well as boiling) and the upper portion filled with either gas, saturated
steam or a steam/water mixture. Therefore, it is necessary to model half of
the core, as shown in Figure 4-7. The end reflector is modeled with all
control rods and the fuel channels penetrating the reflector. A cross section
of the end reflector is shown in Figure 4-8. Control rods are arbitrarily
positionable in the modeled half of the core; the control rods in the other
half are a mirror reflection of the right half by virtue of symmetry. Details
of the fuel channel portion penetrating the reflector, similar to CANDU
practice, are shown in Figure 4-9. The MCNP model #3 considers the shield
plug with coolant outlet channel, the annular coolant channel between the
shield plug and the pressure tube, the pressure tube, the gap between
pressure tube and calandria tube, and the calandria tube, as shown on the
expanded channel view in Figure 4-8. Conical coolant passages in the
shield plug are simplified by modeling cylindrical passages of such
diameter that they have the same coolant volume as the original passages,
to represent correctly moderation and absorption of light water coolant in
the shield plug. Model #3 is the most detailed model of the reference design,
and is used for analysis of the flooding process, reactor control, and best-
estimate criticality and void reactivity calculations.

To facilitate construction of MCNP input data, a PASCAL program has
been developed. The code enables the user to easily change parameters of
the fuel, coolant, conditions in both the flooded and unflooded portions of the
calandria, and to position the control rods. A listing of the code, sample
input data and sample code output (MCNP input data deck) is given in
[Hejzlar et. al., 1994].
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Figure 4-7 Reference calandria design - MCNP model of a full core for flooding (core region)
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Dimensions:

coolant outlet OD = 8.4mm
shield plug OD = 120.8mm
pressure tube (PT) ID = 128mm
pressure tube thickness =5.79mm
gap thickness =4mm
calandria tube thickness =1.52mm
fuel channel pitch =285.75mm
number of fuel channels = 740

side reflector thickness =1000mm

Figure 4-8 Reference calandria design - MCNP model of a full core for flooding
(side-reflector region with control rods)
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4.4.2.4 A Two Channel MCNP Model With Variable Fuel Composition for
Bi-directional Refueling Scheme (Model #4)

All previously described models assumed an axially-uniform fuel
composition in the channel. This assumption, however, is applicable only to
the fresh core, or for on-line refueling strategies which refuel the entire
channel at one time. More common practice is, however, to refuel only
several bundles at a time. Also, the bi-directional on-line refueling, adopted
for the proposed PTLWR concept, refuels several bundles at a time.
Therefore, individual fuel elements in the channel have different fuel
composition, depending on fuel element burnup. To take into account this
important fact, a full-length MCNP model of the two neighboring channels,
which models separately every fuel bundle, has been developed.

Figure 4-10 shows schematically two neighboring fuel channels with
individual fuel elements; one channel (with pattern-filled fuel elements) is
refueled from the left end, the other channel from the opposite end. Fuel
channels are arranged in the core in a checkerboard scheme. Using the
symmetry, the model can be simplified into two one-quarter channels
facing each other as shown in Figure 4-10. The expanded cross sectional
view of the two-channel cell is shown in Figure 4-11. Both channels are
enclosed by a square reflective boundary. In the axial direction, the entire
channel length is modeled with 1m-thick graphite reflectors on both ends.
Every fuel element can have different fuel composition and coolant density.
Fuel compositions are obtained using the ORIGEN2 code and coolant
densities are obtained from a separate thermohydraulic model described in
Chapter 6.

The input deck for the MCNP model of the two neighboring channels in
checkerboard arrangement is generated by a PASCAL code.. The code
allows reshuffling of fuel elements with arbitrary fuel compositions to
arbitrary positions. Other parameters, such as coolant density, matrix and
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Figure 4-10 MCNP model for checkerboard bi-directional refueling
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Dimensions:

fuel hole -outer ring OD = 12.7mm
fuel hole -inner ring OD = 12.4mm

coolant holes OD =8.4mm
central coolant hole OD = 22mm
matrix OD = 120.8mm

pressure tube (PT) ID = 128mm
pressure tube thickness =5.79mm

gap thickness =4mm
calandria tube thickness =1.52mm
fuel channel pitch =285.75mm

Left-side refueled channel

Right-side refueled channel \
Reflective boundaries

Note: In the axial direction, all twelve fuel elements are modeled for both channels, and
each bundle in each channel can have arbitrary fuel composition. The ends
of both channels are reflected by a 1m-thick graphite reflector.

Figure 4-11 Expanded cross-sectional view of a cell with two neighboring channels

130



reflector material and various moderator options in the calandria space are
also possible. A listing of the code, sample input data and sample code
output (MCNP input data deck) are given in [Hejzlar et. al., 1994].

4.4.3 Double Heterogeneity Effects

The MCNP models of the reference dry calandria design, described in
Section 4.4.2, modeled fuel compacts containing TRISO particle fuel as
homogenized regions. The real arrangement of the fuel compacts is
composed of TRISO particles comprising the fuel kernel, surrounded by a
low-density buffer layer, an inner pyrolytic carbon layer, a silicon carbide
layer and an outer pyrolytic carbon layer binded in a graphite matrix.
Thus, in addition to heterogeneous placement of fuel regions within the fuel
channel, fuel kernels within the fuel compact itself are hetérogeneously
distributed. This introduces secondary heterogeneity, or microhete-
rogeneity, into the system. Homogenization of fuel compacts with particle
fuel results in an increase of resonance absorption in resonance-absorber
materials, and hence in a decrease in reactivity and an increase in the
Doppler coefficient. This section will make an assessment of the bias in
multiplication factor introduced by the homogenization of the fuel region as
compared to the real case, i.e., when the cross-section spatial-shielding in

resonance-absorber isotopes is fully accounted for.

Several methods for self-shielding cross sections in such doubly
heterogeneous systems have been developed and tested [Walti, 1971], [Walti
and Koch, 1972], [Stamatelatos, 1976], [Stamatelatos and LaBauve,1978] for
HTGR applications. Since these models were not readily available, MCNP
was used to estimate these effects.

An MCNP model of 2346 particles arranged in a hexagonal lattice, as
shown in Figure 4-12, was prepared. The size of the hexahedron is chosen
to be about the same as the size of the fuel compact in the radial direction.
The spacing between individual particles is selected to keep the same
packing density as for the reference dry calandria design. Note that the
actual geometrical arrangement of the particles will be irregular and
cannot be exactly determined since it has a rather statistical character.
Monte Carlo calculations by others have shown that the geometrical
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arrangement of the particles is rather independent of their packing [Askew
et. al., 1971], hence the results obtained for the regular lattice should be

fairly representative.

Ideally, one would run the MCNP model of the hexahedron with
boundary flux conditions obtained from the full cell model. However, since
MCNP does not allow flux boundary conditions, a different approach is
used. To achieve the same neutron spectrum as in the dry calandria
design, the hexahedron is surrounded by a light-water moderator annulus
(not shown in Figure 4-12), having an inner radius of 1.5cm. The thickness
of the moderator annulus is chosen such that the moderator-to-fuel volume
ratio is the same as for the reference dry calandria design. A zero-current
boundary condition is assumed on the outer surface of the moderator layer
and on both ends. The voided space between the hexahedron and the
annulus increases the neutron mean free path, similarly as in the dry
calandria design. Particles in the hexahedron were homogenized, in the
same manner as for the full cell model, and the energy spectrum obtained
from the hexahedron homogenized model was compared with the energy
spectrum obtained from the full cell model. If good agreement between the
two spectra can be achieved, neutrons in the hexahedron model will have
conditions close to those coming from the core. As shown in Figure 4-13,
the agreement is quite good except for the fast spectrum. However,
neutrons with energies higher than 0.1 MeV (region of energies with
disagreement) do not participate in resonance absorption which is
responsible for spatial self shielding, hence the results obtained from the

model will be fairly representative.

The effect of spatial self shielding is then computed in two steps. In the
first step, all particles with the kernel and all coating layers, and the
graphite binder were homogenized in the same way as for the full cell
MCNP model. Using this homogenized hexahedron surrounded by a
moderator annulus, the multiplication factor was calculated. In the
second step, a hexahedron with particles in all detail, keeping the same
moderator annulus and boundary conditions as for the homogenized-
system, was modeled, and the multiplication factor of this model was

133
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Figure 4-13 Comparison of neutron spectrum for a full cell model and

2346-particle h

omogenized model

Table 4-1 Comparison for homogenized and detailed 2346-particle model

Multiplication Reactivity Xc28/Z,25
factor

Homogenized- fresh core

- equilibrium core

Non-homogenized - fresh core

- equilibrium core

Difference - fresh core

- equilibrium core

1.1846+0.0031  0.15583 0.528
1.20611+0.002 0.17088 0.538

1.196940.0012  0.16451 0.517
1.210640.0031  0.17396 0.527

-~ +0.0151 -2%
— +0.0094 -2%
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The results in Table 4-1 suggest that the effect of spatial self shielding is
not significant in the reference dry calandria design. The criticality results
which are calculated by MCNP models based on homogenized fuel regions,
presented throughout this study, will be slightly biased by yielding
underestimated reactivity. For the fresh core, the gain in reactivity is
higher than the decrease in the conversion ratio, hence the achievable
burnups will be slightly higher than those calculated from the
homogenized particle models. In this sense, the results cited in this work

are conservative underestimates of performance.

4.4.4 Physics Characteristics of the Dry Calandria Design

4.4.4.1 Introduction

The purpose of this section is to evaluate basic physics characteristics of
the reference dry calandria design. Using MCNP models described in
Section 4.4.3, it is demonstrated that the proposed PTLWR concept has
several unique physics aspects which differ from those in currently
operating LWRs. These include long prompt neutron lifetime, flat thermal
flux profile, well thermalized neutron spectrum, and tight core-wide
neutron coupling. Attention is paid to ensuring negative void coefficient.
Characteristics different from current LWRs and CANDUs are pointed out

and comparisons with these reactors are made.

4.4.4.2 Long Prompt Neutron Lifetime

Table 4-2 shows the comparison of prompt neutron lifetime for the
PTLWR with CANDU and PWR lattices. Although light water is used in
the dry calandria design, the prompt neutron lifetime is longer by an order
of magnitude than for a typical LWR, and slightly longer than for a typical
CANDU heavy water lattice (about 1.5 times). Most neutrons in the system
are absorbed in the fuel. However, due to the large voids in the calandria,
the neutrons have to travel a long distance, and hence it takes a long time,
before they hit fuel nuclei. The reflector also contributes to an increase of
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the prompt lifetime since the neutrons undergo a large number of collisions
in the reflector before they are returned back to the core. Prompt lifetime
calculated for the infinite lattice, i.e., without reflector is about 8x10-4
seconds, which is about one half of the core value (which considers the
reflector) given in Table 4-2.

The magnitude of the prompt neutron lifetime is unimportant from the
standpoint of controllability during normal reactor operations, since the
reactor time constant is determined by the effective delayed neutron
precursor constants, which are several orders of magnitude longer than
the prompt neutron lifetime. However, from the standpoint of power
excursions with reactivity insertions beyond prompt critical, prompt
neutron lifetime is important.

Table 4-2 Comparison of prompt neutron lifetime with CANDU and PWR

Reactor PWR? CANDUP PTLWRS®

Prompt neutron lifetimed, A, (seconds) 2.0x10-5 8.55x10-4  1.5x10-3

a Typical PWR value

b Obtained from {Banerjee and Hancox, 1981}
© Calculated using MCNP model #3

d For the fresh fuel

To appreciate the benefits of such a large prompt lifetime, consider a
hypothetical accident which leads to a prompt supercritical scenario. It will
be assumed that the reactivity is increased stepwise to $0.25 above prompt
critical”. Maximum fuel temperature rise and power generation in the fuel
may be estimated from a simple quasi-static model [Nyer, 1964], [Haefele,

* Such a reactivity insertion is possible in case of BWR control rod ejection, although the
reactivity increase would be in the form of a ramp rather than a step increase. Note,
however, that such a fast increase is highly unlikely in the PTLWR concept since rapid
ejection of control rods, which are all inserted in the reflector and are under atmospheric

pressure, is not possible. Moreover no control rod has a worth higher than p.
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1963], [Kohler,1969]. The governing equation for an imposed reactivity
increase, with linear temperature feedback can be written [Haefele, 1963] as

—B-O(t-Fj P(1) d‘l} P
A 0 (4_7)

where P is reactor power in MW, B is delayed neutron fraction, A is the

dpP
dt

prompt neutron lifetime in seconds, o is ramp rate in $/sec, and F is
feedback constant in $/MdJ. Solution of the above equation gives periodic
reactivity oscillations and power bursts. Assuming that the only reactivity
feedback in this fast scenario is the Doppler effect, and neglecting delayed
neutrons, Eq. (4-7) has been solved for a step reactivity increase of pg dollars

to yield maximum power [Kohler, 1969]

B p?
2AF (4-8)

Pma‘x =

and total energy release in one pulse and corresponding temperature rise

above initial temperature

Er

2 py
Er=—— . AT X ==
T ™ Cy | (4-9.10)

F
with the feedback constant

F= _A_D"P_ $/MJ
BCrT, , 4-11)

where Ap,p is the Doppler feedback constant. Since the Doppler feedback
varies with temperature like VT (dk/AT) = - Apop, using a constant value of
Apop is only an approximation, but sufficient for this comparative study. Ct
is the core fuel heat capacity in MJ/°C and T, is the initial fuel average
temperature. Maximum power generated in the fuel and maximum
temperature rise using Egs. (4-8) through (4-11) are compared in Table 4-3.

Table 4-3 shows that although the increase in the average fuel temperature
is not significantly affected by a long prompt neutron lifetime, the
maximum rate of power generation in the fuel differs by several orders of
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Table 4-3 Comparison of maximum fuel temperature rise and power input
to the fuel in hypothetical reactivity increase, ps, of $0.25 above prompt

critical
To AK/AT A Ct B Pmax  ATmax
©¢C)  (1/°C) s)  (MJ)rC MW)  (°C)
PWR 1100  21x105 20x105 36 00065 141,256 193
PTLWR | 970 24x105 15x103 105 00065 493 173

magnitude. Although the PWR power generation peak is large, it lasts for a
very short period of time. Therefore, the integrated energy deposited in the
fuel, which drives the temperature rise is comparable for both cases. A
significantly smaller and long-duration PTLWR power peak in prompt
critical excursions can also be shown by solving simultaneously the energy

balance equation in the fuel

dT _ o
pepAT) g =70 (4-12)

with the equation for power density in the fuel, which is proportional to
fission rate, driven by the point neutron kinetics equations

1 dg"(t) _ p(m-B (D) +i A &

) dt A o j=1 ) (4-13)
@ _ B 9" o e
at A qg (4-14)
where
- kp
p("t) =ps+ B - ﬁ (T - Trep) (4-15)

The initial conditions are steady state average fuel temperature To=T(t=0)
and the average fuel power density q; = q"'(t=0). Note that Eq. (4-12)
assumes that all heat generated during the excursion remains in the fuel
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and the point kinetics equations include the effect of delayed neutrons. The
coefficient for the Doppler effect, kp, is calculated in Section 4.4.4.6. The

results obtained by integrating the above system using a 4th order Runge-
Kutta method with variable time step, for both the PWR and the PTLWR are
shown in Figure 4-14.
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Figure 4-14 Comparison of prompt criticality excursions for PWR and
PTLWR for excess reactivity of 0.253 above prompt critical

The axis on the left shows the average fuel temperature, and the right
axis shows the relative power density, q"''/qy. It is evident from Figure 4-14
that the power generation peak is significantly smaller for the dry
calandria design than for a typical PWR. Moreover, the relatively long time
constant for the prompt excursion of the PTLWR, will allow some energy to
dissipate into the particle coating and graphite binder (time constant of heat
transfer from the center of the kernel to the buffer zone is of the order of 0.05
seconds; much shorter than the time constant for a PWR UO2 pellet: ~ 5
seconds), hence slowing further the rate of temperature growth and
allowing more time for the control systems to shut down the reactor.
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4.4.4.3 Flat Thermal Flux Profile

The large void fraction in the calandria significantly increases the
migration area, allowing for homogeneous dispersion of thermal neutrons
over a large area of the core. Moreover, at the core periphery, where the
population of thermal neutrons might otherwise tend to decrease, neutrons
which have undergone moderation in the reflector are supplied. This
provides for the exceedingly flat profile of the thermal neutron flux in both

the axial and radial directions.

The detailed 3-D profile of thermal flux in a PTLWR fuel channel with
fresh fuel of axially uniform enrichment is shown in Figure 4-15. Flux
tallies were obtained from MCNP model #1, using the channel model with
graphite reflector at the end of the channel. The error on flux tallies is
between 0.5% to 2%. Zero coordinates on Figure 4-15 correspond to the
intersection of the channel centerline and core midplane, hence the
reflector is at the end of the axial coordinate and the view is from the
channel center towards the reflector. The two valleys represent the fuel
compacts, where thermal flux decreases towards the center of the fuel
compact due to absorption of thermal neutrons in the fuel. It can be
observed that the thermal flux is very flat, with slight peaking near the
graphite reflector because a large number of thermal neutrons coming
from the reflector return to the core. As has been mentioned, this flatness is
primarily a consequence of the large void fraction in the calandria. If this
void fraction is decreased, the flatness disappears. This is shown in Figure
4-16, which was obtained with MCNP model #1 for the same channel, but
with very tight channel pitch (the pitch was chosen such that the outer
surfaces of the calandria tubes were just touching). The 3-D fast neutron
flux profile for the reference PTLWR fuel channel, shown in Figure 4-17,
exhibits the typical chopped cosine shape. Note that to give a better view of
the shape, the axial coordinate was reversed, i.e., the observer is looking
from the end reflector towards the core center. Power peaking near the
reflector can be decreased by extending the shield plug (see Figure 4-9 for
the shield plug) about 15cm into the core region, so that the fuel is not
located in this thermal flux peak. The MCNP calculations for this
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Thermal flux profile in the fuel channel

Figure 4-15 3-D thermal flux profile in a PTLWR fuel channel
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Figure 4-16 3-D thermal flux profile in a PTLWR fuel channel with tight pitch
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configuration showed a decrease in peaking factor to 1.1. This option is,
however, not warranted because it leads to slightly lower core heavy metal
loading and because the small reduction in peaking is offset by the
arrangement of the fuel elements during the bi-directional refueling (i.e.,
placement of a fuel element with high burnup into the thermal flux peak
near the reflector will reduce this peak to a larger extent than an extended

shield plug).

The power density profile (which includes contributions from both
thermal and fast fissions) in fuel compacts with fresh fuel of uniform
enrichment, is shown in Figure 4-18. Except for the short region near the
reflector, power density is almost constant, and slightly less than the
average power density for PWR pins. The axial peaking factor is only 1.13
and 1.14 for the inner and outer fuel rings, respectively. This is a
significantly lower axial peaking factor than for other thermal reactors.
This can be also observed in Figure 4-19, which shows a comparison of
relative axial power density distributions for a typical (beginning-of-life)
PWR and the dry calandria design.
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Figure 4-18 Power density profile in fuel compacts for the fresh PTLWR core
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Figure 4-19 Comparison of fresh core axial power density profiles for the
PTLWR concept and a typical PWR

One, however, needs to consider also the equilibrium core, where the fuel
composition is not uniform but varies along the channel, depending on the
refueling scheme. Such a situation will be investigated in Section 4.4.8.

Figure 4-20 shows the 3-D thermal flux profile through the entire core,
obtained from MCNP model #2. Zero coordinates represent the intersection
of the core centerline and core midplane. The entire thermal flux surface is
very flat, with slight peaking near the end reflector and near the core
centerline. The overall peaking is 1.18 and the maximum-minimum flux
ratio is 1.26. Peaking near the radial reflector is less pronounced due to the
distance between the fuel channels and the radial reflector. The shape of
the thermal flux is also affected by control rod positions. Twenty two boron
carbide control rods fully inserted into the end reflector, as shown in Figure
4-21, were considered (note that Figure 4-21 shows only 1/8th of the core).
The thermal flux profile for this configuration of control rods is given in
Figure 4-22. The change in the flux shape, compared to Figure 4-20 without
control rods, is noticeable. Inserted control rods invert the flux profile
changing it from a concave to a convex surface, although the peaking still
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Core thermal flux distribution
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Figure 4-20 3-D thermal flux profile in a PTLWR core
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Figure 4-21 Arrangment of control rods in the PTLWR for study of their
effect on thermal flux shape
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Core thermal flux distribution for CRDs fully in

Axial

Figure 4-22 3-D fast flux profile in a PTLWR core with inserted control rods
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remains small. Figure 4-22 also shows that the control rods located in the
reflector can reach a large portion of the core, since the flux bending begins
about 1 m from the core midplane.

It has been demonstrated that the fresh PTLWR core with uniform
enrichment exhibits extremely flat thermal flux and power density profiles.
Such a flat power density profile throughout the entire core increases safety
margins associated with the hot spot, and consequently allows one to
operate at higher power ratings.

4.4.4.4 Tight Neutronic Core Coupling

The large void space, in combination with the relatively low density of
heavy metal and the heterogeneous arrangement of the HoO moderator
results in a large neutron mean free path, and hence in very tight core
coupling. To get more insight into the reactor core coupling, it is of interest
to compare the neutron migration area with LWR and CANDU reactors.
Neutron migration area, M2, can be easily estimated from the criticality

equation for a bare cylindrical core:

Kegp 1
Ko 1+4BZM?2 , (4-16)

using MCNP results. The multiplication factor for the infinite lattice, K,

was calculated from MCNP model #1. The effective multiplication factor for
the entire core, keff, but without any reflector, i.e. bare core, was calculated

using MCNP model #2. The results are

k. =1.13, and
kefr = 0.674.

Using for buckling the equation for a bare cylinder

2= 2 ;2405%_ w2405 _ 6 6535x10°5 2
Liwe Rioe 5947 450 (4-17)

neutron migration area can be calculated as
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k.,
M2=(___- )L= 113 4 1 = 11967 cm?, or M=110 cm
kett /B2 (0-674 )6.6535x10'5 . (4-18)

Another possibility is to compute M2 directly from the definition. Since
M2B2 js the number of neutrons that leak from the core over the number of
neutrons that die inside the core, one can calculate using results from
MCNP model#2 for a bare core

M2B2 = 0.38/0.62 = 0.613, which gives M=104, for B2 given by Eq. (4-17).

The neutron migration area of about 10,000 cm? is very large. This
compares to about 50 cm?2 for LWRs and 380 cm?2 for CANDUs. As a result
neutrons can see practically the entire core, hence no local criticality is
possible. Such a tight core coupling has three important consequences:

eno concerns with local criticality,
sthe potential for reactor control from outside the core region, and
eabsolute stability against Xenon spatial oscillations.

Physically, the entire core behaves as one nuclear unit. Either the
whole core is critical or no local region of the core can go critical. This
differs from typical LWRs where several adjacent fuel assemblies can go
locally critical.

All reactor control can be achieved from outside the core, i.e., from the
reflector since the control rods reach out to a large core area. Hence the
local flux perturbations from control rods inside the core can be eliminated.

Reactor control considerations will be discussed in Section 4.4.5.

Xenon Spatial Oscillations

Detailed calculations of Xe spatial oscillations would require at least a
2-D model of the core by nodal methods (which represent correctly extensive
neutron streaming) and incorporate xenon equations. Although, such
codes are available, obtaining the input data representative of the dry
calandria design is difficult. Cross sections from MCNP as well as
discontinuity factors need to be edited. Since the current version of MCNP
does not offer tallies for group-to-group scattering, the scattering cross
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section can be obtained only by neutron balance. This can be relatively easily
done for 2-groups, and perhaps for 3-groups, with considerable effort.
Moreover, it is not easy to obtain space dependent cross sections for the dry
calandria design from MCNP because the entire core is affected by the
reflector. Therefore to get a good representation of currents and face
average nodal fluxes, at least a one-quarter-core model is necessary. But to
get meaningful statistical results in individual nodes which are only very
small portions of the one-quarter-core model, a huge population of neutrons
would be necessary to force a sufficient number of neutrons into every small
node. This procedure would require excessive computer time. In view of the
above, a simplified method, which relies on the simple Randall and
Lellouche criteria for reactor stability to Xe spatial oscillations, will be used.

Stability to Xe spatial oscillations is decreased by:

® increasing the core size,

¢ increasing the thermal neutron flux (but for sufficiently high flux
levels, higher flux level is stabilizing),

* increasing the flatness of the thermal-neutron-flux distribution,

® decreasing the magnitude of negative temperature coefficients, and

reducing the neutron migration length.

Probably, the simplest way to scope out the problem is by the argument
given by Randall who states “Xenon-induced oscillations in the power
distribution can exist only in reactors that (a) operate at flux levels where
Xe burnup is appreciable and (b) have “large” cores-cores having a linear
dimension whose square is larger than the neutron migration area by a
factor of 1000 or so. This last requirement can be easily checked by
remembering that the square of the linear dimension in feet must exceed
the migration area in cm? for oscillations to occur. “ [Randall and
John,1958] For example, for an LWR with M2=50 cm2, one would need to
worry about oscillations if one of the dimensions of the core would be more
than 225 cm, i.e.

2252 / 50 = 50625/50 = 1012.
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Current commercial PWRs have core dimensions larger than 225 cm,
hence potential Xe oscillations exist and must be prevented.

For CANDUs, the migration length is substantially larger, M2=381
cm?2, but the core length and core diameter are also larger, i.e. 600 cm and

632 cm, respectively. Hence the above ratio
6002/381 = 950 and 6322/381 = 1048,

which is very close to the criterion of 1000, and suggests that CANDU
reactors are subject to Xe oscillations, in particular in the azimuthal
direction. And indeed this is the case [Mamourian and Akhtar, 1978]. Also,
two-dimensional digital simulation of Pickering indicated that the reactor
was unstable with respect to azimuthal xenon-induced spatial power
oscillations, and one-dimensional digital simulations indicated that it was
stable with respect to axial oscillations [Kern,1969]. Therefore, the
agreement of the approximate Randall criterion with detailed calculations

is good.

