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Abstract

Certain design tradeoffs exist between the use of highly-enriched
uranium (HEU) vercus the use of low enriched uranium (LEU) as a
nuclear submarine reactor fuel with regard to such factors as core life and
size, total power, and reactor safety. To evaluate these tradeoffs, three
50MWt reactor designs using uranium fuel enriched to 7%, 20% and 97.3%
respectively are compared. The 7% and 20% designs are assumed to be
fueled with uranium dioxide (UQO2) fuel in a "caramel configuration”, while
the 97.3% design is assumed to be of the dispersion type. (The designs are
modeled using the EPRI-Cell computer code on the IBM 3033 at the
Argonne National Laboratory. Access to this facility from a DEC VT-100
terminal at M.I.T. was through the TYMNET Public Network System). It
was concluded that the 20% euriched core could be designed to have the
same lifetime (1200 full power days) as the 97.3% enriched core. The 7%
enriched core could not maintain criticality for this period. However, a core
life of 600 full power days could be attained. The 7% and 20% cores are both
larger than the $7.3% core. However, the use of an integral design rather
than a loop-type design could compensate for the larger core size.
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CHAPTER 1
Introduction

This study was motivated by the planned acquisition of nuclear
powered attack submarines (SSNs)' by three non-nuclear weapons states
(NNWS) India, Brazil and Canada. There is concern that possession of
SSNs by NNWS states might facilitate the proliferation of nuclear weapons
by providing either; (1) the opportunity for diversion of the fissile material
used as fuel, or (2) a rationale for the development of indigenous uranium
enrichment capability.

U.S. and British nuclear submarine reactors are fueled with very
highly enriched uranium; typically 97.3% in the U.S. case.[1] France,
however, has deployed SSNs fueled with low enriched uranium (LEU);
typically less than 10%.[2] (By convention, weapons-grade uranium
(WGU), highly enriched uranium (HEU) and low enriched uranium (LEU)
are defined to be uranium which has a U235 content of greater than 90%,
greater than 20 % and less than 20% respectively.) Since the critical mass
increases rapidly below 20%, LEU is considered to be less of a proliferation
concern than HEU, although more plutonium is produced in an LEU fueled
reactor. For this reason, it is generally easier to purchase LEU on the
international market, reducing the argument for the need to develop
indigenous enrichment capability. Relevant here is the fact that more than
half of the separative work of the enrichment process required to produce
HEU has been done in producing LEU .[3]

1t As distinguished from SSBNs which are both nuclear powered and are also armed with
nuclear-tipped ballistic missiles.
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The purpose of this study is to assess the tradeoffs involved in the use of
HEU Vs. LEU as an SSN reactor fuel, with regard to such factors as core
life, core size, and reactor safety. This has been accomplished by modeling

one HEU and an two LEU reactor cores for comparison.

1.1 Conventional Vs. Nuclear Propuision

Drag power requirements for a submarine are related to its velocity by

the following correlated equation.[4]

P =0.06977 C4 V¥ 3 (1.1)

where,

P = propulsive power (MW)
Cq = drag coefficient
V = volume displacement (m3)

v = forward speed {(knots)

For a submarine such as the French-designed Rubis of 2385tons
(2385m3) displacement while surfaced and 2670tons (2670m3 ) submerged
displacement, the estimated shaft power for varying forward velocities as
calculated by Equation 1, are presented in Table 1.[5] These figures
represent a combined propeller/transmission system efficiency of about 75%.
These powers are calculated for a minimum drag coefficient of (Cgq = 0.025).
However, for a submarine with a drag coefficient of 0.035, which is not

unusual depending on the general condition of the hull, the drag power
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requirement can increase by as much as 40%.[{4]. One should note the
propulsive power increases with the cube of the forward velocity.

‘e Rubis can be considered to be an intermediate size submarine
whose volume displacement and total power requirements will serve as a
design basis. Submarine submerged volume digplacements range from the
1070tons (1070m3 )West German Vastergotland class diesel powered
submarine or SSK, to the 8400tons (8460m3 ) of the Britisk SSN, HMS
Resolution.[6]

Naval submarines must be able to take evasive action requiring high
speeds of 25-30 knots or greater. Since an SSK runs submerged on
electricity produced by diesel generators and stored in batteries, this can
only be achieved for a short period of time; typically 1 hour maximum. This
is due to the tremendous propulsive power requirements which rapidly
deplete the batteriea.[5] SSKs can maintain an average speed of about 13
knots submerged.[6] The higher the average speed, the higher the
"indiscretion rate” or the percentage of time that the submarine must
surface to snorkel. In doing so, an SSK is highly vulnerable to radar
detection, visual detection and attack by surface ships, aircraft and other
submarines.

By contrast, most SSNs can maintain an average speed of 25-35 knots
without approaching the surface. SSNs have an underwater endurance
which 18 limited only by the endurance of the crew. The SSN can thus
make high-speed, long distance undetected transits from one part of the
world to another. Only SSNs are capable of traveling under the Polar Ice
Cap, through the Northwest Passage and into the Arctic Ocean.

13



Table 1.1 Submarine power requirements at 2670 tons displacement

[adapted from Reference E)
Forward ~ Propulsive Hotel Total
Speed (knots) Power(MW) Power(MW) Power(MW)

0 0 0.150 0.150

2 0.004 0.150 0.154

4 0.029 0.150 0.179

6 0.096 0.150 0.246

8 0229 0.150 0.379

10 0.448 0.150 0.598

12 0.773 0.150 0.923

2 3.581 0.150 3.731

25 6.994 0.150 7.144

| 12.085 0.150 12.235
33.2 16.350 0.150 16.500
35 19.191 0.150 19.341

By consequence, an SSN is a vehicle of maneuver since it's capabilities
and relative invulnerability provide much greater operating flexibility,
enabling it to redeploy quickly and often, in the wake of changing tactical
requirements. Clearly SSNs are more desirable as a military platform
than SSKs. However, they cost much more than SSKs. espe_cially if one
takes into account the need for more sophisticated training and support.
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12 Submarine Pressurized Water Reactor Nuclear Power Plant

Nuclear submarine propulsion systems generally consist of a small
(relative to commercial power reactors) pressurized light water (PWR)
reactor. A typical pressurized water reactor plant is shown in Figure 1.1.
Light water of the primary loop at approximately 15MPa is circulated
through the core and exits as nearly saturated waler. Reactor inlet and
outlet temperatures are roughly 290°C and 320°C respectively.[7] The
nearly saturated outlet water enters a heat exchanger or steam generator
where heat is transfered to a cooler secondary loop with inlet and saturated
outlet temperatures of roughly 225°C and 285°C respectively.[7] Secondary
loop pressure is TMPa which produces a steam quality of about 15%. The
steam is then used to drive a turbine which may be mechanically connected
to either a gearbox in which the shaft rotation speed is reduced and used to
drive the boat propeller directly, or to an electric generator for propulsion
through an electric motor, Figure 1.2.

As water flows through the core and is exposed to a neutron flux, the

following reaction takes place,

Q16 4+ n 5 N6 4 p

N16 — (16 4 e~ 4+ y(7.135MeV)

Submarine personnel in contact with any portion of the primary loop

during reactor operation could receive a significant gamma radiation dose.

Thus the submarine nuclear power plant consists of two basic sections.
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1} A shielded radioactive compartment containing the reactor, a

pressurizer, a steam generator and a primary coolant pump.

2) A nonradioactive machinery compartment containing the steam

turbines, drive train and ccondensers.

The steam generator serves as a barrier preventing radioactivity from
leaving the shielded compartment. It should also be noted that since N16
has a half life of 7.13s, personnel can enter the shielded compartment
roughly one minute after reactor shutdown.

During the lifetime of the reactor the fission products are prevented
from escaping to the environment by a total of five separate barriers. First,
the metallurgy of the fuel is optimized to retain the fission products within
the matrix of the fuel itself. Secondly, the individual fuel elements are
hermetically sealed in metal tubes or sandwitched between metal plates
known as cladding. Thirdly, the fuel in its entirety is encased in a high-
integrity reactor pressure vessel. Fourthly, the nuclear propulsion system
is contained in an airlock compartment within the submarine. Finally, the
pressure hull of the submarine itself servea as the fifth boundary to the
outside environment. '

Due to volume and weight constraints in submarine design, the former
which is more constraining, it is desirable to keep the power plant as small
and compact as possible. Since shielding accounts for a large percentage of
total plant weight, it is especially desirable to keep the reactor core and
steam generator as small and compact as possible. This can be better
accomplished if tne components in the shielded compartment are

constructed using an integral design such as that developed by the French
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firm, Technicatome, and employed in all of France's SSNg, Figure 1.3. In
this design, the reactor, steam generator, and primary coolant pump are
integrated into one steam producing unit eliminating component

separation and the large diameter interconnecting primary loop piping.

1.3 Design Criteria and Objectives

The following criteria have been employed in the nuclear reactor

designs of this study.

1) The over-all core design study can be simplified with a one-
dimensional neutronics calculation of the fuel assembly for the
comparative purposes of this project. The EPRI-Cell Code (see
Appendix E.), which comgutes the space, energy, and burnup
dependence of the neutron spectrum within light water reactor
fuel cells and which has been modified by Argonne National
Laboratory for use on plate-type research reactor fuels, 18 used for
this purpose.[9]

2) For this study the thermal-hydraulic parameters of fuel
temperatures and required flow rates are assumed not to
be limiting within the simplifications which are discussed in
Section 1.4 and the fuel element design presented in Chapter 3.
This judgement is based on review of cperating experiences with
the chosen mechanical arrangement of the fuel design (i.e. the
Engineering Test Reactor, ETR, of the National Reactor Testing
Station operated by Idaho National Engineering Laboratory)

17
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61

SUBMARINE DESIGN AND DEVELOPMENT

A typical cwrent nuclear propulsion system MAIN ENGINE THROTTLE
PRESSURISER ~ STEAM GENERATOR REDUCTION GEARING
CONTROL TURBO - GENERATOR |\ MAIN TURBINE CLUTCH
ROD ELECTRICAL
MOTORS PROPULSION
" —— MOTOR

THRUST BLOCK

BATTERY
REACTOR

MAIN CONDENSER
CONDENSER MOTOR GENERATOR

MAIN COOLANT PUMP
SHIELDED BULKHEAD

Figure 1.2. Typical nuclear submarine propulsion system.[G]
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Figure 1.8. Technicatome's integrated PWR which powers
France's SSNs.[8]
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3) It was assumed that no shuffling of the fuel elements would take
place in order to extend fue! burnup. At the end of core life, fuel
elements near the center of the core are depleted more than those
in the outer region of the core. In a fuel shuffling operation,
gome of the fuel elements near the outer regions of the core are
switched with fuel elements near the core center. Consequently
the total available reactivity of the core is increased. Reactivity is

defined in Appendix C. Fuel burnup is discussed in Appendix D.

4) To conserve space, the reactor cores and components of Figure 1.1
were assumed to be constructed using the integral design of
Figure 1.3 thus permitting the use of a larger reactor core. This
applies to both the LEU and HEU reactors designs.

The objectives of the present calculations are to provide:

1) Comparisons of reactor core sizes for uranium enrichments of
7%, 20% and 97.3% with varying amounts and distributions of
burnable poison, gadolinium oxide (Gd203). A burnable poison
is a neutron absorbing material placed in certain locations of a
fuel element in order to reduce the excessive neutron
multiplication at the beginning-of-life, (BOC), of the reactor core.
As the fuel fissions, the gadolinium (Gd) also burns out, thus

providing a longer core refueling interval.
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2) Estimstes of the safety parameters such as the Doppler, void and
temperature coefficients of reactivity as a function of enrichment

and quantity of burnable poison, Gd203, present in the reactor.

3) Fuel burnup information and plutonium buildup in the LEU

cores at comparable powers and operating cycles.

These results can be used as a basis for deciding if selected cases should
be calculated in more detail, including distributed burnable poison and/or
enrichment for power flattening and better burnup; control movement
reactivity and power peaking effects, and thermal-hydraulic considerations.
Power flattening involves the reduction of the peaking factor which is
described in Section 1.4.

Upon reaching the above outlined objectives, conclusions can be drawn
about the effects, if any, of using LEU as a fuel instead of HEU, on
submarine design and operation. For example, if the LEU cores were
found to be significantly larger than the HEU core for a given reactor
power, a larger hull may be needed for the LEU fueled submarine
compared to the HEU fueled submarine . Based on the discussion of Section
1.2, this will reduce the submarines maximum forward velocity. Also, if
the unshuffled LEU core lifetimes are shorter than that of the unshuffled
HEU core (the HEU core lifetime may, in some cases, be as long as the
submarine lifetime), the submarine must return to port for fuel shuffling
or refueling. These are major operations that for many submarine designs
require cutting open the hull, thus increasing the time the submarine will

be out of service. Submarine designers have generally avoided the use of
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hatches due to sealing problems at large depths.[10] However, the French
Rubis does use large hatches to refuel.

1.4 Selection of Reactor Design Limits

In order for an SSN with a submerged volume displacement gimilar to
that of the Rubis to attain forward velocities of 25-35 knots, a reactor power
output of approximately 50 MWth is required. This is based on a typical
PWR plant thermodynamic efficiency of 33%, which yields a shaft power of
16.35MWe. As shown in Table 1.1, this corresponds to a forward velocity of
33.2 knots. For the unfavorable hull conditions described earlier, Equation 1
yields a maximum forward velocity of 29.6 knots, considering the propeiler
/transmission efficiency. As a result of these considerations, this study
focuses on SSN reactors of 50MWth power output.

For this study uranium dioxide, UQ3 , was selected as the fuel and
Zircaloy was selected as the cladding material for reasons that will be
discussed in depth in Chapter 2. Use of HEU permits a smalier
concentration or volume fraction of fuel in the fuel elements of a given
dimension than does use of LEU. In the HEU case the volume unoccupied
by fuel is occupied by zircaloy. Since UCs is a ceramic of poor thermal
conductivity and zircaloy has a relatively high thermal conductivity, the

HEU fuel elements can be operated with a higher average volumetric heat

generation rate or average power density (q'"ave). This is because the
effective thermal conductivity of the mixture of UQ9 and zircaloy present in
the HEU fuel elements is higher than that of the UO2 present in the LEU
fuel elements. Based on a review of the operating experiences of existing

HEU and LEU reactors, the maximum power density for the HEU reactor to
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be analyzed here was set at 1000kW/1 and for the LEU reactors was set at
about 100kW/1. The 93% enriched, UOs fueled Advanced Test Reactor at the
National Reactor Testing Station operated by Idaho National Engineering
Laboratory has a maximum operating power density of about 2600kW/1.[11]
Commercial PWRs fueled with LEU of about 3% average enrichment,
operate with a maximum power density of about 250kW/1. To be
conservative, the maximum power densities to be applied to these
calculations were reduced. For each reactor design to be considered for this
study, a minimum average power density limit (q"aye) was set at 50kW/i in
order to ensure the ability of the reactor to produce steam. The average
power density in a commercial BWR is about 56kW/1.

Another important design parameter that was estimated for purposes
of this study is the ratio of the maximum heat generation rate to the

average heat generation rate or more simply, the power peaking factor (£2).

"t
q max

Q

q ave (1'2)

For a typical unreflected cylindrical reactor (bare reactor) Q is
approximately 3.6. However for a reflected cylindrical reactor, Q2 is reduced
to about 2.5.[7] The reactor designs considered here are assumed reflected
by a layer of light water. It is possible to further reduce the peaking factor
by a non-uniform distribution of burnable poison, however this has not been
investigated in this study.

In this study, LEU reactor cores with uranium enrichments of 7% and
20%, and an HEU core of 97.3% uranium enrichment were modeled. An
enrichment value of 97.3% was selected since U.S. and British SSNs are
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fueled with uranium of this enrichment. U.S. SSN reactor cores are reported
to have refueling intervals greater than 12 years, while future designs are
aimed at refueling intervals approaching 20 years, or the service lifetime of
the submarine.[2] Thus for the HEU core to be analyzed in this study, the
design operating lifetime without fuel shuffling or refueling, was set at 20
years. These refueling intervals are based on a submarine service time of 240
days per year at sea while operating at an average of 25% of full power, or 60
full power days per year (60 FPD/Y). As deduced from Equation 1, this

represents about 63% of the maximum velocity.

(Percent of maximum velocity) = (0.25)12 = 0.63 (1.3)

It is known that the French designed Rubis is fueled with uranium of
three different enrichments whose average is less than 10%.[10] The value
of 7% was selected since the French have reported detailed designs of
"Caramel” fuel for research reactors with 7% enrichment.[12] This fuel
element design is discussed in detail in Chapter 3. It was not possible to
attain a refueling interval of 20 years for a 50MW reactor core fueled with
uranium of 10% enrichment or less without increasing the size of the core

and prohibitively lowering the average volumetric heat generaticn rate

ave). Too low a value of q"' will result in an insufficient coolant

(q
temperature rise in the core. Thus a refueling interval of 10 years was
selected as a design parameter for the 7% enriched LEU core. With fuel
shuffling, however, the operating lifetime of this core can be increased.
Newer U.S. SSN reactor core designs are being developed with refueling
intervals approaching 20 years and other nations seeking SSNs may desire

a similar capability, Our aim was to determine the possible effects or
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differences in submarine design and operation between submarines fueled
with HEU and those fueled with LEU. Thus an LEU core also with a
refueling interval of 20 years needed to be modeled. As a result, feasibility
calculations were done for a reactor core of 20 year operating life and fueled
with uranium enriched to 20%.

Throughout a reactor core lifetime (beginning-of-life(BOL) - end-of-life
(EOL)) the total available reactivity swings from some maximum design
value to some minimum design value at which the reactor can no longer
operate. The maximum design value is determined by the total possible
negative reactivity that can be inserted by control rods. The minimum
design value is set at some point above zero reastivity in order to
compensate for the buildup to some maximum value, of the neutron
absorbing isotope Xe!37 upon shutdown of the reactor. This isotope results
from the decay of certain fission products. The maximum and minimum
design reactivity values that have been conservatively estimated based on
consideration of existing reactors, corresponds to values of k. = 1.24 and
k.r = 1.04 respectively. The terms reactivity and k., are defined in
Appendix C.

During the operating lifetime of a reactor core, the maximum
permissible materials-limited fuel burnup may be reached before the
minimum design reactivity value. At this point, structural integrity of the
fuel element may not be assured if the fission process were allowed to
continue. This results from fission gas pressure buildup (i.e., some fission
products are gases) and irradiation damage to the fuel matrix. For the fuel
element design used in the LEU cases, the materials-limited fuel burnup
limit is estimated to be 60,000MWd/T.[13] The burnup limit for the fuel
element design used in the HEU case will be further discussed in Chapter 5.
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neutronics data provided by the EPRI-Cell code, it will be possible to
calculate with accuracy sufficient for this study, the information outlined
in Section 1.3.

The design choices and assumed limits are summarized in Table 1.2.
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Table L2 Design choices and limits for comparative core neutron

1)

2)

3)

4)

5)

6)

)]

8)

analysis studies.

Total reactor power MWth

Power density limit kW/liter (q"ave)

Minimum power density
kW/liter (q"'ave)

Mechanical limit on burnup MWd4/T

Desired years of operation without
refueling at 60 full power days/year
(60 F.P.D./yr)

Control rod reactivity worth

Peaking Factor

50 50
100 1000
50 50

= 60,000 (See Figure 3.3)

=10 years = 20 years

keff (max) ~ 1.24
kegr (min) = 1.04 (For
Xe override)

Height to radius ratio of USS Savannah reactor = 2.5 [14]
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CHAPTER 2
Materials Considerations

Nuclear reactor fuel elements consist of & system of interacting
materialg that includes the fuel material, clad material and and in most
cases a reactivity control material (i.e., burnable poison). For the optimum
performance required of an SSN reactor as described in Chapter 1, small
size, high power density and maximum refueling lifetime, this system of
materials must allow good neutron economy, maximum fuel burnup, and
corrosion resistance. This system must attain these goals while subject to
the environment encountered in the PWR core described in Section 1.2
which includes high neutron fluxes (at high energies) as well as high
operating temperatures, system pressures, thermal gradients and heat
fluxes. Also of great importance is the chemical compatibility of the fuel
element materials with respect to each other and to the reactor coolant (i.e.,
H20). This system of materials must aisc be capable of withstanding
transient and off-normal conditions without failure and must retain
coolable geometry during accident conditions such as a LOCA (loss-of-
cooling-accident) or LOFA (loss-of-flow-accident).

A fuel element composed of a given set of materials may meet a given
set of performance objectives for a given set of reactor operavting conditions.
However, the fuel element may be entirely inadequate when exposed to a
different reactor environment. For example, a particular fuel element may
perform satisfactorily in a low temperature research reactor used for the
production of neutrons but may melt or rapidly corrode when exposed to the
relatively high operating temperatures of a central atation power
generating reactor or an SSN propulsion reactor. This fuel element may be
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even less attractive for use or in a reactor cooled with a fluid other than
H,0O. The final materiale selection process is more or less a compromise
between the various in-reactor operating properties and characteristics of
the fuel element materials that results in a combination that most cleszeiy
meets the performance objectives.

The same performance objectives and reactor operating environment
mentioned above must be considered for the determination of the size and
shape of the fuel elements and the thickness of the cladding. This will be
discussed in detail in Chapter 3.

2.1 Nuclear Fuel Considerations

The central and most important constituent of a nuclear reactor is the
fuel material in which energy is produced from the nuclear fission process.
In most cases, the operating lifetime of the fuel element is limited by the
fuel material. For a reactor fueled with HEU, the operating lifetime of the
fuel element is often limited by the mechanical behavior of the fuel when
irradiated in the reactor environment. For the reactor fueled with LEU, the
lifetime is often limited by the available reactivity supplied by the fuel
elements. The reactivity limitation of LEU fuel results from two effects; the
concentratioa of fissile materiai may be low compared to the HEU case, and
use of LEU results in the addition of neutron absorbing U238 (i.e., negative
reactivity).



2.1.1 Fuel Selection Criteria

The fuel material must be carefully chosen in order fcr the fuel element

to meet the SSN reactor fuel element design objectives of maximum

burnup, maximum operating lifetime, corrosion resistance and ability to

withatand credible accident conditions. In the following section, the
required fuel material characteristics that permit the fuel element to meet
these objectives have been summarized.

1)

2)

In order to produce the reactor coolant outlet temperature of
320°C necessary for the production of steam, high fuel
temperatures are required. Thus the melting point of the fuel
must be sufficiently above the muximum normal operating
temperature of the fuel element to provide a safety margin in the
event of an accident that raises the fuel element temperature.

The combination of fuel conductivity and melting point must be
compatible ¢o allow for this temperature margin. The maximum
fuel temperature calculation method and associated assumptions

are discussed in Section 4.2.

The fue! material should have only one crystal structure within
the operating temperature range of the reactor (i.e., room
temperature to msaximum operating temperature). Changes in
crystal structure are usually accompanied by a volume change
that can damage the fuel element.
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3

4)

5)

To preserve fuel element integrity during the attainable lifetime
of the fuel element (based on fuel mechanical behavior fuel
material or available reactivity in the fuel elements), the fuel
material should be chemically and metallurgically inert with
respect to the reactor coolant and fuel element cladding.

In order to conserve reactivity, the nonfissionable constituent of
the fuel material should have a relatively low macroscopic

neutron absorption cross-section (Xg).

The fuel must exhibit good irradiaticn behavior. When uranium
or pli.onium atoms fission, thy produce a wide range of fission
products. Among them, are the noble gases xenon and krypton
which are produced in approximately 30% of all figsions. Xenon
is also produced by the decay of other fission products or
precursors such as iodine. These gases can remain in the fuel
and form bubbles which cause the fuel to swell or the gasses can
diffuse to the surface and contact the cladding. In either case,
the ciladding is subject to a pressure which rises steadily with
fuel burnup. At the limit, the internal fission gas pressure will
exceed the coolant pressure and cause the cladding to fail. Hence
fission gas behavior is a major factor with regard to the selection
of a particular reactor fuel. The ideal fuel material retains

fission gases within its structure and resists swelling.

32



6) The fuel material should permit maximum uranium loading per
unit volume of fuel. An enrichment limit imposed on the
uranium fuel produces two effects which must be considered.
Lowering the uranium enrichment results in the addition of U238
which reduces the reactivity of the fuel element even if the
amount of U235 can be kept the same. Further, the added U238
reduces the allowable loading or concentration of U235 in the
reactor fuel eleinents. For many reactor fuel element designs,
use of LEU will sufficiently lower the initial reactivity so as to
render the use of the fuel element impractical. This will be
discussed further in Chapter 3. It should be noted that there are
three ways to regain reactivity lost by the use of LEU: (1) the use
of higher uranium-loading fuel, (2) the use of a higher
performance reflector material, and (3) increase the core size. Of

course a combination of these approaches can be used.[12.]

2.1.2 Review of the Fuels Considered for this Study

Generally, the many proven nuclear fuels in existence today consist of a
fissile material which is mixed with a fertile material or diluent. In this
case, and as stated earlier, the fissile material is U235 and the fertile
material is U238, This fissile/fertile mixture is almost always combined
with some other element or elements in the form of a compound, alloy or
mixture. As a result, nuciear fuels may be grouped into three different
classes: metallic, ceramic and dispersion types; some examples of which

are considered in the proceeding discussion.
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The following section reviews the fuel types that have been considered
for use as an SSN reactor fuel both in the past and for the purposes of this
study. The ceramic and metallic compounds of uranium that were
considered are listed in Table 2.1. The alloys of uranium that were
considered for use as nuclear fuels are listed in Table 2.2. These tables are

by no means exhaustive.

2.1.2.1 Metallic Uranium Fuel

The ideal uranium fuel is the metal itself since it has the highest
uranium mass density or uranium loading possible, (18.9 g/cm3). Its high
thermal conductivity of 35 W/m-°K allowa a fuel maximum temperature on
the order of 500°C for the fuel element designs considered for this study.
This offsets the relatively low melting point (1130°C) of uranium metal.
Other fuel types such as ceramic oxides may require maximum fuel
temperatures approaching 1000°C in order to achieve the necessary heat
flux required to produce a coolant outlet temperature of 320°C.

A major drawback to the use of uranium metal is that it has three
crystalline structures that are stable in the range of fuel temperatures that
can be encountered in the reactor. This includes the normal operating
temperature range and temperature increases that can occur in transient
or accident conditions. Uranium metal undergoes a phase change at 661°C
from alpha-uranium to beta-uranium and at 769°C from beta-uranium to
gamma-uranium. Alpha-uranium has an orthorhombic crystal structure;
beta-uranium a tetragonal crystal structure and gamma-uranium a body-

centered-cubic crystal structure. A volume increase accompanies the
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Table 2.1. Uranium bearing compounds.

