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1 Nuclear fission energy

[K. Kugeler, E. Kugeler, N. Péppe, Z. Alkan, W. Gritz]

1.1 Principles of fission reactors

1.1.1 The fission process

The conversion of mass into energy and vice versa follows Einstein’s well-known relation,
AE = Am-c*, (1.1)

where Am is the change of mass, AE the change of energy, and ¢ the velocity of light (2.998 x 10°* m/s).
Therefore the conversion of 1 g of matter is correlated to the release of an amount of energy of 9 x 10" J.
Related to the usual unit of masses in nuclear physics (1 atomic mass unit = 1 amu = 1.66 x 10* g) the
conversion of 1 amu into energy corresponds to 931 MeV (1 eV =1.602 x 107 J). Table 1.1 contains
data of particles that are important in reactor physics.

Details of the fission process and relevant aspects of nuclear physics as well as much more details of
reactor physics are presented in a famous, broad literature. For further information, the reader is referred
to [58Wei, 61Gla, 63Gla, 66Wil, 83Zie, 60Dre, 70Bel, 82Eme, 64Tai, S8Eth, 64Mee, 81Ben, 85Wil,
71Fra, 73Fos, 83Lam, 92Bri, 83Kes, 92Kni, 7401d, 53Cas, 76Smi].

Table 1.1. Data of nucleons and electrons.

Particle Symbol Mass [g] Mass [amu]  Charge [As]
neutron n 1.6748 x 1072 1.008665 —

proton p 1.6725 x 107 1.007277 +1.602x 107"
electron e 9.1080 x 107%® 0.00055 -1.602 x 107"

The nucleons are bound in the nucleus with binding energies which depend on the mass number,
A =N+ Z, of the nucleus. The binding energy, Eg, is related to the proton mass, M,, the neutron mass, M,
and the mass of the whole nucleus, M, via

Eg=Am-c*=(Z-M,+N-M, M 4)-c*, (1.2)

where Am denotes the mass defect. Figure 1.1 shows the dependence of the binding energy per nucleon
on the mass number. This curve can be explained by the liquid-drop model of the nucleus, in which a
typical relation for the binding energy per nucleon (Eg/A4, in MeV/nucleon) is:

Eg_, 13 0.585-2° 19.3-(4-22)* i s

with 5=+33/A74 for Z even, N even,
5=-33/A"*  for Z odd, N odd, (1.3)
=0 for Z even, N odd,
0=0 for Z odd, N even.
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4 1.1 Principles of fission reactors [Ref. p. 182

The first term corresponds to the energy caused by the nuclear forces, the second is a surface correction,
the third is the Coulomb repulsion inside the nucleus, the fourth term corresponds to the symmetry of
nucleons in the nucleus, whereas the fifth term represents an addition of energy for the last unpaired par-
ticle.
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At low mass numbers there are some nuclei with small local maxima of binding energy. These nuclei
have relatively high binding tendency and are very stable. A flat maximum of the curve occurs at 4 = 60.
Therefore two methods for producing energy by exothermal nuclear reactions are principally feasible:

— fusion of light nuclei,
— fission of heavy nuclei.

In addition, the radioactive decay of unstable isotopes delivers energy, too. Nuclear fission occurs af-
ter absorption of a neutron by fissile nuclei of U-235, U-233, Pu-239 or Pu-241. The fission reaction, e.g.
for U-235, can be described by the expression

235 1 236 y1* 4 A 1
92U+ o — 92U _>ZIX1+ZZX2 +V'0I1+Q. (14)

Two fission products (X;, X,) and v neutrons are released. The reaction occurs with an intermediate ex-
cited state of U-236. For the nucleons, conservation equations are valid. The number of nucleons and the
charge number must be conserved:

236 =A, + Ay + V, (1.5)
92:ZI+Z2. (16)

The release of energy during fission can be estimated from the curve of binding energy. For the U-235
nucleus, the average binding energy is around 7.6 MeV per nucleon, for fission products (4 = 80 to 150)
the average binding energy results to nearly 8.45 MeV per nucleon. The difference of 0.85 MeV per nu-
cleon is released in form of energy during fission. For the U-235 nucleus this means around 200 MeV per
fission event,

28;U+&n—>lggBa+ggKr+2-én+energy. (1.7)
There is a mass difference of Am =0.2043 amu corresponding to a release of energy of 190 MeV (see
Table 1.2 for a detailed energy balance). As an average value in calculations in nuclear technology a
value of 200 MeV per fission is assumed today. This energy is distributed on the different reaction prod-
ucts as listed in Table 1.3.
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Table 1.2. Detailed mass balance in the fission process of U-235.

Protons Neutrons Mass [amu]

Before fission

U-235 92 143 235.1167
n 0 1 1.0090
total 92 144 236.1257

After fission

Ba-137 56 81 136.9514
Kr-97 36 61 96.9520
2n 0 2 2.0180
total 92 144 2359214

Table 1.3. Distribution of energy during the fission process of U-235.

