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2. DESIGN ELEMENTS AND ENGINEERING CONSIDERATIONS
2.1 Introduction
[GAR96]
2.2 Basic Neutron Cycle
[GAR96]
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Figure 2.2-1 The basic neutron cycle



Design Elements and Engineering Considerations

Page 2-2

Fission
Fragments

Fast Neutrons

Slow Neutrons

Prompt
Fission
Y

Inelastic
Scattering

Y

Excited Nuclei
|

Radioactive Nuclei

Delayed
Neutrons

e n e o w———

1

! Decay Neutrinos Decay

R

s e s oo mamn

Capture Capture
. Y B

Figure 2.2-2 Forms of energy release in a reactor [TODKAZ90]



Design Elements and Engineering Considerations Page 2-3

2.3 Possible Fuels

[GAR96]

24 Heat Transfer Considerations
[GAR96]

25 Uranium Fuel Forms
[GAR96]

251 Metallic Fuels

Unalloyed uranium metal is a very poor reactor fuel as it exhibits substantial growth under
irradiation. Highly irradiated specimens have been known to show axial growth equaling more
than 60% of the original sample length. Most of the uranium’s irradiation instability can be
attributed to the properties of the o phase, which is the phase present below 663°C.

Uranium metal is highly reactive chemically and can be used at high temperatures with only a
few coolants, e.g. carbon dioxide and helium.

Low-alloy uranium fuel (with small amount of alloying material) has been demonstrated to
increase corrosion resistance to high-temperature water and to improve irradiation stability.
Good results are obtained with U3Si (U-3.8 wt.% Si). Irradiation stability is improved by still less
than desired. Corrosion resistance is about 500 times greater than that of unalloyed uranium.
More satisfactory fuels can be obtained by addition of alloying materials which allow the y phase
to be retained at operating condition. This can be done by addition of 10-20 wt.% Mo or Nb.
Alloys containing 10-13.5% molybdenum appeared most promising.

Fuels which are highly satisfactory from both the irradiation-damage and water-corrosion
standpoints can be obtained with large additions of alloying material. The only high-alloy
uranium fuels having power-reactor application are the alloys of uranium and zirconium because
of the good neutron economy features of the zirconium.

252 Ceramic Fuels

Uranium dioxide is the most widely used of all reactor materials. It has an irradiation stability far
superior to that of metallic fuels, and it is capable of withstanding the high burnups required for
economic power-reactor application. When properly prepared, it exhibits excellent resistance to
high-temperature water or sodium.

Uranium dioxide is obtained from the gaseous UF; product of the diffusion plants. Hydrolysis of
UFe produces UO,F,, which is reacted in a dilute ammonia solution to form a precipitate of
ammonium diuranate. This precipitate is calcined to UO3, which is then reduced to UO2 by
hydrogen at about 800°C. The oxide is produced as fine powder, which needs to be pressed
into a high-density compact followed by sintering at high temperature into cylindrical pellets.

The thermal conductivity of the uranium dioxide is quite low. At the high power output required
in the power-reactor service, this leads to very high temperature gradients across the fuel
element. The thermal stresses which are caused generally lead to radial cracking of the pellets
during operation. However, the cracking does not appear to cause any deterioration in fuel
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performance providing the pellets are suitably restrained by a cladding. However, the fuel
element centerline melting remains to be of concern, and it imposes an important safety margin
criterion.

The chief limitation on the performance of UO, fuel is the swelling caused by gaseous fission
products. At low and moderate burnups, the swelling is slight and roughly linear with burnup.
Above a critical burnup, the swelling increases markedly and continued exposure of the fuel
leads to unacceptable dimensional changes. The critical burnup is primarily a function of fuel
density, a value of about 17-10° MWd/ton being obtained with fuel of 97% the oxide density, and
a value of the order of 42-10° MWd/ton being obtained with 93% dense fuel.

Thorium dioxide (ThO,) behaves similarly as UO, under irradiation. Thermal stress induced
cracking is also observed in the ThO, fuels.