Thermal Thermal
Uranium ™ . Microscopic | Macroscopic
. . .. |Urani M ermal |Abasorpti Ab ti
IBJ:::I:lum I;E:\t:nﬂ Density D:::i‘t‘;m [-‘r:::;ion Conduct- Cros:‘-) on Cr::;? o0
Com l(l)fm deo) (g/cm 3)1 (g/em 3) |(wt%) ivity Section of | Section of
P (For 100%|(W/m-°K)|Second Second
enriched) Element, |Element,
op (barns) |Za (cm -1)
U mas | 189 {189 | 00 [ ool — —
UAL 159 | 81 | 66 815 0.23 0.086
UAlg 1350 | 6.7 5.0 74.6 0.23 0.098
UAl, 70 | 60 | 41 68.3 0.23 0.106
uC 2500 | 136 | 130 | 956 [, 20| 00082 | 000048
UC: |-2500 | 129 | 106 | 824 | 9 | 00032 | 0.00802
UN 2630 | 143 | 135 | 944 (at?og’mc) 1.88 0.535
U0, 2875 | 1096 | 97 | 882 (at%(fdoc) 0.00027 | 0.00010
U304 — | 84 | 71 84.5 0.00027 | 0.00011
USi | a0 | 166 | 1491 | es6 [, 20 | 016 0.037
UsSi, 1666 | 122 | 13 | 926 0.16 0.038
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Table 2.8. Uranium rich alloys.

Thermal Thermsl
Urani Thermal Microscopic | Macroscopic
. .. |Uranium |Uranium |The Absorption | Absorption
ger::iln? ﬁ?ﬁ“’ D(,f““'%’,_m-itv ““'M 9*;';4“" g::;-- y g::;--
o em [} on |ivity i f
Alloy O @D lo) | (Wim-KSecond  |Second
Element, Element,
Ca (barns) |Iq(cm -1)
U-10wt%Md 1160 | 17.33 | 1567 | 90 .t 2.5 0.257
U-10weaNb) 1300 | 1668 | 1512 | o0 11 | 0133
U-10wt%Zr éﬁm 1576 | 1425 | @ 0.18 0.027
U-75wi®Al (éoll?fu.) 393 | 136 % 023 0.132

change from alpha-uranium to beta-uranium and from beta-uranium to

gamma-uranium. The volume increase from alpha-uranium to beta-

uranium is about 1%.[17] Thus, a reactor temperature excursion can

result in a uranium phase transition accompanied by a fuel volume

increase, thereby potentially rupturing the fuel element cladding.

Since metallic uranium oxidizes readily upon contact with high

temperature water, the consequences of cladding rupture in a metallic

uranium fueled water cooled reactor are serious. Cladding ruptura

permits fuel/water contact that results in rapid oxidation of the fuel which

causes further cladding rupture. Exposure to 300°C water for a few hours
would completely destroy the fuel element.[18]

Uranium metal also exhibits severe swelling under prolonged

irradiation due to tission gas. Thus the attainable fuel burnup is greatly

limited. In light of this and the above considerations, metallic uranium is
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not a satisfactory fuel for use in the power producing PWRs considered for
this study.

2.1.22 Metallic Uranium Rich Alloy Fuels

Various properties of metallic uranium can be improved by the addition
of non fissionable elements as a minor constituent. Alloying additions that
have been used in the past and that have been considered for this study are
molybdenum, niobium, zirconium and aluminum. As with metallic
uranium, uranium rich alloy fuels offer the desirable properties of high
thermal conductivity and high uranium lcading. The general purposes

and specific goals of these alloying additions are summarized below.

1} To stabilize the gamma phase from 769°C down to room
temperature: Alloying additions of about ten weight percent
(10wt%) molybdenum, zirconium or niobium can suppress the
formation of beta and then alpha uranium at room temperature.
These elements when added to molten uranium, result in the
retention of the gamma phase when the uranium is quenched to
room temperature. This eliminates the phase change related
volume increases in the fuel upon heat up of the fuel element

during reactor transients.

2) To raise the alpha/beta transformation temperature in cases where
the gamma phase is not stabilized to room temperature: It should
be noted that for relatively low temperature applications (i.e., below

the beta/gamma transition temperature), alpha-uranium can be
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3)

4)

5)

used where the alpha/beta transformation temperature has been
raised by alloying additions.

To improve low and high temperature mechanical properties: For
example, the alloying additions mentioned above increase the yield
strength which increases the resistance to fission gas swelling.

To form higher melting point uranium compounds: Molybdenum,
niobium and zirconium additions raise the melting point of

metallic uranium.

To improve corrosion resistance: Although uranium rich alloy
fuels are more resistance to high temperature aqueous corrosion
than metallic uranium, uranium rich alloy fuels oxidize fairly
readily in high temperature water. Thus the consequences of
cladding failure remain serious if metallic uranium rich alloys are

to be used in a water cooled reactor.

Uranium-molybdenum alloys, at temperatures up to 650°C, have
been used in the Dounreay and Enrico Fermi fast reactors with 9wt% and
10wt% molybdenum respectively. The later offers a uranium loading of
15.6g/cm3. However, these fuel elements were limited to a burnup of 2at%
due to the accompanying excessive fission gas induced swelling that occurs
at temperatures greater than approximately 400°C. Since metallic
uranium rich alloys as employed in the chosen fuel element design require

a maxirnum operating fuel temperature of about 500°C, this fuel is
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incapable of meeting the performance objectives of the SSN reactor designs
considered in this study.[12]

A disadvantage to the use of molybdenum is that it has a relatively high
macroscopic neutron absorption cross-section (¥,) of 160 ¢m-!, (see Table
2.4), that may sufficiently lower the available reactivity of a fuel element
using LEU 8o as to prohibit its use in a modern SSN reactor core.

The uranium-niobium and uranium-zirconium alloys described in
Table 2.2 provide uranium loadings of 16.68g/cm3 and 15.76g/cm3
respectively. As with uramum-molybdenum alloys, fission gas swelling at
2-4at% burnup are prohibitively high at temperatures greater than 400°C.
Thus these fuels are also incapable of meeting the performance objectives of
e modern SSN reactor. It should be noted that at lower temperatures
uranium-molybdenum alloys are more resistant to swelling than uranium-
niobium and uranium-zirconium alloys.

As in the case of mclybdenum, niobium has a relatively high ¥, (60 cm-1)
and will also lower the reactivity of a fuel element using LEU. Zirconium,
however has the advantages of a relatively small ¥, (9.8 cm-1) high melting
point (1845°C), excellent ductility and good resistance to aqueous corrosion.
It is interesting to note that uranium-zirconium alloy fuels were used in
the early nuclear submarine program.[16] At that time submarines did not
require the refueling lifetimes of modern SSNs.

Although uranium rich alloy fuels appear to be unsuitable for use in
the plate type fuel elements considered for this study, they can be used in
rod type fuel elements where there exists a sufficiently large gap between
the outer fuel surface and the cladding inner surface to accommodate the
excessive swelling. During operation, fission gas swelling increases the

original fuel volume by roughly 20% at which the fuel contacts the cladding.
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At this point, sufficient numbers of fission gas bubbles present on the fuel
grain boundaries link together to form a continuous path which allows for
fission gas release and prevents additional swelling. The released gasses
collect in a plenum or void element at the top of each fuel element.

A large fuel/cladding gap requires a highly conducting medium such
as liquid sodium in order to prevent excessive fuel temperatures. Due to the
violent sodium/water reaction that will occur in the event of cladding
rupture, water can not be used as the reactor coolant. Thus the reactor
must be cooled by liquid sodium. In the 18508 U.S. Navy Admiral Hyman
Rickover prevented the liquid metal cooled reactor (LMR) from being
implemented on U.S. submarines because of concerns of the possibility of
sea water contacting the sodium coolant.

Uranium-aluminum alloy fuels clad in aluminum have been used
extensively in research reactors. The uranium loading must be less than
35wt% uranium in the fuel material. Above this 35wt% limit it is extremely
difficult to maintain the specified homogeneity of the uranium throughout
the fuel material that is required to prevent hot spots.[15] With the densities
of metallic uranium and aluminum taken as 18.8g/cm3 and 2.7g/cm3

respectively the following equation [12.},

Mu_

mut.

Pm (wt%U (2.1

yields a uranium loading of 1.35g/cm3 at 35wt%U. This is insufficient to

provide the reactivity required for a modern SSN reactor.



2.12.8 Uranium Aluminide - Aluminum Dispersion Fuel (UAI, - Al)

Dispersion type fuels are two phase alloys consisting of a fissile isotope
bearing material that is uniformly dispersed in a matrix of nonfissile
material or diluent. These fuele are usually prepared by powder
metallurgy, a process in which fine powders of the fissile phase and
nonfissile phase are mixed, compacted, sintered, and rolled to form a
continuous fuel material. The diapersion technique offers the following

advantages when the diluent predominates in volume.

1) Damage to the fuel material due to fission fragments is localized to
the each fuel particle and the region immediately surrounding it.[17]

2) The potential for reaction between the fuel and the coolant is
essentially eliminated in the event of cladding rupture. Only
particles on the surface of the fuel material can be exposed to the
coolant.[17]

3) The path for heat flow from the fissile particles is through a highly
conducting metallic nonfissile medium which lowers the required

operating fuel temperature.

The uranium bearing intermetallic compounds formed by uranium
and aluminum, UAl,, UAl; and UAl,, can be dispersed in a continuous
matrix of aluminum to form uranium aluminide - aluminum (UAl, - Al)
dispersion type fuel. This fuel has been used extensively in research

reactors not intended for power generation. Thus they can operate at a
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relatively low temperature. Since aluminum metal melts ai 660°C, a
temperature which can easily be exceeded during transient or accident
conditions, it should not be used as a fuel matrix or cladding material for
PWR operating conditions.

Uranium aluminide - aluminum dispersicn type fuel is used in the
Advanced Test Reactor operated by the Idaho National Engineering
Laboratory with an average uranium loading in the fuel plates of 42wt%
uranium or about 60wt% UAl,. As calculated from Equation 1.2, this
corresponds to a uranium loading of about 2.0g/cm3.[12.] It has been
estimated that a uranium loading of 2.6g/cm3 could be achieved with this
type of fuel.[12] This fuel loading is not sufficient to provide adequate
reactivity for the LEU tuel elements of this study.

2.1.2.4 Uranium Silicide - Aluminum Dispersion Fuel

Another more promising fuel type is uranium silicide which has been
used to form a dispersion with aluminum. The uranium silicide
compounds of interest are U3Si which has a uranium density of 14.91g/cmn3
and UgSig which has a uranium density of 11.3g/cm3. U3Sis has a
moderately high melting point of 1665°C while UgSi has a melting point of
930°C. UgSiz was shown to more stable under irradiation than U3Si.[17]

Uranium silicide - aluminum dispersion type fuels (3Si, - Al) offer
higher uranium loadings than the UAl, - Al dispersion type fuels. Fuel
elements containing UgSi, - Al dispersion type fuel of up to 45 volume
percent (45Vol%) U3Si;, corresponds to a uranium loading of 4.75g/cm3,
have been successfully irradiated in the Oak Ridge Research Reactor (ORR)
with maximum fuel temperatures of approximately 130°C.[17] Also, it has
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been reported that UgSi, - Al dispersion type fuels with a uranium loading
of 6g/cm3 have been irradiated to a burnup of 50at%.[21] However, this was
done with fuel maximum cperating temperatures at about low
teraperature. At the operating temperatures of 500°C or greater required
for a power producing reactor, uranium silicide fuels exhibit excessive
swelling under irradiation. Furthermore, uranium silicide fuel undergoes
rapid and gross swelling at fuel temperatures in excess of 900°C. Such fuel
temperatures can be reached quickly during a LOCA.(18] Thus, urarium
silicide dispersion type fuels are also not suitable for use in the power
producing reactors needed by SSNs.

2.1.2.5 Uranium Oxide - Aluminum Dispersion Fuel

Another dispersion type fuel that is used in research reactors is
urgnium oxide (U30g), a ceramic fuel which is dispersed in aluminum and
clad in aluminum. This is used as a fuel in the High Flux Isotope Reactor
(HFIR) operated by Oak Ridge National Laboratory. This type of fuel has
performed successfully in HFIR fuel elements up to a uranium loading of
35wt% uranium (40wt% UgOg). Furthermore, at that time, as part of
development tests for U3Og - Al dispersion type fuel, samples were made,
and irradiated, evaluated, and deemed satisfactory up to a maximum
loading of 42wt% uranium (50wt% UgOg) in the fuel material. [12] With the
densities of the U303 compound and aluminum taken as 8.4g/cm?3 and

2.7g/cm3 respectively, Equation 1.2,

Mugy _ Puyos
Vmeat 1+ Pusoe 100 - 1)
par \wtBU30s (2.2)
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yields a UgOgs compound loading of 2.04g/cm3 for 50wt% U3035. Since the
uranium mass fraction in UgOgis 84.5% as listed in Table 2.1, the uranium
loading is 1.73g/cm3 . It has been estimated, however, that U304 - Al
dispersion type fuels with a uranium loading of 2.8 to 3.7g/cm3 could be
fabricated.[12] Based on atomic geometry considerations, a uranium
loading of about 3.6 -3.7g/cm3 (about 80wt% U30g) is thought to be the
theoretical limit at which the continuous aluminum phase can be
maintained. This is required in order to facilitate heat removal from the
fuel element through the highly conducting continuous aluminum
matrix.[12] Higher uranium loadings than those mentioned above are
required for SSN reactor fuel elements.

A major drawback to the use of U303 fuel is that it reverts to UO; at
approximately 1200°C. This is known as the thermite reaction. With the
concentration of the poorly conducting ceramic U30g approaching 80wt% in
the fuel material, 1200°C can easily be reached during transient or accident
conditions. When a higher oxide such as UQO4 or U303, is reduced, the
conversion to UQq is accompanied by a relatively large decrease in specific
volume (50% for UQg and 32% for U30g). The specific volume change can
result in fracture and size reduction of the higher oxide particies which can
destroy the fuel element.(17] As a result U3Og - Al dispersion type fuel can
not be used in the PWR reactor designs considered for this study.



2.1.2.8 Uranium Carbhide and Uranium Nitride Fuels

Uranium forms two carbides which are of practical interest as reactor
fuels, uranium carbide, UC, and uranium dicarbide, UC,. UC meits at
2780°C and UC; at 2720°C. Basically, uranium carbides have twc desirable
properties: (1) these compounds provide relatively high uranium loadings
of 13.0g/cm3 and 10.6g/cm3 for UC and UC; respectively, (2) the thermal
conductivity of these compounds are relatively high, 21.6W-m/°K for UC
and 35W-m/°K for UCa,.

Uranium nitride fuel UN has a uranium loading of 13.5g/cm3 and has
a melting point of 2630°C and also has a relatively high thermal
conductivity. These properties lead to high available reactivity and to lower
thermal gradients in the fuel elements.

Uranium carbide and uranium nitride fuels exhibit excessive swelling
upon irradiation due to fission gas retention. This is due to the high
densities of carbide and nitride fuels in which the volatile fission products
are less mobile than in the other fuel types listed in Tables 2.1 and 2.2.[16]
Fission gas induced swelling in these fuels is greater than that of UO; by a
factor of two.[16] Thus the allowable burnup is limited ir order to prevent
excessive strain on the cladding.

As with metallic uranium fuel and uranium rich alloy fuels, the
chemical reactivity of UC, UC; and UN with water and the resulting
release of oxidizing gases make these fuels unsuitable for use in the power
producing PWR cores required by SSNs. As stated earlier, contact with

water will occur in the event of cladding rupture.
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It should be noted that these fuels are best auited for the liguid sodium
cooled reactor described in Section 2.1.2.2. where excessive swelling can be
accommodated and the fuel/water reaction is eliminated.

2.1.2.7 Uranium Dioxide Fuel

Uranium dioxide, a ceramic fuel, ie the most commonly used nuclear
fuel today. It has a fabrication density of 10.3g/cm3, (95% of its theoreti~al
density), and offers a relatively high uranium loading of about 9.1g/cm3.
This combined with the low macroscopic neutron absorption cross-section
(X,) of oxygen in this fuel (0.00054cm-1), facilitates the use of LEU. Thus
UO3 has etrong non-proliferation characteristics. Uranium dioxide also
exhibits chemical inertness and has excellent resistance to corrosion when
exposed to high temperature and pressure water.

Use of UQ2 necessitates a high maximum operating fuel temperature
due to its poor thermal conductivity. However, since UQO; has a high
melting point of 2875°C, fuel melting is unlikely except is severe accident
situations. A disadvantage to a high fuel temperature and fuel element
temperature gradient is that during accident conditions such as a LOCA or
a LOFA, the cladding temperature will rise faster than in the case of a
lower operating fuel temperature. Thus the available time before
emergency core cooling action must be effective is decreased. As stated
earlier, zircaloy is the chosen cladding material. It has a melting point of
approximately 1852°C but reacts with water at about 1200°C releasing
explosive hydrogen gas.

As the operating temperature of UQ; fueled elements is increased, the

rate of fission gas release also increases. This will exert pressure on the
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inner surface of the cladding which will cause some swelling. Rod type
fuel elements used in commercial reactors are constructed with a plenum
at the top of each fuel rod where released fission gasses collect. In these
fuel rods, there is no fuel/cladding bond, thus allowing fission gasses to
reach this plenum via the gap. Figure 2.1 shows the percentage of fission
gases released as a function of temperature. Although UO; exhibits some
fission gas swelling it is considerad to be one of the most stable under
irradiation and fission gas swelling resistant fuels available.

Despite these limitations caused by poor thermal conductivity and
fission gas swelling, UO3 is considered to be the fuel best suited for use in
the SSN PWR reactor design of this study. Furthermore, much operating
experience has been gained through the years with UO; fuel clad in
zircaloy by its use in commercial PWRs and to a lesser extent in research

reactors.

22 Cladding Material Considerations

In nearly all reactors, the fuel is covered with a protective material or
cladding which prevents the release of radioactive fission products from the
fuel surface to the coolant channel. The cladding also prevénts corrosion of
the fuel and acts to retain the original shape of the fuel material during the
operating life time of the fuel element. The cladding must remain intact
both throughout the operation of the reactor and following removal of the
fuel element from the reactor core.

In high fuel burnup power producing reactors, the cladding must
resist swelling due to internal pressure buildup caused by fission gases.

Typical design limits are 1% cladding strain in commercial reactors. In
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Figure 2.1. Correlation between fission gas release and fuel
center temperature for UO; fuels.[22]
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the case of weak or defective cladding, fission gas pressure can result in
failure of the cladding.

22.1 Clad Material Selection Criteria

A variety of materials exist that have been used or could possibly be
used as a nuclear fuel cladding material, the most common of which are
listed in Table 2.3 along with some important properties. None of these
materials or any other material satisfies all the requirements for an ideal
cladding. However, the material best suited for this purpose is the one that
forms the best compromise between the conflicting specifications for an
ideal cladding in a particular reactor environment. The characteristics of

the ideal cladding material are summarized below.

1) Low macroscopic neutron absorption cross-section (3, cm-1):

Since cladding materials add negative reactivity to the reactor, it
i8 desirable for Yq(clad) to be as low as possible.

2) High thermal conductivity (k, W/m-°C): A high value for k for
the cladding material decreases the thermal resistance between
the fuel material and coolant. This decreases the maximum fuel
element center-line temperature needed to yield the heat transfer
rate that produces the desired reactor power level.

3) High melting point: Almost all materials that have been used as
nuclear fuel cladding materials have a lower melting point than
UO3 (=2800°C). During normal operation, the average
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4)

5)

6)

temperature of the fuel in a power producing PWR is about
1000°C and the average temperature of the cladding is about
380°C. If a loss-of-flow-accident were to occur, in a brief time
period, the temperature profile through the fuel/cladding system
would flatten which can possibly result in melting of the
cladding. Thus a cladding material with a high melting point

increases the safety margin for the reactor.

The material should have good irradiatien stability (i.e., the
material should be resistant to irradiation induced swelling and
growth). Swelling is a change in shape and volume while growth
is a change in shape with no change in volume. Poor irradiation
behavior can distort the shape of the fuel elements.

Low coefficient of thermal expansion(a, cm/°C): This is for
reasons similar to that stated in item (4).

The ideal nuclear fuel cladding material should have the
conflicting properties of high strength and ductility. Most high
strength materials are also brittle and thus are subject to
catastrophic failure when their yield strength (o) is exceeded.

The cladding material should be resistant to corrosion as
influenced by contact with fuel material and coolant water at
high temperatures. Some of the more volatile fission products
such as iodine and cesium migrate to the cooler regions of the

fuel element (i.e., the region in contact or closest to the cladding)
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where they may induce stress corrosion cracking or other
degrading phenomena. Also, in PWRs, excessive hydrogen
concentrations in the coolant water can react with some potential
cladding materials to form hydrides. Hydrides are very brittle
materials which can result in cladding failure if formed in

high stresses regions.

222 Sclection of Cladding Material

The material with the lowest macroscopic neutron absorption cross-
section (I,), and best combination of the ideal mechanical properties
described in the above discussion is zircaloy. It has a ¥, of 10.7cm-1, has
good high temperature strength, is ductile, has a relatively high thermal
conductivity of 21W-m/°K, and a high melting point of 1852°C. Note that
temperature of zircaloy in a PWR system must remain below 1200°C at

which the following exothermic reaction can occur,

Zr + 2H20 - ZrOqg + 4H

which results in the liberation of explosive hydrogen gas.

Magnesium and aluminum also have a low >4 of 2.59¢cm-! and 13.8cm-1
respectively. However, magnesium is highly reactive to high temperature
high pressure water and both have relatively low melting points of 648.8°C
and 660.4°C respectively. Thus, they are excluded from consideration.
Stainless steel type 304 possesses excellent strength up to =600°C, is quite
ductile, and has excellent corrosion resistance but its high Y, of 258cm-!
makes it less attractive for use in compact military reactors where good
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Table 2.3. Posasible cladding materials.

™ i Tlfermal . ﬁheml '
Material Atomic |Density [Conduct- | Melting Mpﬁ:t:c Aﬁﬁ:p':izﬂlc
wel'ht (l/m 3) ;Yw't/y oK)J Point (*C) CM'-MOII, Cross-Section,

m- a, (barns) Lalcm -1)
Magnesium | 24.3 1.74 149 648.8 0.06 2.59
Zirconium 912 | 644 21 185212 0.18 9.8
Zircaloy - 4 91.2 6.50 71 ~1850 0.26 10.7
Aluminum 270 2.7 21 660.4 0.23 138
Niobium 929 84 58 2468410 1.1 60.0
Molybdenum | 959 | 102 126 2617 25 160.0
Iron 55.8 7.86 5 1536 2.6 221.0
Stainless Steel| 25 [790 | & | 1535 3.0 2580
(304)
Vanadium 509 5.96 3 1890110 5.1 360.0
Nickel 58.7 89 & 1453 46 4220
Cobelt 589 |892 (14 1496 370 3380.0
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neutron economy is necessary.[16]

Although unalloyed zirconium (zirconium metal) has a lower
Ya(9.8cm-1) than zircaloy (10.7cm-1), it is not suitable as a cladding material

since it exhibita the following problems.

1) Inadequate corrosion resistance: Normal cxide films that form

2)

3)

on the cladding surface fall of easily resulting in continuous
unchecked corrosion. This occurs rapidly in water over
300°C.[22]

Insufficient high temperature strength: This requires a thicker
clad which results in more material in the core and hence

increased neutron losses.

Pure zirconium i8 susceptible to hydrogen abserption and
subsequent embrittlement. Excessive hydrogen in PWR coolant
water is absorbed by zirconium to form zirconium hydride; a
brittle compound. If this occurs in high stress areas, cladding

failure can result.

To combat these problems, a series of zirconium alloys which are listed

in Table 2.4 and known as the zircaloys were developed in the late 1950s.

Zircaloys are roughly 98% zirconium with minor additiona of Tin (Sn), Iron
(Fe), Chromium (Cr) and Nickel (Ni) not necessarily including all. Tin

additions improve the adherence of the oxide film wlich acts as a protective

layer to slow further corrosion, however, some corrosion will continue to
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Table 2.4. Zircaloy alloy series.

Normal Percentages by Weight
Alloy Designation
Sn Fe Cr Ni

Zircaloy - 1 25 A -_— E—
Zircaloy -2 (1.4-1.6) }(0.14-0.16)}(0.10-0.12)] 0.05
Zircaloy - 2 (N1 - Free) (14-1.6) }(0.14-0.16)}(0.10-0.12)] 0.007max
Zircaloy - 3A (Discontinued) 0.25 025 —_ —
Zircaloy -4 (14-1.6) [(0.18-0.20){(0.10-0.12) | 0.007max

occur. Additions of Fe, Ni and Cr, as used in the alloy zircaloy - 2,
collectively act to greatly improve the general corrosion behavior of
zirconium. Nickel, however, has the adverse effect of promoting hydrogen
absorption which leads to the formation of brittle zirconium hydrides. To
improve this, zircaloy - 4 has a lower Ni concentration. The decrease in Ni
is offset by an increase in Fe to maintain the same level of high temperature
strength and corrosion resistance.

It should also be noted that zirconium and the zircaloys have a
hexagonal close packed crystal structure. As a result these materials
exhibit anisotropic thermal expansion, irradiation induced growth and
tensile strength. Thermal expansion is maximum parallel to the basal
planes of the hexagon while irradiation induced growth and tensile
strength are maximum perpendicular to the basal planes or parallel to the
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C - axis. Such complications can be overcome with proper fabrication

techniques and orientation of the hexagonal crystal structure.[22]

2.3 Burnahle Poison Material

As a means of controlling excess reactivity at the beginning-of-cycle
(B.0.C.) and to provide a means for power shaping and optimum core
burnup, commercial LWRs employ a contrel material or burnable poison.
These are solid neutron absorbing materials that are placed in selected fuel
elements of the reactor. As they are subject to neutron irradiation, the
absorber material is gradually depleted, thus matching, ideally, the
depletion of the fissile material. Table 2.5 lists some of these materiais,
along with there microscopic neutron capture cross-sections (o,), that have
been or could be used as reactivity control materials; not necessarily as a
bummable poison in a PWR.