For the dry calandria concept, the longest linear dimension, the
diameter is 900 cm and the migration length is about 100 cm. It is evident
that the ratio

9002/1002 =90

is an order of magnitude less than the stated factor of 1000. Therefore the
dry calandria core should not be subject to Xe induced spatial oscillations.
Randall further says regarding Xe oscillations:” Physically, this means
that oscillations of this kind are possible when the core gets so large, that
two or more regions begin to function as independent nuclear units-i.e.
hardly any of the fissions in one region are caused by neutrons born in the
other region.” [Randall and John,1958] This is clearly not the case in the
proposed voided core, where neutrons from any place in the core can reach
any other place.

Lellouche, who intensively investigated Xe stability in the 1960s derived
a very handy criterion. His criterion gives “critical reactor size which is
absolutely stable independently of flux level against higher spatial mode
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xenon oscillations in the presence of zero or negative temperature feedback”
[Lellouche,1962]. Stability conditions are given in the form of tables for
various fuels. Lellouche conditions are compared with the dry calandria
parameters for 3% enriched 235U fuel in Table 4-4.

Again it is evident from Table 4-4 that the ratio of both the radial and axial
dimension to migration length for the dry calandria design are far below
the Lellouche critical ratio. Hence no Xe oscillations are possible. This is
an inherent feature. On the other hand, both PWR and CANDU reactors do
not satisfy the Lellouche condition. Hence they need to incorporate special
measures to avoid problems with Xe spatial oscillations. In terms of
physical dimension to migration length ratio, the dry calandria design can
be compared to a LWR of diameter only 9*7=63 cm, where 9 is the diametral
ratio from Table 4-4, and 7 is the PWR neutron migration length. For such
a miniature LWR, nobody would think seriously about potential Xe
oscillations. It is also interesting to note that the Lellouche criterion agrees
quite well with the Randall criterion, i.e. for bare cores from Table 4-4, 31.52
= 992, which agrees very well with the 1000 factor from the Randall

criterion.

Table 4-4 Lellouche’s stability criteria of the first harmonic for 3% enriched
235U fuel in bare and zero leakage reactors and comparison with the
PTLWR design parameters

Axial Diametral

Bare Zero leakage Bare Zero leakage
(B1)?=(2wh)2  (By)?=(wh)> (B1)?=(3.83m)?2 (B1)2=(1.84/r)?2|

Lellouche
conditions h/M < 31.5 h/M<182 (@2r/M<344 (2r)/M<21.3
PWR h/M=57 h/M=57 (2r)/M="71 (2r)/M=71
CANDU h/M=31 h/M=31 (2r)/M=24 (2r)/M=24
PTLWR h/M=5.94 h/M=5.94 (2r)/M=9 (2r)/M=9
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To conclude, the above arguments show that the dry calandria design,
in spite of its large core physical dimensions (core length and diameter are
6m and 9m, respectively), is inherently resistant to Xe spatial oscillations.
This is primarily the consequence of an extremely large neutron migration
length.

4.4.4.5 Well Thermalized Neutron Spectrum

Figure 4-23 shows the comparison of energy spectra for the dry
calandria design, CANDU and PWR units. The spectrum for the dry
calandria design was obtained using MCNP model #1 with fully reflective
boundaries; the spectra for PWR and CANDU were calculated using MCNP
benchmark models of representative cells (also infinite lattice), given in
Appendix A.1. With respect to the thermal to fast flux ratio, the pressure
tube LWR is comparable to a CANDU heavy water lattice. Figure 4-23 also
shows the PTLWR neutron spectrum for the equilibrium core. A significant
decrease of the thermal flux compared to the fresh core can be observed.
This is due to the relatively large fraction of 239Pu present in the PTLWR
equilibrium core with high-burnup fuel. Table 4-5, which compares the cell
volume fractions for the fuel and moderator, and moderator-to-fuel volume
ratio for the PTLWR and a typical LWR, shows that the PTLWR has a
significantly higher moderator-to-fuel volume ratio. Good neutron
thermalization is achieved primarily due to this large moderator-to-fuel
volume ratio and the large resonance escape probability.

4.4.4.6 High Thermal Flux Level and Fast Fluence

Figure 4-23 also shows that the magnitude of the neutron flux is
considerably higher than that of the CANDU or PWR. Fast (above 0.6 eV)
and thermal neutron fluxes are compared in Table 4-6. The differences in
neutron flux between the dry calandria concept and PWR are large. In
particular, the thermal flux of the dry-calandria concept is about 6 times
higher than that for the PWR. On the other hand, the fast flux is only 1.9
times higher. More important, however, is the approximately 3 times
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higher fast flux compared to that of the CANDU, because it has negative
implications on the lifetime of the pressure tubes.
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Figure 4-23 Comparison of energy spectra for the PTLWR with PWR and
CANDU

Table 4-5 Comparison of cell volume fractions and moderator-to-fuel volume
ratios for PTLWR and PWR

Constituent volume fractions PWR PTLWR

in a cell

UOg 0.33 0.007998
H20 0.55 0.0333
Void 0 0.81
Ho0/UO2 1.67 4.2
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This higher flux is a result of the low heavy metal loading,
characteristic of particle fuel. A typical 1000 MWe PWR plant has a fuel
loading of about 101 tonnes of UO9. The CE-CANDU reactor (1260 MWe) has

a fuel loading of about 190 tonnes [Shapiro and Jesick,1979]. The dry
calandria concept fuel loading can be calculated using the geometry of the

reference matrix design as follows:

Table 4-6 Comparison of fast and thermal neutron flux for PTLWR, PWR

and CANDU
PWR CANDU PTLL
Thermal (n/cm?2-s) (E<0.6eV) 4.6x1013 1.1x1014 2.5x1014
Fast (n/cm?2-s) (E> 0.6 eV) 2.3x1014 1.4x1014 4.5x1014
Fast/thermal 49 1.32 1.8
Vuoa = N¢ (TR L) fgp (%)3NPT =
cp

= 24 (1 0.6352 594) 0.635 (3@)3 740 = 2.88x108 cm?

430 (4-19)

where Nr is the number of fuel regions in the matrix, Rf and L¢ are the
radius and effective total length of fuel regions, fep is the fraction of coated
particles in the fuel region, Rk/R¢p is the radius ratio of the fuel kernel and
outer pyrolytic graphite coating, and Npr is the number of pressure tubes.

Fuel mass is thus

myo2 = puo2 Vuoz = 10.97g/cm? (2.88x108cm3) 10-%g/tonne = 31 tonnes (4-20)

Which is three times less than for the PWR and eight times less than for

the CE-CANDU. The amount of 235U in the PTLWR core for a given
enrichment of 2.5% is

| Ay =0.02531) =238 ¢ 235
My235-dry ( )238+2(16) 0.68 tonnes of <~°U

which compares to
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my23s.pwr = 0.035 (101) 2_38%%8667 = 3.1 tonnes of 235U

for a PWR and

=0. 1 238 _ 1. 235
myj235.ce-canpU = 0.00711 (190) 33842 (16) 1.2 tonnes of <°°U
for the CE-CANDU. The ratios of the 235U loadings roughly corresponds to
the inverse of the thermal flux ratios in Table 4-6; e.g.. for CE-CANDU

(1.2tonnes/0.68tonnes) = 1.8 =~ (2.5n/cm?2-s/1.1n/cm?2-s)

since the thermal flux is proportional to the atom density of fissile isotopes
for fixed reactor power density.

A high flux level has two negative consequences:

* high fast fluence,

* a large xenon reactivity deficit following reactor shutdown,

 higher radiolysis dose to coolant, higher N-16 activity in coolant, and
high fast fluence on the inner part of the reflector.

High fast neutron fluence is an important issue, in particular with
regard to the pressure tubes. Using MCNP model #1 the average fast
fluence on the pressure tubes was calculated to be about three times higher
than for current CANDU reactors. This is a considerable drawback,
because the axial and diametral growth of the pressure tube, which is
linearly dependent on fluence, will be accelerated. Means to extend
pressure tube lifetime under these high flux conditions would be required.
More details about the fast fluence and its effects on the pressure tubes will

be given in Chapter 9.

Xenon Poisoning during Steady State and Following Reactor Shutdown

High thermal flux results in a higher xenon poisoning ratio at steady
state, but, more importantly, after reactor shutdown or after a large power
decrease. Fission product 135Xe has the largest absorption cross section of
all the nuclides in a thermal flux and its buildup affects the neutron
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balance in the reactor. The effect of 135Xe on the neutron balance for the
equilibrium core can be estimated by calculating the xenon poisoning ratio

.+ _ Deutrons absorbed by poison (135Xe) _ Nx. Oxe @
Xe™ " neutrons absorbed in fission 5 @

which can be derived as [Benedict et. al., 1981]

* Ox. ©
Iye = —2&———(y1 + YXe)

7\1Xe + Oxe P (4'21)

)

where @ is the average thermal flux, oy, is the effective one-group
absorption cross section of 135Xe, Ay, is the decay constant of 135Xe, and yy,
and yj are direct xenon and iodine yields from 235U fissions. Note that the
above poisoning ratio is related to reactivity by the factor 1/v where v is the
number of neutrons per fission. Equation (4-21) neglects the 135Te buildup

due to its very short halflife, hence the chain is assumed to originate with
iodine, i.e., yp, = y;. Using for the one-group effective microscopic

absorption cross section of 135Xe for the PTLWR concept the same value as
for the PWR, the results from Eq. (4-21), including the input data, are
summarized in Table 4-7.

The core average flux in the fuel for the PTLWR concept, shown in Table
4-7, was obtained from thermal flux profiles from the relation

D = Deeli model Keore-cell kcell-fuel, (4-22)

where the peaking factors kegre-cell and keell-fuel are defined as

() 1 0}
— core mode s Keell-fuel = — fuel
(I)cell model (I)cell model. (4-23)

kcore—ce]l =

The average core thermal flux,
thermal
f (Dcore model(v) chore
Vcore

(Dcore model =
[ chore
Veore

) (4-24)
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Table 4-7 Comparison of steady state 135Xe poisoning ratio for the PTLWR
and a typical PWR (Eq. 4-18)

PWR Dg

135Xe decay constant, Ax, (s) 2.09x105  2.09x105
Iodine decay constant, A; (s) 2.87x10%  2.87x105
135Xe direct yield from 235U fission, yx, (atoms per| 0032 0.0032

atom fissioned)

Iodine yield from 235U fission, y; (atoms per atom| (0609 0.0609
fissioned) (135Te buildup is neglected)

135Xe cross section (barns) | 2.64x106  2.64x106
Average thermal flux (n/cm2-s) 3.5x1013  2.16x1014
135Xe poisoning ratio (per 1 neutron absorbed in 0.052 0.0614

fission)

was obtained using the full-core MCNP model #2, and the average cell

thermal flux,

thermal

q)cell model(v) chell

Veell

<I)cell model =
j chell
Veell

was obtained from the one-channel MCNP model #1. Note that to obtain
good statistical results, the full-core model edits the thermal flux over the
entire channel, but it cannot edit flux microstructure inside the channel.
Finally, the average thermal flux in the fuel is defined as

(4-25)

H
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thermal
[ (Dcel] model(V) deuel
(Dfue] = Viuel

f deuel
Viuel . (4'26)

Table 4-7 shows that the xenon poisoning ratio is higher for the PTLWR
concept than for a PWR. This difference, which is not very significant, is a
consequence of the higher thermal flux in the PTLWR. Note that the xenon
poisoning ratio saturates at the value of 0.0641 for very high fluxes.

The transient 135Xe poisoning can be calculated by solving the buildup
equations for iodine and 135Xe, neglecting the buildup of 135Te

dN] _ N _ N

—— =Y 21 (0] 7\] 1, (4_2 7)
dN Oxe ® N

X Xe - }\,[ Nl + YXe Zf D - 7"Xe NXe - OXe XC. (4"28)

An analytical solution in terms of the transient poisoning ratio, i.e., the
ratio of the neutron absorption in 135Xe to fission absorption if the reactor is
to be started up again after shutdown time t, can be derived [Benedict et. al.,
1981]

Ixe = Nxe O%e =
Zr
= y1 @ oy, FRMO -eXPlAxeD it yxe exp(-Axe t)
Axe - M 1 + Axe/(® Oxe) : (4-29)

Figure 4-24 shows the reactor poisoning ratio following reactor shutdown
as calculated using Eq. (4-29), for the PTLWR, a typical PWR and a typical
CANDU. Figure 4-24 assumes that, prior to shutdown, the reactor had been
operating long enough to achieve 135Xe equilibrium. It is evident that the
xenon poisoning of the dry calandria design following the reactor shutdown
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is quite large (about 190 mk*). However, for the equilibrium core, the
average thermal flux is significantly less (1.2x1014 n/cm2-s), due to the
higher fission cross section of 239Pu, hence the xenon poisoning ratio of the
PTLWR will be only slightly above that of a CANDU.
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Figure 4-24 Comparison of 135Xe transients following reactor shutdown

Provisions for full compensation of the large negative reactivity due to
transient xenon buildup following reactor shutdown would be deleterious to
fuel cycle economics. Hence only partial compensation is proposed. This is
similar practice to CANDU reactors, which employ adjuster rods to
compensate for the buildup of 135Xe in the first 30 minutes following reactor
shutdown [Pasanen, 1980]. If the reactor cannot be restarted before xenon
poison reaches higher values than the compensation can provide, it is
necessary to wait until xenon decays below the level allowing reactor restart
(approximately 40-50 hours). Another alternative, following the Nuclear

* Poisoning ratio is related to reactivity by Ak/k=rxe/v where v is the average number of

neutrons per fission; 1mk = 1000 Ak/k.
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Power Demonstration (NPD) example, is to use cooled booster rods with
enriched fuel, which could be inserted into the voided space to boost the
reactivity.

Concern also arises that the extremely high xenon poisoning during
transients involving a power decrease can affect reactor maneuverability.
This issue is addressed in Figure 4-25 which shows the reactivity needed to
overcome xenon poisoning following the step decrease of reactor power
from the nominal power output to 50% power. Figure 4-25 has been
generated for the fresh core data by integrating Eqs. (4-24) and (4-25) by a 4-
th order Runge-Kutta method with variable time step. The maximum
reactivity of 43 mk is much less than the peak after reactor shutdown, and
can be compensated by the reactor control system.

Reactivity insertion Ak/k (mk)
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Figure 4-25 Reactivity insertion needed to overcome 135Xe poisoning
following step power level decrease to 50% (fresh core)

It is evident that the low fuel loading achievable with particle fuel
results in undesirable high fast fluence and large xenon poisoning
following reactor shutdown. Remedies to this problem have been sought by
using uranium carbide (UC) fuel which has higher density and by using

alternative fuel arrangements which could achieve higher fuel loadings.
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Replacing the UOg fuel by UC fuel in particle kernels leads only to modest
improvements, since the specific density of the UC fuel is only about 13%
higher. Alternative fuel arrangements are explored in Chapter 5. It will be
shown that high fuel loadings comparable to CANDU reactors can be
achieved with a two-ring fuel bundle arrangement, which does not have

any solid matrix.

4.4.4.7 Strong Negative Doppler Coefficient

The Doppler effect arises from the fact that neutron cross section
resonances in fertile nuclides broaden with temperature as a consequence
of increased relative speed between neutrons and nuclei. This leads to an
increase in resonance captures, primarily in 238U and 240Pu, and hence to
a decrease in reactivity. Besides the Doppler effect there are other fuel
properties which are influenced by fuel temperature and affect the
neutronic behavior, such as the scattering properties of the oxide fuel, fuel
pellet density and gap thickness. These, however, are much less important
than the Doppler effect. Hence, only the Doppler effect will be considered
further as a fuel temperature feedback. The particle kernels employ slightly
enriched UO2 fuel — a mixture of fertile and fissile material. The change of
the temperature occurs almost instantaneously with the change of fission
power, since the fission fragments transfer their energy to the nuclei
within the kernel in a very short time. As in other thermal reactors, the
Doppler effect is an inherent and prompt feedback mechanism which

terminates hypothetical large power surges.

Since the changes in reactivity with fuel temperature are typically
small, they are difficult to predict accurately using statistical methods,
such as the Monte Carlo method used in MCNP. Nevertheless, the limited
capabilities of MCNP can be used to estimate the Doppler coefficient for this
scoping study. This estimate can be performed by running the one-channel
MCNP model #1 at several different temperatures of the fuel while all other
fuel channel parameters are fixed. This approach is limited to the fresh
core and to three temperatures: 300K, 600K and 900 K, since 235U and 238U
MCNP libraries are available at only these three temperatures. The
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changes of the Doppler coefficient with burnup are beyond the scope of this
preliminary stage of study, and will not be calculated. The results for three
coolant densities (note that the Doppler coefficient is also dependent on
coolant density) are presented in Figure 4-26. Three reactivity points
obtained by MCNP can then be fitted by a curve kpAT, since the Doppler
coefficient in thermal reactors is typically proportional to the inverse of the
square root of temperature. The fits, together with the fitting coefficients,
kp, are also shown in Figure 4-26.

The Doppler coefficient

Ak kp
KAT 4T (4-30)

)

as obtained from the fit, is compared for various coolant densities with a
typical BWR Doppler coefficient in Figure 4-27. In case of voiding, the
Doppler coefficient goes up as in all LWRs, which is a good safety feature.
The dependence of the coefficient kp on coolant density can be expressed by

the second-degree polynomial

kp = Mg + M;p. + Myp? (4-31)

where the coefficients of the polynomial were obtained from the best fit to
the three points given in Figure 4-28.

As in all thermal reactors, the Doppler coefficient of the proposed
concept is negative. At nominal conditions, its magnitude is larger than for
a typical BWR. The Doppler effect is more strongly dependent on coolant
voiding than for a BWR due to a higher coolant-to-fuel volume ratio. In
accidents which would lead to fuel temperature increase, and
consequently, to a decrease in coolant density, the negative magnitude of
the Doppler effect can be more than doubled. Taking into account that the
fuel operates at about 1100 °C, but can safely withstand temperatures up to
1600 °C, the large temperature margin on the fuel, combined with the large
Doppler coefficient (which is even substantially increased upon coolant
voiding) leads to reactor inherent shut down in large-temperature-increase
scenarios without ATWS, by Doppler only (even if the negative reactivity
change due to coolant voiding is not considered).
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Figure 4-26 Reactivity as a function of fuel temperature for the PTLWR
design
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Figure 4-28 Doppler coefficient constant, k), as a function of coolant density

4.4.4.8 Negative Void Coefficient

The void coefficient denotes the reactivity derivative with respect to the
steam volume fraction of the reactor coolant at constant power level. Most
currently operating reactors have negative void coefficients. CANDU
reactors have demonstrated successful operation with positive coolant void
coefficient. However, a positive void coefficient is in conflict with the passive
safety approach adopted for this design concept because it requires the
reliable functioning of shutdown systems in loss of coolant accidents which
increase voiding. Moreover, a positive void reactivity coefficient was one of
the main causes of the reactivity accident at Chernobyl. Hence, it is an
important goal to design the PTLWR to have a negative void coefficient
under all conditions.

Figure 4-29 shows the multiplication factor for the reference PTLWR
design as a function of coolant density. Both curves were obtained using
full-core MCNP model #3. The curve denoted “Fresh core (e=2.5%)” was
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calculated for a uniform enrichment of 2.5% and 30 control rods (out of a
total of 60) fully in. The curve designated “Equil.core(e=7%)” was calculated
for an equilibrium core at a burnup of 40,000 MWd/tonne (initial
enrichment 7%). As illustrated, the void coefficient is negative for both the
fresh core and the equilibrium core. The equilibrium core exhibits a more
negative void coefficient. This is a consequence of 239Pu, which hardens the
neutron spectrum, and hence increases resonance absorption in 238U and
239Pu. It is interesting to note that even though the HoO moderator-to-fuel
volume ratio is much higher in the dry calandria design than in a typical
PWR (4.16 compared to 1.67 in a PWR) the system still exhibits a negative
coolant void coefficient. Taking into account the moderating effect of
graphite in the reflector, the total effective moderator to fuel ratio is even
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Figure 4-29 Effect of coolant voiding on reactivity

higher. The heterogeneity of the HoO moderator plays an important role in
this aspect, since the neutrons collide with the HoO moderator less
frequently than they would have done in a typical PWR geometry, where the
moderator is evenly distributed around the fuel rods. In LOCA scenarios,
this void coefficient inherently shuts down the fission reaction as in other
typical LWRs. However, in the reflooding phase of a typical LWR, great care
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has to be taken that the emergency coolant is borated, while in the proposed
pressure tube reactor, non-borated flooding water in the calandria space
behaves like a neutron trap, and renders the reactor subcritical.

4.4.4.9 Less Efficient Neutron Economy

The proposed PTLWR concept has a less efficient economy than a
typical LWR. This is the consequence of higher parasitic losses compared to
LWR cores. Thick pressure tubes to accommodate high operating pressure,
higher leakage, and the low mass of fuel compared to the total mass of the
core are the main factors contributing to relatively high parasitic losses.
This drawback is, however, compensated by on-line refueling and the high
burnup achievable with particle fuel. A neutron balance for the fresh core
of the PTLWR reference design, calculated using full-core MCNP model #2,
is shown in Figure 4-30. Figure 4-31 compares neutron parasitic losses and
absorptions in 238U with PWR and CANDU units. The data plotted in
Figure 4-31 were obtained from one-channel MCNP model #1 for an infinite
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Figure 4-30 Neutron balance in the reference PTLWR design
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Figure 4-31 Comparison of neutron absorption in 238U and parasitic losses

lattice, and from PWR-pin and CANDU-channel MCNP benchmark models
(see Appendix A.1), also in the configuration of an infinite lattice.
Significantly higher parasitic losses for the PTLWR design are evident even
without including the leakage. Note, however, that the parasitic losses can
be significantly improved by increasing fuel loading in the core. This will be
shown in Chapter 5 using an alternative two-ring fuel arrangement.

4.4.4.10 Slightly Positive Reflector Temperature Coefficient

Several reflector materials have been considered — HoO, D2O, beryllium
and graphite. Light water has a relatively high absorption cross section
which would result in a significant reactivity reduction in a high-leakage
PTLWR core and therefore it must be discarded. The remaining three
materials are basically equivalent with respect to reactivity, as shown in
Table 4-8. The effective multiplication coefficients in Table 4-8 were
calculated using full-core MCNP model #3 with fresh fuel of uniform 2.7%
enrichment, with 28 fully inserted control rods. Reflector thickness was
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kept the same, equal to 1m, for all reflector materials. A heavy water
reflector would be easy to design and cool, however, it must be discarded
due to potential supercriticality problems. These problems would arise if
the wall separating the reflector and the voided calandria space fails and
heavy water floods the calandria space. Flooding of the calandria space
with heavy water would substantially increase the reactivity of the system
and lead to superprompt critical excursions. Beryllium has poor
irradiation properties. The lifetime of beryllium is significantly less than
that of graphite, especially at higher irradiation temperatures (a review of
irradiation effects on beryllium is given in [Hejzlar et. al., 1993c]. Moreover,
neutron irradiation of the beryllium reflector during reactor operation
results in the buildup of 6Li and 3He, which are characterized by their large
thermal neutron absorption cross sections. As a result, nonnegligible
reactivity loss would occur. Beryllium was therefore dismissed from

further consideration.

Graphite has been selected as a reflector material. The disadvantage of
a graphite reflector is its slightly positive temperature coefficient. Higher
reflector temperature changes the scattering properties of the reflector and
leads to an increase in temperature of the neutrons coming from the
reflector. Higher neutron temperature produces a shift in the neutron
thermal spectrum, and consequently affects the microscopic cross sections
of graphite and nuclides in the fuel. The absorption cross sections of
graphite, 238U, and 235U decrease with reflector temperature, while the
absorption cross section of 239Pu increases with temperature. The overall
effect is an increase of reactivity. Figure 4-32 shows the effective
multiplication factor for the fresh core and for the equilibrium core. The
magnitude of the reflector temperature coefficient is, however, small (for
the fresh core, an increase of reflector average temperature from the
operating point of 800K to 1600K leads to an increase of reactivity by about
8mk only) and the temperature increase proceeds very slowly due to the
long thermal time constant of the large graphite mass. Note that if all the
reflector cooling is lost and the reactor continues to operate at its nominal
power rating, the rate of reflector temperature increase is about 0.1°C/s,
l.e., it would take about 2.2 hours to increase the reactivity by these 8mk.
Such small and extremely slow reactivity changes with reflector
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temperature should not pose any significant safety problems. The “fresh
core” curve in Figure 4-32 was calculated for the fresh core without xenon
and samarium, and without control rods. Xenon and samarium effective
cross sections are decreased for higher reflector temperatures, because the
thermal spectrum shifts further from their absorption peaks. This
increases the reflector temperature coefficient , but the presence of control
rods tends to compensate the positive xenon effect. The overall effect is a
slight increase of reflector temperature coefficient, as can be seen by
comparing the curves for the fresh core and for the equilibrium core, which
was calculated for 20 control rods fully inserted.

Table 4-8 Effective multiplication coefficient for various reflectors.

Reflector material | Graphite DO Beryllium

F —
Effective multiplication factor 1.002+0.004  1.004+0.005  1.005+0.002
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4.4.4.11 Comparison with PWR and CANDU

Selected physics characteristics of the PTLWR reference design are
compared to PWR and CANDU parameters in Table 4-9. The values given
in Table 4-9 were obtained for fresh fuel and for an infinite lattice, except for
the Doppler coefficients and power peaking for the PWR and CANDU lines,
which were taken from [Diamond et. al.,1986] and [Pasanen, 1980],

respectively.

4.4.4.12 Summary of PTLWR Physics Characteristics

The proposed dry calandria design exhibits large prompt neutron
lifetime, comparable to heavy water moderated lattices. Similarly as for
CANDU reactors, long prompt neutron lifetime, in combination with low
excess reactivity due to on-line refueling, significantly reduces potential
concerns with prompt excursions, and reduces the requirements on the

performance of shutdown systems.