Carbide fuels are primarily intended for use in fast-breeder reactors (provide better breeding
ratios). Since these reactors operate on the U-Pu cycle, the fuel consists of mixed uranium and
plutonium oxides. Thermal conductivity of the UC is substantially better than that of UO,.
Hence, considerably higher specific powers are possible without approaching the centreline
melting. However, at higher temperatures the swelling rate becomes excessive. The higher
thermal conductivity of the carbide fuel leads to a much lower Doppler coefficient than obtained
with an oxide core. Since Doppler coefficient is the main component of negative reactivity
feedback in most accident situations, the design of a safe carbide-fueled core may be more
difficult than that of an oxide core.

Nitride fuels have also been considered for use in fast reactor fuel.

2.5.3 Dispersion Fuels

In a dispersion-type fuel, particles of fissile material are imbedded in a metallic ceramic matrix.
Such fuels can generally withstand significantly higher burnups than alloy fuels. If the fuel
particles are separated sufficiently, the areas damaged by fission fragments will not overlap and
there remains a continuous metal phase.

UO, and PuO, can be dispersed in aluminum, stainless steel and zirconium alloys. The low-
temperature limitation on the use of aluminum eliminates these dispersions from consideration
for use in power reactors. While stainless steel suffers from no such limitation, poor neutron
economy eliminates it from consideration in commercial reactors. Dispersion of UO, in
zirconium alloys form highly satisfactory fuels if highly enriched uranium is to be used. Fuel
performance is still limited by fuel swelling.

The most important dispersion fuel used is the dispersion of mixed uranium-thorium carbides or
oxides in graphite. These dispersion are used in the high-temperature gas-cooled reactors.
The dispersion is achieved my multiple layers of pyrolytic carbon.

2.6 Fuel Claddings

2.6.1 Aluminum

Aluminum has been used for cladding of fuel elements cooled by low-temperature water. When
the water temperature is raised to the levels needed for power reactor production, aluminum
corrosion rates become excessive. Relatively low melting temperatures cause a concern when
aluminum cladding fuel elements are exposed to accident conditions.
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2.6.2 Stainless Steel

The 300-series stainless steels (approximately 18% Cr, 8% Ni) have both high-temperature
strength and excellent corrosion resistance. Stainless steels have relatively good resistance to
irradiation. Although they loose ductility under irradiation, the decrease in ductility is less than
for carbon steel. An important problem with stainless steels is the density decrease (swelling)
at high irradiation (up to 10% swelling was observed in flux of 10% n/cm?, typical for fast
reactors).

Stainless steel cladding has a significant impact on the neutron economy due to the relatively
high cross-section of steel for thermal neutrons. This is the main reason for stainless steel
being avoided as cladding material in thermal power reactors.

Stainless steels as cladding is used in reactors where high-temperature service is needed. This
type of cladding was used in the British high-temperature, CO,-cooled reactors. Both gas-
cooled and sodium-cooled fast-reactor designs use stainless steel cladding.

2.6.3 Stainless Steel

The primary advantage of zirconium as cladding material is the very low cross-section for
thermal neutrons, which greatly improves neutron economy. Zirconium has a very good water
corrosion resistance at high-temperatures. Adding tin, iron and chromium to zirconium greatly
improves the mechanical features of zirconium. The most well known zirconium alloys are
Zircaloy 2, 3 and 4, which found wide application as cladding for the power reactor fuel
elements.

Zirconium alloys are unsuitable at very high temperatures even though the melting point of
zirconium is 1852°C. At 862°C zirconium goes from a close-packed-hexagonal structure to one
that is body-centered-cubic, and it is necessary to stay below this phase change. At these
temperatures of the zirconium cladding interface a reaction with the UO, can occur.

Zirconium alloys exhibit significant creep at the temperature and stresses typical for PWR
reactor design. Creep rates increase markedly with temperature and are accelerated by reactor
irradiation.

At high temperatures (above 800°C), zirconium reacts with steam to release hydrogen in an
exothermic reaction. This reaction must be considered in evaluation of any LOCA event which
could lead to exposing the fuel elements to steam. The reaction of an appreciable fraction of
the clad could add significantly to the severity of the accident. Also, the mechanical properties
of the ZrO, are not as favorable compared to the zirconium.

The last point to be made about the zirconium cladding is the cost. Zirconium tubes are more
expensive than the stainless-steel tubes. Fabrication costs are also higher since all welding
must be done in an inert atmosphere. However, the decrease in fuel costs more than offsets
the increased material and fabrication costs.