Gadolinia (Gdg03) is a ceramic, which unlike other compounds listed
in Table 2.5 can be readily mixed as a solid solution with ceramic UQ, fuel
where it becomes an integral part of the fuel element.[23] It does not have to
be lumped into separate fuel elements, thus eliminating the need for
special absorber hardware or control rods. Consequently, there is no
reduction in the number of fuel elements in the core. The high thermal
cross-section of Gdy03, due mostly to its odd-A isotopes Gd156 and Gd157,
results in a more complete burnout of the poison toward the end-of-cycle
(E.O.C.) yielding better neutron economy and hence a higher fuel
utilization. Table 2.6 lists the isotopes of gadolinium and there neutron
absorption cross-sections. Table 2.7. lists the important properties of
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gadolinium. With proper design and distribution of GdyOj3 throughout the
reactor core, flatter power distributions and low neutron leakage can be
achieved. A flatter power distribution results in a reduction of the reactor
power peaking factor which also results in better fuel utilization.
Additional advantages to the use of Gd20g3 as a solid solution with UQg are
no displacement of water and little displacement of the fuel.

There are two potential disadvantages to the use of Gd203. Although
Gd30j3 is physically compatible with UO9, the thermal conductivity and the
melting point of the fuel material is lowered with its addition to U0O.[19]
However, for the reactor designs and fuel elements considered for this
study, this is not a problem. It was stated earlier that maximum uranium
fuel temperature heat would be encountered in the UQO7 fuel elements
considered for this study is 975°C and that the melting point of UQ, is
2875°C. Thus there is a wide margin to accommodate these undesirable
effects and gadolinium has been chose for this study.

It should be noted that for the 20% and 97.3% enriched reactor designs,
Gd203 is lumped into separate plates for reasons that will be discussed in
detail in Chapter 5. In the 7% enriched reactor design, the Gd20O; is

uniformly distributed throughout the reactor fuel elements.
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Table 2.8. Reactivity control materials.

Thermal _
Compound glo:::;lting gl?:::p.;?:c
ross-Section,

Za (cm!)
B,C B 760
HfC Hf 102
B,03 B 750
GdC4q Gd 49000
Euy04 Eu 4600
HfO, HY 102
H;BO, B 750
Ery04 Er 162
Ag-In-Cd ?f 169332
Cd 2450

57




Table 2.8. Isotopes of gndoliniiun.

| Thermal
™ | e VI |
(0 ) barns

164 2.18 153.921 &

156 14.80 1564.923 6100

166 2047 155.922 2

157 15.66 156.922 256000

158 24.84 157.924 24

160 21.86 159.921 0.8

Table 2.7. Some properties of gadolinium.

Density (g/cm3) 7.64
Melting Point (C) 2347

Atomic mass 362.5

Gadolinium

mass fractit_)n 86.8%

Thermal

Macroscopic

Absorption 49000

Cross-Section,

Zq (cm™)
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24 Reactor Coolant

As stated in Chapter 1, H20 is the coolant material by choice of the SSN
reactor type, the PWR. Water serves two functions in this reactor. It acts
as a reactor coolant and as a neutron moderator which slows down
neutrons to thermal energies (~0.025¢V) at which mosat fission occur. Each
fission releases an aversge of 2.4 neutrons with an average energy of about
2MeV.

With regard to reactor operation and control, water has two opposing
effects. Its neutron moderating characteristics contribute positive
reactivity to the reactor, while its neutron absorption characteristice
contribute negative reactivity to the reactor. The degree to which each of
these characteristics, relative to each other, effect core reactivity, depends
on the ratio of fuel element material to coolant water present in the core.
These effects are of dire importance to reactor operation and safety and will
be discussed further in Chapter 3. Table 2.8 summarizes the important
physics properties of H0.

25 Summary of Selected Materials

From the discussion of this chapter, our SSN reactors will consist of an
arrangement of UQOg fuel at some enrichment level, zircaloy - 4 cladding
and structural materiali, Gd03 burnsble poison material and H;0 coolant.
The remainder of this study will consist of determining the quantity,
distribution and arrangement of these materials that will result in the
optimum utilization of 7%, 20% and 97.3% enriched uranium.
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Table 2.8. Important physics properties of H2O.

Density (g/cm3) 0.726(305°C)
a, (H) (barns) 0.00027
0, (O) (barns) 0.332
X, (H,0) (cmrl) 0.022
2, (H0) (em'l) 164
Atomic weight 18.01563
E(2MeV - 0.025eV)
(Number of 19.6
collisions to )
thermalize)
82,
(Slowing 1.5
down power)
§2,/Z,
(Moderating N
Ratio)
p(305°CXkg/m3) 740
¢ p(3056°CXJ/kd.°K) 5.7
kw (305°CXW/m.°’K 0.56
1 w (305°CXuPa.s) 92x108




CHAPTER 3
Fuel Element Design

At this point, the reader should be reminded that a reactor core is
assembled from a number of fuel elements or assemblies, each of which
contains a number of fuel rods or fuel plates. In order to maintain fuel
plate position and maintain coolant channel width, the fuel element must
contain side plates in addition to fuel plates. Rod type fuel elements or
assemblies must contain spacers to maintain rod position.

The general functions and purposes of solid nuclear reactor fuel plates
or rods are to maintain a permanent space location of the fissile material in
the reactor core, retain fission products and fissile material, resist volume
changes due to internal or external stresses (i.e., fission gas pressure) and
provide for the optimum transfer of heat with minimal thermal gradients.
As discussed in the previous chapter, the reactor design objectives of safety,
small size, high power density and maximum refueling lifetime are
mainly influenced by the materials of which the fuel plates are composed.
However, the design of the fuel plate and the fuel element also has some
effect on the ability of the reactor to meet these objectives by influencing
neutron economy, ability to remove heat from the reactor, attainable fuel
burnup, and ability to withstand transient and off-normal conditions, and
in the PWR case, the void coefficient of reactivity (see Figure 3.7 and
Appendix C).

Very crudely, reactor core design involves the solution to two problems:
that of maintaining controlled criticality in order to produce fission energy;
and that of removing the heat released in an orderly, useful fashion. In

relatively low-temperature low-power systems, fuel plate and fuel element
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design geometry is determined primarily hy physics considerations since
heat removal is not the major concern. In continuous operation high
power reactors, especially those that must operate at high temperatures,
fuel element design geometry is determined primarily by heat removal or
thermal hydraulics considerations. Since the reactor designs considered
for this study are high power density, relatively high temperature power
producing reactors, fuel element designs with a high surface to fuel volume
ratio shouid be employed. Of the two basic power reactor fuel element types,
those using clad fuel rods and clad fuel plates, plates offer the highest
surface to volume ratio. Thus plate type fuel elements have been selected
for this study.

3.1 Fuel Plate Design

The structure of the fuel plate (i.e., cladding and fuel material) has a
direct influence on the ability of the reactor core i question to obtain high
fuel burnup and thus a long refueling lifetime. Fer the fuel plates
considered for this study, the volume of the fuel plates, excluding that of the
cladding, is not completely occupied by fuel material. The remszining
volume i8 occupied by plate structural material, which is used to form
structures that are more resistant to fission gas swelling with respect to
fuel plates occupied by fuel material only. For the LEU case, a fuel
structure known as caramel type fuel has been employed. For the HEU
reactor cores considered for this study, a lower fuel volume fraction is
required in the fuel plates than for the fuel plates of the LETJ fueled reactor

cores. This lower fuel velume fraction enables the use of a structure known
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as a cormet that is highly resistant to fission gas swelling enabling high
fuel burnup.

8.1.1 LEU Fuel Plate: UOg Caramel Fual

In recent years, the French have utilized 7% enriched UO; caramel type
fuel in the Osiris reactor which is located at the Saclay Nuclear Research
Center in France. A description of these fuel plates and fuel element has
been published by the French as a part of the studies for conversion of
research reactor fuels from HEU to LEU.[12] It should be noted that fuel
plates similar to the French caramel fuel plates have been used in the
Shippingport reactor core I1.[18]

The caramel fuel plate used in the Osiris reactor takes the form of two

thin sheets of zircaloy cladding enclosing a regular array of rectangular
UOg2 platelets or caramels which are separated by small pieces of zircaloy,

Figure 3.1.[12] | This type of design allows a UQO2 fuel burnup of
approximately 60,000MWd/T.[13] Zircaloy separators which are each
bonded to the inner surfaces of both zircaloy cladding plates provide an
added restraining effect against fission gas swelling. Regular research
reactor fuel plates are composed
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Figure 3.1. Caramel fuel plate.

of a continuous sheet of fuel material and consequently are more

susceptible to swelling. The platelet and spacer dimensions of the caramel

type fuel plate used in the Osiris reactor were employed in the 7% enriched

case. For the 20% enriched case, the volume fraction of fue] in the plates

was reduced in order to lower core reactivity (see Figure 3.7 which

illustrates the fuel element design space). Thus the dimensions of the

platelets were reduced while the dimensions of the zircaloy separators were

increased. Table 3.1 lists the range of dimensions of the caramel fuel plate
structure that have been successfully tested. The dimensions of the
platelets and zircaloy spacers used for each LEU fuel plate are listed in

Table 3.2.



Table 8.1 Feasible dimensions of various parts of
the caramel fuel plate.[12]

Dimension Length Width Thickness

(mm) (mm) (mm)
Plate 12-26 12-26 14-4.0
Platelet 600 - 1800 66 - 200 22-50

Assembly 600 - 1800 65 - 200 _

The caramel fuel plate is well suited for the direct integration of the
burnable poison gadolinium oxide with the UQg fuel platelets.

Experimental irradiation of caramel type fuel plates containing mixed
Gd203-UQO2 oxide has already shown satisfactory behavior.[12]

3.1.2 HEU Fuel Plate: UOq - Zircaloy Cermet

It was stated in section 3.1, that the caramel fuel design increased the
allowable fuel burnup by increasing the ability of the cladding to resist
swelling due to internal fission gas pressure. The cermet fuel design
provides cladding restraint as well as providing the fuel with tremendous
structural strength, enabling the fuel element to resist fission gas swelling
to nigh fuel burnups. Cermets are dispersions of ceramic fuel particles
within a metal matrix. As a result their properties fall between those of
metals and ceramics. The value of each property is affected by the relative
proportion of the ceramic to the metal. Cermets can be used in fuel
elements where the required fuel volume fraction is roughly 50% or less
which is true for the HEU fuel plates considered for this study.[20] Figure
3.2 illustrates the cermet fuel plate used in the thick plate HEU reactor
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Figure 8.2. Cermet fuel plate.

core. Thinner cermet type fuel plates were used to model two other reactor
cores as discussed in Section 3.2. Cermet type fuels are also highly
corrosion resistant since in the event of cladding failure; only those
particles near the inside surface of the cladding will be in contact with the
reactor coolant.

The most common example of a cermet is8 UQ2 dispersed in a stainless
steel matrix material. In the proceeding sectione, irradiation tests that
have been performed on these cermets will be cited. However, stainless
steel is not an ideal matrix material, since it has a relatively high
macroscopic neutron absorption cross-section () of 258¢cml. The
relatively large volume fraction of the stainless steel results in large
parasitic neutron losges. The characteristics of the ideal cladding material
described in Section 2.2.1 also apply to the ideal matrix material. As a
result, it was reasonably assumed that zircaloy-4, the material selected for
use as a cladding, could replace the volume occupied by the stainless steel
in the cited tests without reducing the attainable fuel burnup.[10] Since the

large volume of matrix or structural material present in cermet type fuels,
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regardless of the particular material, will always reault in parasitic
neutron losses, cermets have been studied primarily for military reactors
rather than fory commercial type reactors using approximately 3% enriched
UQ4.[16] As stated earlier, most military reactors have employed HEU.
Thus neutron economy was not of concern as it is in LEU commercial
reactors.

The attainable fuel burnup of a cermet fuel is directly related to the
volume fraction of structural material present in the fuel plate. As the
volume fraction of the structural material is increased the attainable fuel
burnup also increases. The following irradiation tests were used to obtain a
reasonable estimate of attainable fuel burnup as a function of UO2 volume
fraction in the fuel. This partial estimate is illustrated in Figure 3.3.

1) Frost(1964) tested cermets containing 55 wt% (50vol%) UQOq in
stainless steel. The specimens survived, irradiaticas at surface
temperatures of 625°C to a burnup of 10% without failure.[3]

2) A specimen containing 26wt% (21vol.%) UO survived irradiation
to a burnup of 70at% of the uranium at fuel temperatures of about
560°C without failure (Richt and Shaffer, 1963).[3]
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Figure 3.3. Partial estimate of burnup Vs. UO2 volume fraction.

The design objectives to be achieved by an ideal cermet dispersion

system are summarized as follows,

1) Dispersed particle size large compared to the fission product

range.

2) A continuous phase of matrix metal of maximum possible volume

fraction.

3) Uniform dispersion of particles in a real matrix.



As a cermet fuel element is irradiated, damage to the fuel structure is
caused by a combination of the static and dynamic effects of the fission
products. At low fuel burnups the major damaging effect is due primarily
to the dynamic properties of the fission fragments (i.e., fission product
recoil in the matrix). At high fuel burnups where higher concentrations of
fission products are approached the major damaging effect is due to the
static properties of the fisgion products (i.e., fission gas pressure).

In order to combat damage due the dynamic properties of fission
fragments, fuel particle diameter in a properly designed cermet should be
large compared to the range of the fission fragments. Thus fission
products released from the fuel during reactor operation are confined to
narrow regions or damage zones surrounding the fuel particles, while
most damage is concenirated in the fuel particles. Thus an undamaged
fission product free region of matrix metal exists around around each zone
of damage which surrounds each fuel particle. This objective cannot be
achieved in a homogeneous fissile metal or two phase alloy systems where
both the fuel bearing compound and matrix may contain fissile atoms. For
a given volume fraction of fuel, the volume of damaged matrix is
proportional to the surface area of the particles. Thus the fraction of the
matrix subject to recoil damage can be minimized by the use of smooth,
spherical particles as large as can be tolerated. Most fuels designed to take
advantage of the cermet dispersion principle have particles of a least
100mm diameter.[20] Schematic cross sections of cermet dispersant
systems are shown in Figure 3.4. The dispersed particles are assumed to
be spheres in a cubically close-packed array. Two particle sizes are shown
with a spherical zone of damaged matrix metal surrounding each particle.

Figure 3.4a illustrates a poorly designed cermet where damage zones
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Figure 3.4. Schematic cross-sections of cermet dispersion systems,

overlap. Figure 3.4b illustrates a properly designed cermet where damage
zones do not overlap. Thus a continuous web of undamaged matrix
material exists in the fuel plate providing good internal strength.

With increased fuel burnup, irradiation induced swelling arises due to
growth of the UO; particles. This is caused by the static accumulation of

fission products and the partial escape of fission gases from the UQg fuel.
The later effect is the moat significant. A gas filled void is created around
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the fuel particles which pressurizes the matrix shell causing it to expand
as & thick-walled vessel under pressure. Thus, the matrix swelling that
can be allowed will determine the maximum fuel burnup. Swelling limits
are determined on the basis of allowabls dimensional changes or a
maximum strain based on reduced ductility limit of the neutiron embrittled
matrix.[18] In effect, the matrix material acts as the structural material in
the fuel element. The cermet of Figure 3.4b is mcre resistant to swelling
than the cermet of Figure 3.4a due to its continuous web of undamaged
matrix material.

In order for the design principles described above to be effective, the
particles must be uniformly dispersed throughout a matrix that
predominates in volume.[20] If the particles are not uniformly dispersed
some fission product damage zones will overlap thus weakening the
matrix. If the fuel material predominates in volume, it remains possible to
design a cermet system in which fission product damage zones do not
overlap. However, ipn this case the structural strength of the matrix
materiel is significantly reduced and the susceptibility to awelling

approaches that of a plate type fuel element utilizing a continuous sheet of
U092 fuel.

3.2 Fuel Element Design

Reactor cores fueled with 7%, 20% and 97.3% enriched uranium were
modeled using fuel element designs adopted from the original caramel fuel
element design of the Oairis reactor. Its geometry is similar to that of

current UAl MTR-type fuel elements used in some research reactors.
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Figure 3.5 illustrates the 17 plate caramel fuel element used in the 7%
enriched core. Figure 3.6 shows how these fuel elements fit together as
building blocks to form a reactor core. As in the case of the Osiris reactor
and many other research reactors using plate type fuel, the intra-clement
spacing is set at 1mm.

In order to facilitate the reactor core modeling process the following
modifications were made to the original caramel fuel element,

1) Fuel element end spacings were decreased in order that the intra-
element gap and the end-spacing of two adjacent fuel elements
will equal the width of a water channel.

2) To allow for a square lattice pitch, the width of the fuel plates was

increased.

These modifications were applied to identical fuel element geometries used
for the reactors fueled with 20% enriched caramel type fuel and 97.3%
enriched cermet type fuel respectively.

For the HEU case, due to high reactor power density and thus relatively
high fuel temperatures, two additional reactor cores were modeled
consisting of thinner ATR-type fuel plates (Advanced Test Reactor operated
by the Idaho National Engineering Laboratory). Use of a thinner plate in
the high power density core will reduce the relatively high fuel centerline
temperature by increasing the heat transfer area. The thin plate HEU

reactor cases are described below,
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1) In the first thin plate reactor core, the coolant channel thickness
(2.63mm) remained as it is in thick plate fuel element design of
Figure 3.5, increasing the water/metal ratio.

2) In the second thin plate reactor core, the coolant channel
thickness was also decreased in order that the water/metal ratio

remain the same.

The modifications that were applied to the thick plate fuel elements
described above were also applied to the thin plate fuel elements. Also, the
number of fuel plates in the thin plate fuel element designs were increased
in order that the thin plate fuel element lattice dimensions be close to the
thick plate fuel element lattice dimensions. Use of larger fuel elements
reduces the ratio of structural material (i.e., side plates) to fuel material in
the core and thus decreases parasitic neutron losses. All relevant
dimensions for the five reactor cores considered for this study are
summarized in Table 3.2.

As stated earlier, the design of a reactor fuel element is a balance
between neutronics considerations and thermal hydraulic considerations,
where for the high power density, relatively high temperature reactor,
thermal-hydraulics considerations dominate. Figure 3.7 illustrates the
design space in which neutronic and thermal hydraulics are compatible.
If the fuel plate thickness (i.e., thin plate thickness) is assumed to be
constant, a water/metal ratio exceeding r,,, results in a positive void
coefficient of reactivity or the overmoderation of the reactor. Also,

increasing the water/metal ratio also reduces the heat transfer area to the
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Figure 3.7. Fuel element design window.

coolant. In Figure 3.7, the design space is not extended to the boundary
between the undermoderated and overmoderated reactors since reactors
that are undermoderated and close to this boundary can become
overmcderated in the event of a sudden coolant temperaturé decrease. A
water/metal ratio below r,;, 18 excluded since the thermal hydraulic wetted
perimeter becomes to large requiring excessive pumping power. Also in
this case k. can be significantly reduced due too low neutron moderation.
The above considerations apply to the design of thin plate HEU reactor

case 1,
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For the eecond thin plate HEU reactor case, plate and coolant channel
dimensions were decreased in similar proportions resulting in a constant
water/metal ratio. This, however, increases the homogeneity of the reactor
core and reduces k. This can be compensated for by increasing the UO,
volume fraction in the cermet fuel. A disadvantage to decreasing the
coolant channel thickness, as stated earlier, is the increase in the wetted
perimeter which increases required pumping power. Thin fuel plates
provide the advantage of increased heat transfer area and thus lower fuel
centerline temperatures. However factora exist which prohibit fuel plates
from being made extremely thin. Some of these are listed below

1) The ratio of cladding to core becomes larger as the fiel plate

thickness decreases, leading to larger parasitic neutron losses.

2) Thin elements have less rigidity and are more difficult to support.
They are also more prone to damage resulting from coolant flow

induced vibrations.

3) Coolant passages become smaller, leading to greater possibility of
obstruction of the passage, greater pressure drops and greater

pumping power.

These considerations as illustrated by Figure 3.7 form the basis for the
reactor designs which will be discussed in the proceeding chapters.

Chapters 1, 2 and 3 have covered the selection of the reactor operating
conditions and limits, materials and fuel element design. Chapter 4 will
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cover the methods used to design and analye each reactor core considered
while Chapter 5 presents the results of the analysis.
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Table 8.2. Fuel element characteristics.

(Caramel Type)
Thick Plate
Regular channel

PLATE

Plate thickness(mm) 2220

Water Channel(mm) 2.630
Cladding material Zircaloy-4
Cladding thickness(mm) 0.386

FISSILE PART

Fuel Material

Enrichment 7% - 97.3%
UO02 density(g/cm3) 10.3
Thickness(mm) 145
Active width(mm) 75.45
Platelet(caramel Xmm) 17.34
Spacing between platelets(mm)

SIDE PLATES

Material Zircaloy-4
Thickness(mm) 3.0
Width(mm) 81.04
FUEL ELEMENT

Number of plates per element 17
Cross-section(mm) (81.04x81.04)
Lattice pitch(mm) (82.04x82.04)

* N.A. - Not Applicable
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(ATR Type)
Thin Plate
Thin channel
1270 1270
1372 1.120
Zircaloy-4 Zircaloy-4
0.386 0.385

97.3%
103
0.6
74.90
N.A.
153

Zircaloy-4
3.0
80.90

31
(80.90x80.90)
(81.90x81.90)

UO02/Zircaloy-4 UQ9/Zircaloy-4 UQO9/Zircaloy-4

97.3%

10.3

0.5

74.26

N.A.

N.A. N.A.

Zircaloy-4
3.0
80.26

H
(80.26x80.26)
(81.26x81.26)



CHAPTER 4
Analytical Methods

In Chapter 1, certain operating characteristics and design
specifications for a modern SSN reactor were selected as derived from the
performance requirements of a modern SSN. Chapter 2 outlined the basis
for which the reactor fuel, cladding, coolant and reactivity control material
(burnable poison) were selected in order to meet the required reactor
operating characteristics and design specifications. Chapter 3 described
the reactor fuel element designs chosen for this study, which are
constructed based on the required reactor operating characteristics seiected
in Chapter 1. This present chapter is divided into two sections which cover
the reactor physics and the thermal hydraulic analysis methods used in
this astudy. However, as stated in Chapter 1, thermal-hydraulics
considerations are assumed not to be limiting for the reactor designs
modeled in this study. Thus the design effort focuses on the reactor physics
(i.e., the adjustment of the reactor design to satisfy all relevant reactor
physics criteria). Following the reactor physics analysis, a simplified
thermal-hydraulic analysis is however included to verify that fuel element
temperatures are within acceptable bounds and that the required coolant
flow rates needed to remove heat are practical. All ana]ytic:al methods
employed in this study are covered in this chapter.

Table 4.1 summarizes the reactor designs considered for this study.
Three reactor cores fueled with 7%, 20%, and 97.3% enriched uranium are
considered. For the HEU case (97.3%), two additional reactor core designs
are considered which use fuel containing thinner plates. As stated in
Chapter 3, a thinner fuel plate reduces the required fuel center-line
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Table 4.1. Reactor designs.

Design Enrichment | Fuel Type Fuel Element Design
Core 1 7% Caramel | Thick Plate/Thick Channel
Core 2 20% Caramel Thick Plate/Thick Channel
Core 3 97.3% Cermet Thick Plate/Thick Channel
Core 4 97.3% Cermet Thin Plate/Thick Channel
Core b 97.3% Cermet Thin Plate/Thin Channel

operating temperature. For one thin plate design, the coolant channel
thickness is reduced in order to examine the effect of water/metal ratio on
reactor physics and safety parameters.

Table 4.2 suminarizes the derign specifications and operating limits
that have thus far been selected for each reactor core listed in Table 4.1.



Table 4.2. Reactor design data.

Design Parameter Symbol Status Constraint
Total Core Power Q Known 50MWth Fixed
Q"' maxs 100kW/L
Maximum Power Density | 9", . Unknewn (7%, 20% Cases)
Q" maxS 1000kW/L
(97.3% Case)
Average Power Density | 4" v r Unknown q"aver 2 50kW/L
Power Peaking Factor Q Known 2.5
600FPD
. cp s 7%
Operating Lifetime At Known (1200‘?;8
(20%, 97.3% cases)
Enrichment e Known 7%, 20%, 97.3%
.. Unknown
Number Densities (7% case)
(20%, 97.3% cases)
Known 85% - 50%
Volume Percents Vol% | (7% case) (7%, 20% Cases)
(U0,, Gd,04, Zr4) Unknown < 50%
{20%, 97.3% cases) | (97.3% Case)
Core Radius R Unknown HR =25
Core Height Unknown - HR=25
Buckling B2 Unknown —
Control Swing Ak o¢r Unknown 1.04-1.24
ko = f(1) ko pr(t) Unknown —
< 60000MWd/T
Burnup BU Unknown (S’zef’FZiO% C%s.gs)
(97.3% case)
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4.1 Reactor Physics Analysis

For the comparative purpuses of this study, a simplified one-
dimensional steady-state overall core reactor physics calculation is used to
model the reactor cores listed in Table 4.1. With this model, the spatial
dependence of neutron flux and fuel depletion (burnup) are neglected. (The
consumption of fuel is treated as constant in all locations of the reactor
core. In an actual reactor, the neutron flux is greatest in the center of the
core. Thus fuel depletion is also greatest in the center.) Thia model also
does not simulate the effects of cortrol rod motion or startup, shutdown and
trangsient behavior.

For the one-dimensional overall core model the entire reactor core is
characterized by each reactor physics parameter empioyed. For this

analysis, these parameters are,

1) Uranium enrichment (e).

2) Relative proportions or volume percents of UO3 fuel, Zr-4
structural material and Gd203 burnable poison in the fuel meat
Vol%n(UOg, Zr-4, Gd20g). The subscript (m) refers to the volume

fraction of the particular material in the fuel meat. (Note that
voiume percents are denoted by Vol%,(I) while a volume

fractions are denoted by Voly(I). The subscript, x, designates the

volume of concern and I refers to the material.

3) Total operating power (Q).
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4) Power density (q"'ave,r) Where the subscript (r) refers to the

reflected reactor. A subscript \ ) designates an unreflected
reactor core. The specification of q''gve r sets the reactor core

volume (V) by the following equation,

q ave,r=™

Veore (4.1)

From the volume Veors, the geometric buckling (B2) or neutron
leakage term is determined. Thus q"'ave,r and B2 are directly
dependent and will be considered as one design variable
q"ave,r \B2 for purposes of this study.

5) Refueling interval (t,).
6) Fuel depletion or burnup (BU).