Form of energy Value [MeV] Proportion [%] Remark

kinetic energy of fission products 174 83 used inside reactor core
kinetic energy of prompt neutrons 5 2 used inside reactor core
prompt y-radiation 8 4 partly used in reactor core
B~-decay of fission products 7 3 partly used in reactor core
delayed y-decay of fission products 6 3 partly used in reactor core
neutrinos 10 5 not usable

The main part of energy immediately after fission occurs as kinetic energy of the fission products and
is converted into thermal energy in the reactor core.

The kinetic energy of the prompt neutrons and a part of the energy of the promptly produced -
radiation, as well as parts of the decay energy of - and y-radiating fission products remain inside the
reactor core and are used for the generation of heat and finally of electricity in power reactors.

Parts of the energy of - and y-decay of the fission products are released later even after shutdown of
the nuclear chain reaction in the reactor. For many years a considerable amount of decay heat is set free,
causing main questions of safety during operation of reactors and intermediate and final storage of high-
level radioactive waste. The neutrino energy cannot be used in reactors. In addition to the values given in
Table 1.2 there are some capture reactions caused by y-radiation which result in an additional amount of
energy of 5 MeV staying inside the core. Therefore, around 200 MeV per fission is a good practical value
for application in fission technology. The energy production in fission is very large compared to that in
chemical reactions such as burning processes of fossil fuel. The reaction of one carbon atom with oxygen
yields about 4 eV.

A comparison of fuel required for equivalent energy production between burning carbon and fission-
ing uranium results in a factor C,

(- 200MeV /atom / [4eV / atom

=2.55%10° . (1.8)
235g/mol 12 g/ mol

This feature is one of the big advantages to use nuclear energy, a very small amount of material is neces-
sary to supply even very large power plants.
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6 1.1 Principles of fission reactors [Ref. p. 182

In the commercial power reactors introduced today low-enriched uranium of around 4 % U-235 is
used. A simple estimate gives the following number: 1 g U-235 contains 2.56 x 10*! nuclei. The total
fission of 1 g releases an energy of 7.88 x 10'° J. Therefore a useful relation is:

1g U-235 2 1 MWd (= 2.4 x 10* kWh) . (1.9)

Natural uranium (containing 0.71 % U-235) delivers 170 kWh/g, whereas uranium enriched to 4 % al-
lows an energy production of around 10° kWh/g. In a real reactor there occurs breeding of fissile pluto-
nium-239 during operation, and this material is partly fissioned in situ. This effects somewhat changes the
numbers given above.

During the fission process neutrons are produced, too, which are necessary for the chain reaction. The
number of neutrons per fission depends on the type of fuel and on the energy of the neutrons which in-
duce the fission process (see Fig. 1.2a). The neutrons have an energy distribution which is similar to a
Maxwellian distribution with a maximum at 0.7 MeV and an average value at around 2 MeV (see
Fig. 1.2b).

The fission products are generated with a distribution of mass numbers, often named the fission yield,
which shows maximum values at 4 = 100 and 4 = 140 (see Fig. 1.2¢). The shape of the distribution dif-
fers depending on the type of fuel and the energy of the neutrons which induce the fission process.
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Fig. 1.2. Some aspects of the fission reaction, fission neutrons (U-235), (c) fission yield of U-235,
(a) number of neutrons in fission dependent on energy (d) emission of delayed neutrons (example of Br-87 as
and fissionable material, (b) energy spectrum of prompt emitter).
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Ref. p. 182] 1 Nuclear fission energy 7

Nearly all neutrons (99.35 % in U-235 fission) are generated immediately during fission (after
107'%s). Beside these prompt neutrons there are some delayed neutrons produced during the total fission
process. The delayed neutrons are emitted from some nuclides as bromium or iodine, as explained in
Fig. 1.2d. The fission product Br-87 carries an excess of neutrons and energy. There is a probability that
the decay occurs by a B -decay with the emission of a neutron from the excited state of Kr-87. This proc-
ess occurs like an emission of a neutron with a half-life of 54.5 s from the fission process for this specific
example. There are other fission products with this behavior, too, as explained in Sect. 1.1.7.5. The de-
layed neutrons are fundamentally important for the control of the fission process. Without these neutrons
the characteristic times to control reactors would be far too short for technical actions.