Significant void fraction in the calandria space surrounded by a
reflector results in a flat thermal flux profile across the entire core with the
total peaking less than 1.2. The power density profile, which is proportional
to thermal flux and the atom density of fissile isotopes, is also exceedingly
flat for the fresh core with uniform fuel enrichment. For the equilibrium
core, the power density profile depends on the refueling scheme: it will be
shown in Section 4.4.8 that low power peaking can be also achieved.

A unique characteristic of the dry calandria design is tight neutronic
core coupling, primarily due to the large voided space in the calandria. It
has been demonstrated that the neutron migration area is about 200 times
larger than for a typical PWR. Consequently, the entire core is very well
coupled, no local criticality is possible, and the reactor is inherently stable
to xenon spatial oscillations, i.e. no additional means to prevent xenon
spatial oscillations are necessary. An ancillary benefit of a large migration
area is that the control rods can affect a substantial portion of the core.
Hence, the control rods can be placed in the reflector, and the reactor can be
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Table 4-9 Comparison of PTLWR physics characteristics® with LWR and

CANDU

Void coefficient

Doppler coefficient (109Ak/k/°C)

Average thermal flux (n/cmZ2-s) (E<0.6eV)
Average fast flux (n/cm?2-s) (E>0.6eV)

Fast/thermal flux ratio

Peak® fast flux (n/cm2-s) (E>0.6eV)
Heavy metal loading (kg/MWth)

Power peaking factor
Parasitic albsorptiond
235U-captured

235U fission®

238U-cap’cured

238U-fission?

(T @)(Zs )de

Prompt neutron lifetime, A (s)

Neutron migration length, M (cm)

negative

-4.3 to -3.7

4.6x1013

2.3x1014
4.9

5.9x1014

29
2.6
0.0701

0.109
0.504
0.272

0.027

044

2.0x10-

7.7

positive
-18°

1.1x1014

1.4x1014
1.32

2.6x1014

59
1.8
0.0571

0.077
0.432
0.407
0.02

0.8

8.55x10-4

19.5

PWR CANDU PTLWR

negative

-40to-1.1

2.5x1014
4.5x1014
1.8

5.8x1014

8
1.2
0.179

0.090
0.456
0.268

0.0078

0.49

8x104

110

3 Data for the fresh core

b The fuel temperature coefficient for CANDU is -0.3x10-9 for an equilibrium core, and

slightly positive at high burnups

¢ Fast flux peaking factor for PWR and CANDU assumed equal to power peaking factor,

1.3 for the PTLWR

d Calculated by MCNP for infinite lattices, normalized per one fission neutron

€ Subscript a stands for total absorption (including absorption leading to fission)
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controlled from the reflector without the usual local flux depressions

induced by control rods inside the core.

The large moderator-to-fuel-volume ratio in a heterogeneous
arrangement of the fuel and light water moderator results in a well-
thermalized neutron spectrum, comparable to heavy water lattices. Such
well-thermalized spectra lead to efficient fissioning of fissile isotopes and
requires a comparatively smaller fissile inventory to make the system

critical.

The key disadvantage of the proposed PTLWR of the reference design is
the high absolute level of the core-average fast and thermal flux, a
consequence of the small heavy metal loading achievable with particle fuel.
This results in a high fast fluence on the pressure tubes and a large xenon
poisoning ratio after reactor shutdown. Since the lifetime of pressure tubes
is limited by fast fluence, it is important to decrease the core-average fast
flux. Alternative fuel arrangements, which could accomplish this task are
proposed in Chapter 5. Note, however that the PTLWR peak values of both
the fast and thermal flux are much closer to PWR and CANDU peak
fluxes(peak fast flux is about the same as the PWR peak fast flux and about
twice as large as that of CANDU) due to the low PTLWR peaking factors.
Another drawback of the reference dry calandria design is relatively high
neutron parasitic losses. The negative effect of parasitic losses on fuel cycle
economy can be compensated by on-line refueling and high burnups.
Neutron economy can be also improved by the use of the alternative fuels

suggested in Chapter 5, since it is closely related to heavy metal loading.

Both the Doppler coefficient and the coolant void coefficient of the
reference PTLWR are negative. As in other LWRs, these mechanisms
provide inherent feedbacks for reactor shutdown in accidents leading to
large temperature increases. The reflector temperature coefficient is
slightly positive, but its magnitude is small and the rate of insertion of
positive reactivity from this phenomenon is small as well, due to the

extremely large thermal time constant of the graphite reflector.

174



44.5 Reactor Control Considerations

Similarly as in CANDU reactors, the primary method used to control
the reactivity is through on-line refueling. Besides the on-line refueling,
other means of changing the reactivity state of the core are employed. As
mentioned in the previous section, reactivity control absorbers placed in the
reflector can affect the entire core, hence most of the control devices are
located in the end reflector, as shown in Figure 4-33. The advantage of
placing control rods outside the core is that localized flux perturbations
from control rods inside the core are eliminated. Control rods move in
vertical channels located in the axial reflector in the space between fueled
pressure tubes. Sixty two control rods grouped into several groups, all in
the end reflectors; are proposed:

¢ a fine control group for fine control (corresponding to CANDU liquid
zone controllers),

® a power cutback group for power cutbacks (corresponding to CANDU
mechanical control absorbers),

* a power insertion group for reactivity reserve if refueling machines
are not available, and for transient Xe increase (corresponding to the
CANDU adjuster rod absorber system), and

® a power compensation group for the hot-cold reactivity difference and
Xe and Sm equilibrium (corresponding to CANDU moderator

poison).

These control rod groups and their CANDU-equivalent control means are
summarized in Figure 4-34. The worth apportionment for control rods in
the reflector is given in Figure 4-35. The fine control group provides the
continuous fine reactivity control, and hence determines reactor power
level. It compensates for discontinuities in on-line refueling (on-line
refueling is done in small increments by refueling several bundles at a
time) and for small perturbations in temperatures and other parameters. It
is not used, however, for spatial control of power distribution to prevent
xenon-induced power oscillations. This differs from CANDU liquid zone

controllers which are used also for this purpose.
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Figure 4-33 Schematic arrangement of control rods in the side reflectors of the PTLWR design
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Figure 4-35 Reactivity worth apportionment of control rods located in the
reflector

The power cutback group provides negative reactivity insertion if the
rapid reduction of reactor power is demanded, e.g., in case of primary
pump coastdown. Power cutback control rods are fully withdrawn from the
reflector during normal operation and are driven by gravity into the

reflector upon activating signal.

The power insertion group extends the range of the reactor control
system. Power insertion control rods are fully inserted in the reflector
during normal operation and are withdrawn if reactivity insertion beyond
the capability of the fine control group is needed. The group is typically
needed if refueling machines are not available for some time period or to
compensate for xenon poisoning following a reduction of reactor power. As
discussed in Section 4.4.4.6, similar to CANDU practice, which employ
adjuster rods to compensate for the buildup of 135Xe in the first 30 minutes
following reactor shutdown [Pasanen, 1980], only partial compensation for

178



Xe override is provided. If better capability for xenon override is required,
liquid zone controllers with spectral shift (discussed next) or cooled booster
rods with enriched fuel could be used.

The compensation group compensates for reactivity difference between
the cold, zero-power and hot, full-power reactor and for xenon and
samarium absorption at their equilibrium levels. Control rods of this group
are fully withdrawn during normal operation, and are fully inserted if the
reactor is cold at zero power with very low xenon levels.

In addition to the control system, a scram system corresponding to
CANDU shutoff units is available. Scram rods are the only rods which are
driven into the core (into the channels located in the voided space between
pressure tubes). Since these are out of the core during normal operation,
they do not cause any flux depression. Redundant and diverse shut down
can also be achieved by flooding the calandria. This would be comparable to
moderator dumping in CANDU systems, except for the difference that the
dumping of the CANDU moderator results also in the undesirable loss of
heat sink, while in the dry calandria design flooding provides both the heat

sink and shutdown.

Spectral shift control using liquid zone controllers

The PTLWR can also employ liquid zone controllers. These controllers
would comprise vertically oriented Zircaloy thin-wall low-pressure tubes
running interstitially in the voided calandria space between the fuel
channels. These tubes would be empty for the fresh core and would be
gradually filled with the light water moderator as the fuel burnup
increases. Figure 4-29 suggests that the additional light water (about 30
tubes of diameter 8cm would be sufficient) in the equilibrium core to provide
a reactivity increase of about 35mk while keeping the void reactivity
coefficient negative. Note that these liquid controllers work in the opposite
direction to CANDU liquid zone controllers. Increasing the amount of light
water in the tubes leads to a reactivity increase, while in CANDUSs more
light water in the system leads to a reactivity decrease. The advantage of the
liquid controllers is the improved neutron economy and the possibility to
continually adjust the operating point close to the optimum point on the
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moderator-to-fuel ratio reactivity curve. Also almost zero coolant void
coefficient could be continually maintained by adjusting light water volume
in the tubes. The liquid zone controllers could also be utilized to increase the
capability of xenon override without sacrificing neutron economy. The
disadvantage is the more complex design of the core and need for additional
systems associated with maintaining the moderator and its cooling.

Liquid controllers in the voided calandria space are also an attractive
option for the high-loading two-ring fuel element design proposed in
Chapter 5. This design employs two rings of clad fuel pins, and is highly
undermoderated. Lack of moderation in the core maintains an appreciable
neutron population segment in the epithermal resonance region at the
expense of some of the thermal neutron component. Increased neutron
population in the resonance region increases significantly the capture rate
in 238U, and consequently the conversion ratio and plutonium breeding.
Later in the cycle, light water can be gradually introduced into the liquid
zone controllers, thus shifting the neutron spectrum back to
highly-thermal. This spectrum shift will compensate for the reactivity loss
due to fission product buildup, and moreover, it will efficiently burn
plutonium so that at discharge, the 239Pu content is low. Ideally, one would
like to maintain on-line refueling to maximize the conversion ratio. Such a
reactor would need two regions — a hard spectrum region for Pu breeding
and a soft-spectrum region for Pu burning. This may be a problem because
the large neutron migration area would make it difficult to create separate
regions, but it might be possible with batch refueling. The potential of such

a reactor could be explored and quantified in future work.

4.4.6 Secondary Criticality Study During Reflood and Inadvertent Flooding

4.4.6.1 Introduction

Flooding of the calandria with light water introduces large reactivity
changes into the system. Once the calandria is flooded, a large amount of
light water, which has a relatively high neutron absorption cross section,
renders the reactor deeply subcritical even if the flooding water is in bulk
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boiling. The concern is the reactivity behavior during the flooding process.
When the flooding water enters the calandria, only a portion of the
calandria is submerged, yielding therefore lower water density per unit of
total calandria space, and hence the hypothetical possibility of increasing
the reactivity. Moreover, one can imagine a situation such that the steam or
steam/water mixture (entrained from violently boiling flooding water in the
lower portion of the calandria) fills the upper calandria space and causes
an increase in reactivity. All these possibilities need to be examined to
ensure that no large reactivity insertions are introduced during the

calandria flooding process.

There are two major scenarios of calandria flooding. The first scenario
includes intentional calandria flooding after loss of coolant (designated
further as reflooding). The second scenario arises if the calandria is flooded
inadvertently during normal operation (designated further as inadvertent
flooding). Both scenarios behave differently because of the different amount
of light water coolant inside the fuel channels. Another scenario, which is
not associated with calandria flooding but has similar reactivity aspects, is
the rupture of both pressure tubes and calandria tubes resulting in
spraying into the calandria space of light water coolant. Important factors
during these processes are the density of the steam/water mixture outside
the fuel channel and the presence of control rods. Section 4.4.6.2 will
examine general aspects of in-channel and out-of-channel water worth for
the reference PTLWR design. It will be shown that the heterogeneous
arrangement of light water outside the fuel channel does not affect
reactivity, while the homogeneous arrangement in the form of a
steam/water mixture leads to a reactivity decrease. Section 4.4.6.3 will
assess the limits on the steam/water mixture density based on
thermohydraulics laws. A steam/water mixture reduces the neutron mean
free path in the calandria space, and hence makes the inserted control rods
less effective. All these factors need to be taken into consideration when
calculating reactivity during the reflooding process. The results, obtained
from full-core MCNP model #3, for various scenarios, will be presented in
Sections 4.4.6.4 through 4.4.6.7.
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4.4.6.2 In-Channel and Out-of-Channel Water Worth

This section will evaluate water worth inside the fuel channel and
outside the fuel channel. Light water outside the fuel channel will be
considered in the heterogeneous arrangement of HoO and voided space, and
in the form of steam/water mixtures homogeneously distributed over the

entire voided space.

The heterogeneous arrangement of light water and void outside the fuel
channel is formed by placing an annular H9O ring around the calandria
tube, the rest of the out-of-channel space being filled by void. Water worth is
evaluated using MCNP model #1, with a 1m-thick graphite end reflector, by
applying the following procedure:

1. Reactivity was calculated for water inside the fuel channel at
nominal conditions using an annulus thickness of 3 mm.

2. Reactivity was calculated for water inside the fuel channel at
nominal conditions using an annulus thickness of 2 mm.

3. The difference in mass of cold moderator water between the 3mm-
thick and 2mm-thick annuli was computed.

4. The mass difference from 3) was subtracted from the light water
mass inside the fuel channel and the effective coolant density was
computed.

5. Reactivity was calculated for coolant with effective coolant density
from 4) using an annulus thickness of 3mm and compared to

reactivity from 2). The comparison is shown in the Table 4-10.

Table 4-10 shows that the difference in reactivity is very small and is within
the error margin. Thus, moving the light water from inside the fuel
channel to outside does not make a difference in reactivity as long as the
water is heterogeneously distributed in a voided space.
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Table 4-10 Reactivity comparison for the same amount of water inside and
outside the fuel channel

Moderator Coolant Annulus Multiplica- Modera- Coolant
density  density thickness tion factor tor mass mass

(g/cm3) (g/cm3) (mm) (-) (g) (g)
H>O 0972 0.6787 2 1.05310.003 2985 5487
in-channel| -
H20 out-of- 0.972 0.4903 3 1.0544+0.002 4506 3958

channel

A different situation arises if the water outside the fuel channel is
distributed homogeneously in the form of a steam/water mixture, as shown
in Figure 4-36. The curve designated “Inside” was calculated by increasing
the coolant density inside the fuel channel from reference coolant density to
maximum coolant density (1.0g/cm3) while having no water outside the fuel
channel. The curve “Outside” was computed for fixed coolant density inside
the fuel channel, equal to the reference coolant density. The steam/water
mixture density outside the fuel channel was increased in such a manner
that the amount of the water outside the fuel channel is exactly equal to the
amount of water due to the density change of the coolant obtained from the
first curve (i.e., the difference between coolant density and the reference
coolant density). The opposite trend of these curves shows that water
outside the fuel channel in the form of a homogeneous mixture has larger
worth and results in a reactivity reduction. This is due to the increased
absorption rate in a slightly higher flux region. Also, the neutron mean
free path outside the fuel channel is substantially decreased, which in turn
leads to a decrease in the thermal flux profile at the core periphery. This is
an interesting finding since one would expect that due to the negative void
coefficient, adding water in the form of a homogeneous steam water
mixture would increase the reactivity. Figure 4-36 shows, however,

otherwise.
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Figure 4-36 Water worth inside and outside fuel channel for a fixed total
mass of HoO

Finally, it is to be noted that this trend, which was shown to be valid for
the reference design with fresh fuel cannot be generalized for other fuel
matrix designs. The outcome depends on the location of the operating point
on the moderator-to-fuel ratio curve. If the operating point is located further
from the top of the curve where the slope of the curve is steeper, the
reactivity change by adding a steam/water mixture outside the fuel channel
is positive. The reactivity change will be, however, less than for the same
coolant density increase inside the fuel channel. Therefore this effect will be
always less than that of cold water ingress, which must be dealt with in
LWRs. Also, for the equilibrium core the situation will change, since the
operating point shifts with increased plutonium content further from the
peak into the undermoderated region. Of more importance is the presence
of control rods in the reflector, which has not been taken into account in the
above calculations. Control rods will be included in subsequent sections
simulating the entire core. First, the maximum steam/water density

physically possible in the dry calandria will be evaluated.
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4.4.6.3 Maximum density of steam/water mixture in the calandria space

An important question to be answered is “what is the maximum
possible density of a steam/water mixture in the upper calandria space
(still unflooded) during the flooding process?”. The most probable scenario
is that the upper calandria space is filled with saturated steam with the
density corresponding to the partial pressure of the vapor. The largest
steam density in the saturated state will be achieved if no gas is assumed to
be present in the calandria, i.e., the upper space contains only steam.
Assuming atmospheric pressure in the calandria (note that calandria
flooding is initiated several seconds after LOCA, before a significant
pressure rise in the containment is experienced) this density is 0.0006

g/cm3.

Higher density in the upper calandria space can be reached if the
boiling process in the lower flooded portion is so vigorous that droplets of
liquid are entrained high above the water level, and thereby increase the
water content in the upper portion. The amount of liquid entrained into the
unflooded calandria region can be estimated using the theory of
entrainment from a free surface. The following estimate is quite

conservative (yielding maximum water densities).

The assessment is based on the entrainment from a free surface study
performed by Kataoka [Kataoka, et. al., 1981], which represents some of the
best information available in this area. The notion of entrainment loses its
validity when the superficial gas velocity is so great that there is no distinct
water level. This occurs at the dimensionless entrainment number,
Efg=5.0, defined as

_Ps Jfe

Es, -
& peie (4-32)

where subscript fe refers to the entrained liquid phase. This can be also
viewed as the criterion for the transition from churn-turbulent to annular
or annular dispersed flow. The choice of 5 for the entrainment number is a
conservative estimate for two reasons. First, it represents the upper limit
for a churn-turbulent pool (the most violent pool). Secondly, a bubbly flow
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pool is more likely, since no gas is blown through the pool, only vapor
bubbles from boiling contribute to the superficial gas velocity, j;. Moreover,
it will be shown in Chapter 8 that most of the vapor bubbles will condense in
the considerably subcooled flood water before they can reach the surface.
Another conservatism is introduced by taking the pool surface gas
superficial velocity equal to 2m/s. This is the upper limit for pool
entrainment data for which the correlation is valid. Using these data, the
superficial velocity of entrained liquid can be evaluated

_ErgPgig 505982 _ 10508 mys

e = 1000 (4-33)

where water properties were taken for an atmospheric pressure of 0.1 MPa.

Eliminating total mass flow rate from the relations for superficial velocity

of entrained liquid and superficial gas velocity defined as

C_m(%) . _mx .
Jfe Apr Jig =5 Pg’ respectively, (4-34,35)

yields the equation

jre=jg B2 (%)
“pr X (4-36)

which can be used to solve for the flow quality, x=0.1667. This quality is,
however, only in close proximity to the pool surface. The quality will
increase with the height above the pool free surface. Although flow quality
as a function of the height can be obtained from Kataoka’s correlation, it is
not done here. Instead it will be conservatively assumed that the near-
surface quality remains the same throughout the whole upper calandria
space. Void fraction is then evaluated assuming the slip ratio is equal to 1.0

as

RS
o= (1 +Pe -(lxi)} = 0.997

Pr (4-37)
and finally the maximum attainable steam/water mixture density
Pmmax = (1-0) pr+apy = 0.0035 g/em? (4-38)
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Another hypothetical scenario for creating a steam/water mixture with
densities higher than steam at saturation is by spraying into the upper
calandria space. This sequence would be possible if both the pressure tube
and calandria tube rupture and the escaping coolant sprays into the
calandria. The highest achievable densities for water sprinklers
purposefully designed for that purpose are [McCaughey and Bidinger, 1988]

< 0.1 vol% H»0.

This translates to a mixture density of 0.001*1g/cm3 = 0.001 g/cm3. Table 4-
11 summarizes HoO practical density limits in the unflooded portion of the

calandria.

Table 4-11 Practical HoO density limits in the upper calandria space

Saturated steam Entrainment limit Spray limit

Hg0 density (g/cm3) 0.0006 0.0035 0.001

4.4.6.4 Reflooding Process

The reflooding process involves the loss of coolant from the fuel
channels and subsequent flooding of the calandria. Two scenarios will be
investigated. The first scenario is the most probable event, which assumes
that the upper, unflooded calandria space is filled with steam at saturation
density corresponding to the pressure partial pressure of vapor in the
calandria. The second scenario is a hypothetical event which assumes that
the water droplets, entrained into the upper calandria space, increase the
H50O density even beyond the thermalhydraulic limits given in the previous

section.

Case with Saturated Steam in the Upper Calandria Space

This most probable scenario assumes that after the coolant is lost and
the calandria flooding is initiated, the yet-unflooded space becomes rapidly
filled with saturated steam. The lower, flooded portion of the calandria is
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assumed to contain boiling water. Reactivity behavior for this process is
shown in Figure 4-37. The results were obtained using MCNP model #3 for
the fresh, hot core with uniform enrichment of 2.7% and 28 control rods
fully inserted. Note that the reactivity held down by control rods is about
54mk — a conservatively high hold down during normal operation. After the
coolant is lost, reactivity is significantly reduced due to the negative coolant
void coefficient. As the number of flooded rows increases, reactivity is
further decreased until the core is rendered deeply subcritical.
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Figure 4-37 Reactivity behavior for calandria reflooding with saturated
steam in the upper space

Case with Hypothetical Water Entrainment into Upper Calandria Space

The second scenario assumes that the steam/water density in the
unflooded calandria space can be increased by droplet entrainment beyond
the thermohydraulic limit (by 1400%). The results are shown in Figure 4-38.
Two curves are shown — for the core with 28 control rods fully inserted and
for the core with all control rods out. The portion of the curve with inserted
control rods is expanded in Figure 4-39. After the coolant is lost significant
reactivity reduction can be observed, i.e., the first point in Figure 4-39. The
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second point in Figure 4-39 represents the state with flood water level just
below the first row of fuel channels and COg filling the upper calandria
space. It shows an additional reactivity decrease, since boiling water at the
calandria bottom behaves like a neutron trap, by absorbing most of the
incoming neutrons. The third point exhibits an additional reactivity drop as
the water level is increased to flood the first row of fuel channels. The
fourth point describes the same configuration of the water level as for the
third point, but the COg2 gas in the upper calandria space is replaced by
saturated steam. Introducing steam into the unflooded space increases
reactivity because the system is strongly undermoderated, as there is no
coolant inside the fuel channels. Increasing the steam/water mixture
density further while keeping the water level just above the first row leads
to a reactivity increase until the maximum point is reached at a density of
about 0.05 g/cm3. For larger mixture density, neutron absorption in Hg0
prevails and results in a reactivity drop. Figure 4-38 shows that for the case
with control rods out, the maximum reactivity peak is lower than for the
case with control rods in. This is because inserted control rods are shaded
by the steam water mixture, resulting in less neutron absorption in control
rods. The important thing to note is that even for the optimum mixture
density, the fresh core remains below the prior critical state. For the
equilibrium core, the system is more undermoderated and the reactivity
peak for the optimum steam/water mixture density becomes higher. A
check has been done using MCNP model #3 for the fuel with average
burnup of 40,000 MWd/tonne and it was found that the peak just reached
the prior critical value for hypothetical optimum density of 0.05g/cm3.

4.4.6.5 Inadvertent Flooding Process

In the inadvertent flooding process, the calandria is inadvertently
flooded during normal operation. The major difference from the reflooding
process is that all the fuel channels retain their light water coolant. In the
most likely scenario, the unflooded calandria space will remain filled with
steam at saturation density corresponding to calandria pressure. Similarly
as for the reflooding process, the hypothetical event which assumes that the
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water droplets, entrained into the upper calandria space, increase the HoO

density even beyond the thermalhydraulic limit will be also studied.

Case with Saturated Steam in the Unflooded Calandria Space

It is assumed that after flooding is initiated, the flooding water starts to
boil and the unflooded calandria portion fills with saturated steam and
remains at this condition during the entire flooding process. To maximize
the positive effect from control rod shading, it is further assumed that the
core is critical at cold conditions with all 60 control rods fully inserted, to
compensate for the cold to hot reactivity difference, and that between zero
xenon content and xenon equilibrium. The results are shown in Figure
4-40. It can be observed that the reactivity decreases monotonically, at a
slower rate at first and much faster once more than one half of the core is
flooded. One important design feature needs to be pointed out. It can be seen
in Figure 4-8, which shows the arrangement of control rods in the end
reflector, that the guiding channels for CRDs end just above the third row of
fuel channels rather than at the bottom. This arrangement is on purpose to
avoid positive reactivity insertion during the first stage of flooding. Once the
flood water level rises above the control rod tips, control rod tips below this
water level become ineffective. If these tips are located too low, they become
submerged and hence ineffective before sufficient flood water has been
introduced to compensate for this loss of control effectiveness. Ending the
guide channels above the third row allows for substantial negative
reactivity insertion from the flood water before the isolating effect on the
control rod tips takes place, and hence the neutron absorption in light water
becomes more important than the control rod isolation, preventing a
reactivity increase. Note that once the whole calandria is flooded, control
rods have virtually no effect on reactivity, since the neutron migration
length decreases to about 7cm, and the number of neutrons reaching
control rods is marginal. Care must be exercised when reestablishing a
voided calandria space after flooding. An automatic block should be
designed into the system, to prevent the operator from reestablishing a
voided space without having all control rods in their fully inserted position.
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This procedure would ensure that criticality is achieved by withdrawal of
control rods after the voided space is re-established, rather than by
depleting light water in the calandria.
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Figure 4-40 Reactivity behavior for calandria inadvertent flooding with
saturated steam in unflooded region for cold core with all CRDs inserted

Case with Hypothetical Water Entrainment into the Unflooded Calandria
Space

Similarly as for the reflooding process, this scenario assumes that the
steam/water density in the unflooded calandria space can be increased by
droplet entrainment beyond the thermohydraulic limit. Two cases will be
studied. The first case will assume that the reactor is cold critical with all
control rods fully inserted, the second case will study inadvertent flooding of
the hot core at nominal conditions. The results for the cold core case are
shown in Figure 4-41. The reactivity behavior trend for the first two points,
marked by arrows is the same as for the reflooding, shown in Figure 4-39
except for the reactivity drop due to loss of coolant. For higher steam/water
mixture densities the trend is quite different than that shown in Figures
4-38 and 4-39. In particular, no reverse to higher reactivity is observed. This
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is because the cold core with high density of the coolant has the operating

point close to the optimum on the moderator-to-fuel ratio curve, and any

additional water leads to reactivity reduction.