7) The neutron multiplication, keff = f(t), over the reactor refueling
lifetime.

8) The control swing or range of values of keff over the
refueling lifetime of the reactor (Akegy).

With items 1 through 8, all important information about the steady state
operation of & nuclear reactor can be determined. A three-dimensional
steady state analysis can provide space dependent burnup data and hence,
a better estimate of the end-of-cycle core materials inventory. It would also
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provide a more accurate estimation of keer = f(t) and Ak.q. However, as
stated in Chapter 1, it was decided that such refinement is unnecessary for
the comparative purposes of this study.

Figure 4.1 illustrates the relationship and interdependence of each of
these parameters which together describe the operating reactor system. A
certain percentage of the composition of this system is fuel material and a
certain percentage is non fuel material. The fuel is consumed in a nuclear
reaction to produce power for an operating time, after which the fuel has
reached a burnup level (i.e., a certain percentage of fuel has been
consumed). At any particular time during the operating time span the
system has excess reactivity or excess capability t4 sustain the power
producing reaction. This excess capability changes over the operating
time. The range of excess reactivity over the operating time determines the
amount of control capability that must be provided to this system. Some of
this capability is supplied the burnable poison (Gd203), a non fuel material.
An increase in the volume of control material in the system is accompanied
by a decrease in the volume of fuel material in the system. Thus as shown
by this figure, a change in any one of these parameters affects all the other
parameters, and ichus the overall operation of the reactor system.

In Figure 4.1, to the left of the dashed line are the reactor physics
parameters that have been fixed according to the discussion of Chapter ).
To the right of the dashed line are the reactor physics parameters which have
not been fixed but are variable. These variable parameters are interdependent
and are constrained by the limits specified in Table 4.2. Thus the design

window shown in Figure 4.2 for a reactor core of fixed total operating power

(Q), uranium enrichment (e), and refueling lifetime (t,f) is formed.
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Figure 4.1. Interdependence of reactor design parameters.
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Figure 4.2. Design space.
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In this figure each circle represents all possible values of each variable
parameter. The design space or region of overlap of the circies represents
the acceptable range of values of each variable parameter in combination
with the range of acceptable values of the other variable parameters. Thus
each reactor core muat be designed in order that the value of each of these
parameters lie in the design space. One can see by inspection of Figures 4.1
and 4.2 that the one-dimensional calculation used for this study requires
iteration in order to adjust the reactor physics design parameters to lie in
the design space.

To perform these iterative 1-D calculations the EPRI-Cell code is
employed.[9) As shown in Figure 4.1, the parameters above the horizontal
dashed line are required as input to EPRI-Cell while the parameters below
the dashed line are produced in the EPRI-Cell output. Thus the values for
qQ"ave,r\B2 and Vol%y(UO3, Zr-4, Gdz0O3) are varied in the EPRI-Cell input
to cause the values of BU, kofr = f(t) and Akesr to satisfy the constraints listed
in Table 4.2. At this point the value of q"aye r\B?, Vol%n(UO2, Zr4,
Gdg03), BU, kegr and Akeg will simultaneously lie in the design space of
Figure 4.2.

For each core design, Figure 4.3 illustrates the variable input design
parameters (physical rer~tor design adjustments) of q"'ave r\B2 and
Vol%y(UQOg, Zr-4, Gda0O3) with regard to the complete core system. The
variable input design parameters (physical characteristics which are
variable) are contained in circles while the physical characteristics which
are c. .stant (physical characteristics which are not design variables) are
contained in rectangles. The physical basis for the variable input
parameters q"'aye r\B2 and Vol%g(UO3, Zr-4, Gda0j3) for each reactor core
design 18 discussed below.
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Core (1)

For reactor core design 1 which utilizes 7% enriched caramel type fuel,
it is desirable for the UQO2 volume percent in the fuel meat to be as large as

possible in order to maximize available reactivity. Thus for this core, the

UQOgyZr-4 volume percent ratio in the fuel meat is fixed at what it is in the

original caramel fuel design. Nnte that the Zr-4 structural material in the
fuel meat is structural material as described in Chapter 3. Also, for this
LEU design, the reactivity control material (Gd203) is mixed directly with
the UQO2 fuel material. Thus the variable input design parameters as
illustrated by Figure 4.3a are,

1) ratio of volume percents of UO2/Gd203, Vol%(UO3, Gd203)
within the fuel (i.e., the original dimensions of the fuel platelets
of the caramel fuel design); [The subscript (f) refers to the

rolume percent of the particular material in the fuel (i.e., in this

case the fuel material is a mixture of UQg and Gd203.)]

2) the values of q"ave r\B2 which are varied by a changes in the
core volume (Vgqre). [Note that with each change in the core
volume, the height to radius ratio is constant as stated in table
4.2. This is discussed in detail in section 4.1.2.3.]

These parameters are adjusted in the EPRI-Cell input to cause the values of
BU, keofr = f(t) and Akegr to satisfy the constraints listed in Table 4.2.

88



Cores (2.3.4.5)
For reactor core designs 2,3,4 and 5, the UO2 volume percent in the fuel

plate must be lower than that of core 1 in order to reduce excess reactivity to
a controllable level. Thus for this core, the UOy/Zr4 volume percent ratio

in the fuel meat is a variable input design parameter. As discussed in

Chapter 3, a lumped gadolinia distribution was employed for these cores.
For these cores the thickness of the GdzO3 plate lump was varied. Note that

as the lump thickness decreases, the thickness of the cladding which
covers the lump must increase proportionally. This i8 discussed in detail
in Section 4.1.2.3. Thus the variable input design parameters for these
cores, as illustrated by Figure 4.3b are,

1) ratio of volume percent of UOo/Zr-4, Vol%n(UO2, Zr4)
within the fuel plates. For th~ 20% enriched case, this is
the ratio of the volume of the fuel platelets to the volume occupied
by the zircaloy spacers. [For the 97.3% enriched cases, this is the
ratio of fuel particle volume to the volume of the cermet matrix

material. This 18 discussed in detail in Section 4.1.2.4.]

2) the thickness of the Gd203 plate lump, Vol%(Gd203). A change

in the thicknees of this lump changes the relative proportions of
Gd203 to the UO2 and Zr-4 in the fuel meat.

3) the values of q"'aye r\B2 which are varied by a changes in V¢ore.

These parameters are adjusted in the EPRI-Cell input to cause the values of
BU, kefr = f(t) and Akgqgr to satisfy the constraints listed in Table 4.2.
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Figure 4.3a. Design variations for reactor core (1).
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Figure 4.3b. Design variations for reactor cores (2,3,4,5).
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Sections 4.4.1. - 4.1.4. describe the methods used to model the reactor cores
of Table 4.1 using the EPRI-Cell code.

4.1.1 The EPRI-Cell Code

A sophisticated computer code with the capabilities to solve a
complicated problem can sometimes hinder the rapid completion of the
calculations at hand. Such was the case with the computer code (EPRI-
Cell) chosen as the analytical tool for this study. Much time and effort was
devoted to the successful implementation and utilization of this code. This
would not have been possible without the aid of the adminisirative and
engineering staff of Argonne National Laboratory.

The EPRI-Cell code was run on Argonne's IBM 3033 computer system
and was accessed from M.I.T. via the TYMNET public network system
with a DEC-VT100 computer terminal and a Quibe modem. The TYMNET
public network system is a system of interconnected communications
processors, called nodes, which transmit and receive computer data. It
offers local telephone access in hundreds of metropolitan areas around the
United States. Once a TYMNET connection was established with the IBM
3033, user interface was accomplished using the OBS WYLBUR operating
system. OBS WYLBUR was selected above other available operating
systems since it permits on-line file viewing of lengthy EPRI-Cell output
data files. Thus the cosily and lengthy process of having each output file
printed out and mailed to M.I.T. for data examination was eliminated. In
order to greatly reduce computer usage costs, the IBM 3033 was used in the
cheaper batch mode rather than in the inte..active mode. OBS WYLBUR
was used to set up batch files containing installation-dependant IBM Job
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Control Language (JCL) and accompanying EPRI-Cell input data. Job
Control Language controls the data input process to EPRI-Cell and the data
cutput process from EPRI-Cell to appropriate memory locations and
retrieval ques. In order to further reduce computer usage costs, each batch
job was submitted and run during night and weekend hours and specified
as a low priority job. Low priority specification, at times, resulted in
significant time intervals between data submission and output file
retrieval. Charges per CPU hour were prohibitively high for full priority
batch jobs regardless of the time period in which they were submitted.

As stated in Section 1.3, EPRI-Cell computes the space, energy, and
burnup dependence of the neutron spectrum in light water reactor fuel
cells. Its output consists mainly of broad group, macroscopic, exposure
deper:dent cross-sections for subsequent input into multidimensional
transport theory codes or diffusion theory codes such as DIF3D or REBUS-3
(this is discussed further in Section 6.2). EPRI-Cell combines a GAM
resonance treatment in the fast and epithermal energy ranges with a
THERMOS, heterogeneous integral-transport treatment in the thermal
energy range. The original GAM and THERMOS codes have been modified
for use in EPRI-Cell; these modifications are fully described in the EPRI-
Cell users manual. The GAM and THERMGS cross-section libraries
consist of 68 and 35 energy groups respectively. These cross-section sets are
collapsed by EPRI-Cell into 1, 2, 3, 4 or 5§ energy groups, according to the
specification of the user. The broad-group energy break points used by
EPRI-Cell are listed in Table 4.3.

A modified version of CINDER, which is a general 'point' program that
evaluates the time dependent concentrations of coupled nuclides following

irradiation in a specified time-dependent flux, is incorporated into the
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Table 4.8. Energy break points.[9)

Number of
Broad
Lower Groups 5 4 3 2
Energy
of Group
1 0.821 MeV | 0.821 MeV | 5.53 keV 0.625 eV
2 5.53keV | 553 keV 0.625 eV 0.0
3 1.855 keV | 0.625 eV 0.0 —_
4 0.625 eV 0.0 — —
5 0.0 — — —

EPRI-Cell package. The modificatioi.. made to the CINDER program are
also fully described in the EPRI-Cell user manual, Reference [9]. Built into
CINDER, are depletion chains which are distinguished from fission chains
for the fission products. These chains include fuel and transuranic
isotopes as well as burnable poisons. The 21 depletion chains contain 116
linear nuclides: 27 distinct heavy elements and 19 burnable poisons. The 69
fission chains of CINDER contain 367 linear nuclides with 179 distinct
fission products. The number of depletion calculations performed and
timesteps between each is specified by the user (See Appendix E).

Figure 4.4 illustrates the general flow of data during an EPRI-Cell
depletion run. The output of each iteration is processed into ECDATA files

with later entries overriding earlier values.
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Figure 4.56. EPRI-Cell 3-D slab.

As illustrated in Figure 4.5, plate type fuel elements are modeled by EPRI-
Cell as multi-zoned infinite slab unit cells. The one-dimensional slab
geometry unit cell calculation is infinite in the Y and Z directions.
Conditions in the X direction are reflected infinitely at boundary planes
ABC and DEF which represent symmetry of the various zones of the
particular fuel element. Due to symmetry, only the half thickness of the
particular zone in which the symmetry planes sccur need be considered.
Each zone can be divided into separate space intervals. These are the
smallest subdivisions of a cell and are chosen such that the flux is
determmined at the midpoint of the interval (the midpoint of the interval is
called a space point). EPRI-Cell has the capability to model 40 zones and 60

space points.



Each zone in the fuel cell can represent fuel, cladding, coolant
channels, burnable poison of any other material component of the fuel
element in question. EPRI-Cell breaks each zone into compositions and
requires input specifying the volume percent of each material compesition
in each zone and tlie number density of each nuclide in each composition.
EPRI-Cell has the capability to treat 20 compositions and 35 nuclides.

The EPRI-Cell code was used to mock up the reactor cores of this study
with one-dimensional calculations. In general, one-dimensional
calculations performed on high power density reactor cores are used only
for preliminary or survey type analysis.[12] Since the objectives of these
calculations are only to provide an estimate of reactor core size, refueling
lifetime, reactivity coefficients, and plutonium buildup for comparative
purposes, one-dimensional calculations were deemed appropriate. Other
reactor design considerations such as spatially dependant burnup, control
element motion and startup, shutdown and transient behavior have been
neglected for the comparative purposes of this study. Possibilities for
further, more detailed analysis are discussed in Chapter 6.

4.1.2 Reactor Core Model

This section describes the methods used to model the reactor cores
considered for this study which are summarized in Table 4.1. Also
described in this section are the methods used to calculate the values of the
particular EPRI-Cell input parameters listed in Table 4.4 which represent
the reactor core design variabies described in Figures 4.1 and ..2. Each
calculation is based on the fixed and variable input data listed in Table 4.2
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Table 4.4. EPRI-Cell input variables used for reactor design.

Input Parameter| Design Specification Symbol
POWR Power Density Q ave,r
BUCLNG Geometric Buckling B2
PUREDN Number Densities N(Nuclide)
VOIFRC Volume Fractions Vol%(Composition)
ZONECT Zone Thickness tx

and also the fuel element design dimensions of Table 3.2 and materials data
presented in Chapter 2.

All EPRI-Cell input. parameters not used as reactor design variables
are discussed in detail in Appendix E which provides the following

information,

1) An input description as presented by the EPRI-Cell user's

manual.

2) A discussion of the particular input parameters and associated
input data needed to perform the desired reactor design

calculations.

3) A descrniption and interpratation of the EPRI-Cell output.

98



4) The first and second depletion timesteps of the reactor core 3
EPRI-Cell output file.

4.1.2.1 Fuel Cell Treatment

A description of the fuel cells used to model each reactor core is
provided in this section. The geometry or thickness of each zone in each

fuel cell is specified in the EPRI-Cell input file by the parameter ZONECT.

Core (1)
As discussed earlier, for this core which ie fueled with 7% enriched

uranium, a uniform burnable poison distribution was ermployed. A lumped
gadolinia distribution was not required for this enrichment as will be
discussed in Chapter 5.

Figure 4.6 illustrates the fuel cell considered this core. It consists of
fuel, cladding, and coolant water zones with planes of symmetry occurring
in the center of each fuel plate and coolant water channel. Consequently,
the zone thicknessges which must be specified by ZONECT in order to model
this fuel cell, are the half thickness of the fuel meat, the cladding thickness
and the half thickness of the water channel. As illustrated in Figure 4.5,
this cell is treated as infinite in the Y-directicn and also in the Z-direction
(extending into and out of the page).

Each zone contains material compositions which in turn are composed
of nuclides. The fuel zone consists of the compositions UO2-Gd203 and
zircaloy-4 structural material. The UO2-Gd203 composition is a mixture of
UQO2 and Gdg0g3, where Gd203, as stated in Section 2.3, can be mixed
directly with UQg. The cladding and water zones consist of the
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Figure 4.6. Fuel cell for reactor core (1).

compositions zircaloy-4 and H20 respectively.

The UO2-Gd203 composition (mixture) contains the nuclides U235, (J238,
0, Gd155 and Gd157. The other gadolinium isotopes, Gd154, Gd156, G4158
and Gd160 are treated by the modeler as void. Upon specification of the
isotope Gd155, EPRI-Cell automatically initializes Gd154, Gd156 and Gd!58 in
the naturally occurring proportions. This is discussed in Appendix E. The
zircaloy-4 composition present in the fuel zones and cladding zones is
treated as a single nuclide by EPRI-Cell. Thus this zone contains the
nuclide Zr-4. The composition HoO contains the nuclides H and O.
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Ceres (2.3.4.5.)

For reactor core designs 2,3,4 and 5, a lumped gadolinia distribution
was employed in order to take advantage of self shielding effects in the
gadolinia. As will be discussed further in Chapter 5, this prevents the
rapid depletion of gadolinia near B.0.C., thus providing reactivity control
towards E.O.C. Unlumped gadolinia depletes faster than the uranium fuel
sinice it has a larger absorption cross-section. For these designs, the
gadolinia was lumped into fuel plate locations and clad with Zr-4. This
requires an expanded fuel cell model.

Calculations were performed with burnable poison plates occurring at
every fourth and sixth plate location as illustrated by Figures 4.7a and 4.7b.
As will be discussed in Chapter 5, the reactor core with burnable poison
plates distributed every sixth plate exhibited a lower control swing, Akeg.
For these designs, the fuel element is modeled with four zone types, fuel,
cladding, coolant and burnable poison zones. The planes of symmetry for
this fuel cell occur in the center of the burnable poison zones and the center
of the middle fuel plate or zone with respect to the burnable poison zones.
However, the fuel cells shown in Figures 4.7a and 4.7b contain three planes
of symmetry and not two as in the case of Figure 4.6. This was done in
order to verify, using the corresponding EPRI-Cell output, that the code was
performing a symmetric depletion calculation about the center planes of
symmetry. In other words, to verify the reflection of boundary conditions
across the symmetry planes.

In this case, the fuel zone consists of the compositions, UO2 and
zircaloy-4 structural material. The UOg2 consists of the nuclides U235 238
and O. No Gd903 is present since it is lumped into a solid sheets occupying
fuel plate locations. The zircaloy-4 in the fuel and cladding zones is treated
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as in the above case (core 1). Also, the water zone is treated as in the above

case. The burnable poison zone consisata of the composition Gd303 which in
turn consists of the nuclides Gd157, Gd156 and O. The remaining
gadolinium isotopes are treated as in the above case.

It must be noted that for EPRI-Celi calculation involving a change in
the fuel zone or plate thickness, the input parameters Res(2, J) and and
Res(3, J) must be recalculated. These parameters are described in

Appendix E.
4.1.2.2 Treatment of Extra Regions

In order to more accurately model the neutronics properties of the
reactor fuel elements considered here, the reactivity effects of the zircaloy-4
side plates and a portion of the intra-element gap water must be taken into
account. Together, the side plates and the intra element gap comprise
8.53%, 8.55%, and 8.61% of the total core volume for the thick plate/thick
channel, thin plate/thick channel and thin plate/thin channel reactor
designs respectively. To model the extra zircaloy-4 of the side plates, the
total cross-sectional area of the side plates of each fuel element design was
divided by the total wetted perimeter of the fuel plates in a fuel element and
added to the actual cladding zone thickness. This effective cladding zone
thickness (effective thickness with regard to neutronics considerations) is
used in the EPRI-Cell input. The modified cladding zone thickness is given
by,

t'c =.E9_t§_ + te
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where,

Fuel element pitch
Side plate thickness.
N¢ = Number of fuel plates in the fuel element

m
®
H

)
H

wp = Widtk of fuel plate or coolant channel (distance between
the side plates of a fuel element)

tc = Actual cladding thickness

t'. = Modified cladding zone thickness

In Figure 4.8 the portion of intra-element gap water represented by area A
is treated as part of a coolant channel. The thickness of area A plus the
thickness of both adjacent fuel element end spacings is equal to the
thickness of a coolant channel. The reactivity effects of the extra fuel
element water represented by area B can be approximately accounted for by
dividing its cross sectional area among the fuel ciement water channel
zones and uniformly increasing the water channel zone thickness. The

modified water channel zone thickness is given by,

g, = 261 (tg +te) - B ta]
Nfwp

tw (4.3)
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where

8] = Lattice pitch

tg = Intra-element water gap thickness

tw = Actual water channel thickness
Modified water channel zone thickness

o
%
]

The fuel zone thickness remains unchanged and is given by tf which is
the actual fuel meat thickness.
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4.12.3 Treatment of the Burnable Poison Lump

According to the earlier discussion, the thickness of the gadolinia
lumps is a variable input design parameter for the cores utilizing 20% and
97.3% enriched uranium, Vol%{Gd20j3) in the fuel plate locations. This

section describes the method used to model these variations in lump

thickness.

Cores (2,3.4,5)
For reactor core designs 2,3,4 and 5 which employ a lumped gadolinia
distribution, the lump thickness was used as a design variable (i.e., the

lump thickness was varied for the iterative design calculations).
Throughout these calculations, the sum thickness of the Gd2O3 lump and

associated cladding must be equal to the regular fuel plate thickness. For
each lump thickness variation, the corresponding cladding thickness can
be calculated by the following relation,

tle=1V2(tr+t'e-1)) (4.4)

where,

tie = thickness of cladding for Gd2O3 lump
ti = thickness of Gd2O3 lump

The value of t); is input into EPRI-Celi by the parameter ZONECT.
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4124 Composition Volume Percents in the Fuel Meat

For each reactor core design, the volume fraction (volume percent

divided by 100) of the UQO3 fuel and the Zr4 structural material in the fuel
meat must be determined and input into EPRI-Cell. As discussed earlier,
the the volume percent ratio of UO2 to Zr -4 structural material in the fuel
meat is a design variable for reactor cores 2,3,4 and 5 which utilize the
lumped Gd20j3 distribution. For reactor core 1, this ratio is fixed. The
volume fraction of each composition is specified in the EPRI-Cell input file
by the parameter VOLFRC(K,L), where K refers to the particular material
composition and L specifies the particular zone. Note that for any changes
of the number densities of the nuclides 1J235 and U238 or volume percent
UO32 which bears these nuclides, the values of the resonance input
parameters Res (4, U235) and Res (4, U238), (Res (5, U235), Res (5, U238) must
be recalculated. This is discussed in detail in Appendix E.

Core(1)

For reactor core design 1 which utilizes 7% enriched caramel type fuel,

it is desirable for the UQOg volume fraction in the fuel meat to be as large as
possible in order to maximize available reactivity. Thus for this core, the
Vol%n(UO2) in the fuel meat is not a design variable. In this case the UQOq
is actually a mixture of UO2 and Gd203. The following equation is used to
calculate the UQO2 volume fraction, Vol,(UO2), in the fuel meat of the

original caramel fuel plate design.

_ 4wg
Vol (UO2) = (Wc * Wa) Wwp (4.5)
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where,

caramel or platelet width

&
]

spacing between platelets

&
]

The fixed UOg volume percent in the fuel meat of the original caramel fuel
plate Vol%n(UQ2) is calculated to be 84.44%.
The corresponding fixed Zr-4 volume percent, Voly,(Zr-4), in the fuel

meat is determined by the volume fraction relation,

Voln(Zr-4) = 1 - Vol (UO9) (4.6)

where the resulting volume percent is calculated to be 15.56%

Core(2)
As calculated above the maximum UQ2 volume percent allowed for this

study is 84.44% (Vol x 100), that of the original caramel fuel piate design.
Since a uranium enrichment of 20% i8 used in this core and as will be

shown in Chapter 5, the UOg volume percent Vol%,,(UQO2) in the fuel meat

must be decreased in order to reduce the core excess reactivity to a
controllable level. Thus, as discussed earlier, the UO2 volume percent in

the fuel meat is a design variable. Since the optimum Vo0l%,(UO2) for this

design lies in the range,

84.44 2 Vol%n(UOg) 2 50.0
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a caramel fuel design was employed. As discussed in Chapter 3, fuel plates
with fuel zone UQO2 volume percents less than 50% will employ cermet fuel
plate design. With each variation the corresponding Zr-4 volume percent in
the fuel meat was calculated by equation 4.6. (The calculated fuel meat
Vol%nUO2 for each core design is listed in Table 5.1).

A reduction in the Vol%n(UQ2) requires a reduction in the fuel platelet
dimensions or caramels of the original design. This must be meet with a
corresponding increase in the thickness of the Zr-4 spacers, (Refer to
Figure 3.1). Upon determination of the optimum UQg volume percent, the
caramel (platelet) and Zr-4 spacer widths are calculated by the following
equations. Defining the caramel width to Zr-4 spacer width ratio as,

_W,
Res =, (4.7)
Equation 4.5 can be written as,
V= _QB;__
(Res + l)wp (4.8)

where V is the UO2 volume fraction, Vol (UO2). Rearranging Equation 4.8
yields,

2 1 yw, =
Ren - gV Wples - VWp = 0 4.9)

Solving the above equation by the quadratic formula and rearranging yields

ey (oo Vo
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Thus, solving Equation 4.7 for wy,
Wy = RegWe (4.11)
and substituting into the constraint equation,
Wp = 4Wc + 4Wg (4.12)

and rearranging. The value of w, is given by,

“41+Ry) (4.13)

The value of wg can be found by substituting the value of w, into the

constraint equation, Equatior 4.11.

Cores (3.4.5)

For reactor core designs 3,4,and 5 which are fueled with 97.3% enriched
uranium (i.e., HEU), a low fuel meat UO2 volume percent is required to
maintain controllable excess reactivity. Since the UO2 volume percents for
these cores are less than 50% (this was initially assumed and later found to
be true) a cermet fuel design is employed. The UQO2 volume fraction was

varied over the interval,

20.0 < Vol%mn(UO2) < 50.0
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where 20% is the lower bound of the cermet UQOg volume percent, below
which irradiation behavior can not be estimated (see Figure 3.1). The
corresponding Zr-4 volume percents are determined by the volume fraction

relation,

Vol,(Zr-4) = 1 - Vol (UO3). (4.6)

4.1.2.5 Number Densities

The nuclide number densities in each material composition UQO9, Gd2O3,
Zr-4 and HO, which are used in each reactor core design are specified in the
EPRI-Cell input file via the input parameter PUREDN(J,K). The values J
and K specify the particular nuclide and material composition respectively.
As stated in Section 4.1.2.1., for any changes of the number densities of the
nuclides U235 and U238 or volume percent of UQg which bears these nuclides,
the values of the resonance input parameters Res (4, U235) and Res (4, U238),
Res (5, U235), Res (5, U238) must be recalculated. This is discussed in detail
in Appendix E.

Core (1)
As shown in Figure 4.3a, for reactor core design 1 the Vol%mn(UO2-

Gd203 mixture)/Vol%,(Zr-4 structural material) ratio in the fuel meat is
constani. However, the fuel material consists of a mixture of UO9 and
GdgOg3 where the UO9/Gdg0g3 ratio is a design variable. Thus with each
variation of the wt%Gd20Og3 in this mixture, the nuclide number densities in

the fuel/burnable poison mixture (UO2-Gdo03 mixture) must be



recalculated. In effect, the UO2-Gd203 mixture is treated as a single
material compoeition in this case. The nuclide number densities in the
Zr-4 structural material volume as well as in the cladding and coolant

zones are constant.

Cores (2.3.4.5)
As shown in Figure 4.3b, reactor core designs 2,3,4 and 5, which utilize
a lumped burnable poison distribution, the Vol%,(UO2)/Vol%n(Zr-4

structural materiai) ratio in the fuel meat is a design variable. The fuel
consists of pure UO9 while the burnable poison lumps consist of pure
Gd203. Thus the nuclide number densities in the UO2 fuel volume Zr-4
structural material volume, burnable poison lumps ar.d cladding and

coolant zones are constant.