The delayed emission of B7- and Yy-radiation from the radioactive fission products causes the decay
heat. Figure 1.3 contains the curve of the decay heat related to nominal thermal reactor power dependent
on time after shutdown, ¢, and on the time of operation before shutdown, ¢,. This curve indicates that
immediately after shutdown of the reactor around 6 % of the nominal plant power are produced as decay
heat, after 1 hour around 1 % and even after years parts of per mill of power. The safe removal of decay
heat from the fuel elements is one of the key questions of safety in nuclear technology, not only in the
reactor, but in the intermediate and final storage of radioactive waste, too.
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1.1.2 The controlled chain reaction and the critical arrangement

When generating energy from nuclear fission, it is essential that a controlled chain reaction takes place
within the reactor system. In total, the number of neutrons of successive generations has to stay constant.
According to Fig. 1.4 this means that in a finite reactor system a relation of the following kind must be
applicable for the criticality constant k:

_ P
A+L

=1, P=A+L, (1.10)

where P denotes the neutron production, A4 the total absorption and L the leakage of neutrons from the
system. All neutrons which are produced in the system are finally absorbed or leak out. If there are no
neutron losses due to leakages in an infinite system, the following equation can be applied:

k,=—=1, P=4A, (1.11)

which indicates that all neutrons produced disappear just by absorption.
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8 1.1 Principles of fission reactors [Ref. p. 182
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With every fission, 2 to 3 neutrons are emitted, which again can cause further fission. Thus, in a sys-
tem containing fissionable material, it is possible to run either an uncontrolled or a controlled chain reaction.
If / stands for the average time between two successive neutron generations, the following equation
applies to the change of the amount of neutrons in an infinite system:
dn n(k-1) Ak
— =n—.

=——>== 1.12
dr l / ( )

The variable £ is, as defined above, meant to mark the multiplication factor for the number of neutrons; its

size is determined by the neutron fate inside the reactor, as will be explained in more detail in the follow-
ing. The solution to the simple differential equation is:

n(z):n(o).exp(¥j. (1.13)

This means that, if Ak > 0 is chosen, the number of neutrons will increase exponentially from genera-
tion to generation. If Ak remains greater than zero for an extended period of time, the number of neutrons
and therefore the power output will rise unlimitedly. This is the case with uncontrolled chain reactions,
i.e. the nuclear bomb. If, however, with the appropriate reactor design Ak =0 is kept, it is a controlled
chain reaction. The power output remains constant and the reactor is called critical. Control and shutdown
procedures are carried out by small deviations from the set value. The number of neutrons, #, is propor-
tional to the power output generated. Figure 1.5 shows the discussed cases in comparison. A subcritical
system with Ak < 0 is included, too.

k>1(Ak>B)
(Power is raised)
4
k>1(Ak<B)
- 3
S
1 . k =1 (Stationary operation)
k < 1 (Power decreases)
Fig. 1.5. Qualitative dependence of power
output on time (parameter: criticality value
k, without temperature feedback); S denotes
the fraction of delayed neutrons, f=0.65 %
Time for 2°U as fissionable material.
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Ref. p. 182] 1 Nuclear fission energy 9

Those neutrons that have emerged from fission experience different fates when reacting with the nu-
clei inside the reactor. Apart from fission events due to interaction with U-235 nuclei, elastic and inelastic
scattering as well as absorptions are possible. This applies to fission materials, breeding materials, mod-
erators, cooling medium, structure materials and absorbers in shutdown elements. The probability of such
reactions is characterized by so-called cross sections, 0. The variable o makes it possible to describe a
certain reaction; a more detailed explanation will follow in Sect. 1.1.4.

A description of the neutrons’ behavior inside the reactor can be given with the four-factor formula
shown in Fig. 1.6. Assuming that the cycle starts with 100 thermal neutrons, a fraction /- 100 is absorbed
in the fuel. The rest, (1 —f) - 100, however, is absorbed in other materials of the reactor. A fraction
( 0'§ /6 )- f-100 leads to fission, from which another ( o{ /) )- f-v-100 new fission neutrons with
high energies, called fast neutrons, are produced. Here the ratio 0'§ / O'; characterizes the amount of
absorption by fission related to the total absorption in U-235. Through the additional fast fission of U-238
this number of fast neutrons is increased to £-( o{ / O'; )-v- f-100. The quantity 7 =( O'g / O'; )V is
regarded as the neutron recovery per reaction. Therefore £+ 17 - /- 100 neutrons pass through the area of
slowing down. With a probability of (1 — w) this leads to an escape out of the reactor system in the fast
part of the neutron spectrum. In addition, another fraction (1 — p) is lost by absorption in the resonances
of the U-238 which is arranged in every reactor using low-enriched uranium. Accordingly, after passing
through the resonance area, w;-p-n-f-€-100 neutrons are still available. The now thermal neutrons
will be lost, with a probability of (1 — w,), through leakage out of the reactor with the diffusion now set-
ting in. After running through this cycle, w;-w, - p-n- f-£-100 neutrons are available for further fission.
In a critical reactor this will be just about 100 neutrons. This is the same amount of neutrons as started the
cycle.
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lost as a result of
esonance absorption

(1=wy)-wy-p-f-n-e-100
leakage during
diffusion
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neutrons after cycle the resonance area
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Fig. 1.6. Description of the neutron cycle in a reactor: finitely expanded medium according to the four-factor formula.
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10 1.1 Principles of fission reactors [Ref. p. 182

Therefore the so-called four-factor formula, principally describing the fate of neutrons in a thermal re-
actor, can be applied:

wewy pn-fE=w Wy ke =k=1. (1.14)

The value k.. is called the multiplication constant of an infinite reactor and it always remains greater than
1 in a finite reactor system because w; - w, < 1. With the factor w; - w, the size and geometry of the finite
reactor is determined. An outline of the terms used for k.. in the four-factor formula is given in Table 1.4.