The second case is presented in Figure 4-42. Points on the reactivity
curve (from the left) can be described as follows (p;, denotes the density of

steam/water mixture):

® p=0 g/cm3, kor=1.00
® pm=0 g/cm3, kop=0.99

* p=0.0006 g/cm3, k.r=0.98

* pm=0.01 g/cm3, k¢=0.997

* p=0.02 g/em3, kop=0.99

operating point.

one row of fuel channels is flooded with
boiling water, the upper calandria space
is filled with COgq. Reactivity drop is due to
neutron absorption in water pool at the
bottom of the calandria.

one row of fuel channels is flooded with
boiling water, the upper calandria space
is filled with saturated vapor
corresponding to atmospheric pressure.
Additional reactivity drop is due to
absorptions in H9O vapor in the upper
calandria.

one row of fuel channels is flooded with
boiling water, the upper calandria space
is filled with steam/water mixture of
density 0.01g/cm3. Reactivity increase is
caused by shading of the control rods
(shading of control rods prevails over
absorption in steam/water mixture).

one row of fuel channels is flooded with
boiling water, the upper calandria space
is filled with steam/water mixture of
density 0.02g/cm3. Reactivity decrease is
due to prevailing absorption in
steam/water mixture over the shading
effect of CRDs.
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It can be observed from Figure 4-42 that secondary criticality could be
achieved at the optimum mixture density of about 0.15 g/cm3. It is noted
however, that this point is just critical, i.e., the same as prior to the
disturbance with all coolant in the channels. Moreover, this is a
hypothetical scenario, since the optimum density of 0.15 g/cm3 cannot be
practically reached, as it is higher by an order of magnitude than the
maximum possible mixture density, pm max, also shown in Figure 4-42.

4.4.6.6 Hypothetical Spraying of Calandria Space without Flooding

The last scenario to be studied involves rupture of both the pressure tube
and calandria tube and spraying of the calandria space. It is assumed that
the coolant leak from the rupture is slow enough not to initiate calandria
flooding. It is further assumed that the water released from the crack will
be homogeneously distributed over the entire calandria space. Figure 4-43
shows the reactivity behavior for such a scenario. For comparison,
reactivity behavior in the cold water ingress (in the coolant) event is also
plotted. Cold water ingress is an incident when the reactor coolant
temperature drops (for example if heat removal to the secondary system is
increased). This leads to increased coolant density accompanied by an
increase in reactivity. Note that to be able to plot coolant density change on
the same density axis, the coolant density change was smeared into the out-
of-channel space. Reactivity behavior is similar to that shown in Figure
4-41, with a slight reactivity drop at first and a reactivity increase for higher
mixture densities because of the prevailing effect of control rod shading.
Because there is no neutron trap in the form of flooding water on the bottom
of the calandria, as was the previous case, the reactivity is increased above
the prior critical value. However, the increase is very modest (8mk) which
can be compensated by the fine control group, and is less than for the cold
water ingress event. More importantly, the steam/water mixture densities
which would cause a reactivity increase above the prior critical value
cannot be reached in practice due to the spray density thermohydraulic

limit, pm max-
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4.4.6.7 Summary of Reactivity Behavior During Calandria Flooding

A study of the reactivity behavior of the reference PTLWR design in
various calandria flooding scenarios has been performed. Reactivity is
influenced, primarily, by the water level in the calandria, the density of the
steam/water mixture in the unflooded calandria space and by the presence
of control rods. The results reveal that

e for the most likely scenarios, with saturated vapor in the unflooded
calandria space, the reactivity monotonically decreases with rising
water level,

e for scenarios with entrainment of water droplets into the unflooded
calandria space, reactivity first drops and later increases, but it does
not exceed the prior critical value, even for the optimum mixture

density;
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¢ for scenarios of coolant spraying from a ruptured pressure and
calandria tube without bottom flooding, reactivity can slightly exceed
the prior critical value; but

e steam/water mixture densities yielding the maximum reactivity
peak cannot be achieved either by spraying or by entrainment
because they exceed thermohydraulic limits on spray density by an
order of magnitude.

Overall, it can be stated that the reference PTLWR design does not
exhibit reactivity excursions in scenarios involving the ingress of
steam/water mixtures into the voided calandria space. This conclusion,
however, cannot be generalized for other dry calandria designs with
alternative fuel arrangements. In particular, the high-loading, two-ring
design with a high conversion ratio will be less resistant to reactivity

excursions in these scenarios.

4.4.7 Burnup Study

4.4.7.1 Introduction

This section will address change of fuel composition with burnup.
There are three important characteristics which need to be evaluated. The
first characteristic is the initial enrichment needed to achieve specified
discharge burnup. The PTLWR reference design uses 235U-enriched coated
particle fuel. Coated particle fuel has good fission product retention
capabilities and structural integrity even at high burnups. A very high
burnup capability of more than 700,000 MWd/tonne has been demonstrated
for MHTGR particle fuel [Alberstein et. al., 1993]. HTGR experience has
been gained for more modest burnups of about 80,000 MWd/tonne. The goal
set for the PTLWR is to achieve these burnups, i.e., in the vicinity of
80,000MWd/tonne. In addition, discharge burnup should be assessed as a
function of initial enrichment, since both the initial enrichment and the
discharge burnup affect fuel cycle cost. This dependence will be later used

in the fuel cycle cost evaluation.
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The second characteristic of interest is the fuel composition for the
equilibrium core. The fresh core, for which most of the calculations have
been performed so far, is representative only for a short period of time, after
first fuel loading. Most of its lifetime, the PTLWR will operate with an
equilibrium core. The changed fuel composition shifts the neutron energy
spectrum, as compared to the fresh core, and will affect many reactor

physics parameters.

Finally, the power density profile for the equilibrium core depends
strongly on the on-line refueling scheme, since the fuel elements present in
the core have spent different times in the core, and hence have different fuel
composition. To evaluate the power density profile for any particular on-line
refueling scheme, the local fuel composition needs to be known as a

function of burnup.

To address these issues, the changes in concentration of fissile and
fertile nuclides and fission products during neutron irradiation must be
calculated. A wide variety of computer codes are available for calculating
nuclide composition during irradiation. However, these neutronics-
depletion codes rely almost exclusively on diffusion theory. It has been
shown in Section 4.2 that diffusion theory breaks down for the PTLWR
reactor concept, hence other means to estimate fuel depletion needs to be
sought. The method selected for this purpose combines the MCNP code and
the ORIGEN2 code [Croff, 1981,1983], and will be described next.

4.4.7.2 MCNP + ORIGEN2 Model

While the MCNP code does not include the capabilities to calculate
burnup, MCNP full core calculations at various stages of burnup can be
done as long as the concentration of major actinides and fission products at
various burnups is available. To obtain fuel composition as a function of
burnup, the ORIGEN2 code has been selected. MCNP is used to calculate
the core multiplication factor, while ORIGEN2 provides input for MCNP
regarding fuel composition as a function of burnup. The benchmark of this
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procedure with PWR results from the LEOPARD code [Barry, 1963],
enclosed in Appendix A.2, shows very good agreement.

The major problem in applying this approach to the PTLWR is that
ORIGEN2 uses a one group effective cross section library for about 1700
nuclides, which is not available for the new PTLWR concept. Effective cross
sections of all nuclides, in particular the actinides, depend strongly on
neutron spectrum and nuclide concentration. Obtaining such a library is a
complex process using other sophisticated codes, which is beyond the scope
of this study. Instead, the following simplified approach was used:

e The ORIGEN2 code is run using a PWR one-group effective cross
section library for the U-Pu fuel cycle.

e The concentration of major actinides and lumped fission products
obtained from the ORIGEN2 run is used as input data for the MCNP
run.

e Reaction rate ratios (with respect to 235U absorptions) for major
actinides obtained by MCNP are compared to those obtained by
ORIGENZ2. Then the one-group effective cross sections of these
actinides in the ORIGEN2 library are modified to match the reaction
rate ratios obtained by MCNP.

e The process is repeated, if needed, to obtain a match of reaction rate
ratios. Once a good match has been obtained, concentrations of
actinides and fission products calculated from ORIGENZ2 for various
burnups are used as input data for MCNP. MCNP is then run to get
the reactivity as a function of burnup. A computer program was
written to facilitate transfer of data between ORIGEN2 output and the
MCNP-input-data generating code.

There are two factors in considering which ORIGENZ2 cross section
library to choose. The first is the energy spectrum, the second is the
reaction rate ratios, in particular for the actinides

ecaptures in 238U/absorptions in 235U,
efissions in 238U/absorptions in 235U,
efissions in 239Pu/absorptions in 235U,
ecaptures in 240Pu/absorptions in 235U, and
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efissions in 241Pu/absorptions in 235U.

The energy spectrum for the dry calandria concept is more similar to
that in a CANDU reactor, while reaction rate ratios for the actinides are
close to those of a PWR. Preserving reaction rate ratios is more important

for two reasons:

e For high burnups, contributions from fissions of fissile actinides are
considerable (about 30 %), hence the concentrations of these actinides
with changing burnup should be computed as accurately as possible.

e Most éodes, MCNP included, employ few-member lumped fission
products. Their effective cross sections vary with the neutron
spectrum of the reactor being analyzed. Hence, using fission
products (from the “Livermore fuzzy average fission product library”
used by MCNP) for the PTLWR involves a certain degree of
approximation. This is not an appreciable shortcoming; not nearly
comparable to the effect of the spectrum on actinide cross sections —

which are adjusted.

Therefore, the PWR one-group effective cross section library was selected
for use with ORIGEN2. Fission products are lumped together except for
135Xe and 149Sm, which are treated separately. Cross section data from the
Livermore fuzzy average fission products library, ENDL-85, with MCNP
designation 50120.35, was used for the treatment of lumped fission product
in the MCNP code.

Note that the procedure described above is laborious, and yields only
approximate solutions, sufficient for this scoping study, but not for detailed
design calculations. Very recently, the MOCUP code [Babcock et. al., 1993]
has been developed at Idaho National Engineering Laboratory (INEL),
which couples the MCNP and ORIGEN2 codes. MOCUP provides an
automatic bridge between MCNP and ORIGEN2 without modifying any of
these codes. The code allows one to analyze a given complex-geometry
system as a function of irradiation with the accuracy of a transport
neutronic solution. The MOCUP code automatically creates correct one-
group effective cross sections for ORIGEN2 using MCNP tallies. This
MCNP-ORIGEN2 tandem could provide effective and more exact burnup
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solutions for the PTLWR concept, however; the code was not available at the
time of the PTLWR analyses.

4.4.7.3 Burnup Results

The burnup curves for PTLWR fuel with initial enrichments of 4%, 6%
and 7% are shown in Figure 4-44. To save computer time, the MCNP code
was run using the one-channel model #1 for all-reflecting boundaries to
obtain the infinite multiplication factor, k.. Then the reactivity penalty due

to axial and radial leakage was subtracted. This penalty can be easily found
by comparing ks for the full-core MCNP model #3 and k., for the infinite

lattice, both calculated for the fresh core, i.e.,

Akleak = Koo - kefr = 1.135-1.047 = 0.088, or in terms of reactivity
Apleak = 0.074

This leakage penalty is assumed constant with burnup.

It can be observed that the multiplication factor varies almost linearly
with burnup. This differs from CANDU where the 239Pu buildup
contributes significantly to a reactivity increase at the beginning of the
cycle. The linear trend is similar to LWRs, since the initial enrichment is
high and the PTLWR conversion ratio is close to that of LWRs. For the
continual on-line refueling, which is equivalent to an infinite number of
batches, the discharge burnup, By, is twice as large as the core equilibrium
burnup, Beq. The discharge burnup can be found directly from the curves
in Figure 4-44 as two times the value of the equilibrium burnup (burnup
when core reactivity = 0). The discharge burnup is summarized, together
with uranium utilization as a function of initial enrichment, in Table 4-12,
and compared to typical PWR and CANDU values. Uranium utilization in
Table 4-12 was calculated from the definition

— R, XF~ Xw
U=By X Xy MWd/tonne (4-39)
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Figure 4-44 Effective multiplication factor as a function of burnup for

various initial enrichments

Table 4-12 Discharge burnup and fuel utilization for various initial

enrichments
Reactor/ Discharge burnup, B4, Uranium utilization, U

Initial enrichment (MWD/tonne) (MWD/tonneUNAT)
PTLWR-4% 25,000 3,460
PTLWR-6% 56,000 4,930
PTLWR-7% 77,000 5,700
Current PWR-3.6%2 35,100 5,280
Advanced PWR-4.4%2 50,000 6,080
CANDU-600-Nat.P 7,500 7,500
CE-CANDU-1.2%P 19,750 10,090

2 from [Driscoll et. al., 1

990],
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where xp, xp, and x,;, are the weight percent of 235U in the enrichment

plant product, feed (0.711 wt%), and tails (0.2wt%), respectively. Equation
(4-38) neglects the small composite loss fraction in the fabrication and
chemical conversion steps.

Using the discharge burnups achievable for given enrichments from
Table 4-12, the discharge burnup can be approximated by the linear
equation

Bg=25+17.33 (e% - 4) , MWd/kg (4-40)

where e is enrichment in %. Since the PTLWR fuel elements are compatible
with CANDU fuel bundles, spent PTLWR fuel could be used directly in
CANDU reactors as a partial reload. Note that the discharged PTLWR
bundles with burnup of 80,000 MWD/tonne, which contain only 0.85% 235U
(compared to 0.92% for PWR spent fuel), 0.53% 239Pu, 0.17% 241Py, and a
significant amount of fission products, would not make a CANDU core
critical if the entire CANDU core is loaded with these fuel elements (ko =
0.95).

4.4.7.4 Summary of Burnup Study

It can be seen from Table 4-12 that the PTLWR can achieve high
discharge burnups realizable with particle fuel, but at the expense of
higher enrichment than for a PWR. This is a consequence of the less
efficient neutron economy in a high-leakage, low-loading PTLWR core.
Uranium utilization falls in between current and advanced PWRs. The
burnup rate in the proposed PTLWR concept is faster than for current
CANDUs, because of low heavy metal loading. However, fuel residence
time is longer than for current CANDUSs (the refueling rate is about one
half that of a CANDU unit) due to the high achievable discharge burnups.



4.4.8 On-line Refueling Schemes

4.4 8.1 Introduction

A pressure tube LWR with void space between the pressure tubes
exhibits a very uniform thermal flux profile over the entire calandria space
and tight core coupling. Hence it would be an ideal candidate for 1-batch
refueling. One-batch refueling is not, however, an economically viable
option because one cannot afford to forgo the advantages of multi-batch
refueling, especially in view of the higher parasitic losses and higher
leakage which require higher enrichment. One-batch refueling would
therefore lead to much higher fuel cycle cost compared to a typical LWR.
Consequently, on-line refueling which compensates for these losses, and
which is easily implemented in pressure tube reactors, was adopted.
Excellent experience with on-line refueling acquired in CANDU reactors

further supports this option.

However, on-line refueling in the dry calandria design poses the
difficulty of avoiding large power ripples. These local power ripples,
introduced by the fresh fuel elements, are more severe than in CANDU

reactors for two reasons:

erelatively high initial enrichment, and
euniformity of the thermal flux profile.

The need for relatively high enrichment to attain high burnups has been
discussed in the previous section. The uniformity of the thermal flux profile
is primarily a result of the large migration length. The entire core is
transparent to thermal neutrons. As a result the fresh fuel element, with a
high amount of fissile material, inserted into the reactor by the refueling
machine, sees thermal neutrons from the entire core. Because the number
of fissions is proportional to thermal flux and the number of fissile nuclides
in the fuel element, the power generation in the fresh fuel bundle is high.

To minimize power ripples in CANDU reactors, fresh fuel bundles can
be placed in the regions of low thermal flux or next to low power bundles.
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Placing fresh bundles in a low-thermal-flux regions in the present instance
is possible only to some extent, since the flux is almost uniform. Placing
fresh bundles next to bundles with high burnup helps to decrease power
ripple, but it is less effective than in CANDUs because of the core’s

transparency to thermal neutrons.

To reduce peaking due to non-uniform distribution of fissile material®,
bi-directional refueling (used also in CANDU reactors) was chosenf. Two
neighboring channels are fueled from the opposite ends, such that the fresh
fuel bundle at the end of one channel faces the bundles with the highest
burnup in the four neighboring channels as shown in Figure 4-10. Fuel
bundles are axially arranged such that the bundles with high fissile
content are close to the channel inlet and high-burnup bundles are placed
at the channel exit. This arrangement has an important advantage from
the point of view of Critical Heat Flux Ratio (CHFR), since the lowest power
density bundle transfers the heat into regions with the highest coolant
temperature (the coolant flow is also bi-directional in CANDUSs). Note that
in the PTLWR, the power density profile can be shaped by the on-line

refueling scheme as desired.

The objective of this section is to evaluate the power density profile in the
fuel channels using a bi-directional refueling scheme. The two-channel
MCNP model #4, which allows for arbitrary fuel composition in every
individual fuel bundle, will be used for this purpose. Various

* Note that the power peaking concept in the PTLWR differs from typical LWRs and
PHWRs, where power peaking arises from peaking in the thermal flux, while in the
PTLWR peaking arises primarily from the non-uniform distribution of the fissile

material.

T Another possible refueling scheme would be to refuel an entire channel. This would
eliminate axial peaking, but introduce channel-to-channel peaking. Channel-to-channel
peaking may be reduced by refueling channels in low-thermal flux regions always with
fresh fuel for partial burnup and moving partially burned fuel from these regions to

higher-flux regions; one could also orifice the channels to match flow to power.
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arrangements of fuel bundles and various alternative means to minimize

power peaking will also be explored.

4.4.8.2 Fresh Core with Uniform Enrichment and Model Consistency

To check if the two-fuel channel MCNP model #4 is consistent with
one-channel MCNP model #1 and to demonstrate the difference in power
density profile for uniform fuel composition and axially variable fuel
composition, the two-channel model will be first run for fresh fuel with 2%
enrichment. The 2%-enriched fuel, as well as the same average coolant
density, is used in all fuel bundles. The comparison of multiplication
factors obtained for the infinite lattice using model #1 and model #4, given
in Table 4-13, shows that both models are consistent.

Table 4-13 Consistency check of MCNP model #4 with MCNP model #1

I k..
—
One-axial cell model (MCNP model #1) 1.064+0.003
Multiple-axial cell model (MCNP model #4) 1.065+0.002

The power density profile for the fresh core with the same fuel
enrichment in every fuel bundle is shown in Figure 4-45. Figure 4-45 was
calculated for the infinite lattice without the end reflectors, hence there is
no peaking from a thermal flux peak near the reflector. Every calculated
point on the curves represents the average power density in an outer fuel
ring in a given fuel bundle®. It is evident from Figure 4-45 that thermal flux
in the PTLWR infinite lattice is basically constant. Hence, it can be

* See Figure 4-11 for the geometry showing the fuel channels with fuel rings. “Left” denotes
the fuel channel in the lower left corner, “Right” denotes the fuel channel in the upper right

corner.



expected that for fuel bundles with variable fuel composition, the power
density will be roughly proportional to the content of fissile material.
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Figure 4-45 Axial power density distribution in fuel compacts for uniform
enrichment

4.4.8.3 Estimate of Burnup Penalty using Burnable Poison

One of the options to decrease power ripple from high fissile content in
the fresh fuel bundles is the use of burnable poison. The penalty on burnup
from burnable poison can be estimated using a linear reactivity model.
Neglecting the effect of burnable poison on conversion ratio, and hence on
the slope of the burnup curve, and using the burnable poison scenario and
nomenclature shown on Figure 4-46, the burnup penalty can be calculated

as follows:
Requiring the average reactivity, p, to be zero, one can write

(Po- ABg) B, (4-41)

N —

L 6By -1 Apgp By =
20012913?3
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Figure 4-46 Linear model of burnup with burnable poison

where A is the slope of the burnup curve and Apgp is reactivity reduction

due to the presence of burnable poison. Using symmetry and the relations
from similar triangles 123 and 174, and 465 and 698, yields

B; _ Apsp . By _-(po- ABy)

B; po B Po ) (4-42,43)

Substituting ratios from Eqs. (4-42) and (4-43) into Eq. (4-41) and solving for
the discharge burnup, Bgq, results in

2
By= {%ﬂ)[l + 1-(Ag§“’)

Equation (4-43) gives the effect of reactivity tied up in burnable poison (Apgp)
on the discharge burnup. In the limit where Apgp = 0, discharge burnup Bq

(4-44)

= 2 po/A as it should. The fractional reduction in burnup compared to the

poison-free case is then



f=

D [

2
/-2
Po /1. (4-45)

Equation (4-45) is tabulated in Table 4-14.

Table 4-14 Fractional reduction due to burnable poison in burnup for on-line

refueling
Apgp/py f, from Eq. (4-45)
0 1
0.3 0.98
0.5 0.93
0.7 0.86
0.8 0.80
0.9 0.72a
1.0 0.50P

a Roughly equivalent to 3 batch PWR scheme
b One batch core, i.e., burnup just replaces burnable poison

Table 4-14 suggests that a substantial reduction in the peak reactivity
can be achieved at a relatively low penalty on discharge burnup. For
example, the reactivity of the hot bundle can be decreased by 50% while the
discharge burnup is decreased only by 7%.

To model burnable poison by the MCNP+ORIGEN2 combination, the

following procedure was used:

1. Put 10B into the fresh fuel and run the MCNP model #1 for poisoned

fuel and for the fresh fuel to obtain the reactivity for fuel with boron,
ppp, and for the fuel without boron, p,, respectively. Adjust the

amount of boron in the fresh fuel such that Apgp/py=0.5. Obtain the

ratio of absorption rate in boron to absorption rate in 235U,
(Zad)b/(Tad)25.

2. Put the amount of boron which gives 50% reactivity reduction into the
ORIGEN2 code, burn up the fuel, and obtain the ratio of absorption
rate in boron to absorption rate in 235U, (Za®)b/(Za®)25. Adjust the
effective one-group absorption cross section of boron such that the
absorption rate ratio obtained by ORIGEN2 matches the ratio



obtained from MCNP. In a similar manner adjust effective one-
group effective absorption cross sections of the actinides.

3. Run the MCNP code using fuel composition obtained from ORIGEN2
to obtain the burnup curve and maximum achievable discharge
burnup which still guarantees criticality.

4. Run MCNP with the bi-directional refueling scheme to obtain the
power density profile

4.4.8.4 Refueling Schemes Considered

The following cases will study the effects of various options on the power
density profile. Cases studied included use of burnable poison, reshuffling
of fuel bundles, or changing the thermal flux profile. All the results,
presented next, were obtained using the two-channel MCNP model #4 with
graphite end reflector on both sides of the channel. Bundle-average coolant
density in individual fuel bundles has been calculated using the steady-
state thermohydraulic code described in Chapter 6.

Case #1 — Pure Bi-directional Refueling without Burnable Poison

Case #1 employs pure bi-directional refueling with no burnable poison. The
arrangement of fuel bundles (designated arrangement #1) is shown in
Figure 4-47. The fresh fuel bundle is always inserted at the channel inlet,
in the direction of coolant flow, and the bundle with the highest burnup is at
the channel outlet.

The axial power density profile in the outer fuel ring of the two
neighboring channels is shown in Figure 4-48; power peaking factors and
the multiplication factor are summarized in Table 4-15. The axial peaking
in the power density profile is significantly higher for the equilibrium core
using pure bi-directional refueling than that shown for the fresh core with
uniform fuel composition, i.e., compare 1.52 to 1.13 (see Section 4.4.4.3 for
peaking in the fresh core).
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Figure 4-48 Axial power density profile for Case #1

Case #2 — Pure on-line Refueling with Burnable Poison

Flow

Case #2 uses burnable poison in the fresh fuel bundles and the same fuel

bundle arrangement (arrangement #1) as for Case #1. Figure 4-49 and

Figure 4-50 show the power density profile and thermal flux profile as a

function of axial position, respectively. Peaking factors and multiplication

factor are summarized in Table 4-16.
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The effect of burnable poison can be seen by comparing Table 4-15 and
Table 4-16. The decrease in peaking factor in the outer fuel ring (peaking
factor in the outer fuel ring is always larger than in the inner fuel ring)
achieved by introducing burnable poison is from 1.52 to about 1.39. Note that
the peaking values for the lower left channel and the upper right channel
must be the same due to symmetry. If they are not the same due to
statistical errors, the average value between the upper right and the lower
left channel is taken. Although this decrease in peaking is a good
improvement, it is not very large, especially when one considers that the
fresh bundle with burnable poison has only 50% of the excess reactivity
compared to the fresh bundle without burnable poison.

Table 4-15 A Summary of peaking factors and multiplication factor for
case #1

Multiplication factor2 1.078

Effective multiplication factorP 0.998

"t

Peaking factor/q'"ave(kW/1)-lower left channel, inner fuel ring [1.49/268.8

Peaking factor/q"'gve(kW/1)-lower left channel, outer fuel ring [1.52/272.1

"

Peaking factor/q'"'ave(kW/l)-upper right channel, inner fuel ring[1.48/265.9

Peaking factor/q"'qve(kW/1)-upper right channel, outer fuel ring |1.52/271.1

8 Modeled as an infinite lattice in radial direction, axial reflectors are
included

b The difference between the multiplication factor of the axially-reflected
infinite lattice and the effective multiplication factor for the whole core with
radial reflector assumed the same as for uniform fuel distribution
(Ak=0.08).

Case #3 — Bi-directional Refueling without Burnable Poison using Bundle
Reshuffling.