The equations used to calculate the nuclide number densities for each
material composition are described below for each composition. Also, the

parameters used in each of these equations are defined as,

N = Number density (atoms/cm3)

V = Volume fraction UO2 compound or mixture of
UO2-Gd203 compounds in the fuel meat

M = Molecular weight (g/mole)

f = Weight percent of uranium in the UQ2 composition

w = Weight percent Gd9O3 in UO2-Gd9O3 mixture

Na = Avogadro's Number (atoms/mole)

p = Material density (g/cm3)



UQ2. Gd203
For the UOg fuel of 7%, 20% and 97.3% enrichment which consists of a

mixture of U235 and U238 atoms, the average molecular weight of the

uranium atoms is given by the relation,

1 =[(l-e)+ e ]

Mgve |M U23'B) M(Um) (4.14)
The weight percent uranium in the UQOg compound is then given by,
f=- Mgve
Mave + 2M(O) (4.15)

The number density of the nuclides U235 and U238 can then be determined
by the following equations,

U236) - (pX1 - wifNa)
N( ) M(U235) (1024 bams/cmz) 4.16)

N{U2%) - (p)1 - wifX1 - elNy)
M(Umxwz“bams/cm2) (4.17)

The term (1 - w) is the weight percent of UO2 in the UO32-Gd303 mixture and
(f) is the weight percent of uranium in the UO2 compound. For reactor
cores 2,3,4 and 5 which do not utilize the lumped burnable poison (Gd203)

distribution, (w) is set equal to zero.
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The number density of the Gd203 meolecule is given by,

(pYw)Na)
M(Gdzosiloz“bams/cmﬂ (4.18)

N(Gd203) =

where M(Gda0O3) is the molecular weight of the Gd20O3 molecule (See Table
2.7). The number densities of the nuclides Gd155 and Gd157 are the given by,

N(Gd'5) = %(GdI“)N(Gdzos) (4.19)

N(Gd'®") = (Gd"5"]N(Gd,05) (4.20)

where a/6{Gd155) and a/0(Gd157) are the natural atomic abundances of the
respective nuclides (See Table 2.6). Note that the other gadolinium isotopes,
Gd1%4, Gd156, Gd158 and Gd160 must be treated as void. Upon specification of
the isotope Gd155, EPRI-Cell automatically initializes Gd154, Gd156 and Gd158
in the naturally occurring proportions. This is discussed in

Appendix E.

For the cxygen number density can now be determined by,

N(Q) = (pX1- w)1 - fNa) +(1.5)N(Gd203)
M(OIIO'“bams/cmz) (4.21)

where the first and second terms on the 1ight-hand-side are the

contributions from the UO2 and Gd203 compositions respectively. The term
(1 - w) is the weight percent UOg2 in the UO2-Gd203 mixture and the term
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(1 - f) is the weight percent oxygen in the UO2 compound. For reactor cores
2,3,4 and 5 which do not utilize the lumped burnable poison (Gd9O3)
distribution, (w) is set equal to zero. For the second term on the right-hand-

side, the coefficient resulta since 1.5 oxygen atoms ar e present for every

Gd203 molecule.

Zr-4

As stated in Section 4.1.2.1, the zircaloy-4 composition present in the
fuel zones and cladding zones is treated as a single nuclide by EPRI-Cell.
Thus this zone contains the nuclide Zr-4. The compesition H20 contains

the nuclides H and O.

p(Zr-4)YNa)
M(Zr—4l1024bams/cm2) (4.22)

N(Zr4) =

where the associated Zr-4 properties are listed in Table 2.3. Thus N(Zr-4) is
calculated to be 0.042518atoms/b-cm.

H20 Coolany
The number density of the HoO molecule is given by,

paosec{H2OXN)

N(Hz0) =
M(H,0)10%*barns/cm?) (4.23)

where the associated H2O properties are listed in Table 2.8. Thus N(H20) is
calculated to be 0.02429atoms/b-cm. The number densities of the hydrogen

and oxygen constituents are given by,
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N®H) = 2N(H20) (4.24)
N(O) = N(Hz0) (4.25)

For all the calculational resulte given in this thesis, primarily Chapter 5,
the value of Proom temp(H20) = 1.0g/cm3 was used. A correction to pgos5ec
(i.e.,Jower H20 density in core) is discussed in Section 5.8. Thus N(H) and
N(O) are 0.04840atoms/b-cm and 0.02420atoms/b-cm respectively, where
p305°c(H20) = 0.74g/cm3.

4.12.6. Simplified Overall Core Calculation

As listed in Table 4.2 and discuseed in Section 1.1, the total desired
reactor core power, Q, is 50MW, on which all reactor core calculations are
based. The reactor core power is specified by the EPRI-Cell input
parameter POWR (Watta/cm of height). The value of POWR is given by the

relation,
POWR = (qmave,r)(tcell)(tunit) ’ (4.26)

where q"'ave,r 18 the reactor core average power density. The cell
thickness,teell, i8 determined by summing the thicknesses of the individual

fuel cell zones used to represent the fuel element of the particular reactor

core under consideration. The unit thickness,tynit, i8 equal to 1cm and
conserves dimensions. The reactor core average power density q"'gye r i8

given by the Equation 4.1,
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Q

"
q aver= Y
core

(4.1)

where Vcore i8 the reactor core volume. Since Vegre i8 not known initially,
q"ave,r can not be calculated and therefore must be guessed and is
therefore a variable design parameter. According to Table 4.1, this guess is
subject to the following constraints,

q"ave,r 2 50kW/L (4.27a)

1000kW/L

(21} - Q 1114 sl
qd max rd ave,r 100kW/L (4.27b)

where q'"max 18 the maximum core power density and Q,, which is defined

below from Equation 1.2, is the power peaking factor for a finite cylindrical
reflected reactor.

q ave,r (4.28)

For a bare or unreflected cylindrical reactor, the power peaking factor is
approximately 3.75. For a reflected reactor core, the power peaking factor is
reduced by roughly 2/3.[7]

r= "e
3q"ave,u (4.29)
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Figure 4.9. Thermal flux distribution for reflected reactor.

As illustrated in Figure 4.9, this is due to a buildup of thermal neutrons
near the retlector/core interface which increases heat generation in the
outer regions of the core. Thus as discussed earlier, the power peaking
factor for the reflected reactor coree considered for this study is set at a
reasonable 2.5. Combining Equations 4.28 and 4.29, the following

approximate relation between q"'ave r and q"'ave,u i8 obtained.

2
3

(X2) "
qQ ave,u =, 4 ave,r

(4.30)

As a check of Equation 4.26, the q"'ave r used te calculate the value of
POWR should be equal to the q"'ave,r calculated by EPRI-Cell which

appears in the corresponding output file.
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The volume in cm3 for the reflected reactor core for a particular total

power Q (50MW) is given by rearranging Equation 4.1.

_[Q 1 MWY 1 L
Veore,r = ‘ ; Il(]n kW 11000 cm3)

qQ"'ave,r (4.31)
As listed in Table 4.2, the height to radius ratio of the cylindrical
reactors considered for this study is assumed to be,
H-25
R (4.32)

as in the case of the reactor which powers the USS Savannah. The volume
of a cylinder is given Ly,

V = nR2H (4.33)
Substituting Equation 4.32 into 4.33 yields,
Vcore,r = 2.5nR3 (4.34)

for the reflected reactor cores of this study. Solving for R_. gives,

R 3
"=V 25x (4.35)

The value of H; i8 then given by rearranging Equation 4.32 to,

H; = 2.5R; (4.36)
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For a reactor core of finite dimensions, some neutrons are lost to
leakage. The term used to account for this loss for a bare unreflected
reactor core modeled in 1-D is known as the geometric buckling, B2, which
is a function of reactor geometry. The value of this term affects the value of
kesr. The geometric buckling, B2, for an unreflected finite cylindrical
reactor is given by,

B = (z.ﬁugﬁ_)ﬂ ¥ (H_Lu 4.37)

where R, and H,, are the effective height and radius of the unreflected finite
cylindrical reactor and taken for this approximation to be equal to the

actual unrefiected height and radius. For a constant total reactor power,
Q, Ry and Hy, are larger than R; and H,. Thus, if the values for R, and H,,
as derived from the guess of q"'aye r, are used in Equation 4.37, the neutron
leakage loss as represented by B2, will be overestimated. Since the reactor
cores considered for this study are reflected (i.e., surrounded by a water
shroud), neutron leakage is reduced, q"ave i8 increased and the required
reactor volume to produce a total power of 50MW decreases. Thus for the
approximate comparative purposes of this study, it is assumed that the
term B2, as calculated for the unreflected finite cylindrical reactor also
operating at a total power of 50MW, is representative of the neutron leakage
of the 50MW reflected reactor. Both reflected and unreflected reactors have
a height to radius ratio of 2.5. The volume of this unreflected counterpart is
determined by substituting q"'ave u 88 defined by Equation 4.30 into
Equation 4.31. Thus,
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vem,ﬁ( Q } 1 MWY 1 L

2 1000 kW A1000 ¢ 3
g 1 aver (4.38)
From Equation 4.34,
Vcore'u - 2.5RR‘)3 (4.39)
Rearranging Equation 4.39 yields,
Ry =1/ o
~V25n (4.40)

Back substituting the value of R,, into Equation 4.36 for the unreflected

reactor gives,

H, = 2.5R, (4.41)

Substituting the values of Ry and H,, into Equation 4.37 yields B2 for the
50MW unreflected counterpart reactor which is assumed to represent the
neutron leakage effects of the smalier 50MW reflected reactor. Thus, as
discussed previously, a guess of q"'aye r i8 accompanied by a value of B2.
The value of B2 is specified in the EPRI-Cell input file by the by the input
parameter BUCKLG. The calculated values for B2 are listed in Tables F.1
and F.2 of Appendix F. This approximate method is chosen to be consistent
with the assumed (reasonable for amall light water reactors, LWR's) power
peaking factor of 2.5. It should be noted that the reflector savings (i.e.,
reduction in core height and radius) calculated by this method is not

constant with variation in core volume as it is in reality. Appendix G
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discusses a more accurate method to calculate the constant value of
reflector savings or extrapolation length.

4.1.3 Reactor Core Design Procedure

Thise section is intended to organize the core modeling steps discussed
in Section 4.1.2 into a workable design procedure for each reactor core. An
individual design procedure is described for reactor core 1 and for reactor

cores 2,3,4 and 5.

Core (1)

Figure 4.10 is a flow chart of the design procedure used to model reactor
core 1. In order to modei the fuel cell geometry, zone thicknesses are
calculated according to Section 4.1.2.1 and 4.1.2.2. The material volume
percents are calculated as discussed in Section 4.1.2.4. A value of the
weight percent Gd2O3 wt%(Gd203) present in the UD2-Gd2O3 mixture is
guessed which typically ranges from 1-10%. With this value, the nuclide
number deusities within this mixture are calculated by the methods
described in Section 4.1.2.5. As discussed in Section 4.1.2.6, a value for the
average power density (q"'ave,r) i8 guessed, which also sets the core volume
and dimensions by which the value of the neutron leakage term, B2, is
determined. This data is entered into an EPRI-Cell input file as outlined in
Section E.2 of Appendix E, and used to run EPRI-Cell. The values of keff for
each timestep, k = f(t), and the value for burnup, BU, are obtained from the
output file. If these values do not satisfy the constraints of Table 4.2, the
values for wt%(Gd203) and q"'yve r are adjusted in further EPRI-Cell runs
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to yield k = f(t) and BU which satisfy these constraints. At this point, ail
reactor design parametere will lie in the design space of Figure 4.2.

Core (2.3.4.5)
Figure 4.11 illustrates the design procedure used to model reactor cores

2,3,4 and 5. All material number densities are calculated according to
Section 4.1.2.4. The fuel cells are modeled as discussed in Section 4.1.2.1
and 4.1.2.2. A value for the thickness of the burnable poison (Gd2Qg) lump
is guessed, and the corresponding poison plate cladding thickness is
calculated as discussed in Section 4.1.2.3. The UO2 and Zr-4 volume
percents in the fuel meat, Vol%m(UQg2, Zr-4), are guessed based on the
discussion of Section 4.1.2.5. As described in Section 4.1.2.6. 2 value for
q"ave,r 18 guessed, which sets the value of Vcore by which the neutron
leakage term B2 is calculated. This data is entered into EPRI-Cell files as
outlined in Section E.2 of Appendix E and used to run EPRI-Cell. As with
reactor core 1, the values of kegr for each timestep, k = f(t), and the value of
BU are obtained from the output. The values for k = f(t) must satisfy the
constraints of Table 4.2, while the value for BU must lie on or below the plot
line of Figure 3.3. If these constraints are not satisfied, the burnable poison
lump thickness, Vol%m(UOg, Zr-4) and q"'gye r 2re adjusted to yield new
values for k = f(t) and BU. This procedure is repeated until the constraints
are satisfied; at which all reactor design parameters will lie in the design
space of Figure 4.2,
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Figure 4.10 . Design procedure for reactor core (1).
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Figure 4.11. Design procedure for reactor cores (2,3,4,5).
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414 Whole Core Materials Calculations

Upon completion of the reactor design analysis outlined in Section 4.3,
the net mass of a particular nuclide present in each core can be calculated
for any depletion step. This calculation i8 performed using the Editcell
Homogenized Concentrations of Nuclides for the particular depletion
timestep listed in the EPRI-Cell output file (See Appendix E, Sections E.3
and E.4). The units of the Editcell Homogenized Concentrations of Nuclides
or cell averaged number densities are atoms/barn-cm. The total mass of

the particular nuclide present in the core is given by the following equation.

_1__l‘§x barns
o NOMDVeore,r | b 25 10% 2 )

Na (4.42)

where,

m(I) = Total mass of nuclide in core

N(I) = Editcell homogenized concentration of particular
nuclide, cell averaged number deusity
(atoms/barn-cm)

M(I) = Molecular weight of nuclide (grams/mole)

For additional information, the velume percent of UO2 and Gd203 in
each reactor core can be calculated.
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Core (1)
As described in Section 4.1.2.5., for reactor core 1, the ratio of the UQO3-

Gd203 mixture to the Zr-4 structural material is fixed. However, the
U0O49/Gd203 is a variable design parameter. Thus the wt%Gd203 in the
U02-Gda03 fuel mixture is known upon completion of the design procedure.
The volume fraction UJ0Oq within the UO2-Gd203 fuel mixture, Vol{UO2), is

given by,

PGd30; (1 - wt%Gd20 )

The corresponding volume fraction within this fuel mixture is given by,

Vol{(Gd203) = 1- Vold(UQg9) (4.44)

The whole core volume fractions are given by the following equations,

Vol{UQy) =Volf(U02)Volm(fuel‘ Y )

tr+ 2t + t'y (4.45)
_ te
VoldGdzO3) = V°1f(Gd203W°1'“(ﬁlel‘tf + 2t + 't'w) (4.46)

where the subacript (c¢) denotes a whole core volume fraction.
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Cores (2.3.4.5)

For reactor cores 2,3,4 and 6 which utilize a lumped burnable poison
distribution, the ratio of UQg to Zr-4 structural material in the fuel meat
and the thickness of the burnable poison (Gd203) plate lumps are design
variables. Thus, upon completion of the design procedure outline in Section
4.3, the UOg volume fraction in the fuel meat and the burnable poison lump
thickness are known. The whole core volume fractions for UO2 and Gd20O3

are given by the following equations.

VoldU02)=V01m(U02‘tf 4 ‘ ] )

+ 2t + t'wANe+ N) (4.47)
VoldGdzO3) = | l N
01dGd20) t+{tr- ) + twANr + Nn) (4.48)

where,

"

N)
N¢

Number of burnable poison plate lumps in core

]

Number of fuel plates in core

4.1.5 Safety Analysis

Following a transient that results in a reactor power increase, the fuel
temperature will rise leading to an increase in the bulk coolant
temperature. As the coolant water temperature increases, the density
decreases. A fuel temperature increase or coolant density decrease is

accompanied by positive or negative reactivity change (See Appendix C).
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To estimate the reactivity change caused by an increase in fuel
temperature, EPRI-Cell was run with the fuel temperature specified by the
resonance data input parameter Fes(1,J) was decreased to 293°C room
temperature (See Appendix E.) As stated in this appendix, the fuel
operating temperature was set at 1000°C. For each reactor core, the
reactivity change for a fuel temperature increase at B.0.C. and E.O.C. is
given by the following equation,

or _ke(293°C)- 1 _ kef(1000°C) - 1
ke(293°C)  kef(1000°C) (4.49)

where pr is the fuel temperature reactivity change.

To estimate the reactivity change caused by a coolant density decrease,
EPRI :ll was run with the oxygen and hydrogen number density in the
coolant zone decreased by 10%. As stated in Section 4.1.2.5., number
densities are specified in the EPRI-Cell input files by the input parameter,
PUREDN. For each reactor core, the reactivity change for a coolant density
decrease of 10% at B.0.C. and E.O.C. is given by the following equation,

o = keﬂ(pﬂz(_)IOO%) -1 kef{pH,090%) - 1
kef(PH0100%)  kefpH,090%) _ (4.50)

where py i8 the moderator density reactivity change and py,0(100%) was
taken to be 1.0g/cm3 for these kg calculations.
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42 Thermal Hydraulic Analysis

As stated in Chapter 1, thermal-hydraulics considerations are
assumed not to be Lmiting for the reactor designs modeled in this study. A
simplified thermal-hydraulic analysis, however, has been included to verify
that fuel element temperatures are within acceptable bounds and that the
required ccolant flow rates needed to remove heat are practical. Figure 4.12
illustrates the fuel plate and ccolant channel geometry to which this
analysis is applied. Below, each of the parameters used in the ensuing

discussion are defined.

Ty, =Bulk coolant temperature (°C)

Tin = Reactor core inlet temperature (°C)

Tout = Reactor core outlet temperature (°C)

Te = Cladding outer surface temperature (°C)

Tei = Cladding inner surface temperature (°C)

Tgs = Fuel surface temperature (°C)

Tge = Maximum fuel center-line temperature (°C)

h = Coolant heat transfer coefficient (W/m2.K)

ke = Coolant water thermal conductivity (W/m.K) -

ke = Clad thermal conductivity, assumed constant (W/m.K)
k¢ = Fuel thermal conductivity, assumed constant (W/m.K)
ky = Cermet fuel particle conductivity (W/m.K)

ky, = Cermet matrix material conductivity (W/m.K)

u = Coolant water dynamic viscosity (uPq.S)

cp = Coolant water specific heat (kJ/kg.K)

p = Coolant water density at operating conditions (kg/m3)
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wp = Width of fuel plate (m)

A¢ = Fuel zone cros;-sectional area (m?2)

Ay = Flow area of coolant channel (m2)

Py, = Heated perimeter of coolant channel (m)
Py = Wetted perimeter of coolant channel (m)
Dy = Hydraulic diameter of coolant channel (m)
D, = Equivalent diameter

H = Height of reactor core (m)

Re = Reynoids number (dimensionless)

Pr = Prandtl number (dimensionless)

Nu = Nusselt number (dimensionlees)

v = Coolant velocity (m/s2)

Maxi Fuel Center-Line T I
The fuel maximum center-line temperature is determined by

combining the heat transfer equations for the coolant bulk/cladding outer

surface, cladding outer surface/inner surface, and fuel outer surface/fuel

center-line interfaces. These equations are,

Th= %(Tin + Tout)

(4.51)
q"'max,m tf
T = ’
€0 h +To (4.52)
T = Tep qQ 'max,m tc tf

ke (4.53)

131



qmmax,m tfz
4k¢ (4.54)

Tre = Tra +

and are derived in Reference [7].
Combining Equations 4.51, 4.52, 4.563 and 4.54, and assuming perfect
heat transfer across the fuel surface/cladding inner surface interface (i.e.,

Tei = Tgs), the following equation for the maximum fuel temperature is

obtained.
2
= " !I && g] -1- 3
Tt = q max’m[4kf+ ke + h + 2(Tm + Tout) (4.55)

The maximum power density in the fuel meat, Q"' max,m i8 determined by

the relation,

q" = Q" 'max
MAX:M ™ Vold{meat)) (4.56)

where q"'max i# determined by Equation 4.27b and represents the fuel cell

averaged maximum power density. The value of the fuel meat volume

fraction, Vol (meat), is given for reactor core 1 by,

Voldmeat) =(t4 + Ztt"f + t' )
c w

(4.57)
while Vol (meat) for reactor cores 2, 3, 4 and 5 is given by,
N
Vol (meat) = tf , l f )
¢ (t{'+ 2t'. + Y WAN; + N (4.58)
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N\ N
Figure 4.12. Fuel plate temperature profiles..

For reactor cores 1 and £ which utilize caramel type fuel, the medium
from fuel surface to fuel center-line is solid UQ2 (i.e., through a fuel platelet
as shown in Figure 3.1). Thus only the thermal conductivity of UQOg2 is

needed. However, for reactor cores 3,4 and 5 which utilize a cermet type

fuel, the medium from fuel surface te fuel center-line consists of UO2
particles and Zr-4 structural material. For this type of fuel, the net thermal
conductivity can be estimated by the following correlation,
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2

k¢s k
t=kn 1 G- b 4.59)

where kp and kp, are the thermal conductivities of the UO2 particles and
Zr-4 structural material respectively.[18] The values of (a) and (b) are
defined by the following relations.

a=—Jkm
" Vol%m(Zr4) + Vol%n(UOg) (4.61)

The maximum coolant velocity can be estimated by assuming the
entrance to each fuel elementis so orificed that the Tyt - Tin is the same in
every channel and hence the hottest channel need the highest coolant
velocity. The hot channel is surrounded by the fuel plates which operate at
the maximum linear power (qQ'max) of the reactor core. For the hot

channel,

q(z) = Q'max,m ws(’ﬁ‘) (4.62)

The linear heat generation rate is defined as,

Q'max = q max,mtf Wp (4.63)
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substituting Equation 4.63 into Equation 4.62 and integrating from H/2 to -

H/2 yields,
a=2 t¢ wp He"max,m (4.64)

where q is the total heat rate transferred to the coolant in the hot channel.
The heat rate removed by the coolant is given by,

q = mcpy ATHot Channel = ICp (Tout - Tin)Hot Channel (4.65)

From continuity,

m = pAw V (4.66)

where,

Substituting Equations 4.66 and 4.67 into 4.68 and rearranging yields the
required maximum coolant velocity for the reactor core.

q
v=
PAw ¢p (Tout - Tin)Hot Channel (4.68)

Coolant Heat Transfer Coefficient (h)

The heat transfer coefficient of the coolant water in the hot channel of

each reactor core can be determined by use of the familiar Dittus-Boelter

equation.

Nu = 0.023Re%® pr®3 (4.69)
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where Nu, Re, and Pr are the Nusselt, Reynolds and Prandtl numbers
respectively which are defined below.

2 hDy
Nu==3 (4.70)
pvD,
Re="3 4.71)
=8
= 4.72)
Substituting Equations 4.70, 4.71 and 4.72 into Equation 4.69 and
rearranging yields,
h = (_k_) 0.023 (p"De \0'8‘%“)0'3
Dy, ul \k (4.73)

where (v) is the maximum coolant velocity and is determined by Equation

4.69. The term Dy, is the hydraulic diameter of the coolant channel and is
defined as,

P " (4.74)

where the heated perimeter (P},) is given by,

Ph = 2wy (4.75)
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The term D, is the equivalent diameter of the coolant channel and is defined

as,

=3Ay
D Py (4.76)

where the wetted perimeter (Pyw) is given by,

PW - 2WP + 2tw (4.77)
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CHAPTERS
Results of the Analysis

This chapter presents the results of the calculations described in
Chapter 4 for each reactor core design. A detailed tabular summary of all
calculated results is presented in Appendix F.

6.1 Excess Reactivity Curves

Figure 5.1 to 5.5 are plots of kefr = f(t) for reactor cores 1,2,3,4 and 5
which are summarized in Table 4.1. each excess reactivity profile satisfies

the constraint of Table 4.2.

1.04 < ker S 1.24

In Figures 5.1 to 5.5 the constraint boundaries are indicated by the
horizontal dashed line.

The initial reactivity drop observed in Figures 5.2 to 5.5 represents the
buildup of the streng neutron absorbing fission product Xel35, Upon
reaching the equilibrium Xel35 in the core, which occurs after about five
days of full power operation, excess reactivity begins to increase. This is do
to the higher neutron absorption cross-section of gadolinium compared to
uranium resulting in faster depletion of the reactivity suppressing
burnable peison. However, in Figure, 5.3, there remains a slight decrease
in reactivity beyond the Xel35 equilibrium point up to about 150 days of
operation. This can be attributed to the relatively thick GdsO3 plate lumps

employed in this reactor core compared to those used in reactor cores 2,4
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and 5. The thick lump provides sufficient self-shielding near B.0.C. such
that the net uranium depletion is larger than the net Gd203 depletion thus
resulting in excess reactivity decrease.

The Xel35 buildup effect on excess reactivity is not observed in Figure
5.1 which represents reactor core 1. In this case, the uniformly distributed
gadolinia depletes rapidly at B.O.C. (i.e., no self-shielding effects) causing
an addition of positive reactivity which overrides the negative reactivity
addition caused by the buildup of Xel35,

During the core refueling lifetime, a peak in excess reactivity occurs as
observed in Figures 5.1 to 5.5. At this point, positive reactivity addition due
to Gd203 depletion is equal to the negative reactivity addition due to
uranium depletion. Since reactor core 1 utilizes a uniform Gd203
distribution, this peak occur near B.O.C. while for reactor cores 2,3,4 and 5
which utilize a lumped Gd203 distribution, it occurs near E.O.C.