An even critical reactor shows the value £ = 1. In this case, the number of neutrons remains constant
in each generation and hence the reactor power output stays constant in time as well.

Typical numerical values for the factors listed in Table 1.4 are given in Sect. 1.1.5 for the PWR. It is
the task of reactor statics to determine these values for the stationary design, depending on fuel element
design, core design, as well as on operation parameters.

Table 1.4. Terms in the four-factor formula (Z denotes the number of fissions).

Factor Notation Definition Description
f thermal utilization o, (fuel) absorption in fuel
m total absorption
n neutron recovery v - oy (fuel) absorption for fission
o, (fuel) absorption in fuel
e fast fission factor Z therm + Ztast total fissions
Z term thermal fissions
p resonance escape probability o, (therm.) thermal absorption
o, (total) total absorption

The different parameters change in time in a very complex manner, in particular by the burn-up of fuel
during operation as well as by the build-up of fission products, of new fissionable isotopes and of acti-
nides. Therefore, computer codes employing a three-dimensional representation of the core and contain-
ing the time-dependent variation of isotopes in the reactor are used today to calculate the criticality state,
described by k for the whole operation time. As mentioned above, prompt and delayed neutrons destine
the neutronic behavior of a reactor.

At this point, the great practical and, particularly, the safety-engineering importance of power output
changes as mentioned in Fig. 1.5, should be pointed out. Especially power output excursions, as shown in
curve 4, have to be avoided as they can lead to the destruction of the reactor. This would happen, if the
reactivity inside the reactor changed promptly, with Ak being greater than the number f# of delayed neu-
trons involved. In this case, only the prompt neutrons determine the generation time, which would then be
of the order of 107 s. It would be impossible to control the resulting increased power output by technical
controlling systems, and hence, if taking place unlimitedly, this increase could destroy the reactor. In
general, this can be avoided by inherent self-regulation mechanisms, i.e. negative temperature coefficient
(as explained in Sect. 1.1.7.4) and well-suited design of reactors. The operating area of these reactivity
values is shown in the curves 2 and 3. A negative value of Ak causes a decrease in power output, a posi-
tive one leads to a slow, exponential increase of power. With the help of technical systems, both these
changes can be reliably carried out and controlled.
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1.1.3 Principle of a nuclear reactor

In a nuclear power plant, mass and energy conversion proceeds as shown in Fig. 1.7a. Fissionable materi-
als (U-235, U-233, Pu-239 and Pu-241) are used to generate energy by nuclear fission in the reactor.
Following Einstein’s relation, AE = Am ¢?, mass is converted into energy. A cooling medium, which is led
through the reactor core, carries the heat towards the steam generator. The steam usually supplies a steam
turbine process, the turbine powers the generator that produces electric energy, which is then delivered to
the electrical grid. For the future, the combination of nuclear reactors with gas turbine processes or com-
bined cycles will also be realized, to gain higher efficiencies.

In the reactor, the fuel material is heated as a consequence of the fission process. From the fission
process, two fission products and 2 to 3 neutrons as well as energy emerge. The fission products are ra-
dioactive, which leads to the possible damage of the environment in case of accidents, as will be dis-
cussed in more detail in the following. The released neutrons ensure the maintenance of the chain reac-
tion, which guarantees the continuous operation of the reactor.

The core basically contains fuel elements, consisting of fuel and breeding materials as well as struc-
ture material, the moderator and the cooling agent. In thermal reactor systems moderators are used to
slow down the neutrons from high velocities to lower ones. This is necessary because cross sections for
fission in the thermal energy range are particularly high. Light and heavy water as well as graphite are
suitable moderator materials that are also of current technical importance. In fast reactor systems, mod-
eration is practically renounced completely to realize a fast neutron spectrum.

The heat that is released during nuclear fission is transferred out of the core area by the cooling agent.
Suitable cooling agents are light and heavy water, CO, and helium for thermal rectors, as well as liquid
metals such as sodium or lead for fast systems.

Nuclear reactors serve as heat sources in power plants to produce electricity, for powering ships, as
material testing reactors, as research reactors for the production of neutrons as well as to produce new
fission materials and special radioactive isotopes. Nuclear reactors can deliver nuclear process heat too.
As an example cogeneration plants to produce electricity and district heat or process steam have been
realized. High temperature processes using nuclear heat like hydrogen production by steam reforming of
methane, coal gasification or thermochemical water splitting are further interesting options. In future,
reactor systems are likely to be used as well for the conversion of long-lived radioactive isotopes. This
could be important for reducing the storage time in final storage systems.