The disadvantage of burnable poison is the decrease in core reactivity
(about 3%), and hence, decreased discharge burnup. Because neutron
losses are higher in the proposed PTLWR than in a typical LWR even
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Table 4-16 A Summary of peaking factors and multiplication factor for
case #2

Multiplication factor? 1.045

b

Effective multiplication factor 0.965

Peaking factor/q"ave(kW/l)-lower left channel, inner fuel ring | 39968 4
Peaking factor/q"ave(kW/)-lower left channel, outer fuel ring {4 39979 9
Peaking factor/q"'ave(kW/l)-upper right channel, inner fuel ring|; 33/067 4

Peaking factor/q"'ave(kW/1)-upper right channel, outer fuel ring 1.39/271.8

Maximum peaking factor on thermal flux/®,ye(n/cm2-s) 1.1/1.9E14

8 Modeled as an infinite lattice in radial direction, axial reflectors are
included
b The difference between the multiplication factor of the axially-reflected
infinite lattice and the effective multiplication factor for the whole core with
radial reflector assumed the same as for uniform fuel distribution
(Ak=0.08).

without the burnable poison, this practice is undesirable. Moreover, the
advantages of on-line refueling — the possibility of eliminating most
reactivity control absorbers and minimization of the excess reactivity —
suffer if burnable poison is utilized. Therefore, other ways to decrease
power peaking are worthy of consideration. The first option appears to be
bundle rearrangement. This can be easily done with current refueling
schemes; in fact in CANDUs all bundles can be pulled out of the channel
into the magazines of the refueling machines, mixed with the new fuel,
rearranged and inserted back into the fuel channel in any desired scheme.
The first attempt is to surround the fresh bundle by high burnup bundles in
a sequence better than in arrangement #1. Another important
consideration is the higher thermal flux in the vicinity of the end reflectors;
hence it is desirable to place fresh fuel bundles further from the reflector.
Arrangement #2, shown on Figure 4-51, addresses these issues.
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Figure 4-51 Bundle arrangement #2

Figure 4-52 shows the power density profile as a function of axial

position and Figure 4-53 shows the corresponding thermal flux profile.

Table 4-17 gives the effective multiplication factor and peaking factors.
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Figure 4-52 Axial power density profile for Case #3

Comparing Table 4-15 and Table 4-17, it can be seen that the

improvement in power flattening by bundle rearrangement is significant.

The maximum peaking factor in the outer fuel ring is 1.34, which is even
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less than for the fuel with burnable poison in bundle arrangement #1.
Moreover, reactivity is not decreased, but is even slightly higher due to
lower leakage (instead of having fresh bundles facing the reflector, bundles
with some burnup are placed close to the reflector, which results in less
fissions in the region immediate to the reflector, and less high energy
neutrons streaming to the reflector). Hence, the bi-directional refueling
scheme in arrangement #2 gives improved peaking at no reactivity

expense.
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Figure 4-53 Thermal flux profile for Case #3

Case #4 — Bi-directional refueling with Burnable Poison and Bundle
reshuffling.

If burnable poison is used in combination with bundle arrangement #2,
a further decrease in power peaking can be achieved. This is shown in
Figure 4-54 and in Table 4-18. The decrease in power peaking in the outer
fuel ring is by 7.4% (compared to arrangement #2 without burnable poison)
to about 1.24, at a reactivity expense of 3.2%. However, from the fuel cycle
cost point of view, it is preferable to stay with the higher peaking factor of
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Table 4-17 A Summary of peaking factors and multiplication factor for

case #3

Multiplication factor?

Effective multiplication factor®

Peaking factor/q"'ave(kW/1)-lower left channel, inner fuel ring

Peaking factor/q"'ave(kW/1)-lower left channel, outer fuel ring

Peaking factor/q"'aye(kW/l)-upper right channel, inner fuel ring

Peaking factor/q"'ave(kW/D)-upper right channel, outer fuel ring

Maximum peaking factor on thermal flux/®,ye(n/cm2-s)

1.083

1.003

1.34/268.3

1.32/272.3

1.33/271.4

1.32/273.7

1.1/1.9E14

8 Modeled as an infinite lattice in radial direction, axial reflectors are

included

b The difference between the multiplication factor of the axially-reflected
infinite lattice and the effective multiplication factor for the whole core with
radial reflector assumed the same as for uniform fuel distribution

(Ak=0.08).
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Figure 4-54 Axial power density profile for Case #4
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Table 4-18 A Summary of peaking factors and multiplication factor for
case #4

Multiplication factor? 1.0473

Effective multiplication factor? 0.9673

Peaking factor/q"'ave(kW/l)-lower left channel, inner fuel ring | 9068 9

Peaking factor/q"'ave(kW/l)-lower left channel, outer fuel ring |1 9079 3
Peaking factor/q"'ave(kW/l)-upper right channel, inner fuel ring|; 90/968 3

Peaking factor/q"'ave(kW/l)-upper right channel, outer fuel ring |1 99975 1

Maximum peaking factor on thermal flux/®,ye(n/cm2-s) 1.1/1.9E14

@ Modeled as an infinite lattice in radial direction, axial reflectors are
included

b The difference between the multiplication factor of the axially-reflected
infinite lattice and the effective multiplication factor for the whole core with
radial reflector assumed the same as for uniform fuel distribution
(Ak=0.08).

1.34 (which is quite flat already) without using burnable poison to flatten
the power profile further. The channel inlet peaking is also an advantage
with respect to steady state thermal-hydraulic behavior as will be discussed
in Chapter 6.

Case #5 — Bi-directional refueling with Bundle Reshuffling and Beryllium
Screen.

Another means to flatten the power density profile without sacrificing
reactivity is to use additional moderator for local thermal flux shaping,
placed in the voided space between the fuel channels in such a way that, in
combination with appropriate bundle arrangement, flatter power can be
achieved. Beryllium would be an effective moderator due to its low
absorption cross section, and the possibility of an increased neutron
population due to its (n,xn) reaction. It would, however, have to be designed
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to be removable, because of the irradiation damage in the high fast flux

environment.

To explore potential benefits of such a design, a beryllium slug was

introduced into the voided space between the fuel channels, as shown in

Figure 4-55. Placing a beryllium slug at the channel midplane increases

Upper
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Figure 4-55 Bundle arrangement #3 with Be slug
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Figure 4-56 Axial power density profile for Case #5 with beryllium slug
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Figure 4-57 Thermal flux profile for Case #5 with beryllium slug

the thermal flux in this region. The fuel bundles were reshuffled
(arrangement #3) so that the highest-power bundles are located in the
lower-flux region, and such that they face fuel bundles with the largest
burnup in the neighboring channels.

The results for this configuration are shown in Figure 4-56, Figure 4-57 and
in Table 4-19. It can be observed that this arrangement gives the lowest
peaking in the outer fuel ring of all cases considered. Moreover, the
reactivity is significantly increased. Hence, this is much better option than
arrangement #2 with burnable poison, although there may be some
complications involved with the calandria mechanical design.

To see the effect of the beryllium slug on power flattening and reactivity
more clearly, bundle arrangement #3 is recalculated without the beryllium
slug. The results are presented in Figure 4-58 and Figure 4-59 and in Table
4-20. Comparing Figure 4-56 with Figure 4-58 and Figure 4-57 with Figure
4-59, it can be seen that the beryllium slug in the middle increases the
thermal flux at this position, which results in an increased power of the
bundles facing the beryllium slug. The power of the bundles with high

220



fissile content is lower in the case with the beryllium slug because the
thermal flux at the ends where these bundles are located is decreased.

Table 4-19 A Summary of peaking factors and multiplication factor for case
#5 with beryllium slug

Multiplication factor? 1.121

Effective multiplication factor? 1.041

Peaking factor/q"ave(kW/1)-lower left channel, inner fuel ring |4 939671 7

Peaking factor/q"'ave(kW/l)-lower left channel, outer fuel ring 1.22/275.0

Peaking factor/q"'ave(kW/l)-upper right channel, inner fuel ring 1.28/259 4

Peaking factor/q"'ave(kW/)-upper right channel, outer fuel ring 1.25/273.8

Maximum peaking factor on thermal flux/®,ye(n/cm2-s) 1.1/1.8E14

a8 Modeled as an infinite lattice in radial direction, axial reflectors are
included

b The difference between the multiplication factor of the axially-reflected
infinite lattice and the effective multiplication factor for the whole core with
radial reflector assumed the same as for uniform fuel distribution
(Ak=0.08).

Since a beryllium slug adds additional moderation into the system, a
check should be made if the void reactivity coefficient remains negative. The
negative void coefficient for this configuration has been confirmed, as

shown in Figure 4-60.

Finally, it is noted that a tube filled with light water can also achieve
thermal flux shaping leading to a decrease in power peaking. Replacing
the beryllium slug with a tube of the same dimensions, filled with light
water as the slug, leads to power peaking of about 1.26 and almost zero void
coefficient. However, the multiplication factor is less than for the beryllium
slug configuration by about 31 mk. Water also requires installation of a
cooling system while beryllium could be cooled by radiative heat transfer to

the pressure tubes.
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Table 4-20 A Summary of peaking factors and multiplication factor for case

#5 without beryllium slug

Multiplication factor?

Effective multiplication factor?

Peaking factor/q" ave(kW/1)-lower left channel, inner fuel ring

Peaking factor/q"'ave(kW/1)-lower left channel, outer fuel ring

Peaking factor/q'"ave(kW/1)-upper right channel, inner fuel ring

Peaking factor/q"'ave(kW/l)-upper right channel, outer fuel ring

Maximum peaking factor on thermal flux/®,ye(n/cm?2-s)

1.0824

1.0024

1.32/266.2

1.34/273.1

1.36/270.1

1.37/273.0

1.0/1.9E14

a8 Modeled as an infinite lattice in radial direction, axial reflectors are

included

b The difference between the multiplication factor of the axially-reflected
infinite lattice and the effective multiplication factor for the whole core with
radial reflector assumed the same as for uniform fuel distribution

(Ak=0.08).
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4.4.8.5 Reactivity Deficit During Fuel Channel Refueling

Refueling with bundle reshuffling requires emptying the entire fuel
channel before the fuel bundles can be reshuffled and returned into the fuel
channel in a desired order. This practice is also used in advanced CANDU
refueling strategies to flatten the power density profile [Dastur and Chan,
1993]. Emptying the entire fuel channel results in a reactivity decrease.
This reactivity should be sufficiently small to be handled by the fine control
rod group. To calculate the magnitude of this reactivity deficit, full-core
MCNP model #3 was used. Since only one half of the core is modeled, it is
not possible to model only one empty channel. Hence, the two most reactive
fuel channels, in the core center, were depleted of all fuel elements and
were assumed full of light water coolant. The reactivity deficit for one empty
fuel channel was then taken as one half of that for the two empty fuel
channels. The results, shown in Table 4-21, confirm that the reactivity
deficit is small, i.e., only 2mk, which compares to the 10mk worth of the

fine control rod group.

Table 4-21 Reactivity deficit for the most reactive fuel channel during
refueling

Effective multiplication factor for the reference core 1.000+0.002

Effective multiplication factor with the two most reactive fuel
channels filled with coolant 0.99610.002

Deficit in effective multiplication factor (two empty channels)| 4 mk +2

Deficit in effective multiplication factor (one empty channel) 2mk +1

Fine control rod group worth 10 mk

4.4.8.6 Summary of On-Line Refueling Schemes

It has been shown that the power peaking in the proposed pressure tube
LWR arises from variation in the bundle-to-bundle content of fissile
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material, rather than from thermal flux peaking, as is the case in
currently operating reactors. The bi-directional refueling scheme,
currently also used in CANDU reactors, has been adopted. Several options
to minimize power peaking have been studied. These included use of
burnable poison, reshuffling of fuel bundles and use of beryllium screens
for shaping the thermal flux profile. Use of burnable poison can decrease
power peaking but results in reduced discharged burnup. Since even better
reduction can be attained by bundle reshuffling, use of burnable poison is
not warranted. The alternative of placing beryllium structures in the
voided space between the fuel channels combined with bundle reshuffling
was found to give the lowest power peaking and the highest reactivity.
However, it introduces additional complexity into the design. Therefore, the
bi-directional refueling scheme with bundle reshuffling was selected for the
reference PTLWR design. It gives a relatively low peaking of about 1.35, and
it provides the capability to match power density profile to the critical heat
flux curve. The latter is a key consideration, since the critical heat flux
margin is the limiting factor for fuel channel power.

Finally it is noted that power peaking can be further reduced using the
high-loading, two-ring fuel arrangement proposed in Chapter 5. A high
loading of heavy metal requires lower initial enrichment, and hence, less
fissile material in the fresh fuel bundle. Other refueling schemes may also
provide flatter power density profiles. One alternative would be to refuel
channels in the lower-flux regions with the fresh fuel to achieve partial
burnup, and then move partially burned fuel bundles to fuel channels
having higher thermal flux.

4.4.9 Disposal of Weapons-grade Plutonium

Recent political changes leading to the end of the cold war and
dismantling of nuclear weapons have brought the nuclear community to an
unanticipated dilemma of disposing of a large surplus of weapons-grade
plutonium. Currently, there are about 150 tonnes of Pu from dismantled
U.S. and Russian weapons, and consequently, new efforts towards the
disposition of this material have been initiated [von Hippel and Feiveson,
1993], [Bowman and Veneri, 1993], [Biswas et. al., 1993], [Alberstein, et. al.,
1993], [Brownson and Hanson, 1993]. This section will discuss some aspects
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of plutonium burning in the PTLWR, although the discussion will be
mostly of a qualitative character.

4.4.9.1 Review of Options for Pu burning

There are many options for plutonium disposal which could be
classified according to the timing of the deployment into short term,
intermediate term and long term categories [Brownson and Hanson, 1993].

These include:
a) short term options
*ALWR (Advanced Light Water Reactors) with MOX fuel,
b) intermediate term options

*ALMR (Advanced Liquid Metal Reactors) with U-Pu fuel or pure
Pu fuel,

*MHTGR,

*PTLWR,

¢) long term options

*ABC (Accelerator-Based Conversion),
*MSR (Molten-Salt Reactor), and
*PBR (Particle Bed Reactor).

The ALWR can be deployed on the shortest time scale. The second
category will require probably more than 10 years to be deployed. All
intermediate term options offer extensive passive features. If built for the
purpose of Pu burning only, their operation could provide a data base for
testing of these passive features. The PTLWR reactor was included in this
category, although it requires more development than do the MHTGR and
ALMR. On a more general level, the PTLWR concept offers some
advantages compared to the ALMR (such as PRISM) and the MHTGR.



¢ it provides containment, in addition to three other barriers to fission
product release (SiC coating of particle fuel, matrix SiC coating and
primary system boundary),

¢ it achieves a large power rating in one unit (1000-1400 MWe ),

e it uses light water - a technologically proven and most common

coolant.

4.4.9.2 Challenges Posed by 100% MOX Fuel in a LWR

Replacing 235U fissile isotopes by 239Pu affects several reactor physics
characteristics. These are primarily neutron spectrum hardening,
changes in moderator temperature coefficient and in power peaking, and
single assembly criticality.

Neutron Spectrum Hardening.

Thermal fission and absorption cross sections of 239Pu are higher by
about 30% and 170%, respectively, compared to 235U. This difference in
thermal cross sections is the main reason for the hardened neutron
spectrum, i.e., in lower thermal flux and increased fast/thermal flux ratio.
This ratio is for a Pu-fueled LWR core about 23, or 4-5 times more than for a
235U fueled core [Biswas et. al., 1993]. The shift of neutron spectrum to

higher energies has the following consequences:

e Substantial reduction of boron worth. To compensate for low boron
worth, a higher concentration of boron is necessary. Higher boron
levels at EOL result in lower discharge burnup and higher fuel cycle
cost.

® Reduction of control rod worth. To satisfy control and shutdown
margin requirements, more control rods need to be provided, which

may pose a problem due to space limitations.

Moderator Temperature Coefficient (MTC).

A hardened neutron spectrum increases resonance absorption in 238U
and 239Pu, and causes a decrease in the fission to capture ratio in 239Pu.
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Also, a higher fast/thermal flux ratio increases leakage of neutrons out of
the core. All these factors shift the MTC to more negative values. The more
undermoderated Pu core (compared to the 235U-fueled core) requires
increased negative reactivity to satisfy shutdown margins, especially in
accidents leading to moderator temperature decrease, such as steam line
break.

On the other hand, high initial enrichments require a large amount of
soluble boron to compensate for the reactivity excess at the beginning of
cycle. This is even more pronounced in the Pu-fueled core, where the
concentration of soluble boron is higher because of low boron worth.
However, a higher concentration of soluble boron in the coolant tends to
shift the MTC to positive values. As a result, initial enrichment and, hence,
the achievable burnup is limited by the requirement of negative moderator
temperature coefficient at BOL. The highest burnup in the Westinghouse
PDR600 concept for disposition of weapons grade Pu is limited to a
discharge burnup of 40,000MWd/tonne, primarily by the criterion of
negative MTC at all operating conditions [Biswas et. al., 1993]. Hence,
relatively low burnups are achievable with a typical LWR concept.

Power Peaking.

To maximize the transformation rate of Pu, high fuel loadings and Pu
enrichments are desirable. Higher initial Pu enrichments, however, lead to
higher peaking factors. If MOX assemblies are used in combination with
235U assemblies, the higher thermal flux from 235U assemblies neighboring
MOX assemblies induces additional power peaking in the outer rods of the
MOX assemblies. Hence, the MOX fuel must be zoned (typically in three
zones with lowest Pu content in the outer assemblies) which adds

complexity to the fuel design.

Single Assembly Criticality Limit.

It is required that a single assembly remain subcritical during all
phases of the fuel fabrication process. A single assembly must satisfy
kef=0.95 in a credible worst case condition, i.e., fully immersed in

maximum-density light water, and fully reflected on all sides. MOX from
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weapons grade Pu, which is more reactive than 235U, can achieve this limit
for relatively low enrichments, thus limiting initial enrichment values.
Stainless steel can be employed instead of Zy as a cladding to help satisfy
this limit for higher enrichments.

4.4.9.3 Consideration of Plutonium Burning in the PTLWR

Neutron Spectrum Hardening.

The PTLWR 235U-fueled core has an exceedingly well-thermalized
spectrum. The spectrum is the softest spectrum of all LWRs, and is
comparable to a heavy water moderated lattice (Fast/thermal flux ratio is 2
compared to 4.9 for a typical LWR). However, as for a typical LWR, the
spectrum hardens if 235U fuel is replaced by 239Pu fuel. Spectra for the
235U-fueled and 239Pu-fueled PTLWR cores are compared in Figure 4-61.
Figure 4-61 shows that spectrum hardening is significant. Fast/thermal
flux ratio is increased to 16.4, which is about 7.8 times higher than for the
235U-fueled PTLWR core. This increase is higher than the increase in
fast/thermal flux ratio of 4-5 for a typical LWR. Nevertheless, a fast/thermal
flux ratio of 16.4 is still less than the typical LWR ratio of 23, hence the Pu-
fueled PTLWR core spectrum is softer than a typical MOX-fueled LWR core.
Compared to a 239Pu-fueled ALMR, ALWR, and MHTGR, the PTLWR with
239Pu fuel has the softest spectrum. Because of its soft spectrum and low

conversion ratio it will burn 239Pu very effectively.

As in LWRs, a hardened spectrum will decrease control rod worth, but
this can be easily compensated by a larger number of control rods.
Increasing the number of control rods does not pose a problem, since there
is a lot of free space between the fuel channels (note that for a 235U-fueled
core, control rods placed only in the reflector were sufficient). Placing
additional control rods in the core between the fuel channels will lead to
local flux depression, which however, will be small due to the very large
migration area. Further, long term reactivity control is accomplished by
on-line refueling, hence the worth of control devices needed in the core to
compensate for the reactivity excess is substantially reduced. This enables
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use of higher Pu enrichments without employing additional burnable
absorbers and the achievement of high discharge burnups. A significant
decrease of the absolute level of the thermal flux in the 239Pu-fueled core
will result in less equilibrium 135Xe poisoning, and, more importantly,
reduced control rod worth requirements for xenon override. Contrary to
typical LWRs, no soluble poison is used, hence, problems with higher boron
concentrations for Pu-fueled LWRs do not apply in the PTLWR.
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Figure 4-61 Comparison of energy spectra for the 239Pu-fueled and 235U-
fueled PTLWR cores

Similarly as in LWRs, the Pu-fueled PTLWR exhibits a more negative
moderator temperature coefficient. Reactivity as a function of coolant
density is compared for 239Pu- and 235U-fueled PTLWR cores in Figure 4-62.
The more undermoderated Pu core (compared to a 235U core) requires
increased negative reactivity to satisfy shutdown margins, especially in
accidents leading to moderator temperature decrease such as steam line
break - the same effect as for LWRs. However, as Figure 4-62 shows, the
magnitude of the moderator temperature coefficient is relatively small for
the PTLWR. Table 4-22 shows that during a steam line break, a typical
235U-fueled LWR core experiences a reactivity increase due to the MTC of
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Figure 4-62 Comparison of reactivity for the 235U and 239Pu fueled PTLWR

Table 4-22 Comparison of reactivity change during steam line break

Typical PWR PTLWR PTLWR
(235U-fueled) (235U-fueled) (239Pu-fueled)

Average core coolant 70°C 75°C 75°C
temperature decrease

Coolant density change 0.114 g/cm3  0.158 g/cm3  0.158 g/cm3
Reactivity change due to the +0.03 +0.005 +0.0178
MTC

about Ap=0.03 (note that Ap for a 239Pu-fueled LWR will be even more than
that) while a 239Pu fueled PTLWR core exhibits a reactivity increase of only
+0.0178, which amounts to about one half of the PWR value. The table
suggests that the undermoderation in the PTLWR 239Pu-fueled lattice is
significantly smaller than in a typical PWR, even less than for a 235U-fueled
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PWR. Therefore, using 239Pu instead of 235U as the PTLWR fuel should not
pose problems with shutdown margins. Finally, it is to be noted, that the
results in Table 4-22 were obtained for the fresh fuel and for the infinite
lattice. If the comparison is done for an equilibrium 235U core, and
equilibrium 239Pu PTLWR cores, rather than for fresh cores the difference
between these two would be even less, since an equilibrium 235U core

contains a significant amount of 239Pu.

Power Peaking.

Higher local peaking in a 239Pu core with higher initial Pu
enrichments, due to the thermal flux distribution, is not a problem in the
PTLWR because thermal neutron flux is flat throughout the core. However,
power density peaks will appear in freshly loaded fuel elements because of
the higher content of fissile material. The higher initial Pu enrichment
needed to maximize the transformation rate of Pu and burnup will result in
larger power ripples in the fresh fuel inserted into the channel during on-
line refueling. Bi-directional or other suitable refueling strategies decrease
these power ripples significantly. Nevertheless, the initial enrichment, and
hence the discharge burnup, will be limited by these power ripples.
Burnable poison may help to decrease these ripples, while allowing for

higher enrichment.

Single Assembly Criticality Limit.

A single assembly must satisfy ker < 0.95 in the credible worst case
condition, i.e., fully immersed in maximum-density light water, fully
reflected on all sides. PTLWR fuel elements have much less fuel than a
typical LWR, and if immersed in water, they are deeply subcritical.

Calculations performed for 235U fuel fully submerged in a square tank
(with sides of 28.57cm) and fully reflected yielded kef=0.6 even for 90%

enrichment .

High-burnup Particle Fuel

Particle fuel used in the PTLWR concept can achieve very high burnup.
Burnups of more than 700,000 MWd/tonne have been demonstrated for both
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235U and Pu particles [Alberstein et. al., 1993]; large scale practical
experience has been accumulated for burnups of 80,000 MWd/tonne. Hence,
provided that the core physics characteristics allow one to attain such high
burnups, a large absolute destruction level of the charged 239Pu can be
achieved in a single pass through the core. The less efficient neutron
economy, however, results in a relatively high fissile content at discharge.
Since on-line refueling is used, fissile content at discharge can be decreased
by increasing initial enrichment (note that the content of the charged 239Pu
increases linearly with burnup while the production rate of 239Pu from 238U
is small due to the small conversion ratio, and saturates at high burnups).
Increasing the initial enrichment from 4% to 7% reduced the fissile content
at discharge by about 20%. Therefore it is desirable to maximize initial
enrichment, and hence the discharge burnup, to reduce the plutonium
content at discharge. An ancillary benefit of high burnups is that
plutonium at discharge gets more degraded. Unfortunately, initial
enrichment is limited by power ripples when inserting fresh fuel bundles.
Improved on-line refueling schemes to minimize these power ripples would
need to be sought for. Another alternative of reducing the power ripples
would be to use stable fluorite-like compounds from oxides of plutonium,
thorium, and aluminum mixed with zirconium/gadolinium oxide burnable
poison, developed recently by the Japan Atomic Energy Research Institute’s
Nuclear Fuel Chemistry Laboratory as a high burnup fuel [Nuclear News,
1993].

Small Conversion Ratio.

It is desirable that the Pu burner exhibit a small conversion ratio to
minimize the amount of Pu in the discharged fuel. A 235U-fueled PTLWR
exhibits about 10% lower conversion ratio than the typical 235U-fueled LWR.
This conversion ratio is significantly decreased if 235U is replaced by 239Pu,
due to the higher fission and absorption cross section of 239Pu. MCNP
calculations using a one-channel model for the infinite lattice of the
reference PTLWR design showed that the ratio of the neutron capture rate

28 29
in 238U to the neutron absorption rate in 239Py, (Zc (I))/(Ea (D), which is a

good measure of conversion ratio, is about 40% less than the ratio



():fscp)/(zfsq)) for the 235U-fueled core. Comparing the former ratio with that
of a Pu-fueled PWR, The PTLWR value is about 15% less, and hence it is
expected that the conversion ratio of the Pu-fueled PTLWR will be less than
for the Pu-fueled LWR.

Possibility of Separate Pure Pu and Uranium Dioxide Particles.