The importance of the reduction of B.0O.C. reactivity by the addition of
the burnable peison Gd20j3 is readily observed in Figure 5.1 (core 1) and
Figure 5.3 (core 2) which utilize a uniform and a lumped Gds03 distribution
respectively. In these figures, the straight sections of the excess reactivity
curves near E,Q.C. are extrapolated to B,O.C. as illustrated by the sloped
dashed line. For reactor core 1, this extrapolation yields a B.0.C. kg value
of approximately 1.206 without B.0.C. Gd2Qg3 reactivity control. By
inspection of Figures 5.2 to 5.5, Xe135 buildup reduces B.O.C. keff by about
0.0156. Combining this value with the extrapolatior: value yields a B.O.C.
keff value of about 1.22. The reactivity peak with Gd203 corresponds to a kefr
value of 1.8. Although the use of the Gd203 burnable poison is not required
in this case since the B.0O.C. keff value remains less than 1.24, it has the
desirable effect of reducing the required control swing, Akes, from 1.24 to 1.8.
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The necessity of the reduction of B.O.C. reactivity by the addition of the
burnable poison Gd203 is seen in Figure 5.3, the excess reactivity curve for
reactor core 3. Extrapolating the E.O.C. straight section of the curve back to
B.O.C. (illustrated by the sloped dashed line) yields a keff value above 1.28
(this extrapolation can also be done for reactor cores 2,4, and 5). A reactor
core with such a large excess reactivity would be, for practical purposes,
impossible to control. Thus the use of burnable poison to control B.G.C.

excess reactivity is essential.
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5.2 Potlential for Excess Reactivity Curve Shape Adjustment

As discussed earlier, the excess reactivity profile for reactor core 4
(Figure 5.4) peaks at a value greater than 1.24 which does not satisfy the
reactivity constraint. For this core which utilizes a lumped gadolinia
distribution, Gd203 plates were distributed in every sixth fuel plate location.
The excess reactivity peaking effect for this core can be further suppressed
by decreasing the number of Gd203 lumps and increasing the thickness of
the individual lumps (i.e., lumping Gd203 into every 8th or 10th fuel plate
location). Figure 5.6 illustrates the effect of changing the amount of
lumping from every 4th fuel plate location to every fifth fuel plate location.
The reactivity profiles of this figure are for the design of reactor core 3
utilizing the fuel cell designs of Figures 4.7a and 4.7b. (Note that the
reactivity profile for reactor core 3 using the fuel cell of Figure 4.7b is also
plotted in Figure 5.3). The change in the amount of lumping from every 4th
to every 5th fuel plate location has two effects. First and most important,
the reactivity peak is suppressed and also pushed closer to E.O.C. The
increased self-shielding effect causes the net amount of burnable poison in
the core to deplete more slowly. Second, the net amount of burnable poison
in the core is increased without suppressing the B.0.C. keff value (excess
reactivity) below the minimum allowed value of 1.04. (The value of 1.04 is
set to allow for Xel356 gverride capability). As with the first effect, the
increase in the net massa of Gd20g is possible due to the increased self-
shielding effect which results in a slower Gd203 depletion rate. Thus with
the conclusions derived from Figure 5.6, it is obvious that the reactivity peak

of Figure 5.2 can be suppressed with increased lumping. For purposes of
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this study, however, this was not possible due to the limit in the number of
space point and zones that can be modeled by the EPRI-Cell code.

With & more sophisticated distribution or/and the use of other burnable
poisons it may be possible to level the excess reactivity curve of Figures 5.1 to
5.5. In such a case, the rate of positive reactivity addition caused by Gd203
depletion and the rate of negative reactivity addition caused by uranium
depletion are equal throughout the refueling lifetime of the reactor core.
This is what is done in an actual reactor.

5.3 Mechanical Burnup Results

The values for mechanical burnup as calculated by EPRI-Cell for each

reactor core are in units of MWd/T. These burnup values are converted to

units of atom percent (at%) by the equation,

BU(at%):BU(M,JPN—dl 1 Il 1 __&8 d)

1x 106 £/0.948 MW (5.1)

where the maximum possible burnup per unit mass of uranium is
0.948MWd/T.[24] For each reactor core the calculated burnup values in units
of MWA/T and at% are listed in Table 5.1. '

For reactor core 1 which utilizes the caramel fuel design, a burnup of
28,290 MWd/T was obtained. As listed in Table 4.2, the mechanical
limitations of this fuel design allow a maximum burnup of 60,000MWd/T.
However, inspection of the excess reactivity curve for this core (Figure 5.1)

shows that at E.O.C. keg has dropped to its minimum allowable value. Thus
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the mechanically allowable burnup of 60,000MWd/T can not be obtained.

The core refueling lifetime for this core (600FPD) is thus reactivity limited. Reactor
core 2 also uses the caramel fuel design and is thus allowed a maximum

burnup of 60,000MWd/T as listed in Table 4.2. A calculated burnup value of
62,120MWd/T was obtained. The excess reactivity curve for this core (Figure

5.2) shows an E.O.C. value of kefs =1.19 where the minimum value for kefs is

1.04. Thus the refueling lifetime for this core is not reactivity limited, rather

it is limited by the structural mechanics of the fuel. As discussed in Section

3.1.1, internal fission gas pressure will cause fuel failure at 2 burnup greater

than approximately 60,000MWd/T.

The maximum allowed burnup values for reactor cores 3,4 and 5 which
utilize the cermet fuel design, are listed in Table 5.1. These values, in at%,
have been estimated from Figure 3.3 by using the cermet Vol%m(UO,) values
also listed in Table 5.1. The calculated burnup values, in at%, for reactor cores
3,4 and 5 are below there respective maximum allowed burnup values in at%
as required. As can be seen from the excess reactivity curves for reactor cores
3,4 and 5 (Figures 5.3 to 5.5), the E.O.C. ke¢ values are above the minimum
allowed keff value of 1.04. Thus as with reactor core 2, the refueling lifetimes
of these reactor cores 3,4 and 5 are limited by the structural mechanical of the

fuel.
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Table 5.1. Core burnup data.

Reactor Core Core 1 Core 2 Core3 | Core4 Core 5
Burnup [M‘,I’Yd 28290 | 10 | 548570 | 336160 | 382700
Burnup (at%) 3.0 6.6 579 35.5 40.4
Burnup Limit soom—M-w,I-:—‘l amo—-M-w% 0at%h | 42at% | 44 at%
Vol% (UO3) 84 ) 20 H 33
Table 5.2. Safety coefficients of reactivity.
Reactor Core Core 1 Core 2 Core 3 Core 4 Core 5
Fuel Type Caramel | Caramel | Cermet | Cermet | Cermet
B.0.C.
Ak g5 (fuel temp) | 0027 | 0019 | -00025 | -0.00053 | -0.00065
B.O.C. '
Ak ¢ (void) 0.027 0.021 -0.030 0.017 0.018
E.O.C.
Ak ,¢¢ (fuel temp) -0.026 0.022 -0.007 0.0043 -0.0051
E.O.C.
Ak g (void) 0038 | 0028 | 003 | 002 -0.033
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54 Reactor Safety Coefficients

Table 5.2 summarizes the B.0.C. and E.O.C. temperature and void
coefficients of reactivity for each reactor core design. As required, the
values are negative in all cases. It can be seen that the B.0.C. and E.0.C.
temperature coefficients of reactivity decrease with increase in uranium
enrichment. This is due to the decrease in the U238 concentration. The
effective neutron absorption cross-section of U238 increases with
temperature by a phenomenon known as Doppler broadening. this is

discussed in detail in Reference [7].

55 Reactor Core Volume and Power Density Results

In Section 4.6, it was stated that the selection (guess) of the value of
q"'ave,r automatically set V¢ore by which the core height and radius can be
determined. Table 5.3 summarizes the power maximum and average
power densities and associated core dimensions for each reactor core. The
core refueling times, tf, and fuel meat UOQy volume percents, Vol%m(UO2)
are also listed in Table 5.3.

Since the net U235 loading is larger for reactor core 2 which is fuel with
20% enriched uranium than for reactor core 3 which is fueled with 97.3%
enriched uranium, Ve 18 larger for core 2 (667L) than for core 3 (265L).
Both cores operate with the same refueling lifetime of 1200FPD.

Although the U235 loading is smaller for reactor core 1 which is fueled
with 7% enriched uranium than for reactor core 2, V¢yye i8 smaller for core 1

(506L) than for core 2 (667L). This results since the refueling lifetime for



Table 8.3. Core dimensions and power densities.

Reactor Core Core 1 Core 2 Core 3 Core 4 Core 5
Fuel Type Caramel | Caramel | Cermet | Cermet | Cermet
Full Power Days 600 1200 1200 1200 1200
Diameter(m) 0.81 0.88 0.66 0.74 0.70
Height(m) 0.98 1.08 0.79 0.90 0.86
Volume(l) 606 667 265 385 333
Q" gvg,r KW/ 9 i} 189 131 120
qQ"'mex (KW1) 240 182 536 368 42

reactor core 1 i8 600FPD while for reactor core 2 it is 1200FPD. Thus reactor
core 1 consumes half as much uranium as reactor core 2.

For reactor cores 4 and 5 which are fueled with 97.3% enriched uranium
and which also operate with refueling lifetimes of 1200FPD, the calculated
values for Veere are 385L and 333L respectively. These values for Vcore are
larger than Vcore for reactor core 3 which is aiso fueled fueled with 97.3%
enriched uraniuin and operated with a refueling lifetime of 1200FPD. The
larger volumes of reactor cores 4 and 5 compared to core 3 is caused by the is
caused by the thinner fuel plates used by these cores. For a reactor core of
constant uranium mass inventory, as the thickness of the fuel plates is
decreased, a more homogeneous system is obtained. This results in a core
reactivity decrease which, in this case, is compensated for by an increase in
Veore- This topic is discussed in detail in Reference [25].



The associated reactor core dimensions range from 88cm to 65cm and
108cm to 79cm for the core diameters and heights respectively. This
represents net differences of 29¢cm in height and 23cm in diameter.

Based on the calculated reactor core diameter values listed in Table 5.3,
and the associated fuel element lattice cross-sectional areas listed in Table
3.2, the fuel eiement core grid layouts of Figure 5.7 were estimated. Figures
5.1a, 5.1b, 5.1c, 5.1d and 5.1e represent the estimated core grids for reactor
cores 1, 2, 3, 4, and 5 respectively. Each square in the figures represents a
fuel element

For reactor core 2 which is fueled with 20% enriched uranium, a mass
of 193kg U235 js required while a mass of 106kg 1J235 ig required for reactor
core 3, where both operate with trf of 1200FPD. Reactor core 2 requires the
larger U235 in order to provide sufficient positive reactivity in order to
override the negative reactivity added by the increased U238 mass.

The calculated values of q'"ave,r for each reactor core satisfy the
constraints listed in Table 4.2.



Core 1

Core 2
[V
Core 3
d e
Core 4 Core 5

Figure 5.7 Reactor core fuel element grids.



6.2 Thermsl Hydraulic Results

For each reactor core, the simplified thermal hydraulic analysis
described in Section 4.2 was performed using the fuel cladding and coolant
water properties of Tables 2.1, 2.3 and 2.8 respectively, the coolant wuter
inlet and outlet temperatures listed in Section 1.2 and the fuel eleinent
dimensions for each core listed in Table 3.2. The results of these
calculations are listed in Table 5.4,

The calculated values for the coolant water velocity range from 2.7m/s
to 5.8m/s. The coclant velocity in the thin coolant channels of the Advanced
Test Reactor (ATR) is 13.4m/s. Since the coolant channel thickness of
reactor core 4 is of similar thickness and is thinner than the coolant
channel design used by reantor cores 1, 2 and 3, the calculated coolant
velocities for the reactor cores 1, 2, 3 and 4 are practical. The thickness of
the channel used by reactor core 5 is 18% thinner than the channel used by
reactor core 4. However, the cooclant velocity required for this channe! is
5.37m/s; 60% less than the coolant velocity which could be accommodated by
the coolant channel of reactor core 4 as with the ATE. Thus it is reasonable
to conclude that the coolant velocity of 5.37m/s calculated for reactor core 5
is practical. '

For reactor cores 1, 2 and 2 which utilize the thick plate fuel design, the
calculated fue! center-line temperatures, Ty, range form 510°C to 530°C.
This ia well within acceptable bound since commercial reactor cores
utilizing UO2 fuel operate with center-line temperatures on the order of
2000°C.[7] For reactor cors 3 which operates at a relatively high power
density corapared to reactor cores 1 and 2, the fuel center-line temnperature

ie suppreased by the relatively high effective thermal
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Tsable §.4. Thermal-hydrsulic data.

Reactor Core Core 1 Core 2 Core 3 Core 4 Core 5
Vol% . (meat) 25.6 213 21.3 14.4 16.0
Q" max,m &W/) 939 855 2513 2550 2658
q(kW) 64.1 64.3 138.3 54.7 54.0
v(m/s) 2.7 2.7 5.8 44 54
h(W/m 2-°K) 25763 26817 47680 44287 54229
k; (W/m-°K) 35 3.5 179 145 15.0
Tec (°C) 530 510 516 356 363

conductivity of the fuel meat. This high thermal conductivity results from

the cermet fuel design were the volume percent in the fuel meat,
Vol%ng(Zr-4), of the relatively high thermal conductivity Zr-4 matrix

materigl is greater than 50%.
For reference, the calculated values of Vol%¢(meat), q"'max, h and k¢

are also listed in Table 5.4 for each reactor design.
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5.7 Whole Core Materisls

Table 6.5 summarizes the whole core B.0.C. and E.O.C. materials data
calculated by the methods described in Section 4.1.4. which have been
calculated for roference purposes. The E.O.C. enrichment is the
percentage of U235 which is contained in the total E.O.C. uranium mass
(i.e, the sum of the E.Q.C. masses of U235, U236 and U238),

Figures 5.8 to 5.12 are plots over the refueling lifetime of the plutonium
mass contained in reactor cores 1, 2, 3, 4 and 5 respectively. Plutonium
buildup results from the conversion of U238 to Pu239, which in turn is
converted to Pu240, Pu241 and Pu242, Reactor core 1 which utilizes 7%
enriched uranium contains less plutonium than reactor core 2 which is
fueled with 20% enriched uranium since it has a refueling lifetime half
that of core 2. For reactor core 3, Figure 5.10 indicates that the total mass of
plutonium in the core decreases near E.O0.C. This results since the U238
concentration has been depleted to an extent that Pu 239 production is lesa
than the consumption of Pu isotopes by fission or conversion to higher

actinides.
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Table 5.5. Core materiala data.

Reactor Core | Core 1 Core 2 Core 3 Core 4 Core §
trf (years) 600 1200 1200 1200 1200
UBz'-g(x’r ]‘) 4 196 108 174 153
Umf-]' ) 1049 783 3.0 49 43
enrichment (%) 7.0 2.0 973 97.3 97.3
Burnup(MWd4/T 28290 62120 548570 336160 382700
Burnup(at%) 3.0 6.6 57.9 35.5 40.4
;JE“‘_QTE) 4 124 3 9% (]
}?_?_L';i 5.7 142 14.0 — 16.7
%) a2 T54 1.75 — 3.3
enrichment (%) 428 13.9 68.1 — 81.8
Pu total (kg) 8.9 11.5 0.26 0.44 0.46
Pu fissile (%) 83.5 85.6 75.6 94.5 84.5
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5.8 Correction for Coolant Water Number Density Exror

As discussed in Section 4.1.2.5, the hydrogen and oxygen number
density values specified in the EPRI-Cell input files for all reactor core
designs were calculated based on the density of water at room temperature
rather than at the average reacior coolant temperature of 305°C. The
density of water at room temperature (20°C) is 1g/cm3 while at 305°C it is
0.74g/cm3. The Equations used to caiculate the hydrogen and oxygen
number densities are listed below.

The number density of the HoO molecule is given by,

p(H20XN,)
M(H;0)10%*barns/cm?) (4.23)

N(H20) =

where the associated H2O properties are iisted in Table 2.8. The number

densities of the hydrogen and oxygen constituents are given by,

N(H) = 2N(H20) (4.24)

N(O) = N(H20) . (4.25)

Thus at normal reactor operating conditions, the actual hydrogen and
oxygen number densities are 26% less than the number densities that were
used to model the reactor cores 1,2,3,4 and 5. As discussed in Chapter 3 and
a shown by the moderator reactivity coefficients listed in Table 5.2, each
reactor core is undermoderated. Thus the coolant water slowing down

properties increase the thermal neutron populationion more the coolant water
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neutron absorption properties decreases the thermal neutron population.
Consequently, a decrease in coolant water density must be offset with an

increase in V¢ore in order to maintain constant core excess reactivity with

all other core materials volume fractions remaining unchanged. As a
result, an increase in Vgre for constant refueling time will result in a

decrease in the values of q"gve,r, B2 and BU. An increase in Vore will

also cause an increase in the total mass of materials present in each core

which are calculated by Equation 4.42.

In this section an estimated correction factor for Vegre, which is

applicable to each core considered for is study, is derived using an
approximate 2-group diffusion analysis. The general multigroup neutron

diffusion equation solved is,

G
DgB%0g + Zigtg Z i‘[ gvIfgte + Tpgbe]
g'=1 (5.2)

where,

G
Tighg = Taghg + '21 Iy ed
g -

(5.3)

These Equations are described in great detail in Reference[25].
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The terms used in Equations 5.2 and 5.3 are defined below.

Dg = Neutron diffusion coefficient

B2 = Geometric buckling

Yag = Neutron absorption crose-section

2¢'g = Neutron scattering cross-section from group g to group g’
Y gg = Neutron scattering croes-section from group g' to group g
Ztg' = Neutron fission cross-section in group g’

v = Average neutron yield per fission event

Xg = Probability a fission neutron will be born in group g

A = Eigenvalue to set the RHS and LHS of Equation 5.2 equal
¢g = Neutron flux in group g

K = Region of reactor core to which Equation 5.2 is applied

Solving Equation 5.2 for A with A = kefl for two neutron energy groups
yields,

vimlal . vifi
(D1B2 + Bo1 + £11{D2B2 + T2} (DiBZ+3a1+31)  (54)

Keff =

For purposes of this analysis it is assumed that Y9 (scattering from the
thermal to the fast energy group) is equal to zero since it 18 sufficiently

small. Also since most fission neutrons are born into the fast energy

group, it is assumed that x; = 1 and g2 = 0. These considerations are
further explained in Reference [Henry]. The diffusion coefficient D is
defined by the following relation,
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D, =—1—
€ 3%rg (5.5)

where,

Yo = Neutron transport cross-section

Each macroscopic cross-section used in Equations 5.2 and 5.3 are the
sum of the contributions of the macroscopic cross section of water and the
macroscopic cross-section of all non-coolant materials present in the

reactor. Thus Yir1, Tir2, 2al, a2 8and Yo; are defined as,

Ztr1 = Ztr1(m) + Zgr1(w) (5.6a)
Ztr2 = Zgr2(m) + Tra(w) (5.6b)
2a1 = Za1(m) + Xg1(W) (5.6¢)
Ya2 = Ya2(m) + Tao(w) (5.6d)
221 = Z21(m) + Zoy(w) | (5.6e)

The parameter m refers to all non-coolant materiais present in the
reactor while (w) refers to the coolant water. For simplifying purposes of
this analysis, it is assumed that Y23(m) = 0 since it is small compared to
221(w). This concept is further discussed in Reference [25]. Substituting
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Equations 5.6a and 5,6b into Equaticn 5.4 and Equatione 5.6¢, 5.6d and 5.6e
into Equation 5.5 the follewing result is obtained.

kefr = ([ vIpYaw) )
(Dym) + Dy(w)IB? + Tqs(m) + Tar(w)+ Tas(w)]

x 1
(I(Dz(m) + Dyw))B? + Tagm) + MW)])

vif )
* (((Dx(m) + Dy(w)B2 + Sgy(m) + Tay(w)+ Tzs(w)l (5.7)

The 2-group cross-section data used in this analysis is obtained from
the 5-group cross-section data listed in the microscopic and macroscopic
edits of the EPRI-Ce!l output file for timestep 1 of reactor core 3 which is
listed in Appendix E. The first four cross-section groups are collapsed into
1 group (fast group) while the fifth group cross-section data remains
constant (thermal group). For purposes of this simplified two group
analysis, the 2-group energy structure described in Table 4.3 is employed.
Thus the boundary between energy groups is 0.625eV.

To determine the 2-group macroscopic cross-sections for the H20
coolant water, the 5-group microscopic cross-sections for hydrogen and
oxygen listed in the microscopic edit are used. The microscopic cross-
sections used in the first four energy groups are collapsed into the fast
energy group by flux weighting using the group fluxes listed in the

macroscopic edit. For this purpose, the following equations are employed.
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4
2. &g)Ox(g)(H)

oxi(H) = inks 4
2. 4g)
g=1 (5.8)
4
2. %g)Gx(g)(0)
ox(0) = g=1 r
2 4g)
g=1 (5.9)

The subscripted numbers in parenthesis indicate the energy group of the
cross-section as it i8 listed in the 5-energy group structure of the EPRI-Cell
output file listed in Appendix E. The subacripted numbers not in
parenthesis indicate the energy group of the new 2-group structure where 1
deszignates the fast group and 2 designates the thermal group. In each
equation used in this analvsis, the subscript, x, refer to any arbitrary cross-
section.

The thermal group microscopic cross sections for hydrogen and oxygen

are given by,
ox2(H) = ax(5)(H) (5.10)
0x2(0) = ox(5)(0) (5.11)
The core averaged macroscopic cross-sections for oxygen and hydrogen are

then determined by the follewing equations.
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Tx1(H20) = Vol(ox1(H)N(H) + 0x1(0O)N(O)) (5.12)

2x2(H20) = Volc(ox2(H)N(H) + 0,2(0)N(O)) (5.13)

where the hydrogen and oxygen number densities, N(H) and N(QO), are
listed in the zone homogenized number densities of the EPRI-Cell output
file of Section E.4. The multiplying factor Volo(H20), which is the H20
volume fraction (volume percent divided by 100) in the core, must be include
since the microscopic cross-sections are not core averaged. The core H20

volume fraction is given by,

Vol%{H20) = —LE % (100)
« tr+ 2t + ty (5.14)

To determine the 2-group macroscopic cross-sections representing all
noncoolant materials present in the core, the 2-group core homogenized
cross section representing all materials present in the core are first
determined. For this purpose, the 5-group macroscopic cross-section data
listed in the macroscopic edit of the EPRI-Cell output file listed in Section
E.4 is used. The macroscopic cross-sections used in the first four energy
groups are collapsed into the fast energy group by flux weiéhting using the
group fluxes also listed in the macroscopic edit. The following equation is
used for this calculation.

4
2 %g) Zx(g)
le = g=1

4
2, %)
g=1 (5.15)
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The thermal group macroscopic cross sections are given by the relation,

Tx2 = Xy(B) (5.16)

The thermal group value for vIg 18 given by,

Vzﬁ = VZ«(;) (5.17)

Thus the 2-group core averaged macroscopic cross-gections representing

all noncoolant materials are g.ven by the following equations.

2x1(m) = ¥y - x1(H20) (5.18)

2x2(m) = Xyg - Xxo(H20) (5.19)

The values of Y2, can not be calculated directly from the cross-section
data listed in the EPRI-Cell output file. The scattering cross-sections listed
include ingroup scattering ac-ording te the following equation.

a1 =21+ 11 ' (5.20)

The macroscopic removal cross-section is defined as,

21 =241 - 211 (5.21)

which is used to determine ¥ ;. Substituting this value into Equation 5.20,
221 i8 determined by,
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ITay=Xe1-Inn (5.22)

For Equation 5.7 the value of B2 remains to be determined. Since the
values for Vcore calculated for this study range from 264.6L to 666.7L as
listed in Table 5.3, an intermediate value for Vcore was chosgen in order to
calculate the value of B2 for use in Equation 5.7. The value of Bg is then
determined by Equation 4.37.

s gl a3
where
R= V';'%E (4.35)
and

H=25R (4.36)
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The data calculated using the techniques deacribed above and the
associated values are listed below.

Ya1(m) =0.0145cm-1
Yai(w) =0.00017cm-}
Ta2(m) =0.3642cm-1
Taz2(w) =0.00547cm-1
Tiri(m) =0.1367cm-}
Ziri(w) =0.1872cm-1
Tir2(m) =0.3436cm !
Tira(w) =0.7572cm-1
Di(m) =2483cm
Diiw) =1781lcan
Do(m) =0.9700cm
Da(w) =0.4402cm
visa =0.0187cm-1
vip = (0.4876cm-!
Yi{w) =0.45393cm-1
Ts1(w) =0.46149cm-!
Yri(w) =0.07071cm1
Y11(w) =0.38322cm-!
Y21(w) =0.07827cm-1
B2 = 0.00533cm"2

The values listed above are substituted into Equation 5.7 and used to
calculate a value for ke which is calculated to be kegr = 1.036.
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To determine the effect of a reduction in coolant density on Ve,

Equation 5.7 is rewritten as,

Keff = ([ vipfwlaiw) )
(Dy(m) + fuDy(w)W¥B? + Tai(m) + fwZar(w) + fuwT21(w)]

1
’ ([(Mm) + £, Daw)fBB? + Zagm) + fwzaZ(W)])

. vif )
([(Dl(m) + fwDy(W)¥aB2 + Tgi(m) + fwZar(w) + £ Zas(w)] (5.23)

where,

fw = Fraction by which p(H20) must be decreased
fg = Fraction by which B2 must be decreased in response to fy

Substituting a value for fy = 0.75 into Equation 5.23 along with the

calculated values for the other parameters Equation 5.23 is solved via
iteration for fg. The parameter fg is the approximate fraction by which the

geometric buckling of each reactor core must be decreased in order to
maintain constant reactivity. As evident from Equations 4.36 and 4.37, fg is
proportional to the inverse square of fg (fraction by which the core radius
must be increased) by the following relation,

fg = 1
(fr)? (5.24)
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Solving Equation 5.24 for fR yields,

fr=4/d
R fB (5.25)

By Equation 4.35 the correction multiplier, fy, for Veore 18 given by,

fy = (fp)3 (5.26)

The parameter fy is the volume correction multiplier. By Equation 4.1, the

correction multiplier, fg, for q"aye,r and Q" max i8 given by,

fo=24
1ty (5.27)

Since mechanical burnup is proportional to q"'ave r, the burnup correction

multiplier is given by,
feu = f4 (5.28)

The correction muitiplier, fy,, for the net core material masses which are

listed in Table 5.4 is given by,

The values for the approximate correction factors are listed in Table 5.6.
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Table 5.6. Approximate correction multipliers.

fp 0.90
fr 1.05
i 1.05
fy 1.17
fq 0.85
fau 0.85
fm 1.17
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CHAPTER 6
Conchusion and Recommendsations

8.1 Conclusion

As stated earlier, it is known that modern U.S. are fueled with very
highly enriched uranium; greater than 90%. In this study, a reactor core
using plate type fuel elements fueled with 97.3% enriched uranium which
operates with a refueling lifetime of 1200FPD, was modeled. The safety
coefficients of reactivity and thermal hydraulics results calculated are
acceptable.