Today thermal reactors are of special importance in reactor technology. Fission heat is used inside the
steam generator to power the subsequent turbine process (see Fig. 1.7c¢).

Figure 1.7b shows a basic scheme of a reactor core. It is indicated that the cooling medium is passing
in the reactor and is heated up. In water cooled reactors, the cooling medium serves as a moderator at the
same time. The figure contains a qualitative picture of temperature of coolant, the canning of fuel ele-
ments and fuel across the length of a fuel rod.

The reactor is controlled and shut down by shutdown rods that are inserted into the core. The primary
circuit is arranged inside a reactor protection building or reactor containment. According to today’s state
of the art, in a PWR the primary system is connected to a steam turbine process. The power house, con-
taining all parts of the turbine cycle, is attached to the reactor protection building. Nowadays, nuclear
power plants are usually operated with large availability and under good economic conditions. The main
question of reactor safety is the retention of fission products inside the plant, and the demand connected
with this always to be able to cool and shut down the plant securely.

The spent fuel elements which contain, beside the fission products, long-lived fission products and ac-
tinides have to be stored reliably to avoid any contact of radioactive material with the environment. Ini-
tially this is done by a long-term intermediate storage of spent fuel elements. Then, after their final condi-
tioning, the fuel elements can be stored in a final disposal place. Alternatively, in a reprocessing plant
fission products, fuel and breeding material are separated. The fission products are then stored in glass
containers (borosilicate glass blocks). After a long-time intermediate storage to reduce the decay heat,
these glass containers are inserted into a final storage, namely salt mines, granite structures, or other
suited geological repositories. The remaining fuel and the breeding material leaving the reprocessing
plant are used to fabricate new fuel elements for the operation of nuclear reactors.
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Fig. 1.7. Concept of nuclear reactors: (a)chain of
conversion, (b) qualitative picture of heat removal from
the core and of the components of a fuel element,
(c) utilization of thermal fission energy for the produc-

tion of electrical energy (1:reactor core, 2:reactor
pressure vessel, 3:control and shutdown system,
4: coolant pipes, 5: steam generator, 6: coolant pump,
7: reactor containment, 8: steam turbine plant).
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As far as energy transport in the whole system is concerned, the following equations hold: The ther-
mal work during a span of one year is given by

Ag =1¢* Py (1)-dt=Py -T=Z-AE, (1.15)

where T is the full-power operation time in one year, Z is the number of fissions in the reactor in one year,
corresponding to 7 hours of full power. The energy per fission event is

AE=Am-c?, (1.16)

where Am-Z is the amount of uranium (and plutonium) fissioned in the reactor. The thermal power of
the reaction is described by

Z-E .
:—:m

Fin e

c'cc~(T0—Ti), (1.17)
with E¢= 200 MeV/fission and 1, as the coolant mass flow in the core, ¢, as specific heat of the coolant,
and T,, T; as outlet and inlet temperature, respectively, of coolant to the core. On the other hand, the relation

Py, :mst'(hst_hfeedw.):Pel/ntot (1.18)

is valid with i, as flow of steam on the secondary side, and A, Ageqw. as the enthalpies of steam and
feedwater, respectively. The total efficiency of electricity production is denoted by 77, Which includes
some efficiencies of different steps of power conversion:

Mot =71SG “TTth *Mturb “MTgen “TIPlant = I;[ni ) (1.19)

with the efficiencies of steam generator, 75, of steam cycle, 77y, of turbine, 7y, of generator, 7ge,, and
of the plant including the house load, 7pj,,. Characteristic values for a large modern PWR are: 7y, = 0.4,
Thurb = 0.98, Tgen = 0.99, Tpiane = 0.95. Therefore a value of around 0.33 results for the total net efficiency
of these types of plants today.

In comparison to conventional, fossil-fueled power plants, there result special aspects in the case of
nuclear power plants, which make it necessary to discuss some physical questions as well as some neu-
tron-physical aspects of the core design more closely. Safety questions are of special importance because
of the high activity inventory of reactors as well as the serious radiological consequences in case of re-
leases of radioactivity into the environment.

1.1.4 Some necessary fundamentals
1.1.4.1 Cross sections

The neutrons inside the core interact with the isotopes, and, depending on the type of isotope, reactions
can be nuclear fission, elastic scattering, inelastic scattering, neutron capture (with successive y-emissions
or p- and a-emission, respectively) or neutron-reproducing reactions.

Table 1.5 shows the characteristics of the different reactions as well as some important examples. The
desired main reaction inside the core of a nuclear reactor, nuclear fission, takes place with U-235, U-233,
Pu-239 and Pu-241 isotopes. U-235 is the only isotope to be found in the natural environment, the other
types of nuclides are produced artificially.