MOX fuel using separated plutonium is more expensive than for low-
enriched uranium fuel ($1300-$1600/kgHM compared to $1000/kgHM).
Therefore there is no strong economic incentive to use MOX. Particles with
Pu fuel may be manufactured solely from 239Pu, and mixed with particles
separately manufactured solely from natural uranium or uranium
tailings, thus avoiding the manufacture of mixed oxides. This may reduce
cost (assuming that the cost of producing MOX is larger than the cost of
producing UO2 and PuOg separately). However, separation of fissile 239Pu
from 238U leads to an undesirable increase of the time constant for the
Doppler effect. This problem may be alleviated by mixing 239Pu with erbium

or other resonance absorbers.
4.4.10 Summary

The proposed new type of pressure tube reactor with light water coolant
and a significant volume fraction of void in the calandria exhibits certain
unique reactor physics characteristics. It has been shown that the key
factor distinguishing this reactor from the other reactor types is an
extremely large neutron migration area which significantly increases the
neutronic core coupling, the stability against xenon spatial oscillations, and
the flatness of the thermal flux profile.

The feasibility of the proposed reference PTLWR design from the reactor
physics perspective has been confirmed. The reference design satisfies the
objective of achieving an inherent shutdown in accidents leading to a large
core temperature increase by virtue of its strong negative Doppler
coefficient and the negative coolant void coefficient. The advantages of the
reference PTLWR design include the tight neutronic core coupling,
inherent stability against xenon spatial oscillations, no possibility of local
criticality, very long prompt neutron lifetime, inherently flat thermal flux
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profile, and high attainable discharge burnups. The main disadvantages
are high absolute levels of both the fast and thermal fluxes, which result in
high fast fluence on the pressure tubes, and difficulties with xenon
override. The reactor’s less efficient neutron economy requires relatively
high initial enrichment, which increases power ripples in the fresh fuel
bundles inserted into the core during on-line refueling. It has been
confirmed that a suitable on-line refueling scheme can reduce these power
ripples to relatively low levels.

A unique feature of the dry calandria design is the flooding of the
calandria space with light water following the loss of coolant or loss of heat
sink accidents. Extensive study of reactivity behavior during these
processes, as well as in case of inadvertent flooding, showed that the
reactivity introduced into the system will always lead to reactor shutdown,
and the PTLWR design will not exhibit reactivity excursions.

Using the proposed PTLWR design for weapons-grade plutonium
burning has also been considered. The brief assessment of physics aspects
of a Pu-fueled PTLWR suggests that this reactor concept may be a good
candidate for burning weapons-grade plutonium.

The reference PTLWR design with coated particle fuel is by no means
the only alternative for a dry calandria design. In future work, it is
desirable to decrease fast fluence on the pressure tubes, and to decrease
neutron parasitic losses, and power ripples when inserting fresh fuel
bundles. All these parameters can be significantly improved by increasing
heavy metal loading in the fuel channel. Other fuel alternatives to
accomplish this purpose are explored in the next chapter. The fuel
arrangement with two rings of fuel pins with silicon carbide cladding will
be identified as an attractive design in this respect.



Chapter 5

FUEL MATRIX CONCEPTS

5.1 INTRODUCTION

The achievement of the key objective, i.e., surviving the loss of coolant
accident without replenishment of primary coolant by a large power
reactor, requires significant changes in the core geometry and in the fuel
compared to a typical LWR core. The rationale behind this goal, presented
in Chapter 2, identified the main core characteristics which lead to a large
passive pressure tube LWR. The major changes introduced in Chapter 2
include modularity of the fuel, replacement of traditional LWR pins by a
matrix fuel with high thermal conductivity, increase of maximum
temperature limit of the cladding, and improvements in the heat storage
capability of the fuel zone. Except for the fuel modularity, which is achieved
by using pressure tubes dispersed in a heat sink, all other changes apply to
the fuel itself. Hence, the fuel matrix® is a critical component of the
proposed design which deserves special attention. This Chapter will focus
on the evolution and evaluation of the various fuel configurations
considered, which have the potential to satisfy this objective.

To judge the suitability of a fuel matrix design, many factors needs to be
taken into account. Key factors in the areas of reactor physics, materials
compatibility, thermal hydraulics, and performance under accident

* There are two basic types of fuel arrangement within a pressure tube. The first type
consists of cladded fuel pins which are surrounded by coolant but do not employ any solid
matrix, i.e., CANDU-like bundle-type fuel. The second type uses a solid matrix which
contains the fuel and coolant channels. The fuel can be either in the form of fuel pins, fuel
compacts or dispersed fuel in the form of small particles. The terminology “fuel matrix” or
“fuel arrangement” will refer to both types of fuel and will be used interchangeably
throughout this Chapter.



conditions will be summarized in Section 5.2. Several potential candidates
for fuel configurations which can satisfy the given objective are proposed
and evaluated in Section 5.3. At this stage the evaluation is more of a
qualitative character rather than a detailed quantitative evaluation. The
advantages and drawbacks of individual fuel arrangements are pointed out
and the reference fuel matrix design is selected.

5.2 BASIC FACTORS INFLUENCING THE SUITABILITY OF MATRIX
DESIGN

The fuel arrangement within a pressure tube affects a broad spectrum
of core characteristics relating to performance during normal operation as
well as during accidents. It is essential that the fuel matrix parameters are
chosen such that the reactor remains within the prescribed safety limits
under all conditions. It is also desirable that the fuel matrix is designed to
be economically competitive with current LWR fuel and to allow good
uranium utilization. Basic factors having an impact on safety limits and
economic aspects of the fuel matrix design can be divided into four

categories:

e reactor physics,

thermohydraulics during normal operation,
thermohydraulics during LOCA (without coolant), and

materials compatibility during normal operation and during

accidents.

Major factors and the design parameters influencing these factors for each

category are summarized in Table 5-1.
5.2.1 Reactor Physics Factors of Merit

It is essential from the safety point of view that the Doppler coefficient is
negative and prompt. All thermal reactors with low-enriched UOg fuel have
a negative Doppler coefficient. The magnitude of the Doppler coefficient
depends on nuclear characteristics of the fuel, primarily the initial
enrichment and fuel burnup. Lower initial enrichment and higher burnup
make the Doppler coefficient more negative due to the higher concentration
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Table 5-1 Key factors and parameters influencing the suitability of a matrix

design
Reactor physics
Desired factor Fuel matrix design parameters
——— — ——— e
Negative and prompt enuclear characteristics of the fuel
Doppler coefficient emoderator/fuel volume ratio

earrangement of fissile/fertile material
efuel temperature

Negative void coefficient emoderator/fuel volume ratio
enuclear characteristics of the fuel (e.g.
enrichment, Pu content etc.)
eleakage

High reactivity for a given emoderator/fuel volume ratio
enrichment eparasitic losses

Low fast fluence efuel loading
*neutron spectrum

High burnup einitial enrichment
econversion ratio
emechanical limits

Thermohydraulics during normal operation

Desired factor Fuel matrix design parameters

Satisfy MDNBR or MCPR sheat transfer surface
eheat flux profile (peaking)
eheat transfer coefficient
scoolant quality
ecoolant mass flux

Small fuel channel eflow area

pressure drop shydraulic diameter
ecoolant mass flux
eform losses and surface treatment
ecoolant quality

238



Table 5-1 (continued)

Desired factor

Low centerline fuel
temperature

Fuel matrix design parameters

epath length between fuel center and coolant
eheat flux profile

efuel and matrix thermal conductivity
econtact resistance between fuel and matrix
sheat transfer coefficient

Thermohydraulics during LOCA

Desired factor

Low fuel centerline
temperature

Low temperature of
matrix/steam interface

Fuel matrix design parameters

ematrix and fuel thermal conductivity

ematrix emissivity

scontact resistance between matrix and
pressure tube

elength of conduction path

elarge heat capacity

elow linear decay heat rate

ematrix and fuel thermal conductivity

ematrix emissivity

econtact resistance between matrix and
pressure tube

elength of conduction path

elarge heat capacity

elow linear decay heat rate

Materials compatibility during normal operation and during accidents

Desired factor

Fuel matrix design parameters
=

Long-term corrosion
resistance in light water
coolant

etemperature
ecoolant chemistry
ecoolant velocity
ematrix material
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Table 5-1 (continued)

Desired factor Fuel matrix design parameters

Short-term resistance in ematrix material
steam/air mixture at high  esteam/matrix interface temperature
temperature

Irradiation stability ematrix material
efast fluence

No water-material reaction ematrix material
ssteam/matrix interface temperature

Structural integrity stemperature gradient
ematrix temperature
ematerial properties
*]Joad

of fertile isotopes. Also, the neutron spectrum, which depends on the
moderator/fuel volume ratio, affects the Doppler coefficient by changing
absorption rates in the resonances of fertile isotopes, primarily of 238U and
240Pu. The arrangement of the fertile material with respect to fissile
material affects the speed with which the negative component of the
Doppler coefficient responds. If fissile isotopes (which have a positive
Doppler coefficient) are mixed with the fertile isotopes, as in low-enriched
UOg fuel, the response of the fertile Doppler coefficient is prompt, as the
heat generated in the fissile material is transferred almost immediately
into the fertile material. Separation of fissile and fertile isotopes increases
the time constant for heat transfer between fissile and fertile material, and
hence delays the negative Doppler response time. Such a situation may
arise in a matrix using particle fuel with particles of highly enriched fissile
material and separate particles containing fertile material, as had been
suggested as one possibility in a Pu-burning version of a PTLWR (see
Section 4.4.9). All matrices under consideration here use a low-enriched
fissile/fertile mixture fuel to avoid this problem. Low fuel temperature
makes the Doppler coefficient more negative since the resonance
broadening is more pronounced at sharp peaks corresponding to low
temperatures. Low fuel temperatures can be achieved by a matrix design



with short conduction paths between coolant and fuel, and good thermal
conductivity of the fuel matrix.

CANDU reactors have successfully operated with a slightly positive void
coefficient, but this requires reliable function of shutdown systems — a
feature not consistent with the objective of completely passive shutdown in
accidents leading to temperature excursions, as stated in Chapter 1. Hence,
one of the key goals for the fuel matrix design is the achievement of a
negative void reactivity coefficient. The main design parameter responsible
for the magnitude and sign of the void coefficient is moderator/fuel volume
ratio. Hence, the fuel loading and the amount of coolant inside the fuel
channel must be adjusted such that the void coefficient remains negative
for all operating conditions. Void coefficient is also affected by nuclear
characteristics of the fuel. For natural uranium fuel, or fuel with very low
enrichment, the void coefficient can be positive because the decrease of
fission rate in 235U upon spectrum hardening is small. Generally in LWRs,
a higher content of 239Pu hardens the neutron spectrum, which leads to an
increase in resonance absorption in 238U and 239Pu, and a decrease in
fission to capture ratio in 239Pu, and hence to a more negative void
coefficient. PWRs use soluble boron in the coolant to compensate for the
reactivity decrease with burnup. As the concentration of the soluble boron
decreases with increasing burnup, the void coefficient becomes more
negative. Eliminating soluble boron in the dry calandria design avoids this
additional change of void coefficient with burnup and gives the designer
more freedom in optimizing the design. High leakage makes the void
coefficient more negative. The proposed design has a high-leakage core.
Since leakage is primarily a consequence of the voided space in the
calandria, changes in fuel arrangement inside the pressure tubes will have
a small effect on this aspect.

A well-optimized fuel matrix should achieve high reactivity at low
enrichment while keeping void coefficient negative. In the dry calandria
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design® this is achieved by adjusting the fuel loading and the amount of
coolant inside the fuel channel. The disadvantage of the dry calandria
design is the limited space in the fuel channel. Consequently, it is very
difficult to optimize the design for high fuel loading, where more moderator
is needed. A wet calandria design offers an advantage of providing separate
light water moderator outside the fuel channel, thus allowing the designer
to better optimize the design, especially for high fuel loadings.

Low fast fluence is an important factor in pressure tube reactors
because high fluence shortens the lifetime of the pressure tubes. Two main
parameters decrease the fast fluence — high fuel loading and a well
thermalized neutron spectrum. It is desirable to maximize the fuel loading.
However, the limited space inside the pressure tubes restricts this effort.
Especially, the introduction of a solid matrix significantly reduces the space
left for the fuel. Use of particle fuel exacerbates this problem even more
because of the low loading densities achievable with particle fuels. The
proposed light water moderated reactor has a relatively well thermalized
spectrum. Better thermalization can be achieved by higher moderator/fuel
ratio. It is noted, however, that the best one can do with light water
moderator is to achieve thermalization comparable to a CANDU heavy
water moderated lattice, hence the potential to lower fast fluence through
neutron spectrum thermalization is limited. The option of maximizing fuel
loading is more promising. Several matrix alternatives which strive for

higher fuel loading will be listed in Section 5.3.

Higher initial enrichment increases burnup, but leads to larger power
peaking, and hence reduction of thermohydraulic margins. Given the fixed
initial enrichment, burnup can be also increased by improving neutron
economy, i.e., by decreasing the parasitic losses. Within the fuel matrix
domain, neutron economy can be improved by use of low-absorption matrix
material and high fuel loading to increase the fraction of neutrons absorbed

* The dry calandria design is defined in this chapter as a reactor having fuel channels
with fuel matrix and coolant/moderator inside the channel and no moderator outside the
channels. Note that this is a more restricted definition than that introduced in Section
4.4.1.



in the fuel. The conversion ratio for a given fuel depends primarily on
neutron spectrum and parasitic losses. A fuel arrangement with a harder
neutron spectrum increases resonance absorption in fertile material, but
also requires higher enrichment than for a thermal spectrum. Burnup in
conventional LWR fuel pins is also restricted by mechanical limits from
pellet-cladding interaction (PCI) mechanisms. This limit can be
significantly increased by the use of the particle fuel typical of HTGRs.

5.2.2 Thermohydraulics during Normal Operation

The Minimum Departure from Nucleate Boiling Ratio (MDNBR) and
the Minimum Critical Power Ratio (MCPR) are very important design
limits for PWRs and BWRs, respectively. To increase margins to these
limits, the fuel matrix arrangement should have a large heat transfer
surface exposed to coolant, high heat transfer coefficient, low coolant
quality and high mass flux. The heat transfer coefficient can be enhanced
by decreasing hydraulic diameter, decreasing flow area, and thus
increasing mass flux or by surface treatment to break up the boundary
layer and to promote turbulence. Coolant quality is a function of the total
mass flow rate and core power and should be about the same for all
channels if they are well orificed. Within the fuel channel, the matrix
design must avoid large nonuniformities in coolant quality among
individual channels, especially if the coolant channels do not communicate
with each other. Coolant mass flux not only affects critical heat flux ratios
through the heat transfer coefficient, but also through a critical heat flux
correlation, since critical heat flux is typically proportional to mass flux.
Decreased power peaking increases MDNBR. The axial shape of the heat
flux profile is also important. CHF margins can be significantly improved if
the axial shape of the heat flux corresponds to the shape of the critical heat
flux. It will be shown in Section 6.5.2 that such a correspondence can be
achieved with a reference matrix design using the usual CANDU bi-

directional refueling scheme.

Small pressure drop favors large flow area, large hydraulic diameter,
low form losses, smooth surface, small coolant mass flux and one-phase
flow. Unfortunately, all of these tactics lead to reduction of heat transfer




and of critical heat flux margins, hence a compromise between the
pressure drop and heat transfer performance must be found. The approach
adopted in this work is to set the maximum limit on fuel-channel pressure
drop equal to that of the CE-CANDU reference design, and to maximize
heat transfer capabilities by changing the design parameters of the fuel

matrix.

Low fuel centerline temperature brings three advantages. It decreases
the energy stored in the fuel matrix, which when released during LOCA
results in lower temperatures of the matrix/steam interface (or cladding in
case of a configuration with fuel pins). Secondly, a large difference between
the operating fuel temperature and the maximum limiting fuel
temperature provides a heat sink for energy storage during loss of coolant
accidents, thus allowing more time to establish a permanent decay heat
removal path. Finally, for arrangements with cladded fuel pins, operation
at low fuel centerline temperature releases less gaseous fission products
and alleviates mechanical interaction between fuel pellets and cladding.
Fuel centerline temperature can be decreased by employing a matrix
arrangement with a small path length between fuel center and coolant,
using matrix material and fuel with high thermal conductivity, increasing
the heat transfer coefficient between the coolant and the matrix, and
decreasing the contact resistance between the fuel and the matrix (or
between fuel pellets and cladding, for fuel pins). Lowering the peaking
factor can significantly decrease the maximum fuel temperature. In the
dry calandria design, peaking arises primarily from the higher content of
fissile isotopes in fresh fuel bundles, and is controlled by on-line refueling.
The matrix design can improve peaking by maximizing fuel loading. High
fuel loading increases the fraction of neutrons absorbed in the fuel, which
results in a lower initial enrichment requirement, and hence lower fission
rates in fresh fuel elements.

5.2.3 Thermohydraulics during LOCA

There are two key constraints for the fuel matrix in loss of coolant
accidents — the temperature of the fuel and the temperature of the
matrix/steam interface (or cladding, for fuel pin alternatives) must remain
below the prescribed limits. Several variables are involved with respect to
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these temperatures. Similarly as mentioned in Section 5.2.2, it is desirable
that the matrix and fuel have high thermal conductivity and a short
conduction path length. However, the conduction path is different than
during normal operation because the heat sink is no longer coolant, but the
pressure tube wall. A large heat capacity of the matrix decreases
maximum matrix and fuel temperatures since it stores excess energy at
less temperature rise. Important parameters are the matrix emissivity and
the contact resistance between the matrix and the pressure tube. Since the
matrix needs to slide through pressure tube to allow on-line refueling, a
gap between the matrix and the pressure tube is necessary. The primary
heat transfer mode between the matrix and the pressure tube is radiation,
which achieves relatively low rates. Therefore, the gap represents the
primary heat transfer resistance to heat flow and strongly affects the
matrix temperature. Improvements in heat transfer across this region can
be achieved by using matrix material with high emissivity, and sliding
pads with good contact conductance. The dry calandria design with
calandria flooding has another unique feature which decreases matrix
temperature during LOCA accidents by reducing the linear decay heat rate
upon flooding. The large mass of flooding water in the calandria absorbs a
significant portion of the gamma rays emitted by the fuel, thus decreasing
the heat load on the fuel matrix.

5.2.4 Materials Compatibility during Normal Operation and during
Accidents

Materials compatibility issues for the fuel matrix have been discussed
thoroughly in [Hejzlar et. al., 1993] and summarized in Chapter 3. Key
matrix design parameters to strive for are low matrix/steam interface
temperature during LOCA, low fluence, and compatible matrix material.
Silicon carbide or graphite coated with silicon carbide have been identified
as the most promising candidates. In addition to the requirements on the
matrix material reviewed in Chapter 3, the structural integrity of the fuel
matrix must be ensured. Maintenance of this integrity depends on
mechanical and thermal properties of the material, temperature gradient,
matrix temperature and the load. For a matrix with coolant holes, a
minimum web thickness needs to be preserved to maintain the structural



strength. This additional constraint poses a challenge to matrix design
because of the limited space provided within the pressure tube, especially if
a high fuel loading is desired.

5.3 PROPOSED DRY CALANDRIA FUEL MATRIX DESIGNS

The review presented in Section 5.2 shows that the requirements are
many and the parameters affecting these factors are closely interrelated.
Moreover, many requirements are contradictory so that all cannot be
satisfied. Hence a compromise needs to be made. This section will describe
several fuel matrix configurations proposed for the dry calandria design
and point out their advantages and drawbacks. Except for the reference
design, these matrix configurations have not been evaluated in detail; they
represent ideas worthy of exploring in the future.

Figure 5-1 shows a flow chart for various combinations of fuel
arrangement in a fuel channel of the proposed passive pressure tube LWR
concept. There are two main categories — a bundle-type fuel arrangement
and a matrix-type fuel arrangement. The bundle-type fuel uses the same
geometry as CANDU fuel elements, with fuel pins surrounded by coolant,
while the matrix-type fuel employs a matrix with separate coolant
channels. Both fuel types can use either particle fuel or a traditional fuel
pin configuration. Five fuel configurations, labeled DC-1 through DC-5 are
interesting concepts appropriate for the dry calandria design, and will be
described next. Matrix-type fuels with UOg fuel pins are more appropriate

for the wet calandria design.
5.3.1 DC-1 - A Two-ring Design with TRISO Particle Fuel in an SiC Tube

The configuration of the two-ring design with TRISO particle fuel is
shown in Figure 5-2. The fuel arrangement in a pressure tube is the same
as in typical CANDU fuel channels, except for the center fuel rod and the
inner ring which are replaced by an SiC-coated graphite cylinder. The two-
ring arrangement shortens the heat transfer path between the centermost
fuel rod and the heat sink (pressure tube wall) in case all coolant is lost,
which leads to a significant decrease in maximum cladding temperature.
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Fuel Arrangement DC-1

Calandria tube
" Gap
BE Pressure tube
' A Light water coolant
| E® TRISO particle fuel
B SiC cladding
Graphite plug
Advantages Disadvantages

suses téchnology developed in UK for CO, cooled
reactors and which was extensively tested and
showed good performance

suses the same fuel bundle geometry as CANDU,
hence the thermohydraulics is the same

*flatter power density profile allows recovery of
power lost by removing inner fuel rods; there is a
potential to operate at even higher power rating

*high fuel thermal conductivity, hence low
operating fuel temperature and low stored energy

*low heavy metal loading, hence
high fluence on pressure tube (but less
than for matrix-type fuels with particles)

*Jow heat removal rates from
voided bundles

*low heat storage capability, hence the
temperature of the matrix and pressure
tube may get too high before the upper
row is flooded

Figure 5-2 DC-1 - A two-ring design with TRISO particle fuel in a silicon carbide tube
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The purpose of the graphite cylinder is to displace the coolant flow into the
fuel region during normal operation. During LOCA accidents, it acts as a
temporary heat sink by storing part of the energy radiated from the inner
ring. This additional heat sink in close proximity to the inner ring also
helps to reduce the temperature of the SiC cladding. The idea of removing
the innermost fuel pins in a CANDU fuel element is not new. AECL
researchers proposed to replace innermost fuel pins by a large diameter
tube either voided or filled with scattering material such as graphite,
beryllium or heavy water [Roshd et. al.,, 1977]. The purpose of such a
modification was to reduce the positive coolant void coefficient, because the
most important factors contributing to a positive change in reactivity — an
increase in fast fission rate and a decrease in the resonance absorption rate
in 238U are the largest for central fuel pins. The motivation behind the two
ring fuel arrangement in the present work is the reduction of maximum
cladding temperature rather than the achievement of negative void
coefficient, since the proposed PTLWR design with light water coolant does
not have a positive void effect. The disadvantage of this approach is the
slight reduction in bundle average power. This reduction can be recovered,
however, due to the smaller peaking factor in the PTLWR compared to that

of CANDU.

Use of a silicon carbide tube instead of Zircaloy cladding allows one to
increase the temperature limit which can be withstood by cladding in
LOCAs without damage. Fuel is in the form of TRISO particles bound in
graphite, in the form of compacts placed in a silicon carbide tube. A similar
type of fuel (the only difference was that the fuel was coated only by pyrolytic
carbon) has been tested by British investigators for HTGR application with
very good results [Kennedy and Shennan, 1974]. Their packed bed of coated
particles, lightly bonded, and contained in a silicon carbide tube operated
successfully at temperatures of 1100°C in a COg2-cooled reactor. Large-scale
production of SiC cladding has been also successfully demonstrated
[Kennedy and Shennan, 1974]. The advantage of the particle fuel is its good
thermal conductivity, and hence low fuel centerline temperature and low
stored energy. This further improves fuel performance in a LOCA.
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Figure 5-3 shows the void coefficient calculated for the design with 30
fuel pins of the same dimensions and same geometrical layout as the two
outer rings in CANDU bundles. The calculation was performed with
particle data given in Section 3.5, for a fresh core with initial enrichment of
2%, an infinite lattice in the radial direction, and an axial graphite
reflector. It can be observed that the proposed two ring design with TRISO
particle fuel has a negative void coefficient, and that the operating point is
close to the optimum.

The power density profile for the fresh core is quite flat. The axial power
density distribution for the fresh core is shown on Figure 5-4. The axial
peaking factor for the fresh core with uniform fuel composition is only
about 1.18. Such a low peaking would allow a significant increase of the pin
linear heat rate without exceeding the operating fuel centerline
temperature limit of 1300 °C. Preliminary hand calculations suggest that
the reactor has a potential of operating at 1800 MWe at a fuel centerline
temperature of 1300 °C, keeping the same maximum pin linear heat rate as
a CANDU. The problem for these high power ratings would be the necessity
to significantly increase mass flow rate, and hence pressure drop. Also, for
an equilibrium core with bi-directional refueling, the attendant higher
power peaking would reduce the acceptable power rating. The increase of
fast fluence with an increase of power rating must be also taken into

account.

The disadvantage of a two-ring design with TRISO particle fuel is the
high fast fluence on the pressure tube typical of the low heavy metal loading
of particle fuel. However, it is noted that fast fluence for this fuel
arrangement concept is less than the matrix-type design DC-3.