The French have proved that the use of LEU (i.e., approximately 7%
enriched uranium) as a nuclear submarine fuel is feasible. In this study a
reactor core using plate type fuel elements fueled with 7% was enriched
uranium was modeled. However, it was not possible for this core to
maintain criticality beyond a refueling lifetime of approximately 600FPD.
Also for this case, the safety coefficient of reactivity and thermal hydraulics
are acceptable. The volume of this core is roughly twice the size of the core
fueled with 97.35 enriched uranium. This corresponds to a 17cm and 20cm
increase in diameter and height respectively (these dimensions are
corrected using correction factors of Table 5.6) . .

A reactor core using plate type fuel elements fueled wiith 20% enriched
uranium which operates with a refueling lifetime of 1200FPD, was
modeled. The safety coefficient of reactivity and thermal hydraulics differ
very little compared to the core fueled with 97.3% enriched uranium. As
discussed in Chapter 1, low enriched uranium, LEU, is internationally

regarded to be uranium with enrichment in the range 0% - 20%. Thus it is
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demonstraied that a reactor core using LEU and with operating
performance similar to the 97.3% enriched core, can be designed. The core
fuel with 20% enriched uranium is, however, about two and one half times
larger than the core fueled with 97.3% enriched uranium. This
corresponds to a 24cm and 30cm increase in diameter and height
respectively (these dimensions are corrected using correction factors of
Table 5.6). Thus as maintained in Chapter 1, these dimensional increases
are sufficently small that they can easily be compensated for by the use of
an integral reactor design.
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6.2 Recommendations for Future Work

For each reactor core modeled in this study using one dimensional
calculations, a more detailed analysia can be done which accounts for
spatial dependence of fuel depletion, control rod motion and startup,
shutdown and transient behavior.

The DIF3D code developed by Argonne National Laboratory can be used
to model, with 3-D diffusion theory, the steady-state behavior of each reactor
core. DIF3D solves multigroup diffusion theory eigenvalue, adjoint, fixed
source and criticality (concentration search) problems in 1-, 2- and 3-space
dimensions for for orthogonal (rectangular and cylindrical), triangular
and hexagonal geometries.[26] The reacter core fuel element grids
illustrated in Figure 5,1 and dimensions of Table 3.2 can be used in
preparation of a DIF3D input file. The core heights listed in Table 5.5 can
also be used. (Note that these dimensions must be corrected using the
correction factors listed in Table 5.6). The EPRI-Cell input files used for
this study are set up to produce 5-group cross-section data in ISOTXS data
sets (see Appendix E) which can be input directly into DIF3D.

To model the time dependant aspecta of the fuel cycle of each reactor
core, the REBUS-3 fuel cycle analysis code, also developed by Argonne
National Laboratory, can be used. As in the above case the corrected
dimensional data described above can be used in preparation of a REBUS-3
input file. There are four types of of search procedures that may be carried

out in order to satisfy user supplied constraints.[27]
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1) Adjustment of the reactor refueling lifetime in order to achieve a
specified E.O.C. fuel burnup.

2) Adjustment of the B.O.C. uranium enrichment in order to
achieve a specified E.Q.C. k¢ at any specified point during the
refueling lifetime,

3) Adjustment of the burnable poison density (i.e., coolant water

boron concentration) in order to maintain a specified value of kegr

throughout the reactor refueling lifetime.

4) Adjustment of the reactor refueling lifetime to achieve a specified
value of kesr at E.O.C.

Also, for REBUS-3, the 5-group cross-section data listed in the ISOTXS
data sets can be input directly,

For thermal hydraulic transient analysis, the PARET code developed by
the Phillips Petroleum Company, can be used. PARET is a digital
computer program designed for use in predicting the course and
consequences of nondestructive reactivity accidents in small reactor cores.
This code couples neutronics and thermal hydraulics and uses point

kinetics, 1-D hydrodynamics and 1-D heat transfer.[28]
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Appendix A
Non-Proliferation Treaty and Foreign Nuclear Ohjectives

Modern day concerns are not only with the continued diffusion of
information related to he design of nuclear weapona, but also with the
increasing availability of the technology to produce weapons usable
materials. To date there are five "official” nuclear weapons states (NWS),
the U.S., the U.S.S.R., the U.K., France and China. However, Israel, South
Africa and Pakistan are widely believed to have the capability to produce
nuclear weapons, while India detonated a peaceful nuclear explosion (PNE)
in 1974.

Relatively early on in the nuclear age, pressure began to develop for an
international agreement to thwart both the vertical and especially ' he
horizontal proliferation of nuclear weapons. (Horizontal proliferation refers
to an increase in the number of states possessing nuclear weapons, while
vertical proliferation refers to the growth in the nuclear arsenals of the five
nuclear weapons states.)

Consequently, in June 1958, Ireland submitted to the UN General
Assembly, a resolution:requesting the establishment of a committee to
study the dangers inherent in the further dissemination of nuclear
weapons. This resolution did not deal specifically with horizontal
proliferation; however it recognized the possibility that an increase in the
number of nuclear weapons states may occur. Following mounting
concern by the international community, the title Non-Proliferation of
Nuclear Weapons was adopted in 1965 by the UN General Assembly in a
resolution calling on the Eighteen Nation Disarmament Committee (ENDC)

to lay the foundation for such a treaty. After intense negotiations between
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the US and the USSR, final drafts of a treaty were submitted at the UN.[29]
Upon further revisions by the ENDC the Non-Proliferation of Nuclear
Weapons Treaty was signed in June 1968. A central element of the Treaty
is a system of safeguards to be administered by the Vienna based
International Atomic Energy Agency (IAEA), which was established in
1957. The objective of the safeguards system is to verify that nuclear
materials used for peaceful activities in NNWS is not diverted to the
production of nuclear weapons.

Since it euwied into force in March of 1970, 135 nations have signed the
treaty, including three of the five nuclear weapons states. France and China
refused to sign, along with a number of NNWS such as Argentina, Brazil,
India, Israel, Pakistan and South Africa. This brings to light an inherent
weakness in the non-proliferation regime; not all of the significant NNWS
are members.[30] This was further demonstrated by the indigenous
acquisition of a nuclear explosive by India in 1974 as evidenced by its so called
"peaceful nuclear explosion”. In its attainment of a nuclear explosive
capability, India set a precedent; none of the other NWS had reached this
status via commercial nuclear development, rather the converse is true:
commercial nuclear development was based, in part, on previous military
work.[31] Since India is not an NPT signatory, it could claim to have violated
neither the Treaty's prohibition of all nuclear explosive devices or explosive
use of nuclear material supplied by other nations. However, Canada did
claim that India violated its pledge not use a Canadian supplied research
reactor to produce the plutonium for the PNE.

Another perceived weakness of the NPT is the nonrequirement of
safeguards for nuclear material used for maritime nuclear propulsion,

including its military application. This was intended by the Treaty's
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drafters. In the 1960s, several NATO members, including Italy and the
Netherlands, were actively considering the acquisition of nuclear powered
ships and demanded an exclusion for nuclear propulsion.[29] As a result,
it is permissible under Paragraph 14 of the IAEA model safeguards
agreement INFCIRCL1563 - 10 to withdraw from IAEA safeguards, nuclear
fuel when it is used in non-explosive military applications such as fuel for
submarine reactors.[30] The NPT only assigns the IAEA the obligation of
applying safeguards to nuclear materials in use for peaceful activities such
as that used in research or commercial reactors. However, to date, no
NNWS has availed itself to this exemption to the rule that all nuclear
material in NPT NNWS is subjected to aafeguards.

To date, only the five members of the official nuclear weapons club have
developed the technology to build nuclear powered submarines (SSNs),
However, in December 1987, India “"leased" an SSN of the Charlie class
from the Soviet Union, making it the firat ever NNWS to operate this type of
submarine.[32] The NPT and associated IAEA system of safeguards did
not prohibit thie transfer on either the part of the Soviets or India.[33]) A
related development occurred in June 1987, when Canada, a long time
supporter of non-proliferation, announced planes to acquire a fleet on 10-12
SSNs*. Since Canada has impeccable non-proliferation crédentials, there
was little concern that it would utilize the safeguards exemption to divert
enriched uranium for weapons. However, some analysts thought that it
would set an unfortunate precedent in this regard. However, Canada
sought to alloy these concerns by declaring that it would enter into a
bilateral monitoring arrangement with its supplier to cover the period
during which the material is not subject to IAEA safeguards®.

Another problem is that states such as Brazil may seek to justify the
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development of an indigenous uranium enrichment capability by the
requirement for enriched uranium for nuclear submarine reactor fuel.

The potential for nuclear weapons development exists if such a capability

were achieved.

* In April 1989, Canada has since cancelled its SSN acquisition program due to
budgetary constraints.
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Appendix B
Nuclear Materiale Criticality

Naturally occurring uranium exists in the following isotopes, U234, [J233
and U238 where for our purposes, U24 is negligible. The enrichment of

natural uranium or UNat g 0.711% where enrichment is defined as,

_ mass of fissile material
€= mass of fissile material + mass of fissionable material  (B.1)

or for this case,

mass (U235 )

€=
mass (U235 ) + mass €U238 ) (B.2)

Fissile isotopes (U233, U235, Pu239, Pu24l) have a large fission cross-section at
thermal neutron energies (i.e., 500b at 0.025eV), while fissionable isotopes
such as Pu241 and U238 have a very low cross-section at such energies. In
fact, the fission cross-section of U238 ig essentially zero below a neutron
energy of 1MeV.

The principal fissile isotopes used in nuclear weapons are U233 and
Pu?39, Weapons grade uranium and plutonium contain greater than 90% of
these isotopes respectively. The actual amounts required for weapons use
depend on the details of a number of factors which are not available to the
general public. However, it is known that the critical mass (minimum
mass required fer criticality based on prompt neutrons) of the fissile metal
as a reflected sphere is roughly 5kg for Pu23?, and 18kg for U235, A possible

reflector in this case is beryllium.
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About 8kg of typical LWR plutonium constitutes a critical mass when
fabricated into a reflected sphere.[31] Use of an oxide reduces the fissile
atom density and increaseg the critical mass by approximately 50%. Such
quantities of these materials are not very large; i.e., a 4kg sphere of
plutonium is smaller than a baseball.[1]

When the concentration or enrichment of U233 drops below 20%, the
reflected critical mass becomes prohibitively high, becoming infinite below
about 6%. For Pu239, the reflected critical mass is 20kg at 0% fissile content.
This is illustrated in Figure B.1. Bare unreflected critical masses are a
factor of three to four times higher.[34].
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Appendix C
Reactivity Considerations

The nuclear fission chain reaction can be described quantitatively in
terms of the neutron multiplication factor (k). This is defined as the ratio of
the number of fissions (or fission neutrons) in in one generation to the

number of fissions (or fission neutrons) in the preceding generation.

number of fissions in one generation

k= number of fissions in preceding generation (C.1)

If k is equal to 1, the reactor is said to be critical and is operating in a steady
state.. If k is greater than or less than 1, the reactor is said to be
supercritical and subcritical respectively. The infinite multiplication
factor, kinf, is used to describe a reactor of infinite dimensions (i.e., no
neutron leakage from the reactor surface). The effective multiplication
factor, keff, i8 usea to describe & reactor of finite dimensions (i.e., accounts
for neutron leakage).

The neutron multiplication factor is used to define a term known as
reactivity, p.

off (C.2)

If a reactor is critical, kqfris equal to 1 and the reactivity is equal to 0. If ke
were reduced, for example, by the insertion of a neutron &bsorber into the
reactor, the reactivity would be negative. Thus the insertion of a neutron

absorber or control rod corresponds to the insertion of negative reactivity. A
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positive reactivity insertion correzponds to the a change that increases the
neutron population such as replacing a fuel element with one containing
uranium fuel of a higher enrichment. There are many other changes that
can take place in a reactor that correspond to the insertion of negative
reactivity or positive reactivity.
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Appendix D
Fuel Burnup Considerations

For a reactor operating at a thermal power of P megawatts (MW) and
with a recoverable energy per fission, the rate at which fissions occur per

second in the entire reactor is,

]
. 10 joules figsion MeV 86,400 sec
Fission rate = P MW x x g b ¢ x —2
MW-sec 200 MeV ~ , o5 1 10" joule day
2
=2.70x10° P fissions/day. (D.1)

This can be converted to grams per day fissioned, which is also called the

burnup rate.
270 x 10°" P fissions _ 6.023 x 10> ]
Burnup rate = % X 8810N8 x & X atoms X mole
day mole 235 grams 235U
= 1.05 P grams fissioned /day. (D.2)

Thus 1 g/day of U235 is fissioned for every megawatt of reactor thermal
operating power. Equation D.2 neglects the effects of radiative capture in
U235, The total neutron absorption rate in the uranium, (1 + a), is given by
the ratio of the microscopic absorption cross section to the microscopic

fission crosa-section,

Q

1l+a)=—

)

(D.3)
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From Equaticns D.1 and D.3 it follows that,

Consumption rate = 1.05(1 + o)P g/day. (D.4)

Since the value of a at thermal energies is 0.169, from Equation D.4, U235 jg
consumed at a rate of 1.23g/day for every megawatt of reactor thermal
operating power. The consumption rate however does not represent the
amount of heavy metal destroyed.

Since a reactor operating at 1MW for 1 day fissions 1.05 grams of U235

6
IMwWd 10 g
105g Xt = £50,000MWdA

is the maximum theoretical burnup attainable.[7]
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Appendix E
EPRI-CELL Input/Cutput Description

This appendix i8 divided into four section that together describe the
EPRI-Cell input/output data and process. These sections include an input
description as presented by the EPRI-Cell user's manual, a discussion of
the input data required to satisfy the input parameters needed to perform
the calculations, description and interpretation of the EFRI-Cell output,
and a sample EPRI-Cell output file.

E.1 Input Description

The fellowing is a description, according to the EPRI-Cell user's
manual, of the input information such as titles, variables and
calculation/edit controls needed to run the EPRI-Cell code and produce the
desired output in a suitable form. Each input item is numbered for later
reference.

All input, with the exception of title cards, uses the standard NAMELIST input
routine. For the general input option, data are entered in the namelist title of INFREE.

Titles

Alphanumeric titles for EPRI-Cell must precede all other input cards. The content of
tile cards are as follows: ‘

(1) CARD! This is a case title, which may use 80 columns and be in any format.

(2) CARD2 Four character name for each composition K in increasing order.
(20A4 format)

(3) CARD3 Four character name for each region in increasing order. (10A4
format)

(4) CARD4 Four character name for each zone L in increasing order. (10A4
format)
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Nuclides and Number Densities

The NAMELIST input required to describe the initial number densities are listed
below.

(5) NOOM Number of Compositions in the cell.
6) ID Number of nuclides in the problem (max=25).

(7Y NUCLIDQJ) ZAS LD. for each nuclide present in the problcm, entered in
increasing order. The ZAS LD. for an isotope is determined from:

ZAS 1.D. = Z*10000+A*10+S

where Z = Atomic Number
A = Atomic Weight
S = Any LD. from 0 to 9 to distinguish different sources of
cross-section sets for the same isotope.

Table 3.3 of the EPRI-Celi user's manual lists the nuclides in the
GAM/THERMOS library. Also, an attached memo by E. M.
Pennington, April 4, 1984, lists the ZAS 1.D.'s of the nuclides in
the EPRI-Celi library. Note that for depletion caiculations, nuclides
999999 and 999998 (fission products are lumped into these dummy
nuclides) must be included in this list as well as the isotopes of
plutonium, Xe!* and Sm!*? (as 10-2if zero).

(8) TEMPID(Q) Temperature 1.D. for scattering kernel of each nuclide. Allowable
values of ZAS I.D. and temperature 1.D. for the current library are
listed in Table 3.3 of the EPRI-Cell user's manual. (°K)

(9) PUREDN(J,K) Pure number density of nuclide J in composition K. (atoms/bam-cm)

(10) VOLFRC(K,L) Volume fraction of composition K in zone L.
(DEFAULT=400%0.0)

(11) DENFRC(K,L) Density fraction of composition K in zone L.
(DEFAULT=400*1.0)

Calculation and Edit Controls

Optional calculational paths and edits are specified via the input array OPTION(I). In
general, if OPTION(I)=1, the option is selected and if it is entered as O it is not selected.
The default values are zero unless specified.
(12) OPTION(1) Not Used (N.U.)
(13) OPTION(2) N.U.

(14) OPTION(3) Group dependent buckling will be used. Armay AL2(J) also
required as input.

(15) OPTION(4) Heavy scatterer present.
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(16) OPTION(S)

(17) OPTION(6)
(18) OPTION(7)

(19) OPTION(8)
(20) OPTION(%)
(21) OPTION(10)
(22) CPTICH(11)
(23) OPTION(12)
(24) OPTION(13)

(25) OPTION(14)
(26) OPTION(15)

(27) OPTION(16)

(28) OPTION(17)

(29) OPTION(18)

(30) OPTION(19)
(31) OPTION(20)

(32) OPTION(21)
(33) OPTION(22)
(34) OPTION(23)

Resonance overlap correction applied. Appropriate for mixed oxide
fuel only.

Equal volume space poinis within each zone.

Buckling search: With this option, group constants edited reflect
converged buckling. Note that options 7 and 3 may not be selected
simultaneously.

Analytic isotropic boundary condinon.

N.U.

N.U.

Edit fast and thermal microgroup cross-sections.

Edit fast and therrnal microgroup fluxes (thermal fluxes are ¢pAu).

CINDER numbecr densities printed for each depletable point
(intended only as debug output). Note that only main chain Xe!
and Sm'¥ are printed.

Short libraries are supplied.

Heterogeneous fast effect correction applied. Use gnly if the three
innermost zones are fuel, clad and moderator.

If OPTION(16)=N is entered, macroscopic conventional 5 group
cross-sections are punched in PD(Q format for table set N. If
OPTION(16)=-N, the same cross-sections are punched except the
thermal group is MND, (1 SN £99)

Enter OPTION(17)=2,3 or 4 indicating the number of collapsed
broad groups to be edited. Table 3.2 of the EPRI-Cell user's
manual defines the energy breakpoints for the standard collapsed
edits. Set=5 for standard 5 group edit.

If OPTION(18)=1, the collapsed macroscopic cross-sections will be
punched for input to PDQ. OPTION(16) and OPTICN(17) must be
set also.

N.U.

If QPTION(20)=5, is entered, an Sy, - compatible broadgroup edit
will be done in the standard 5 group structure. Note that this option
has not been thoroughly evaluated.

N.U.

N.U.

N.U.
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(35) OFTION(Q2%)

(36) OPTION(2S)

Enter 0 if timestep lengths input in MWD/TONNE, or ! if input in
houss.

Other Parameters Controlling the Calculation

(37) NTS

(38) TIMSTP(N)

(39) POWR
(40) RELLPWR(N)

(41) BUCKLG

(42) AL2(D)

(43) THERMG
(44) ISPEC

(45) PHITYP
(46) IEDIT(L)

(47) LBG()

{(48) I5GT(®)

(49) DSIRDK
(5C) EPSILN

Number of GAM/THERMOS calculations. (max=30,
DEFAULT=1)

Duration in hours for timestep N for CINDER calculation.
(max=29, DEFAULT=100.0, 4GG.C, 1500.0, 26*2000.0)

Power in Watts/em of height (DEFAULT=1.0)

Relative power of timestep N. (DEFAUILT=30*1.0; use 1.0E-7 for
a Zero power timestep)

Total buckling in cm2, This is the grotp independent buckling
when OPTION(3)=0). When OPTION(3)=1, see below.

Group dependent buckling for 68 fast groups. Uce v'hen
OPTION(3)=1, in which case BUCKLG is used as a single value of
buckling for the thermal group.

Number of groups in thermal calculation (DEFAULT=35 for the
current library).

Index of fission spectrum (9 for UO; or 10 for MO; is
recommended). (DEFAULT=9)

Enter 1.0 for P-1 or 0.0 for B-1 fast calculaton.

Edit indicator for each zone L. Each zone L whose edit indicator is

1 is included in the "edit cell”. Extra zones in a supercell calculation
supercell calculation, IEDIT for the extra region should be 0. Fora
supercell edit, [EDIT for the extra region shouid be 1.

First fine group in broad fast group I. The standard 5 group
structure 15 obtained by inputinz LBG=1,11,31,63. (DEFAULTS)

The thermal broad group for each fine thermal group. The standard
5 group structure is obtainied by inputting [ISGT=21%*5, 14%S,
(DEFAULTS)

Value of k. sought if this is a search run. {DEFAULT=1.0)

Convergence criteria for scarch calculations. (DEFAULT=0.G001)
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(51) TEMP(L)

Geometry Data

Temperature (°K): If a nuclide is entered whose thermal cross-
sections are determined from doppler-broadened resonance
parameters, (¢.g..Pu*?, Gd '%5), TEMP(1) is required. TEMP(3),
required for the 5 or collapsed group edits, Is the moderator
temperature (utilized in the generation of the MND diffusion
coefficient).

The input required to describe the general geometry is listed below.

(52) NGEOM

(53) ZONEPT()
(54) ZONETK()
(55) ZONECT(T)

(56) XTREG

Resonance Data

Set this equal to 1 to invoke slab geometry. Absence of this flag
invokes the standard cylindrical geometry.

Number of space points in zone L
Thickness of zone I in cm.

Depletion indicator for zone I. Use 1 if zone I is depletable or zero
if zone 1 is depletable.

Region number or scattering ring, if ary. This signals the code that
region number "XTREG" has no physical significance and is not to
be included in the thermal flux normalization, etc. (DEFAULT=0)

The resonance treatment in EPRI-Cell is based on equivalence relations which employ
tables of groupwise resonance integrals as a function of temperature and excess potential
scattering cross-sections. In the current library, U2, U, Pu?” and Pu*°have resonance
data. *f a nuclide is requested in the cell calculation and no resonance date are entered, then
the infinite dilute cross-sections are used. Therefore, entries for Pu?? and Pu? should be
made for depletion calculations even though initial atom densities are 10-®. The input
describing the resonance date is as follows:

(57) NUCRE
(58) IDRES(J)

(59) RES(1,J)
(60) RES(2,])

Number of nuclides for which resonance data are entered.

ZAS 1.D. number of nuclides for which resonance calculations are
to be done. For each of the nuclides listed in IDRES(J), five input
values are required. '

Resonance temperature in °K for the Jth resonance nuclide.

The mean chord length Laye, for the absorbing lump where the Jth
nuclide exists. For the fuel cell problem,

4V
Lye="a
"8 (E.1)
where,
V = Volume of fuel (i.e., material between cladding plates).
S = Surface area of fuel.
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(61) RES(@3.,) The Dancoff factor, C, for the interaction between lumps containing
the JU resonance nuclide.

(62) RES(4,]) The excess potential scattering cross-section in absorbing lump for
the Jth resonance nuclide. This value in calculated from,

RES(4,) = TJIT Y N\ o,
llll.l (E.2)

where Nj is the number density if the Jt resonance nuclide in the
absorbing lump. The summation over I includes all nuclides in the

absorbing lump except the Jth resonance nuclides.
The values in the summation are,

Ni = Number densities of the isotopes in the lump.
A1 = Intermediate resonance parameter A for isotope I.
op; = Potental scattering for isotope L.

Recommended values for A and op are listed in Table 3.4 of the
EPRI-Celi user's manual.

(63) RES(5,J) Number density of the ! resonance muclide in the absorbing lump
where,

Number density = PUREDN*VOLFRC*DENFRC (E.3)
Grain Heterogeneity Data

The comection for grain heterogeneity will be applied if the following data are entered
an non-zero values.

(64) NUMGRN Composition number of the grain particles. (DEFAULT=0)
(65) GRAIND Grain diameter in cm.
Factors for Depletion
The following correction factor may be adjusted to adjust depletion results, if required.

(66) DEPNF Depletion normalization factor applied in GAM/THERMOS to
both Za3/4 and X474 from CINDER.
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Variables Used to Designate an ISOTXS Data Set

An ISOTXS data set must be created in order to allow the input of the EPRI-Cell
generated data into DIF3D. (DIF3D is a code used to solve one, two and three dimensional

diffusion theory problems)

(67) ISOSTP(N)

(68) ISOCS

(69) OLDISO

(70) NTHBG

(71) NFSBG
(72) HISONM(J)

N.U. - Not Used

Flag for generation of ISOTXS cross-sections for timestep N.
(DEFAULT) Exclude cross-sections for this timestep.

=1 Include cross-sections for this timestep. Combine the
epithermal and thermal fission products into one fission
product.

=2 Include cross-section for this timestep. Leave the epithermal
and thermal fission products as separate lumped fission
proeducts.

Flag to describe how the epithermal and thermal fission product

cross-sections are 10 be calculated in the ISOTXS data set.

=0 (DEFAULT) Write the pseudo cross-sections. These are the
same cross-sections that are printed in the EPRI-Cell output.
These pseudo cross-sections when multiplied by the
homogenized concentrations printed in EPRI-Cell give "true”
INACTOSCOPIC CTOSS-SECHonS.

=1 Write the "real" cross-sections. These cross-sectons are the
pseudo cross-sections multiplied by the homogenized
concentrations divided by the total fission source per unit
volume. The ECDATA file generated by the EPRI-Celi
contains the pseudo lumped fission product cross-sections,
homogenized concentrations, and total fission source per unit
volume.

Flag for the existence of ISOTXS data set.
=0 (DEFAULT) ISOTXS is a new data set.
=] ISOTXS is an old data set. Add cross-sections to this set.

Number of broad groups in the thermal region. (DEFAULT=2)
Number of broad groups in fast region. (DEFAULT=3)

User supplied isotope name to designate the isotope in the ISOTXS
data set. Isotope names must be in the same order as the ZAS
nuclide I.D.'s specified in the NUCLID array. (DEFAULT=names
specified in the THERMOS library). Blank name designates that
isotope will not be written into the ISOTXS data set for any time
step.



E2 Variables Used in the Calclculations of this Study

In order to use EPRI-Cell to accomplish the objectives of this study, not
all of the input items 1 through 72 listed above were required. The following

section is a list of the of the input items used. Also included are comments
on the data supplied or method of obtaining the data to satisfy each of the

input items used. Default values of variables are automatically invoked by
the EPRI-Cell code when the variable is not used in an input file.

Item

CARD1

CARD2

CARD3

No.  Ioput Data Description

(1

2)

3)

4)

Title of case, (reactor power, type of fuel, number of fuel
plates in the fuel element, uranium enrichiment, weight percent
(wt%) gadolinia present in the fuel)

Four character name for each composition, in increasing order,
in fuel cell to be modeled.