With neutron capture reactions, one neutron is absorbed by the nucleus. The new isotope produced by
this is in an excited state. Some reactions of this kind proceed via y-emissions to the ground state ((n,y)-
reaction), while in other reaction processes a proton ((n,p)-reaction) or a helium nucleus ((n,o;)-reaction)
is emitted. For thermal reactors, scattering processes that are responsible for slowing down the fast fission
neutrons to the thermal energy area, are of special importance.
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14 1.1 Principles of fission reactors [Ref. p. 182

Table 1.5. Neutron reactions and important examples.

Reaction Characterization Example

nuclear fission (n,f) U +n—""Ba+?Kr+2n

neutron capture (n,y), (n,p), (n,0) BU+n-PU+ v
“B+n— Li+ *He

elastic scattering (n,n) C+n—"C+n AE=0

inelastic scattering (n,n%) FU+n-2U+n’, AE>0

neutron producing reactions  (n.2n), (n.3n) BU+n—-2"U+2n

For elastic scattering the conservation equations of energy and momentum in terms of classical me-
chanics are valid without any emission of radiation. In the case of inelastic scattering, a fraction of the
kinetic energy involved in the scattering process is converted into y-radiation energy. In general, the ine-
lastic scattering is a threshold reaction, i.e. the kinetic energy of the neutron captured has to be above a
certain level of energy (mostly above 100 keV) to enable such a process to take place. Above a threshold
energy of around 1 MeV, some isotopes (e.g. U-238) can absorb one neutron and release two or more
neutrons ((n.2n)-reaction, (n.3n)-reaction).

To attain a quantitative description of the reaction process, the terms cross section, neutron flux and
reaction rate have been introduced to reactor technology. In particular, the term cross section is suitable to
quantitatively record reaction rates of neutrons with nuclei.

From a simple consideration of the transmission of a neutron flow through a target with the thickness
d and the number of nuclei per volume unit, &, the following exponential law can be deduced for the
decrease of intensity /; to I:

I=1,-¢7V, (1.20)

The quantity o; defined by this simplified derivation,

& Inty/D)

; 1.21
N.d (1.21)

is called the microscopic cross section for a neutron reaction. The dimension is 1 barn = 1072* cm®. Addi-
tionally, macroscopic cross sections with the dimension cm™ can be used applying the equation

Z=N-o, (1.22)

where N is the number of nuclei per volume. Cross sections depend on the neutron energy and partly on
the scattering angle. Figure 1.8 represents the energy dependence of different cross sections for U-235.

(n,y)-reactions take place for instance in U-238 and Th-232. For U-238, the corresponding cross sec-
tion versus the neutron energy is shown in Fig. 1.9a. For these isotopes, resonance absorptions within the
epithermal area are particularly remarkable, as they play an important role for balancing the neutron ac-
tion at rising power and temperature and hence are of essential importance for the reactor’s safety behav-
ior (see Sect. 1.1.7.4).

The resonance absorption rises in case of rising fuel temperatures, causing a negative feedback on the
criticality of reactors. Finally some distinct characteristics of moderator materials should be mentioned.
For the necessary slowing-down of fast fission neutrons to thermal energy in a thermal reactor, modera-
tors are needed. Common materials today are H,O, D,0, and carbon. Figure 1.9c shows the total cross
sections for light hydrogen and carbon, while Fig. 1.9d represents the cross sections of B-10, Cd, and In,
which are used as absorber materials in control elements. Pu-239 is formed during reactor operation from
U-238, with the fission cross section showing a characteristic resonance behavior in the thermal energy
region (Fig. 1.9b). All cross sections of important materials in reactor technology have been measured
today dependent on energy and, in the high-energy region, partly dependent on scattering angles. They are
included in specific libraries for cross sections to be used in large computer programs for reactor design.
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1.1.4.2 Neutron flux and reaction rates

In order to set up neutron balances and to be able to quantitatively describe a reactor core in any operation
or failure situation, the terms neutron flux and reaction rate are essential. If all neutrons have the same
velocity v, and n stands for the number of neutrons per volume unit, the neutron flux, ¢, can be defined as

b=nv, (1.23)

with the dimension cm™s™". If the neutrons show a spatial and energy distribution n (F,E), the flux per
energy unit follows the relation

¢(7,E):n(?,E)~v(E), (1.24)
12

with the dimension cms'eV™! and v = (2 E/m)"% By integration via a neutron spectrum one attains the
following equation for the neutron flux, which is then only depending on spatial coordinates:

¢(F)= [ n(F,E)-v(E)-dE. (1.25)
(E)
The probability of a certain reaction taking place is determined by the product of the neutron flux,

10 [cm %s™'], the number of nuclei per volume, N [cm ], as well as the proportionality constant, i.e. the
cross section, o [cm’]. The reaction rate, R [cm™ s'], is then defined by the expression