Regarding the thermohydraulic performance during normal operation,
no problems are expected, since the main design parameters correspond to
CE-CANDU. During LOCA, the heat from the fuel pins is removed by
radiation, convection and conduction through bearing pads and spacers.
These modes of heat transfer achieve modest heat rates compared to
conductive heat transfer rates for a matrix-type fuel. Another drawback is
the low heat storage capability of the fuel pins, which makes the design less
resilient to late flooding than in the case of matrix-type fuel.
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A simplified transient model [Hejzlar et. al., 1991], based on radiative
heat transfer between fuel rings and pressure tube, has been used to
evaluate the maximum cladding temperature of the two-ring configuration
in a loss of coolant accident without coolant replenishment. The code is
conservative since it neglects convection, conduction through spacers and
bearing pads and the energy carried away by coolant during blowdown. The
cladding temperature traces for the inner and outer ring, as well as for the
pressure tube are shown in Figure 5-5. The data used to generate Figure
5-5 assumed an average channel power which is the same as for the
reference CE-CANDU design, a total peaking factor of 1.4 (higher than the
previously calculated 1.18 to account for radial peaking and power ripples
from bi-directional refueling), flooding time of 30 seconds, and 20% fraction
of the decay heat generated directly in the flooding water. The results
obtained suggest that the maximum cladding temperature does not exceed
1400°C. This temperature does not pose any problem for SiC cladding or for
the fuel. The actual temperatures are expected to be lower due to the
conservative assumptions outlined above. Hence, this proposed two ring
design with TRISO particle fuel has very good potential to meet cooling
requirements during loss of cooling accidents. Temperature profiles in the
channel at various times are shown in Figure 5-6. The horizontal axis
represents the radius of the fuel channel; the graphite plug is in the center
(between 0 and 20mm) followed by two fuel rings and the pressure tube and
the calandria tube at a coordinate of about 65mm. It can be observed that
the fuel centerline temperature during operation (at time=0 seconds) is
about 300°C below the operating limit of 1300°C for TRISO particle fuel and
by about 800°C less than the fuel centerline temperature of the reference
CE-CANDU design, even though the CANDU pins operate at an average
linear heat rate 20% less than in this concept. This low temperature is due
to the relatively high fuel thermal conductivity and low peaking.
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5.3.2 DC-2 - A Two-ring Design with SiC-Cladded UOg Fuel Pins

The configuration of the two-ring design with SiC-cladded UOzg fuel pins
is shown in Figure 5-7. The only differences from the DC-1 option are the
replacement of particle fuel by traditional UOg pellets and use of light water
instead of a solid graphite slug in the center. The main advantage of the
fuel change is the significant increase (6 times) in heavy metal loading, and
the consequent reduced fast fluence on the pressure tube. Increased heavy
metal loading requires more moderation in the channel. This is
accomplished by replacing the graphite slug in the center by a more
efficient moderator — light water. To force sufficient flow into the fuel
bundles, the central region of water moderator may be enclosed by a
Zircaloy can (as shown on Figure 5-7) having small holes in its walls to
provide sufficient flow to avoid boiling from gamma heating. In LOCA, the
moderator escaping from the central region at a slow rate can provide
additional cooling of the bundles.

SiC-clad UOq pellets were tested by British investigators, although only
for modest power density [Kennedy and Shennan, 1974]. Fuel performance
was found to be determined primarily by the ability of the silicon carbide
tube to withstand stresses. To alleviate the stress on the SiC tube,
interaction of the fuel pellets with the cladding from fission-product-
induced swelling needs to be avoided. This may limit burnup to low values
or require more research into how to design a conducting gap which would
provide some free volume for fuel expansion without strong mechanical
interaction with the cladding.

The effect of coolant voiding is shown on Figure 5-8. The calculation
was performed with fuel pellet data given in Section 3.5, for a fresh core
with initial enrichment of 1.5%, an infinite lattice in the radial direction,
and an axial graphite reflector. The design exhibits a negative void
coefficient, but the operating point is too far from the optimum peak.
Shifting the operating point closer to the optimum cannot be achieved for
the dry calandria design (unless the fuel is diluted) because there is no
more space for the moderator inside the channel. Better optimization is,
however, possible with a wet calandria design, which has additional
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Figure 5-7 DC-2 — A two-ring design with SiC-clad UQ, fuel pins
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moderator outside the fuel channel. Operating the dry calandria design
with a significantly undermoderated lattice requires more enrichment
than would be needed for a better-optimized design. However, comparison
of Figure 5-8 with Figure 5-3 shows that less enrichment in the
undermoderated DC-2 design is needed than for the well-optimized design
DC-1 to achieve about the same reactivity. This is due to the higher fraction
of neutrons absorbed in the fuel in a high-loading DC-2 design. The DC-2
design will also exhibit a higher reactivity increase upon cold water ingress
than the DC-1 design. On the other hand, the undermoderated DC-2 design
will have a significantly higher conversion ratio. The ratio of captures in
238U to absorption in 235U, which is a measure of conversion ratio, is
increased by 44% , as compared to the DC-1 design. This feature can be
utilized in a high-converting version of the PTLWR by replacing the central
H20 moderator region with a solid graphite cylinder as in the DC-1 design.
This modification hardens the neutron spectrum and increases the
conversion ratio even further. Using this alternative and an enrichment of
2%, a conversion ratio of 0.93" was achieved. If UOg fuel pellets are replaced
by UC fuel pellets with higher density, the conversion ratio is increased to
0.97. These are quite high conversion ratios at such low enrichments.
Hence, this fuel arrangement has a good potential to achieve breeding by
tightening the pitch of the fuel pins to squeeze out more water, and by
increasing the enrichment to compensate for the reactivity decrease. The
hardened spectrum, however, increases the fast fluence on the pressure

tubes.

The axial power density profile for the fresh core with uniform
enrichment is shown on Figure 5-9. Axial and radial peaking factors of the
DC-2 design with UOg fuel pins are higher than for DC-1 (the axial peaking
factor is higher by about 10%). Moreover, there is a difference in power
generation in the inner and outer fuel rings because of the higher thermal

™ Conversion ratios cited here were calculated for semi-infinite lattices (i.e., infinite in
the radial direction, reflected in the axial direction) for the fresh fuel without xenon and no

control rods.
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flux diffusing from the central moderator region into the inner ring.
Peaking is still much less than in the CE-CANDU reference design, hence
some uprating of fuel channel power, similarly as for the DC-1 design,
would be possible. The disadvantage is the low thermal conductivity of UOq9
pins, which will result in a higher fuel centerline temperature and a larger
stored energy than for the TRISO fuel. Problems with low heat storage
capability and small heat removal rates from voided bundles discussed for
the DC-1 version remain, but based on a preliminary calculation of the DC-1
design, it is expected that the DC-2 design can handle a LOCA without

coolant replenishment as well.

5.3.3 DC-3 - A Fuel Matrix Design with Separate Fuel Compacts and
Coolant Channels

The DC-3 fuel matrix design with separate fuel compacts and coolant
channels is shown in Figure 5-10. The design makes use of the proven
manufacturing technology developed for HTGR fuel elements [Melese and
Katz, 1984]. Considerable experience has been accumulated with this type of
fuel, albeit at different operating conditions and for a different environment
than that experienced in the PTLWR. The fuel region consists of TRISO
particle fuel in a graphite binder and pressed into prefabricated holes in a
graphite matrix. An alternative technology uses a molded graphite block
fuel element instead of a machined block. This allows one to press the fuel
region together with the matrix, creating a monolithic fuel element with
increased heavy metal loading. This technology, developed by
HOBEG/NUKEM [Hrovat, 1978], also eliminates contact resistance between
the fuel region and the matrix.

SiC-coated graphite has been selected as a matrix material. This
selection was based on an extensive literature survey [Hejzlar et. al., 1993c]
regarding the compatibility of matrix material with light water coolant
during normal operation and with steam/air mixtures at the high
temperatures reached during LOCA, as well as on good nuclear and
thermal properties. The primary function of the silicon carbide coating is to
provide protection against graphite oxidation at high temperatures in
steam/air mixtures.
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Figure 5-10 DC-3 — A Fuel matrix design with separate fuel compacts and coolant channels
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Since the DC-3 design has been chosen as a reference design, its
physics and thermohydraulic performance is detailed throughout this
volume. Reactor physics calculations showed that the DC-3 matrix design
in a voided calandria exhibits a very well thermalized spectrum
comparable to heavy water moderated lattices, long prompt neutron
lifetime, negative void coefficient and flat thermal flux profile. The
disadvantages include low heavy metal loading and hence large fast
fluence on the pressure tubes, as well as relatively high parasitic losses and
hence high initial enrichment to attain the high burnups achievable with
particle fuel. The heavy metal loading in this design is even less than for
the DC-1 design because the space available for fuel is decreased by the
space taken up by the matrix.

Matrix thermohydraulic performance during normal operation poses a

challenge to the designer for the following reasons:

e The total heated perimeter is small as a result of limited space inside
the fuel channel. This leads to higher heat flux and lower CHF
margins.

e The conduction path between the fuel centerline and coolant is
relatively long. Compared to CANDU fuel pins, which are in direct
contact with the coolant, in the DC-3 design the heat must also be
transferred through the matrix, thus increasing the temperature
difference between the coolant and the fuel.

¢ The small number of fuel compacts results in a high pin linear heat
rate (at fixed total reactor power).

These drawbacks are compensated by smaller peaking factors in the
PTLWR concept and by the high thermal conductivity of fuel compacts.
Heat transfer to coolant is improved by increasing the mass flux. Such an
increase can be afforded without compromising the pressure drop because
the matrix does not need spacers, which are responsible for a significant

portion of the pressure drop in bundle-type fuels.

Thermohydraulic performance of the DC-3 matrix design during LOCA
is excellent because of the good thermal conductivity and high energy
storage capabilities. The low mass of heavy metal compared to the mass of
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flooding water in the calandria significantly decreases decay heat
deposition by delayed gamma rays in the matrix (a portion of gamma
heating is deposited directly in the flooding water) which also contributes to
low matrix temperatures.

5.3.4 DC~4 - A Fuel Matrix Design with Particle Fuel Dispersed in a Matrix

A fuel matrix design with particle fuel dispersed in a matrix is shown
in Figure 5-11. The design is based on the favorable experience with all-
ceramic fuel developed by British investigators for use in the AGR [Kennedy
and Shennan, 1974]. The fuel consisted of uranium carbide microspheres
coated with pyrolytic carbon and dispersed in a self-bonded silicon carbide
matrix. This fuel has been irradiated successfully at high surface
temperatures (1250°C) up to burnups of 50,000 MWd/tonne without any
release of fission products. However, the technology was developed for a
pin-geometry matrix, i.e., the matrix did not contain coolant holes,
therefore additional development for a more complex matrix geometry of
larger diameter with coolant channels would be required.

Although no calculations for this type of fuel matrix have been
performed, it is expected that there will be no problem to achieve a negative
void coefficient and a good optimization for the operating point on the
moderator/fuel volume ratio curve. Compared to the DC-3 design, heavy
metal loading will be increased because of the larger fuel region volume
and because of the smaller volume of the coating layers (only one PyC
coating layer compared to four layers in TRISO particle fuel). Also, the
density of uranium carbide is higher than that of uranium dioxide.
Nevertheless, the high heavy metal loading typical of the reference CE-
CANDU design cannot be achieved with the DC-4 design. The significant
mass of silicon carbide in the fuel channel will require higher enrichment,
since the absorption cross section for SiC is higher than that of graphite.

Thermohydraulic performance during normal operation exhibits
improvement over the DC-3 design. The heated perimeter is increased,
lowering the heat flux to the coolant, and improving the CHF margins. The
enlarged flow area will result in a smaller pressure drop. Maximum fuel
temperature is expected to be relatively low due to the small distance
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between the fuel centerline and coolant, and due to the lower power density
afforded by the large volume of the fuel region. Power peaking will be more
pronounced in the fresh cores of the DC-4 design than in the DC-3 design,
but it may be comparable for equilibrium cores if a proper refueling scheme

is selected.

Significant degradation of the thermal conductivity of silicon carbide
with irradiation may be a concern for this design because low conductivity
increases thermal stresses in the matrix. An assessment of physical and
mechanical property data in the British pin-matrix design indicated that
thermal stresses would impose a limit on the nominal maximum power

rating.

Matrix performance during a loss of coolant accident should not pose
any difficulty due to its good storage capabilities and relatively good thermal
conductivity. Note that the decreased thermal conductivity of irradiated SiC
is still more than sufficient to dissipate the decay heat (several % of rated
power) in a low temperature gradient, while a large temperature gradient

is needed during normal operation to conduct full power to the coolant.

5.3.5 DC-5 - A Fuel Matrix Design with TRISO Particles Contained in an
SiC Structure

The concept of a fuel matrix design with TRISO particle fuel in a silicon
carbide structure is shown in Figure 5-12. The idea behind this concept is to
alleviate the constraints on power rating imposed by thermal stresses in the
silicon carbide matrix in the DC-4 design and to reduce parasitic neutron
absorption in silicon carbide. The main principle is the same as for the
particle fuel-in-a-SiC-tube design (DC-1), but the shape of the silicon
carbide structure is much more complicated than for a simple tube. The
structure has a cylindrical shape with bottom and extruded cylindrical
walls which form coolant channels. The space between the channels is
filled with packed bed of TRISO particles bonded by a graphite binder. The
main disadvantage of the DC-5 concept is that it represents unproven
technology, and it may be difficult to manufacture. It will be also difficult to
ensure alignment of coolant channels between two neighboring fuel

elements.
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Figure 5-13 shows the effect of coolant voiding on reactivity. The results
obtained for the fresh core with uniform enrichment of 2.5%, particle data
given in Section 3.5, infinite lattice in radial direction, and axial graphite
reflector, and 37 coolant holes with diameter of 1.1cm, show that the void
coefficient is negative. The operating point is close to the optimum. The
thermal flux profile is relatively flat with slight peaking close to the
reflector; the peaking factor is higher than in the DC-3 design. Heavy metal
loading is increased as compared to the DC-3 design, but it still remains
well below the CE-CANDU reference design. The neutron spectrum slightly
hardens as can be observed from Figure 5-14, but the fast fluence on
pressure tubes is decreased in the DC-5 design, primarily due to higher
heavy metal loading. The harder spectrum results in a higher conversion
ratio, hence less initial enrichment is required to achieve the same burnup
as in the DC-3 design.
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Figure 5-13 Effect of coolant voiding for matrix design with TRISO particle
fuel in an SiC structure
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Figure 5-14 Comparison of neutron spectra for the DC-3 and DC-5 matrix
designs

The thermohydraulic performance issues are similar to those
discussed for the DC-4 design, since the arrangement of the fuel channels
is the same. Because the thickness of the wall of the SiC structures is small
and since the contribution of the fuel region/SiC structure interaction to
stress is small due to the relatively low modulus and strength of the bonded
particle bed (also fission gases are retained in the particles), the fuel can be
run at higher power density than the DC-4 design.

5.4 SUMMARY AND CONCLUSION

Five alternative fuel configurations inside the channels of the passive
pressure tube reactor have been proposed and qualitatively evaluated. The
options include two bundle-type arrangements in a two-ring geometry and
three matrix-type fuels. Key factors in the areas of reactor physics,
thermohydraulics during normal operation and during loss of coolant
accidents, and materials compatibility affecting fuel design were identified,
and the matrix performance was evaluated against these factors.
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All reviewed alternatives can be designed with negative void coefficient
and exhibit a prompt negative Doppler coefficient. One of the main
challenges in the reactor physics arena is the achievement of low fast
fluence on the pressure tube, especially if particle fuel is employed. The
most promising option in this aspect is the DC-2 design with full-density
UOg9 fuel pellets. This design also exhibits a high conversion ratio,
comparable to CANDU reactors, and has a good potential for breeding by
introducing further modifications inside the channel. The DC-2 design is
also a very promising route for the wet calandria version of the PTLWR,
with a well-thermalized spectrum. The drawback common to all fuel
designs for the PTLWR are higher parasitic losses than in a typical
CANDU and LWR, because of relatively high leakage from a voided core,
and low fuel mass to total core mass ratio. Figure 5-15 shows a comparison
of neutron balances for the proposed designs with typical PWR and CANDU
cores. The ratio of capture rate in 238U to absorption rate in 235U, also
shown in Figure 5-15, is a good measure of conversion ratio.

PWR (e=2.5%)
CANDU (nat.)
DC-3 j(e=2.5%)
DC-5{e=2.5%)
DC-1{e=2%)

DC- 2(e—-1 5%)

Parasitic

| EEREGEE |

0 0.2 04 0.6 0.8 1

Ratio of capture (in 238y or parasitic species) to absorption rate in 235y

Note: Values for DC-1 and DC-2 designs are for semi-infinite
lattice, others are for infinite lattice

Figure 5-15 Comparison of parasitic captures and captures in 238U for
individual matrix designs, CANDU and PWR
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Regarding the thermohydraulic performance during normal operation,
matrix-type fuel options are more difficult to cool because of the limited
surface area wetted by coolant. The most challenging matrix in this aspect
is the DC-3 design, with separated coolant channels and fuel regions. The
detailed analysis of this reference design shows that the cooling
requirements, fuel centerline temperature limits and the CHF margins
can be satisfied, due to relatively low power peaking and the good
conductivity of particle fuel. Table 5-2 shows how the main parameters of
individual fuel arrangements compare to the CE-CANDU reference design.

For loss of coolant accidents, the bundle-type fuel configuration provides
a less efficient heat transfer dissipation mechanism compared to a matrix-
type fuel. Preliminary calculation shows that the two-ring design can meet
this challenge. All the proposed designs use silicon carbide instead of the
traditional Zircaloy to withstand the high temperatures reached during
these scenarios.

Design DC-3 with separate coolant channels and fuel regions was
selected as the reference design. The primary motivation for this choice is
the extensive experience with manufacturing of this type of fuel element for
HTGRs and ongoing research for MHTGR applications. The matrix is
based on currently available technology, except for the silicon carbide
coating. More research and development in this area is needed to confirm
the issues of economical production, and coating behavior in a reactor
environment during both normal operation and transients. The molded
fuel element technology developed by HOBEG/NUKEM is especially
attractive due to the excellent thermal properties of the fuel/matrix

interface.



Table 5-2 Comparison of thermohydraulic characteristics

Characteristic CE-CANDU DC-1 DC-2 DC-3 DC-5
Average power per fuel 544 5.44 544 54 544
channel (MWt)

Peak power per fuel channel 10.26 6.8 6.8 6.5 7.1
(MWt)

Total Peaking Factor* 1.9 125 13 12 1.3
Average power density in fuel 213 263 263 277 115
region (W/cm3)

Peak power density in fuel 46 328 342 303 125
region (W/cm3)

Peak heat flux to coolant 114 92.5 96.2 118 71.2
(W/em?2)

Average heat flux to coolant 59.7 74 74 98.2 54.8
(W/ecm?2)

Heat transfer surface with 90,310 73,230 73,230 54,990 98,490
coolant per channel (cm?2)

Total fuel channel flow area 34.2 23.7 2377 281 4923
(cm?2)

Fuel channel hydraulic 0.74 0.74 0.74 0.85 0.96

diameter (cm)

Mass flow rate per fuel 22.1 22.1 221 221 22.1
channel (kg/s)

Velocity (m/s) 9.93 13.2 132 121 6.9

* For the fresh core with uniform enrichment; the peaking factor for the
equilibrium core depends on the refueling scheme, and will be different

from these values.



Chapter 6

FUEL MATRIX PERFORMANCE UNDER NORMAL
OPERATING CONDITIONS

6.1 INTRODUCTION

The objective of this Chapter is to confirm that the reference fuel
channel design of the PTLWR reactor satisfies the key thermal-hydraulic
limits during normal operation. These include the maximum fuel
centerline temperature and the critical heat flux ratio. The PTLWR uses
TRISO particle fuel which can withstand peak transient temperature up to
1600°C. During normal operation, the limiting fuel temperature is lower, to
reduce fission gas release by diffusion into the primary circuit. To ensure
that the radiation dose resulting from accidental release of primary system
inventory to the atmosphere remains within regulations, the limit on fuel
particle center temperature is 1300 °C at 100% power [Todreas and Kazimi,
1990]. PWR reactor designers use for the critical heat flux limit the
Minimum Departure from Nucleate Boiling Ratio (MDNBR), MDNBR > 1.3,
in BWR reactors the comparable limit is the Minimum Critical Power Ratio
(MCPR), MCPR 2> 1.2. For CANDU units a CHF correlation formulated in
terms of critical quality is used to determine the onset of intermittent fuel
dryout — an approach similar to that used in BWRs. In this work, both
approaches — the local departure from nucleate boiling conditions and the
dryout conditions, which depend on channel history, will be investigated.
In addition to the above limits, it is desirable that the pressure loss across
the core is small to minimize the pumping power. The objective set for the
reference design is to keep the pressure loss in the fuel channel the same
as, or less than, that for the CE-CANDU.

Section 6.2 will give a brief description of the primary system and the
fuel channel data, Section 6.3 will describe analysis tools. Putting
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additional material in the form of a solid matrix into the pressure tube
inevitably leads to a lower number of fuel pins (or fuel compacts in the case
of particle fuel) which can be placed in the fuel channel, to a smaller heated
perimeter (in contact with coolant), and to less available flow area than for
typical CANDU reactors, thus posing a challenge for adequate heat
transfer performance during normal operation. To address these issues, a
multi-channel two-phase flow model was developed, which will be
described in detail in Section 6.4. The results will be discussed in Section
6.5.

6.2 PRIMARY SYSTEM CONFIGURATION AND COOLANT
CONDITIONS

To utilize existing and proven experience to the maximum extent, and
to avoid the need for detailed calculation of design parameters not central to
key PTLWR features, the PTLWR design was based on the CE-CANDU as
the reference design. The primary heat transport system, shown
schematically in Figure 6-1, is basically identical to that of CE-CANDU. The
primary heat transport system consists of two independent circuits. The
coolant passes through the core to a steam generator and is then pumped
back through the core into another steam generator; thus the coolant
makes two passes through the core. This arrangement allows refueling
from both sides in the direction of the coolant flow, and compact
arrangement, but makes LOCA thermal-hydraulic analysis more difficult.
Also, note that in case of pump failure, the coolant flow in the circuit can be
maintained high by the other pump in the loop.

The major components are four steam generators, the calandria with
fuel channels, the pressurizer, and the main coolant pumps. CANDU
steam generators cannot be operated with leaks because of the high cost of
heavy water. Since the PTLWR uses light water as a primary coolant,
extreme precautions to avoid all leaks can be relaxed. The pressurizer is
connected to both circuits. The only difference between the reference CE-
CANDU and the PTLWR primary heat transport system designs are some
additional unfueled pressure tubes running through the radial reflector in
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Figure 6-1 Schematic of the PTLWR primary heat transport system
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the latter. Flow through these pressure tubes is orificed to provide sufficient
cooling for the radial reflector. Note that the gamma and neutron heat
generated in the reflector is recovered, hence the thermal efficiency of the
PTLWR is higher than that of CANDUSs, where about 5% of the fission
energy is lost in the low-temperature DoO moderator. Key parameters of the

primary heat transport system are summarized in Table 6-1.

Table 6-1 Main parameters of the PTLWR primary heat transport system

Core parameters CE-CANDU PTLWR |
Thermal power (MWt) 4029 3899
Primary system pressure (MPa) 15.34 15.34
Temperature at fuel channel inlet (°C) 298.9 298.9
Total number of fueled channels 740 740
Mass flow rate through fueled channels (kg/s) 14,100 14,100
Number of unfueled channels 0 32
Core bypass mass flow rate (through unfueled 0 224
channels) (kg/s)

6.3 ANALYSIS TOOLS

Exact solution of heat transfer from fuel compacts to coolant is more
complex than for traditional LWR fuel pins because it involves
3-dimensional heat conduction from the fuel compacts through the matrix,
coupled to fluid flow in the channels. The optimum solution would be to
apply a 3-D conduction code for the full-length fuel channel with conjugate
heat transfer capabilities so that the conduction from the matrix could be
coupled to energy and momentum equations for the coolant. The problem is
further complicated by turbulent flow, and two-phase flow and heat
transfer, since boiling occurs at the end of the channels. There are not

many codes with all these capabilities available; moreover, application to a

273



6m-long channel would require a very large number of mesh nodes, which
would result in large CPU requirements, even on a massively parallel
computer. Hence a simplified approach will be used.

Since the heat flux in the radial direction is very large and conduction
in the axial direction is negligible, the 3-D heat transfer problem can be
simplified into a 2-D problem by solving the 2-D conduction equation at
selected planes (perpendicular to the fuel channel centerline) of the fuel
matrix, typically at the location of maximum power density. This task can
be accomplished using a 2-dimensional finite element method (FEM) code,
such as ALGOR [ALGOR,1990], provided that the boundary conditions —
heat generation in fuel compacts and coolant parameters are known. The
power density in the fuel compacts, as a function of position, is obtained
from the MCNP models, described in Chapter 4.

The boundary conditions at the coolant interface involve the heat
transfer coefficient to the coolant, and the fluid bulk temperature. These
parameters must be obtained by solving mass and energy balance equations
for the coolant along the coolant channels. A separate code, PARCHANL
(parallel channels), has been developed for this purpose. The PARCHANL
code calculates the flow split in parallel noncommunicating channels and
the bulk fluid properties, as well as the wall temperature and the heat
transfer coefficient as a function of axial position. Besides the total mass
flow rate, inlet pressure and inlet coolant temperature, PARCHANL needs
the heat flux to individual coolant channels as a boundary condition. This
heat flux is obtained, using the ALGOR code, at the plane of maximum
power density, and by combining this result with the axial power density
profile to get the heat flux profile as a function of axial position for every
coolant channel. Since the heat transfer coefficient and coolant bulk
temperature depend on the incident heat flux to coolant, and this heat flux
in turn depends on both these variables, iterations on the heat transfer
coefficient and coolant bulk temperature between ALGOR and PARCHANL
are necessary. Because the heat transfer coefficient to coolant is large, the
convergence rate is very fast, requiring one to two iterations. Figure 6-2
shows the coupling between the codes and the external boundary

conditions.
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External boundary conditions

*Total mass flow rate
eInlet pressure .
{’nterflacing *Inlet temperature })'(‘)t‘f";fd‘;f:;‘g
oundary eaxial profile of qp,,, /9"(2) e
conditions P 2 dmax conditions

PARCHANL

Y

Channel heat transfer
coefficient and bulk
temperature at the
location of maximum
power density

Channel heat flux q, .,
at the location of
maximum power density

ALGOR

*Maximum power density in the fuel
*zero heat flux at symmetry planes

Note the simplification from the true 3-D model achieved by assuming the separation
of the axial heat flux profile in the axial (z) direction from that in the 1-8 plane

Figure 6-2 Communication between the thermohydraulic codes PARCHANL and ALGOR
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The ALGOR code is discussed next; the equations used in PARCHANL
are described in Section 6.4, and a listing of the code is given in [Hejzlar,
1994].