2.7 Reactor Coolants
[GAR96]
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2.7.1 Ordinary Water and Heavy Water

The properties of ordinary water make it both excellent moderator and coolant. The small
neutron migration length allows the light-water-moderated cores to be very compact. The
relatively.

lonizing irradiation (including y’s released as a result of neutron-radiative capture) causes
decomposition (radiolysis) of water. Decomposition occurs in both H,O and D,0 via the same
mechanism. The rate of gas evolution (radiolysis) is proportional to the radiation flux and
decreases with increasing temperature.

Radiolysis of water is an important phenomenon that needs to be considered in analysis of
LOCA events in power reactor. Hydrogen is produced with the radiolysis of water discharged
from the break, and can accumulate in the reactor building. The radiolysis of the discharged
water can occur as a result of the y radiation from the sources within the discharge water (high
contribution), or from the reactor fuel (low contribution). Above a certain concentration,
hydrogen will burn at an explosive rate impose high risk to reactor components and building
structures. The accumulation of hydrogen produced by radiolysis of discharged water in a
LOCA event can be controlled by passive autocatalytic recombiners.

Water circulated through a reactor core will exhibit appreciable induced radioactivity. The y
activity induced is primarily due to the 7.4 s half-life "®N produced by fast-neutron interaction
with "°O. Additional activity may be introduced by activation of dissolved impurities and
dissolved or suspended corrosion products. Hence, water purification is an important process
that is continuously performed by dedicated reactor systems.

2.7.2 Gaseous Coolants

A good gaseous coolant should have a low neutron-absorption cross-section, high heat capacity
and high thermal conductivity. Hydrogen satisfies these characteristics, but it is hazardous gas
with respect to explosive burn should it come into contact with oxygen. Methane is also a good
candidate, but it is unstable under irradiation.

Carbon dioxide is a good coolant because it has low cross-section, is inert at low and moderate
temperatures, and is non-toxic. It is also inexpensive, and leakage is not a major cost concern.
The maximum temperatures which can be attained with CO, are severely limited. The reduction
of CO, in CO by graphite at high temperatures, and the oxidation of carbon steel by CO, are
well known.

Helium would appear as a good gaseous coolant because it has high thermal conductivity and
specific heat. It has extremely low cross-section for neutron absorption, and it is chemically
inert and non-hazardous. However, it is expensive and in relatively limited supply. Any
significant leakage leads to an appreciable operating cost.

All gaseous coolant have a disadvantage that a significant fraction of the plant energy output
must be used for circulating the coolant. Furthermore, the low heat transfer coefficient requires
a large heat-transfer area. This may require a larger core or the use of extended surfaces (fins).

2.7.3 Liquid Metal Coolants

The importance of the liquid metal coolants is only for the fast reactors due to the characteristic
of the metals to be poor neutron moderators. Sodium is one of the most suitable liquid-metal
coolant.
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Sodium becomes radioactive due to the formation of ?*Na by neutron capture. This radioisotope
has a 15-h half-life and emits gamma rays of 1.37 and 2.75 MeV. Hence, shielding of the
cooling system is necessary. Care must be taken to ensure a leak-tight system. Sodium is
chemically reactive and on exposure to air will burn with evolution of the oxide as dense smoke.
Further, it violently reacts with water, producing NaOH and hydrogen gas.

2.8 Neutron Moderators
[GAR96]

2.8.1 Moderating Arrangements
[GAR96]

29 Control Materials

Reactor control is most commonly accomplished by

e movement of rods in the reactor core, or

e injection of liquid into the coolant and/or moderator,

containing material (poisons) with high neutron-absorption cross-section in the thermal and
near-thermal range. This control mechanism is not as effective in the fast reactors as it is in the
thermal reactors. Fortunately, the change in reactivity with lifetime in a fast reactor is much
lower than in a thermal reactor, and hence substantially less control is needed.

2.9.1 Hafnium

Hafnium is probably the best control-rod material for water-cooled reactors. It is found together
with zirconium, and comes as by product form the separation process for zirconium. Hafnium is
chemically similar to zirconium and shows the same high resistance to corrosion by high-
temperature water.

Hafnium consists of four isotopes each of which have appreciable absorption cross-section.
Note that the capture of neutrons b one isotope leads to the production of the next higher
isotope, which is also an effective absorber. Thus hafnium remains effective poison for a long
time.