R=¢-0-N. (1.26)
As cross sections are mostly energy-dependent, the reaction rate can be calculated by integration:

R= | ¢(E)-o(E)-N-dE, (1.27)
(E)

with (E) - dE as neutron flux distribution. The reaction rate will also, sometimes strongly, depend on the
location, according to the spatial distribution of the neutron flux and the concentrations N. Thus, for the
rate, R [em s '], one has:

R(7)= [ ¢(7.E)-o(E) N(7)-dE . (1.28)
(E)

The sufficiently exact determination of neutron fluxes, ¢(E,7), and reaction rates, R(7), is the task
of diffusion and transport calculations. The neutron flux distribution, ¢(E,7), is strongly energy-
dependent, as shown in Fig. 1.10. In the spectrum, one distinguishes between thermal, epithermal and fast
regions.

1.1.4.3 Neutron spectrum

The energy spectrum of neutrons in the reactor is the basis to calculate weighted cross sections, which are
necessary to find important reactor parameters like criticality constant, reactivity coefficients, efficiency
of control rods, power density, and neutron-induced loads on materials. The spectrum contains neutrons
with energies between 10 MeV (fission neutrons) and around 0.025 eV (thermal neutrons). Often one
talks about the fast, epithermal and thermal part of the neutron spectrum. Approximately in these regions
simple equations can be used derived from slowing-down theory and from the theory of thermalization.
Figure 1.10 shows the total spectrum qualitatively.
The fast spectrum (10° < E < 107 V) can be described by the equation

#(E)-dE~C JE -¢F dE . (1.29)
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This relation corresponds to the energy distribution of the fission neutrons. During the slowing-down
process in the epithermal part of the spectrum (1 < E < 10° V), an energy dependence of the flux like

C
¢(E).dEzE3.dE (1.30)
can be used to describe the conditions of weakly absorbing media, whereas in the thermal part of the
spectrum (107 < E < 1 eV) the expression

¢(E)-dE=C,-E-¢ E/¥ .qE (1.31)

is a good approximation describing the thermal equilibrium. This is nearly a Maxwellian distribution of
energies and velocities in a thermal reactor system. In case of fast reactors the thermal part of the spec-

trum does not exist.

Thermal
neutron
region
Ephithermal
m g
= an
% resonance
= neutron )
= region Intermediate neutron and
3 slowing-down region,
= (1/E-region) Fast
neutron
region
3 3 3 3 3 3 3 3 3 3 3
~— pay - ~ = = o ; < = =
= o e ~ S ~ S A =
S 2 =
Neutron energy E

Fig. 1.10. Qualitative relation between neutron flux and neutron energy in a thermal reactor.

1.1.4.4 Diffusion of neutrons

The transport of neutrons in the reactor is described by the integrodifferential equation of transport, the
Boltzmann equation. Approximately the diffusion equation can be applied, if groups of neutrons with
different energies in the reactor are considered. The thermal neutrons as a one-group representation in a
well-moderated thermal reactor can serve as an example. The derivation of the diffusion equation can be
explained with regard to Fig. 1.11.

The number of neutrons inside the volume element AV is changed by three effects: there can be a
source of neutrons (Q(¢)-dV), absorption of neutrons (2, @-dV) and a leakage of neutrons through the

surface AF of the volume AV ([/-df).
Altogether the neutron balance for the volume AV delivers the equation

L[ (ydV)= | Q-dV— | T,pdV— | Jdf. (1.32)

o (av) %) Aar) (AF)
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n(?) dr
AV

o) Fig. 1.11. Volume element in the reactor core for the derivation of the
diffusion equation.

In case of monoenergetic neutrons, ¢ =n-v is valid. According to the law of Gauss, the surface inte-
gral can be transformed into a volume integral:

[ j-df= | divj-dV . (1.33)
(AF) (AV)

The connection between the current density of neutrons, ] , and the flux, ¢, is given by the first law of
Fick:

j=—D-grad¢, (1.34)

where D is the diffusion coefficient in the medium considered. Detailed theoretical considerations show

that the diffusion coefficient is connected to the cross section of neutron transport, 2, and the mass num-
ber, 4, of the isotopes in the diffusion medium by

p=—t .1
3.5, 1-2/34

(1.35)

Integration of the balance equation, taking into account Gauss’ and Fick’s laws and considering very
small values of AV, results in the time-dependent diffusion equation,

19 o 5 .p+D-0p, (1.36)
v ot

with div(gradg) = A¢ as the Laplacian operator. In many applications of reactor statics the time-
independent diffusion equation is used in the form:

D-A¢p-2%, - ¢+0=0, (1.37)
with the source strength of neutrons,
0=v-%s-¢, (1.38)

in a thermal reactor as an example. Some characteristics of neutron diffusion are easily explained consid-
ering a point source of neutrons.
Applying the Laplace operator for spherically symmetric conditions,

%¢ 299
Ap=22 2% 1.39
¢ ar2+r8r (1.39)

for a point neutron source the following flux distribution is derived:

¢(r)=§~e"'/ L (1.40)

where L? = D/, is called the square of the diffusion length, L, which is connected with the migration
length of neutrons in a diffusion medium by the expression
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==, (1.41)

Some characteristic diffusion parameters for different media which are important in reactor technol-
ogy are given in Table 1.6. These data are valid for neutrons with thermal energies.