GAD = Gadolinia

ZR4 = Zircaloyv-4

H20 = Water

UQO2 = Uranium dioxide fuel

Note, forth character is entered as a blank

Four character name for each region, in increasing order, in
the fuel cell to be modeled.

FUEL = Fuel region of U0, and structural zircaloy - 4
with or without Gd;0s.

QAD = Clad region consisting onlj;' of zircaloy - 4.
MOD = Coolant region consisting only of H2O.
POIS = Lumped burnable poison region consisting

only of Gd0Os3.

Four character name for each zene L, in increasing order, in
increasing order.

FUEL = Fuel zone of UO; and structural zircaloy - 4
with or without Gd20s.

(LAD = Clad zone consisting only of zircaloy - 4.

MOD = Coolant zone consisting only of H0O.

POIS = Lumped bumable poison zone consisting

only of Gd20s.

205



NGEOM
NCOM

D
NUCLID(J)

(52)
&)

(6)
(M

Set equal to 1 to invoke slab geometry (i.e., plate type fuel).

Set at 4, (i.e., four compositions in the fuel element, GAD,

ZR4,H20 AND UO2)

Set at 17 for the nuclides present in the fuel element.

The ZAS LD. of the 17 nuclides or lumped nuclides present in
the fucl element. Each nuclide and its ZAS L.D. are listed
beiow. Note that the higher actinides have been neglected for

purposes of this study.
Nuclide  ZAS LD.

Zircaloy -4 4040
Hydrogen 10010
Boron 50100
Oxygen 80160
Xenon 541350
Samarium 621490

206

Zircaloy - 4 is treated as a single
nuclide by EPRI-Cell.

Treats all hydrogen isotopes in
natural proportions.

Treats all boron isotopes in natural
proportions. The input files were
set up with the capability to

model borated coolant.

However, this burnable poison
(chemical shim) was not considered
in this study. Thus its
conceniration in the input number
density arrays was zeroed by
entering a number density of 10
atoms/bam-cm.

Treats all oxygen isotopes in
natural proportions.

Treats Xe!33. This isotope, either
as a fission product or a product of
fission product decay is not
included in the fission product
lumps.

Treats Sm!49. This isotope, either
as a fission product or a product of
fission product decay is not
included in the fission product
lumps.



AISONM(J)

(72)

Gd!55 641550  Treats the isotope Gd153, Entering
Gd155 initializes Gd154, Gd156,
Gd138 and Gd13? in the CINDER

calculanon in the naturally occurring
proportions. Thus only the number

densities of the isotopes Gd 155 and
Gd 157 are entered in the input files,
while the remaining gadolinium
isotopes are teated as a void by the
user.

Gd157 641570  Treats the isotope Gd!37.

u23s 922354  Treats the isotope U233,
U236 922361  Treats the isotope U236,
U238 922384  Treats the isotope U238,
Pu239 942394  Treats the isotope Pu239.
Pu240 942402  Treats the isotope Pu240.
Pu24! 942411  Treats the isotope Pu241.
Pu242 942421  Treats the isotope Pu242,
F.P.1 999998  This is a dummy isotope for

treatment of the lumped epithermal
absorprion effects of fission
products. (1b. from 0.625ev to
5530 ev)

F.P.2 999999  This is a durnmy isotope for
treatment of the lumped thermal
absorption effects of fission
products. (1b. at 2200m/sec) (1/v
from 0 to 0.625ev)

Each input file was set up for the generation of the ISOTXS
data set so as to allow the option of running DIF3D for a
particular case in the event a more detailed calculation was
deemed necessary. Thus an entry for HISONM was required
for each nuclide in order to designate its existence in the
ISOTXS data set. The abbreviation or HISONM chosen for
each each of the 17 nuclides, in order of increasing ZAS 1.D.
are, ZR, H, B, O, XE, SM, G155, G157, U35, U36, U38,
P39, P40, P41, P42, FP1 and FP2.
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TEMPID(J)

OLDISO

ISOTSP(N)

NTHBG

NFSBG

ISOCS
PUREDN(J,K)

VOLFRC(K,L)

OPTION(6)

OPTION(8)
OPTION(17)

(8)

(69)

(67)

(70)

an

(68)
9

(10)

(17)

(19)
(28]

The values of for this parameter were selected from TABLE
3.3 of the EPRI-Cell user's manual based on an estimated
average coolant temperature of 300°C for the coolant, 380°C
for the cladding and 700°C for the fuel. These numbers need
not be refined since the current EPRI-Cell library contains
roughly 3 to 7 temperatures at which microscopic cross-
section sezs are available. The cross-section sets at the
temperatures closest to those specified above for coolant,
cladding and fuel were selected.

Set at 0 in order to generate a new ISOTXS data set after each
EPRI-Cell run.

Set at 1 for each timestep in order that the cross-sections for
each timestep be included in the ISOTXS data set. A value of
1 results in the epithernmal and thermal fission products being
comnbined into one fission product.

Default taken resulting in two broad groups in the thermal
region.

Default taken resulting in three broad groups in the fast
region.

Set at 1 by the direction of Reference [10].

Design variable which specifies the number densities of each
nuclide in each composition. The number densities in each
fuel zone must be changed with each design calculation.
Number densities in the moderator zone are changed in order
to calculate the coolant void coefficient of reactivity for a
particular reactor core. The calculation of these values is
discussed in Section 4.1.2.5. These values are read into an
array by the EPRI-Cell code. Array locations not receiving an
entry are sei at O by default.

Design variable which specifies the volume fractions of each
composition in each zone of the cell and which must be
changed with each calculation. The calculation ot these values
is discussed in Section 4.1.2.4. These values are read into an
array by the EPRI-Cell code. Array locations not receiving an
entry are set at 0 by default.

Set at one resulting in the space points of a particular

zone being set at equal thickness. The number of space points
is designated by the input parameter ZONEPT(I) where I is the
zone number in the celi.

Set at 1 to invoke the analytic isoropic boundary condition.

Set=5 for the standard 5 group edit in the EPRI-Cell output.
Thus five collapsed broad groups will be edited.
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OPTION(24)

OPTION(2S)
NTS

TIMSTP

POWR

BUCKLG

ISPEC
PHITYP
IEDIT(L)

(35)

(36)
37

(38)

(39)

(41)

(44)
(45)
(49)

Set=1 in order to permit time steps to be entered in
MWD/Tonne.

The number of depletion calculations (GAM/THERMOS
calculations) that will be performea by EPRI-Cell is equal to
NTS-1. For each run, EPRI-Cell automatically performs an
initial undepleted cell calculation. For the LEU case to be run
at 600 FPD (full power days), NTS was set equal to 9
resulting in 8 depletion calculations. For the HEU cases to be
run at 1200FPD, NTS was set equal to 12 resulting in 11
depletion calculations.

Although NTS-1 intervals or timesteps exist between
depletion calculations, NTS intervais must be specified in the
EPRI-Celi input file. The last timestep is not used by EPRI-
Cell.

For both the 600FPD LEU cases and the 1200 FPD HEU
cases run for this study. depletion calculations were performed
at the following times (in days) extending over the operating
life of the reactor cores.

( 0-1-4-20-70-160-250-400-600-800-1000-1200 )

The initial undepleted cell calculation is performed at time=0 in
the above sequence. Depleticn calculations are spaced close
tog=ther at the beginning of core life in order to account for
xenon buildup. The above sequence results in the following
timestep values (in hours).

(24.0,72.0,384.0,1200.0,2*2160.0,3600.0,5*4800.0,)

Design variable specifying the reactor core power density in
Wats/cra of height. Its use is discussed in Section 4.1.2.6.
This value is calculated by the following equation,

POWR = (q"ave.s )(tcelitunit) (E.4)
where q"ave 1 is the desired reactor average power density in
kW/L or W/cm and the cell thickness is the sum thickness of
the zones specified by the parameter ZONETK(I) in cm.
Design variable specifying the reactor core geometric buckling.
Its use in this study is discussed in Section 4.1.2.6 (See
Appemdix F).

Set=9 to invoke a UO» fission neutron energy spectrum.
Set=0 to invoke transport theory calculation.

Set=1 for for cach zone to be modeled in order that data
calculated for each zone appear in the output file.
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TEMP{L)
ZONEPT

ZONETK

ZONECT

NUCRE

IDRES(J)

RES(1.))

5D
(53)

(54

(55)

(57

(58)

(59)

Set=293 for each zone by the direction of Reference [10].

The EPRI-Cell code has the capability to handle 60 space
points or intervals. However, on the IBM 3033 computer
used for this study, cases rui with greater than 50 space points
resulted in run time errors. Thus the number of space points
was kept to 50 o below. In order to permit the modeling of a
maximum number of fuel plate sand coolant channels into one
cell, space oints specified in each of these zones was kept to a
minimum. For fuel plates, 3 space points were specified; thus
approximating the self shielding effect. For bumable poison
plates consisting of solid lumped gadolinium, 7 space points
were specified in order to model the desired self shielding
effect. The number of space points in the cladding and
moderator (coolant channels) were set at 1 and 2 respectively.

Design variable specifying the thickness of each zone; fuel
cladding, moderator and also bumnable poison.

Set=1 for fuel and burnable poison zones since they are

depletable. Set=0 for cladding and moderator zones since they
are none depletable.

Set=7 since 7 nuclides are present in the fuel element for
which resonance data are entered.

The 7 nuclides and corresponding ZAS 1.D. for which
resonance data are entered are listed below.

Nuclide ZAS LD,

U235 922354  Treats the isotope U235,
U236 922361  Treats the isotope U236,
U238 922384  Treats the isotope U238,
Pu239 942394  Treats the isotope Pu239,
Pu240 942402  Treats the isotop-c Pu240,
Pu241 942411  Treats the isotope Pu24l.
Pu242 942421  Treats the isotope Pu242,

The nuclides for which resonance data are entered are present
in the fuel zone of which the average temperature was
estimated to be roughly 700°C. Thus RES(1,J) was set equal
to 1000°K.
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RES(2,))

RES(3,))

RES(4,J)

(60)

(61)

(62)

The mean chord length, specified by RES(2,J), was calculated
by Equation E.1 to be 0.29cm and 0.1cm for the thick plate
and thin plate reactor designs respectively.

This variable must be changed in response to a change in the
design variables PUREDN(J,K) and/or VOLFRC(K,L). This
is discussed in Sections 4.1.2.4. and 4.1.2.5. The

intermediate resonance parameter Ay, was set equal to 1.0 at

the direction of Reference [10]. Below, 6p as determined from
Table 3.4 of the EPRI-Cell user's manual, is listed for each

nuclide present in the fuel zone.

Zircaloy - 4 €.216 [10]
Oxygen 3.748
Gdy03 0.727 [10]
U235 11.500
U236 10.995
U238 10.599
Py239 10.200
Pu240 10.599
Pu241 10.939
Pu242 10.694

As stated in Section 4.1.2.4, the parameter RES(4,235) and
RES(4,U238) must be chan.ged with each calculation invclving
a change in the UO»/Gd7O3 ratio in the fuel zone (fuel meat) or
a change in the volume fraction of fuel material in the fuel
zone. For the fuel element designs of this study, these
parameters are calculated by the following equations,
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RES(4, U) = Vol%(UO,) [N*®63% + NOaP + N9, 9] + (1 - Vol% (UO,)) Na¢ s, =

Vol% (UO,) N3

RES(a, y8) = YOHUO) (N6, + N°0;© + N%,9] + (1 - VoIH(UO,)) N4,

RES(5,J)

(63)

Vol%{UO,) N3

Also for each change that requires a recalculation of RES(4,)),

RES(5, U235) and RES(5, U238) must also be recalculated.
These parameters are calculated by the following equations,

RES(S, U235) = Vol%(UOy) N35 (E.7)

RES(S, U238) = Vol%(UO;) N38 (E.8)

By Equation E.3, this vanable must be changed in response 1o
a change in the design variables PUREDN(J,K) and/or
VOLFRC(K,L). This is discussed in Section 4.1.2.4 and
4,1.2.5.
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E3 EPRI-Cell Output Description and Interpretation

Each section of the EPRI-Cell output file is described below. The

sections are numbered for future reference.

(1)

Echo back of input case or sample EPRI-Cell input file.

Processed Input Data Listings

(2)
(3)

(3)
4)
(5)

ZAS and TEMPID of each nuclide

Geometry edit containing the interval radii of the each space point in the modeled cell
along with its respective zone number, region number, depletion indicator and edit
indicator.

Pure Number Density arrays specified by PUREDN(J,K).

Volume Fractions for each zone as specified by VOLFRC(K,L).

Density Factors for each zone as specified by DENFRC(K,L). Note that in
this study, this input parameter has not been used.

Beginning of Calculation (Edited for Each Timestep)

(6)
M
(8)
9

Homogenized Number Densities of nuclides by region.
Homogenized Concentrations of nuclides for the Super Cell and the Edit Cell.
Non-Lattice fracticn printed.

Two Group High Cut Off Macroscopic Cross-Sections and keff for two group
Super Cell.

(10) Microscopic Cross-Section edit.

(11) Macroscopic Cross-Sections, Keff, and kipf.

(12) Fractional Neutron Balance edit.
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E4 Sample EPRI-Cell Outpat File

This appendix contains two sample time steps printed with the EPRI-
Cell output file for the thick plate 97.3% enriched HEU case. The edit for
timestep 1 contains the data for the initial undepleted fuel cell calculation,
while the edit for timestep 2 contains the data for the second depletion
calculation. Also included are the preceding input echo back and processed
input data listings.
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WDl N e

MAXINUM ENERGY BOUMDRY
1.C0003£+07 &.20850E+05 5.53084E+03 1.85539E+00 6.24933E-01 2.53000E-04

DATA FOR FAST GROUPS

FLUX

1.173930+ 1%
1.4503404 14
9.440630+13

CURRENT

1.5694204 13
1.06284D+13
5.088470+12

OATA FOR FIVE GROUP SET

FLUY

1. 178950+ 14
1.45034D+ 16
9.440630+ 13
§.38534p+12
1.68650D+ 13

CURRENT

1.569420+13
1.06284D+13
5.08847D+12
§.13727D+ 11
3.289130+11%

THERHAL BROAD BRCUP FLUX

GROUP

§
S

NUCLIDE

FLUX

5.483340+ 12
1.984400+1)

5040

0 Bt T\ —a

RUCLIDE

VIS —

HUCLIDE

ABSORPTIOH

0.0

1.065546E-03
1.538141E-01
&, 169944502
8.137912e-02

15010
ABSORPTION
J.4B7A4T7E-€9
1.458372E-04
7.702313c-03
3.191391¢£-02
1.510102E-91
se1a0
ABSORPTION

21RCH
FISSTON

oG o o
oo0ooa

HYDROGEN
FISSION

(~N-L-N-%- ]
[-%_-X-X-F |

BORON- 10
FISSION

DATA FOR 1SOTX39 DATA SET

CHY
7. 38659E-01

2.61157e-01
1.77535e-04

CHI
7.38439E-01
2.61157E-01
1.77535¢e-04

MU-FISSION

[=R-R-X-4&- ]
[-X_N-X-X-J

NU-FISSION

ocCooOO
(- X-X-1-J

NU-FISSIOH

[ K- R 3- )

NN o

TOTAL

.975785E400
.064700E+00
.890603E+00
.356 193E400
. 141153E+00

TOTAL

.942158E+00
. V09 184E+D
.03A303£ 21
.990492:00
15872801

TOTAL

SCATTERING

1.975474€+00
8.0636158+00
€.725227E+00
6.314487E+00
6.059780E+00

SCATTERING

3.041823€+00
1. 109024E+01
1.845009€+01%
8.9385731+00
2. 1436 34E+01

SCATTERINS

TRANSPORT

4.4544 16E 400
7.779364E+00
6.855721E+400
6.309714€:00
6.093845E+00

TRANSPORT

1.706779E+00
3.291684E+00
3.992243E 00
8.898370E+00
1.750105€+01

TRANSPORT

-X-2-N-1-]
xoe e
Dooo o



[-X-X-X-X-J
- X - X-X-3_J

[-X-2-X-1-J
[-X - —X-J- ]

[-¥-¥-X X-]
IR
(-x X . % 1% ]

1 2.%227Mk-01 b0 N ) 2.107643E+08  1.875559E+00  1.759306E+00
2 2.089967¢+80 0.9 9.0 3.0803356+0C 2.990339E+00  4.6B8978E+00
3 B.269577e01 B0 0.6 9.07S385E+01  2.054565E+00 B8.882371E+01
& 5.973057¢+02 ©.0 0.0 5.9932936+02 2.023877E«Gb  5.841589E+02
S 1.673638£+03 5.0 0.0 1.675780E+03  2.131826E+00  1.340186€:03
HITL IOE 80160
ABSORPTIOH N)-FESSION TOTAL SCATTERING TRANSPORT
1 8.964895E-03 0.9 8.0 2.0BAJG7E+00  2.47628BLE+CD 2.016359E+00
2 0.0 9.0 0.0 3.907743E+80  3.207716E+00  ).378430E+00
3 6.17009BE-%6 0.0 0.0 3.688807E+00  3.030174E+00  3.540458¢£.00
&  2.815739¢-05 0.0 0.6 J.8004ABE+00  J.B0042BE+DD  3.640844E+00
3 7.940655¢-05 0.0 b.¢ 1.993543E+00  3.995455E+00 3.819239E+00
NUTLIDE 541339
ABSDRPTION K)-FISSION TOTAL SCATTERING TRANSPORT
t  5.836287:-04 0.0 g.8 5.939711E+00  5.938928E+800 3. JAI7938+00
2 3.18%%87¢-03 0.9 0.0 6.3MZ01E:00  ¢.332904E+00  4.838222E+00
3 2.107BL7E+0Y 0.9 0.0 6.489113E+81  4.273799E+01  6.250012¢+01
4  3.411228E+8) 0.3 0.0 5.842855E+03  2.431311E+03  3.A69179E+0)
5 6.1i2501E+05 0.0 0.0 T.36M22E+D5  1.250896E+05 B.¥6B975E«04
HUCLIDE €214%0 M1494
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1 5.423860e-02 0.0 0.0 6.7626C9E+00 6.708177E<00 &.311028E+00
2 9.262826E-91 0.0 2.0 9.974479E+00  ©.DABOASE+D0  5.372883E+00
3 0.702352€+81 8.8 8.8 1.59753BE232  6.271718€«01 V. 571917E+02
& 1.837148E¢93 0.0 0.0 1.923790E293  J.A464429E+01  1.608012€+02
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1 2.228682¢-01 Q.0 0.9 6. 7442455400  6.521D81E+00  &4.430349E.00
2 1.7864242E+00 0.0 9.9 1.029194E+01  B8.457505€+00  8.392955E+00
3 1.306234E+02 0.9 0.8 1.423959E402  1.1972198+01  §.37B721E+82
4 3.146393:+Q1 0.0 0.0 3.146393E+01 6.0 1. T6&722E 81
3 5.646084E«02 0.0 6.0 5.646084E¢02 0.0 3.542310e+02
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Appendix F
Tabular Summary of Calculated Results

This a appendix summarizes in det.a.il all caiculated results for this
study. Table F.1 summarizes the design results for reactor cores 1, 2 and 3.
Table F.2 summarizes the design results for reactor cores 4 and 5. In these
tables, isotopic number densities in the fuel for the uranium and plutonium

nuclides at B.O.C. and E.O.C. are listed.
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Table F.1. Summary of calculated results (thick plate design).

Initial Fuel enrichment

Fuel type

Full power days at 50 MWth
Fuel volume percent in core
UQO;, volume percent in fuel
UO; loading in core(g/cm?)
Gd,03 distribution

Gd0; in the fuel (wt%)
Gd,05 volume percent in core
Lump thickness(cm)

Core i
Diameter (m)
Height (m)
Volume (liters)

Buckling (cm-3)

q"avg (kw/liter}

q"'max (kw/liter)

Burnup (MWD/T)
Bumnup (2i%)
Beginning of Core Life (BOC)

U-235 number density (a/cm’)*

U-235 content (kg)

U-238 number density (a/cm3)*

U-238 conient (kg)

Putetal content (kg)
Atuel e (Thuet 293°K - 1000°K)
Akyoig {p(water) decrease 10%)

LEU HEU

% 20% 97.3%
Caramel Caramel {UOy/Zs Cermet)

600 1,200 1,200

25.55% 21.29% 21.29%

84.44% 70.0% 20.0%

2.095 1.449 0.413
Uniform (Lumped every 7th plate)

0.101 0 0

0.136 0.770 1.793

0 0.0245 0.0665

0.81 0.88 0.65

0.98 1.08 0.79

506.1 666.7 264.6

3.4754x10-3  2.8921x10-3 5.3557x1073

99 75 189

240 182 535

28290 62120 548570

3.0 6.6 57.9

1.4430x102!  3.2563x102! 4.5210x102!

74.2 193.3 106.4

1.8020x1022 1.2861x1022 1.2387x1020

1049 783 3.0

0 0 0

-0.027 -0.019 -0.0025

-0.027 -0.021 -0.030
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1 of Core Life (FOO)
Final Fuel Enrichmen
U-235 number density (a/cm®)*
U-235 content (kg)
U-230 numher density (a/cm’)*
U-236 content (kg)
U-238 number density (a/cm™®)*
U-238 content (kg)
Pu-239 number density (a/cm3)*
Pu-240 number density (a/cm3)*
Pu-241 number densiiy (a/cm3)*
Pu-242 number density (a/cm3)*
Pu-239 content (kg)
Pu-240 content (kg)
Pu-241 conten: (kg)
Pu-242 conteat (kg)
Pyl content (kg)
Ak et yemp (Tt 293°K - 1000°K)
Ak, ;4 (p(water) decrease 10%)

4.3
8.9016x1020
437
1.0482x1¢2¢
3.7
1.7752x1022
372
1.2042x1020
2.4873x101%
1.4070x101?
1.6359x1018
0.62

1.37

0.78

0.09

8.86

-0.026
-0.038

13.9
2.0931x102!
124.2
2.3891x1020
14.2
1.2554x1022
754
1.4453x1020
2.5580x1019
1.7663x1019
1.7679x1018
8.72

1.55

1.08

0.18

11.45
-0.022
-0.028

68.1
1.4282x102!
33.6
5.9040x1020
14.0
9.1914x1019
£.75
5.6331x1018
1.5063x1018
2.6001x10!8
9.9400x1017
0.135

0.036

0.063

0.024

0.262

-0.007
-0.030

* - The isotopic number densities listed are for the fuel meat and are not averaged over the

core.
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Table F.2. Summary of calculated results (ATR type, thin plate design).

Fuel enrichment

Fuel type

Full power days at 50 MWth
Fuel volume percent in core
UO, volume percent in fuel
UO; loading in core(g/cm3)
Gd,;0On distribution

Gdy(); in the fuei (wt)
Gdy05 volume percent in core
I.ump thickness(cm)

Core Size
Diameter (m)
Height (m)
Volume (liters)
Buckling (cm-3)
qQ"'gvg (kw/liter)
Q" 'max (kw/liter)
Burnup MWD/T)
Bumup (at%)

Beginning of Core Life (BOC)
U-235 nurnber density (a/cm3)*
U-235 content (kg)

U-238 number density (a/cm?)*
U-238 content (kg)
Putct! content (kg)
Akpyey iernp (Trer 293°K - 1000°K
Akyoid (p(water) decrease 10%)
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HEU HEU
(Regular Channel) (Thin Channel)

97.3% 97.3%

(UOy/Zr Cermet) (UOy/Zr Cermet)

1,200 1,260

14.34% 15.72%

35.0% 33.0%

0.464 0.470

(Lumped every 7th plate)

0 0

2.24 1.34

0.03910 0.0285

6.74 0.70

0.90 0.86

384.6 333.3

4.1732x10-3 4.5909x10-3

131 150

368 425

336160 382700

355 40.4

8.0704x 1021 7.4598x1021

173.7 152.5

— 2.0438x10%°

4.9 4.3

0 0

-0.00053 -0.00065

-0.017 -0.018



End of Core Life (EQC)
Final Fuel Enrichment
U-235 number density (a/cm’)*
U-235 content (kg)
U-236 number density (a/cm?)*
U-236 content (kg)
U-238 number density (a/cm’)*
U-238 content (kg)
Pu-239 number density (a/cm3)*
Pu-240 number density (a/cm3)*
Pu-241 number density (a/cm3)*
Pu-242 number density (a/cm3)*
Pu-239 content (kg)
Pu-240 content (kg)
Pu-241 content (kg)
Pu-242 content (kg)
Pitoal content (kg)
Ak fuel temp (Truer 293°K - 1000°K)
Akyqiq (p(water) decrease 10%)

4.4455x102!
95.66

pomca—

1.5055x1019
2.7132x1018
3.8509x10!7
5.4273x1018
0.330

0.012

0.085

0.012

0.437
-0.0043
-0.025

81.8
3.6650x1021
74.9
8.1154x1020
16.7
1.6026x1020
3.3
1.4138x10!%
2.6677x10!8
4.3772x1018
7.5292x10!7
0.294

0.056

0.092

0.016

0.457
-0.0051
-0.033

* - The isotopic number densities listed are for the fuel meat and are not averaged over the

corg,
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Appendix G
Improved Reflector Savings Calculation Method

As stated in Section 4.1.2.6, the method used to account for the
reduction in critical mass due to reflection {i.e., dimensional reduction or
reflector savinga) is an approximation that is reasonable for small light
water reactors. The reflector savings calculated by this method varies with
core volume. In reality, reflector savings is constant as core volume
changes. For water moderated and reflected systems, the following
empirical formula may be used to obtain the reflector savings or

extrapolation length.[7]

8 =7.2+ 0.10(M2T - 40) (G.1)

where

6 = Reflector savings (cm)

M2 = Thermal neutron migration area in the core (cm2)

The thermal neutron migration area is defined as,

M2p = L27 + Ty (G.2)

where

L2r = Thermal neutron diffusion area in the core (cm2)

7 = Neutron age (cm?2)

256



For water, T i8 27cm2. The thermal neutron diffusion area is defined as,

L2t = (1 - L2 (G.3)

where

L2y = Thermal neutron diffusion area of the water moderator (cm?)

f = Thermal utilization

For water, L2r)y i8 8.1cm?2. The thermal utilization is defined as,

f=_2
Z+1 (G.4)
The parameter, Z, is given by,
7 = NEGaF.
NMoaM (G.5)

where the subscripts F and M refers to the fuel and moderator respectively.

Ag in earlier discussion, N and ¢ refer to atom number density and

microscopic neutron absorption cross-section respectively.
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