6.3.1 The ALGOR Code

ALGOR [ALGOR, 1990] is a finite element design and analysis system
package developed by Algor, Inc. It is a robust system comprising a large
number of codes for analysis of various engineering problems such as
stress analysis, analysis of piping systems, kinematic/dynamic analysis,
fluid flow and heat transfer analysis, and many others. With respect to this
section, only the heat transfer package will be discussed. The heat transfer
analysis package enables one to generate complex geometrical objects and
to calculate heat flow patterns and temperature distribution in these
structures. It can be used to solve both the steady state and transient
problems. Material properties may be temperature dependent, either
isotropic or orthotropic. However, it is noted that problems with
temperature-dependent properties require an iterative process between the
ALGOR heat transfer processor and another auxiliary ALGOR processor.
Since these iterations are done by the user in the current version, transient

problems are very laborious and time consuming.

A variety of boundary conditions can be specified including
temperature, heat flux, convection and radiation. The drawback of the
ALGOR heat transfer package is its inability to calculate radiative heat
transfer between arbitrary surfaces. ALGOR also does not include separate
provisions to handle thermal contact resistance across an interface. This
drawback can be, however, circumvented by modeling the interface as a

separate region having properties which yield a given contact resistance.

ALGOR has undergone an extensive verification and validation
program. It is also operated under a Quality Assurance (QA) program
designed to comply with the QA requirements of the United States nuclear
power industry.
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6.4 ANALYSIS OF FUEL CHANNEL THERMOHYDRAULICS

The objective of the fuel channel thermal hydraulics analysis is to
evaluate critical heat flux and pressure drop performance along all coolant
channels. Additionally, the development of bulk coolant temperature and
the heat transfer coefficient as a function of axial position needs to be
obtained to provide boundary conditions for the analysis of fuel matrix
thermal performance using ALGOR. This section describes the procedure
for calculating these thermal-hydraulic characteristics, which are
transferred into the PARCHANL computer code. A listing of the
PARCHANL code is enclosed in [Hejzlar, 1994].

6.4.1 Fundamental Equations and Simplifying Assumptions

Thermohydraulic analysis of the flow through the coolant channels
involves the solution of the transport equations of mass, momentum and
energy. The fundamental conservation equations can be simplified by
eliminating the time derivatives, since only steady state solutions are of
interest in this section. The flow in coolant channels is highly predominant
in one direction, hence the conservation equations can be written in a one
dimensional form, in an average sense. Considering the one-dimensional,
two-phase flow through a channel of constant flow area A at the axial
position z along the channel, the channel average, steady state equations
can be derived from the fundamental conservation equations [Todreas and
Kazimi, 1990] for:

mass conservation

d

—(Gm) A=0

3z (Om) A=0 6-1)
momentum conservation

d (G?n )_ dp Py .

— | |=-5- w = Pm g cos(0)

dzipn | dz A (6-2)

’

and energy conservation
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i + = ﬂ "

< (Gm hi) o tat (6-3)
The mass conservation equation (6-1) can be directly integrated to yield

m = Gy, A = const, (6-4)

Since the coolant pressure (~15MPa) and the mass flux (~9,000kg/m2-s)
through the channels are high, the homogeneous equilibrium model
(HEM) is the most appropriate choice of flow model in the two phase region.
Hence the dynamic (mixing cup) density defined as

L -1 o, avi+p(1-0)v?
Pm G?‘h{p T L 6-5)

corresponds to the mixture density

Oh=pm=(1-0) Pr+oLpg= (lpf"+ ")’1

Pg (6-6)

The friction pressure gradient for the two-phase flow, 1, P,/A, can be also
simplified using the HEM mixture density as

TWP fTP Gm_ffoq)o ff_osz
A " D.2p; D, °2p; De2pm (6-7)

2
where the two-phase flow multiplier for HEM, ¢fo, was incorporated into

mixture density, i.e.,

M G { ng]z
A 2qu)fo f0.2pr¢1+fo
f, G2, Vi+Xvg s G2,
° 2p¢De vf ® 2 pmDe ) (6-8)

The friction factor, ff,, is assumed to have the same value for liquid single-

phase flow at the same mass flux as the total two-phase mass flux (Owen’s
approximation), i.e., fro=frp=f.

Since all coolant channels in the PTLWR are horizontal, the last term
on the RHS of Eq. (6-2) can be dropped, and the momentum conservation
equation can be rewritten as

278



S‘E=__c_i_(9%1)_§g Gh
dz dz \pm De 2 py (6-9)

The energy conservation equation (6-3) neglects kinetic energy, and the
work done on the fluid by pressure, viscous forces and body forces. The
internal heat generation in the coolant, q''', by gamma rays and neutrons
is small and can be also neglected. Similarly as for the mixing cup density,
the mixing cup enthalpy in the energy conservation equation

hi = {py o hy vy + i (1-0) by v1)

G (6-10)

corresponds to mixture enthalpy, which can be written for the HEM model

as a function of equilibrium quality

hm = hg x + he(1-x) (6-11)
Employing these simplifications and using Eq. (6-4), the energy equation
(6-3) can be written as

(hm) qll Ph : qu Ph
Gm A m . (6-12)

6.4.2 Flow Distribution in Parallel Non-communicating Channels

The reference matrix design is shown in Figure 6-3. It employs three
types of cooling channels. The inner channel #1 has a larger diameter and
is roughened. The purpose of the roughening is twofold. First, it enhances
the heat transfer coefficient in the central channel, where the heat flux to
coolant is the highest. Second, it increases the pressure drop of this open
channel and forces more flow to the neighboring channels. The

characteristic dimensions of the coolant channels are also given in Figure

6-3.

The fuel channel contains a total of 12 fuel elements, each of length
0.5m. To secure the exact alignment of all coolant channels between the two
neighboring fuel elements, keys are provided on one face of every fuel
element, which are inserted into the dowels of the neighboring element, as
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shown on Figure 6-4*. Although this arrangement does not exclude some
transverse flow of the coolant along axial faces of the elements, this flow
will be marginal, hence the channels can be treated as noncommunicating.

The fuel matrix design employs coolant channels of three types — the
central channel, 18 tubular channels in the intermediate ring, and the
annular channel between the matrix and the pressure tube. To be able to
study various fuel matrix designs, the analysis method is written for an
arbitrary number of channel types, each consisting of an arbitrary number

of coolant channels.

The pressure drop is calculated by applying coupled mass and
momentum conservation equations to every channel, and the equality
condition for total pressure drop of every parallel channel. Mass

conservation gives the condition

n=3

i=1 (6-13)
where m is the total mass flow rate per the whole fuel channel** and N is
the number of coolant channel types. Note that m; is the total flow rate
through all coolant channels of the same type, i. Since the fluid in the
channels changes in condition from the subcooled state to two-phase flow,
all channels must be axially nodalized to trace correctly the fluid conditions
along the channel. The steady state momentum equation for channel type i
can then be obtained by integrating Eq. (6-9) along the channel and by

* Another design approach would be to provide a plenum space between neighboring fuel
elements, which would allow some coolant mixing and could eliminate the necessity of
exact alignment of fuel elements. However, the disadvantage of such an approach is an

increased pressure loss, and erosion of the edges exposed to high coolant velocities.

** A Fuel channel consists of the matrix with coolant channels, the pressure tube and the
calandria tube. The coolant channels are of various types; every channel type can consist

of a number of individual coolant channels.
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Channel #2 Channel #3

Channel #1

0.84cm

S~
Sliding pad
12.04cm -
12.36 cm
— L
Channel Flow area (sz) Hydraulic diameter (cm) Heated perimeter (cm)
#1 4.0471 2.27 8.5451
#2 0.55418 0.84 2.6389
#3 5.75 0.6 36.81

Note: channel #1 has a roughned surface

Figure 6-3 Coolant channels of the reference matrix design, with their dimensions
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A-A Key and dowel SiC coating

Figure 6-4 Alignment of two neighboring fuel elements
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replacing the integral by the sum of piecewise constant terms over all
nodes. Separating the friction and form pressure losses, the total pressure
drop for the i-th type channel can be written as

Api = Apg,i + APform,i + APac,i, (6-14)

with the friction pressure losses

) & . AZj 1
Apsi = myj z fj(rn;) Do e
j=1 ei?2 pi,jNPi A (6-15)
the form losses
2 I\ZJZ’ 1
ADform,i = nj Kj — T 5
=1 2pi NP} A} (6-16)

and the acceleration losses

NZ
Apaci = m? 1 ( 1.1 )
! lgl’ 2 NP? A2 (Pij  Pij1) 6-17)

NP;j is the number of channels of the same type, i, NZ is the total number of
axial nodes, Aj and D i are the flow area and hydraulic diameter of one
channel of type i, respectively. Form loss coefficients, Kj j, were taken from

[Idelchik,1986]. If the j-th axial node does not contain any form loss,
coefficient Kjjis set to zero. It is assumed that the alignment of coolant

channels between neighboring fuel elements is not perfect, giving rise to
non-zero form losses at these locations.

Coolant density, pjj, at each node is calculated from the node bulk
temperature, Tjj, and pressure, pjj; in the one-phase flow regime

pij = Ty, pij) (6-18)

using polynomials for subcooled water; and as a function of quality, x;;, in

the two-phase flow regime, i.e.,

. 1
Pii  Veij(Pij) + Xij[Veij(Pig) - veij(pij)] (6-19)
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where the thermodynamic equilibrium quality is calculated as

. = Dij - brig(pig)
" hg (i) - by j(Pij) 6:20)

and the node-average enthalpy is obtained from an energy balance. Note
that the decrease of saturation properties with pressure is taken into
account. Pressure at axial position z represented by the J-th node is
calculated for the i-th type channel

PiJ = Pin - M4 i,j{my _
i Dei 2 p; ;NP2 A?
+Ki 1 + 1 ( 1 1 )
2 piNPY A7 2 NP} A} \Pii Pij1) (6-21)

The Moody friction factor in the axial node j of channel i, f;;, is calculated
as a function of Reynolds number and surface roughness, {, after Idelchik,

[Idelchik, 1986]

i € 0.25
fi,j= 011[ +~—6L:I

Dni Re;j (6-22)
where
m; De
Rej;= ———————
J ui,j NP1 Ai , (6-23)
Hij = f(Tij, pij). (6-24)

The dynamic viscosity for two-phase flow has the same value as for single-
phase flow (upp = pf) by virtue of Owen’s approach in selecting the friction

factor. The condition of equal total pressure drop for all types of channels
can be written in the form

Api = Api+1 . i=l, RPN N“l (6‘25)

Substituting for friction, form, and acceleration terms from Eqgs. (6-15)
through (6-17) into Eq. (6-25) yields



iy = iy 4 2i s =], NI
Fi(m;41) (6-26)

where
NZ
Az;
Fi(my) = Y, f; (1) = 1 + K 1 + 1 ( 1 1 )
o ,=21 U Dein pNP2A2 T2p;NP2AZ 2 NP2 A2(Pij  Pija
6-27)

Mass conservation, Eq. (6-13), together with (N-1) equations (6-26), form a
complete set of N.equations with N unknown mass flow rates. The system of
equations (6-26) cannot be solved analytically since functions F; depend on
mass flow rates through the Reynolds number, as well as through the
coolant properties, which in turn depend on mass flow rates. Hence an
iterative process is applied. First, a guess of mass flow rates is made, then
the fluid properties are obtained from an energy balance, and the friction
factor is calculated. Using Eq. (6-26), mass flow rates are updated and
compared to old values. The procedure is repeated until the change in mass
flow rate is less than the prescribed tolerance. Note that Eq. (6-26) ensures
equality of pressure drops. To ensure mass conservation, Eq. (6-13), another
iteration loop must be performed. This is accomplished by alternating the
mass flow rate of the reference channel (channel #1 is the reference
channel by virtue of Eq. (6-26)) using the relation

m

N
Y NP; ¥
i=1

= ok

(6-28)
where the superscript k denotes iteration index.
64.3 Power Density Distribution and Heat Flux to Coolant

To solve the energy balance in the coolant, the heat flux to each axial
node in each type of coolant channel must be known. The axial heat flux
distribution depends on the power density profile in the fuel compacts. This
profile was obtained from fission rates edited from the MCNP model. In
calculating the axial power density profile from MCNP tallies, a scaling
factor with respect to average fission power generated in the fuel is needed.



The reference CE-CANDU design and the PTLWR concept differ in power
generation apportionment, and hence in fission power, as shown in Table
6-2.

Table 6-2 Heat generation distribution in the PTLWR concept and CE-

CANDU

Heat generation in: CE-CANDU PTLWR

(MWth)2 (MWth)
Fuel elements 3810 3630
Out-of-fuel-channel moderator 182° 0
Reflector 16.9 43-axial

61-radial®

Calandria tubes 6.3 35
Pressure tubes 14 116
Other losses 14 14
Total out-of-fuel generation counted as loss 219.2 553
Total fission power 4029 3899

2 From [Shapiro and Jesick, 1979].

bBoldface type denotes lost energy, i.e., energy that does not contribute to
power generation.

¢ Most of the heat generated in the radial reflector can be easily recovered
using additional nonfueled pressure tubes for cooling the radial reflector.
Assuming that all this heat is nonrecoverable makes the fuel channel
analysis conservative because of the higher fission power needed to keep
the same power rating.

Heat generation in the reflector, pressure tubes and calandria tubes of
the PTLWR were calculated from an MCNP model; other heat losses were
assumed the same as for the reference CE-CANDU design. To obtain the



total fission power for the dry calandria design, it is assumed that the dry
calandria design generates the same amount of electricity in MWe as the
reference CE-CANDU. To produce the same power rating of 1260 MWe and
assuming that the other primary and secondary system parameters of the
PTLWR are identical with those of CE-CANDU, the PTLWR must generate
the same recoverable power as the reference CE-CANDU unit, i.e.,
3810MWt recovered from fuel and 14MWt recovered from pressure tubes
gives a total of 3824MWt. The total fission power for the dry calandria
design is obtained by adding unrecoverable losses of 75 MWt to 3824 MWt,
which yields 3899 MWt. The heat generation in the fuel channels is then
calculated by subtracting all heat generated elsewhere from the total fission
power, i.e., 3899-43-35-116-75=3630MWt. This approach neglects CE-CANDU
heat losses across the gap between the pressure tube and the calandria tube
which are non-recoverable but are small (about 0.1%, i.e., 5 MWt). Note that
the PTLWR has significantly less nonrecoverable energy losses, primarily
due to elimination of neutron and gamma heating of D2O moderator, and by
recovering energy generated in the end reflector. Note that although a
substantial portion of energy generated in the radial reflector can be easily
recovered, the analysis assumes all this energy as nonrecoverable. This
assumption yields higher heat generation rates in the fuel elements, thus
making the fuel channel analysis conservative. The total fission power of
3899 MWt gives the basis for establishing the correct scaling factor to
acquire the power density profile from MCNP fission rate tallies.

Introducing the axial profile factor for the i-th channel
Ci(2) = 4"i(2)/q"i max (6-29)

the heat flux to coolant at location z, q"j(z), can be obtained provided that the
maximum heat flux to coolant, q"i max (heat flux into the i-th coolant

channel type at the z-location where the maximum is attained®) and the

* Note that channel #2 exhibits significant azimuthal nonuniformities in the wall heat
flux. These nonuniformities are not considered in the channel thermohydraulics

analysis. Perfect coolant mixing is assumed within every coolant channel, and the heat
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axial profile factor, {ij(z), are known. The detailed analysis of heat
conduction in the fuel matrix element requires sophisticated codes. As
discussed in Section 6.3, a full 3-D model of the fuel matrix coupled to fluid
flow in the coolant coolant channels is not practical. Instead, a simplified

approach has been adopted.

First the guess of heat flux to coolant for each channel at the axial
location of the maximum power density can be made as follows:

Using the maximum power density per fuel compact in the inner ring,
g num p Y P P g
q"'max,ir1, and the maximum power density per fuel compact in the outer
ring, q'"'max,orl, Mmaximum linear heat rate per inner and outer ring is

calculated as

" "
' _ q max.irl Nir . ' _ 4 max,orl Nor
Gmax,ir=— > Qmax,or=—""—"7—

nR2 n RS, (6-30,31)

- where Njr and Ny, are the numbers of fuel compacts in the inner and outer

fuel rings, respectively.

The portion of the heat generated in the inner ring proceeds to the central
coolant channel #1 while the remaining portion flows to the ring of coolant
channels #2. How the heat flow splits depends on the thermal resistance
between the fuel compact and bulk coolant as well as on the magnitude of
the bulk coolant temperatures in these channels. The first guess assumes
that half of the heat generated in the inner fuel ring goes to channel #1 and
the other half proceeds to channel #2. A similar assumption is adopted for
the outer fuel ring. Hence, the maximum heat flux to the coolant for

individual channels can be written as

1 t ' Ll
_ Qmax,ir | . _ 9 max,or * Qmax,ir , _, _ 9 'max,or

q 1.max = 2Py, q 2,max = 2 NP; Py > 4 3,max = 2 Pn3 (6-32,33,34)

flux and heat transfer coefficient at location z are taken as an average over the channel
circumference. However, the azimuthal wall temperature profile is calculated using the 2-
D finite element code ALGOR.



where Pj, stands for heated perimeter. The axial heat flux distribution in
the i-th channel type can then be obtained by nodalizing Eq. (6-29) as

q"i,j = Ci,j q"i,max i=1,2,N; j=1, ... ,NZ. (6-35)

The heat flux distribution parameter, {;j, in the axial direction,
represented by index j, is known from the axial power density profile
obtained from MCNP. Index i denotes heat flow split into individual
channels, which may differ from the split at the location of maximum heat
flux given as the first guess by Eqs. (6-32) through (6-34). Exact
determination of this split in every axial node would require running a
detailed conduction analysis using ALGOR for every axial node. To save
computer time, the exact 2-D heat conduction calculations will be
performed only at the axial location of maximum power density, and the
heat flow split into individual coolant channels obtained at this location will
be assumed to be the same along the entire channel length. Since the
difference of the axial bulk temperature profile between individual coolant
channel types is small and since heat transfer coefficients are large (i.e.,
the main resistance to heat flow occurs in the fuel matrix) the error

introduced by this simplification is small.
6.4.4 Energy Balance and Channel Wall Temperature Profile

Having determined the heat flux to individual channels at each axial
node, the fluid enthalpy at the exit of node j can be calculated by integrating

the energy balance over the node,

q";,j (NP; P ) Az;
m; ) (6-36)

hij=hjj+

Fluid bulk temperature is computed as a function of node enthalpy and
pressure or as a function of pressure only, if saturated conditions are

reached, i.e.,
Tb,ij = f(hij, pij); Tb,ij = Tsat,ij = fpi,j)- (6-37)

As schematically shown on Figure 6-5, channel length can be
subdivided into four regions - a single-phase convection region (1), a partial
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sat

Convection to one-phase liquid region (1)
Partial subcooled boiling region (2)
Fully developed subcooled boiling region (3)

Saturated boiling region (4)

>z

T - saturation temperature
sa

T, - wall temperature
T, -fluid bulk temperature
ONB - onset of nucleate boiling

FDB - fully developed subcooled boiling

Figure 6-5 Subcooled boiling regions with temperature profiles
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subcooled boiling region (2), a region of fully developed subcooled boiling (3),
and a saturated boiling region (4). Individual regions can be identified by
the fluid subcooling parameter (to simplify the notatioﬁ, channel and node
subscripts are omitted in the following discussion)

ATqup(2) = Tsa(z) - To(2) (6-38)

as follows:

esingle-phase convection region ATsub(z) > ATsubgng
epartial subcooled boiling region ATsubppp < ATsub(z) < ATsubgyg,
efully developed subcooled boiling region 0 < ATsub(z) < ATsubgpg, and

esaturated boiling region ATsub(z) < 0.

The heat transfer coefficient in the one-phase regime is calculated by
the Dittus-Boelter correlation modified for entrance effects

he = 0.023 Re08 Pr0-333 [ 1{z/Dy)0-35] K.
c (12D & 639

Heat transfer in the subcooled boiling region is evaluated by Bowring’s
approach [Bowring,1962]. In region 1, heat transfer is assumed to be by
pure single-phase convection, even though wall temperature may be above
the saturation temperature. The onset of nucleate boiling can be

determined from fluid subcooling
N

H

ATsubgong = (6-40)
as suggested by Bowring [Collier,1981], where h. is the heat transfer
coefficient for single-phase convection and y is a pressure function.
Relation (6-40) stems from the assumption that the condition for first
nucleation is achieved if the wall temperature obtained from a single-phase
convection correlation equals the wall temperature due to pure subcooled
boiling heat transfer. Applying the Jens-Lottes correlation [Jens and Lottes,
1951]

ATIENS = 25 exp (p/62) q"023 (6-41)

to the subcooled boiling portion of Eq. (6-40), Eq. (6-40) can be rewritten as
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ATsubons = qEC— - 25 exp (p/62) q"9% 62

where pressure, p is in bars and the heat flux, q", is in MW/m2.
Alternatively, if Thom’s [Thom, 1966] correlation,

ATL°™ = 22.65 exp (p/87) q"*° (6-41a)

sat

is used, Eq. (6-40) has the form

"

ATsubong = ?1— -22.65 exp (p/87) "0
.

(6-42a)
where again pressure is in bars and the heat flux is in MW/mZ2.

In the partial boiling region, Bowring assumes that the total average
heat flux consists of two components: the average surface heat flux
transferred by single-phase convection, q"sp1,, and the average surface heat
flux transferred by bubble nucleation, q"scB, i.e.,

qu - q"SPL + quSCB (6"43)

The single-phase component is assumed after Bowring to obey the
relationship

q"spL = he (T - Tb) (6-44)

in region 1 and to be zero in regions 3 and 4. Using Figure 6-6, the single-
phase component at the location of the onset of nucleate boiling can be

approximated as

q"SPLONB = _SlnboNs q"
’ (ATsub)Tw=Tsal , (6-45)
while the subcooled boiling component is calculated as
q"sconB = |1 - _Blsvons | o,
’ (ATsub)Tw=Tsat (6-46)

by virtue of Eq. (6-43).



Similarly, at the location of transition between the partial subcooled boiling
and fully developed subcooled boiling regions (boundary between regions 2
and 3) one can approximate

q"SPLFDB = STubrDB q" ;q"sceFpB =|1 - _STwbepB q"
' (ATsub)Tw=Tsat ’ ’ (ATsub)Tw=Tsat ) 6-47)

e ATsub

ATsub,FDB 0

ATy, 0NB
(ATsub)Tw=Tsal o

Figure 6-6 Approximation of single-phase component of heat flux in partial
subcooled boiling region, after Bowring

The subcooled boiling component of the heat flux determines wall
temperature at the location of ONB and FDB through Eqgs. (6-41) or (6-41a),

i.e.,

Twon = Tsat0NB + ATsa,0NB = Tsar,oNB + W (q"scB,onNB)" (6-48)
Tw,rpB = Tsa,FDB + ATsatFpB = TsatFDB + W (q"scB FpB)" (6-49)

where the numerical valus of the coefficients y and n depend on whether
Jens-Lottes’ or Thom’s correlations are used. The magnitude of subcooling
at which the subcooled boiling becomes fully developed, ATsub,FpB, is
calculated after Bowring [Bowring,1981]

ATsubgpp = I |z (—qi—)n
1.4 he 1.4/ (6-50)




In the nodalization scheme, interpolation must be performed to obtain
node wall temperatures and correct locations of ONB and FDB. The
coordinate of ONB is obtained as an intersection of the Tgat curve and the
(Tp, + ATsub,onB) curve. This is achieved through linear interpolation;

using the nomenclature in Figure 6-7 and restoring indexing:

ZONB.i = Zi.1 + Tsat,ij-1 - (Tw,ij-1 + ATsub,ONB,i)
A= - (Tb,i,j - Ti,j-lyAZj - (Tsat,i,j - Tsat,i,j-lyAZj_ (6-51)

Similarly, the location of the inception of fully developed subcooled boiling is

calculated
ZrDB = Zit + Tsat,ij-1 - (Twiij-1 + ATsub,FDB,i)
P (T - Tij-1VAZ - (Tsauij - Tsatij-1VAZ;, (6-52)
Z DB
zZ.
' >
ZONB -
Tsatj_]
’; ATsat(z.) }ATsat
ATsat ONB J FDB
Tsat.
J AT
ATsubong ATsub(z; )} Subepp
Tb' 1
T —
b,i-1
A\ ~ J . ~ ) ¢ ~ Y
Node j-1 Node j Node j+1

Figure 6-7 Schematic of partial subcooled boiling region in the nodalization
scheme



Finally, the wall temperature of channel type i at node j is obtained by

linear interpolation

ATgaFDB,i - ATsat,0NB;i
ZFDB,i - ZONB,i

Tw,ij = Tsatij + ATsat,oNBi + (z; - ZonB,j)

. (6-53)

In the fully developed subcooled boiling region 3, Jens-Lottes or Thom’s
correlations given by equations (6-41) or (6-41a) are used with full heat flux
applied to subcooled boiling, i.e., the single-phase convection portion is
taken as zero. The program offers the choice between these two
correlations. Jens-Lottes correlation gives, however a ATga¢ lower by a
factor of two than Thom’s correlation. Since there has been some concern
that Jens-Lottes yields lower ATgat at high pressures [Tong and
Weisman,1979], Thom’s correlation was used in the evaluation of the
PTLWR fuel channel design. The wall temperature in this region is

calculated as

Tuw.ij = Tsarij +22.65 exp (pi /87) Q%5 (6-54)
where
—_v;‘ o q“i,j + q”j’j-]
b 2 . (6-55)

Region 4 represents the saturated boiling regime; the heat transfer
coefficient is calculated by Chen’s correlation [Chen, 1963]. Chen’s
correlation is also described in [Todreas and Kazimi, 1990] and will not be

repeated here.

An alternative simplified approach using Jens-Lottes or Thom’s
correlation for the entire subcooled boiling region can be also applied. The
onset of subcooled boiling can be assumed to appear when the Jens-Lottes
correlation predicts a lower wall temperature than the forced flow
correlation. The wall temperature can be first calculated using the Dittus-
Boelter heat transfer coefficient from Eq. (6-39)

heij (6-56)



Then, if the wall temperature is greater than the fluid bulk temperature,
the wall temperature is calculated by Jens-Lottes or Thom’s correlations. If
the wall temperature calculated from Jens-Lottes or Thom’s correlations is
less than that obtained from Eq. (6-56), the fluid is assumed to be in the
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