292 Silver-Indium-Cadmium Alloys

By alloying cadmium, which has a high thermal-absorption cross-section, with silver and indium,
which have high resonance absorption, a highly effective absorber is produced. The alloy is
composed by 80% Ag, 15% In and 5% Cd, and can be readily fabricated and have adequate
strength at water-reactor temperatures.

These alloys exhibit moderate resistance to corrosion by hot water, after plating with nickel.
Bonding of the base to the nickel was assured by heating the control rod to an elevated
temperature prior to reactor exposure. Corrosion under reactor conditions was good, but in
subsequent use of the alloy, it was encapsulated in stainless-steel tubes so that direct contact
with the coolant is eliminated.
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293 Rare-Earth Oxides

Several of the rare earths (i.g samarium, europium, gadolinium) have both high thermal-
neutron-absorption cross-sections and significant resonances in the epithermal region. The
oxides, the only chemical form in which the rare earths have been considered, can be formed
into refractory-ceramic pellets. Since the oxides hydrate rapidly in hot water with attendant
swelling, their use in water-cooled reactors could lead to difficulties. The oxides may be
suitable for use in the gas-cooled reactors. Dispersion of rare-earth oxides in metals such as
stainless steel have been prepared. Such dispersions, when suitably clad, can be used for
water-cooled reactor-control rods since in the event of clad fracture only the oxide particles on
the dispersion surface would get hydrated.

294 Gadolinium Nitrate

The CANDU reactor uses gadolinium nitrate (GANO3) solution in water as reactor control
(shutdown) poison. Tanks full of GANO; concentrated solution is maintained under pressure by
helium gas, and is injected into the moderator at a trip signal. This is fast and effective reactor
shutdown mechanism. The poison is cleaned from the moderator system by the moderator
purification system. Since the poison is introduced to a low-temperature low-pressure
moderator, there are no corrosion related concerns.

295 Boron-Containing Materials

The very high cross-section of '°B and the low cost of boron leads to a wide use of boron-
containing materials in thermal-reactor control rods and burnable poisons. Unalloyed metallic
boron is not suitable for control-rod use.

Boron alloyed or dispersed in stainless steel forms inter-metallic compounds with iron, nickel
and chromium of the metal matrix. The result is a major decrease of ductility. Acceptable
materials can be obtained by limiting the boron concentration to 2-3 wt. % B. The boron-
stainless steel materials have adequate corrosion resistance in water-cooled reactors.

The performance of boron-stainless steel materials is limited because of the '°B (n, «) reaction,
which leads to severe swelling localized at the surface of the element (due to short travel
distance of the a particles).

Boron carbide (B4C) is of much greater interest than elemental boron. Boron carbide can be
formed into pellets and effective control elements produced by placing these within stainless-
steel tubes. In high-temperature gas-cooled reactor designs, control elements can also be
produced by dispersing B,C in graphite.

In addition to its use in control elements, boron has been used in PWR’s for control of reactivity
changes with reactor lifetime by dissolving boric acid in the coolant. At the beginning of life,
enough boric acid is added to the coolant so that the reactor is just critical with all rods nearly
completely withdrawn. As burnup proceeds, the boric acid concentration in the coolant is
reduced so as to just maintain criticality (“chemical shim control”).

Boron may also be used to compensate for the change in reactivity with lifetime through
“burnable poison”. In this scheme, a small amount of boron is incorporated in the fuel or special
burnable poison rods to reduce the beginning-of-life reactivity. Burnup of the boron causes a
reactivity increase which partially compensates for the decrease of reactivity due to fuel burnup
and accumulation of fission products. Stainless-steel-boron alloys and dispersions can be used
successfully for this purpose since the boron burnup in such rods can be kept low.
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Alternatively, pellets of boron-silicate glass encapsulated in hollow stainless-steel tubes may be
used.

2.10 HTS Design Requirements and Engineering Considerations
[GAR96]

2.11 Power Reactor Types

[GAR96]

Table 2.11-1 shows typical characteristics of the fuel for six reference power reactor types
[Source TODKAZ90]. The table provides general information about fuel particles, pins,
assembly, moderator, and manufacturer.
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