The shortest diffusion passes are therefore found in H,O-moderated systems, the passes in C-
moderated reactors are much longer, the longest are found in D,O systems. The diffusion lengths of ther-
mal neutrons in fuel materials are in the order of 1 cm and smaller.

The average diffusion time or lifetime, 7, of a thermal neutron can be defined as the time, during
which the neutron with the average thermal velocity vy, diffuses before it is absorbed inside the reactor.

Y U (1.42)
Vp 25V

The variable A, is the average free path for absorption. For the important moderators the relevant values
follow from Table 1.7.

Table 1.6. Characteristic diffusion parameters of some important materials in reactor technology.

Material 2 [em™] D [cm] L [cm] r? [em]
H,0 221x 107 0.146 2.570 6.295
D,0 (0.16 % H,0) 3.75%107° 0.883 153.4 375.7
C 2.77x 107 0.795 53.57 131.2
U-238 0.62 0.852 1.172 2.871
UO, (3 % enrich.) 0.554 0.352 0.797 1.952

Table 1.7. Thermal diffusion times of important moderators (7}, = 0.025 eV, vy, = 2200 m/s).

Material % [em™] 7 [s]

H,0 221 %1072 2.06x 107
D,0 3.75%x 107 1.21x 10"
C 2.77 x 107 1.64x 1072

The characteristic diffusion times always have to be regarded in connection with the times to slow
down the neutrons from fission energies to thermal energies. In well-moderated systems normally the
relation 7 (slowing down) << 7 (diffusion) is valid. The half-life of the neutrons themselves (7, =
11.7 min) does not play a role in reactor operation because of the large value compared to zgand 7.

Solutions of the diffusion equation for specific geometries are presented in Sect. 1.1.5 in connection
with critical reactor systems. When applying the diffusion equation, boundary conditions have to be ful-
filled: as an example, neutron flux and neutron stream have to be continuous if there is transport between
different media; the flux distribution obeys symmetric conditions and the flux always has to be positive.
Furthermore the flux vanishes outside the boundary if there is a vacuum outside the diffusion medium
(see Fig. 1.12).

Transport theory delivers the result that the flux becomes zero at the extrapolated boundary of the re-
actor. For this distance, d, the relation

d=0.71-4, =0.71/ %, (1.43)

can be applied, with 2, as the macroscopic cross section for transport in the diffusing medium. In order to
calculate the spectrum of neutrons in a reactor the diffusion equation is applied for many groups of neu-
trons and terms to describe the transport of neutrons between different groups (Fig. 1.13).
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Fig. 1.12. Behavior of the neutron flux on a free (vacuum) surface: extrapolation distance, d.
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thermal fast

a n groups E b 2 groups E
Fig. 1.13. Neutron energy spectrum in different groups: (a) n groups, (b) 2 groups.

For the case of a two-group calculation of the reactor spectrum the following system of coupled dif-
ferential equations can be applied:

=Dy AP+ 2401+ 0 1=V 2PtV 2hn 0,

=Dy AP+ 2y P =210

(1.44)

Here Dy, %, v, 2; are averaged about the fast spectrum, correspondingly D,, X, are averaged values for
the thermal part; 2 _,, represents a transfer cross section for the neutron transport from the fast to the
thermal group in this simple model. This parameter can be calculated using slowing-down theory (see
Sect. 1.1.4.5). Today computer programs are used to calculate the neutron spectrum very precisely in
more than 100 groups.

Landolt-Bornstein
New Series VIII/3B



Ref. p. 182] 1 Nuclear fission energy 21

1.1.4.5 Slowing down of neutrons

In thermal reactors the fast fission neutrons slow down by collisions with light nuclei, until thermal equi-
librium is realized. Usually an energy limit of around 1 eV is used as a boundary between thermal and
epithermal spectrum. For neutron energies above this value the moderator nuclei are assumed to be free
and without binding effects. In this energy region elastic collisions can be assumed.

Below these limits complex chemical binding effects and crystallic structures of moderators must be
taken into account. The slowing-down process of the neutrons between around 2 MeV and 1 eV is named
moderation and is done by moderators like H,O, D,O or carbon. In all thermal reactors in the energy
region mentioned above there are strong resonance absorbers like U-238 and Th-232. The influence of
these absorbers on the neutron economy and on the reactivity feedback effects in case of temperature
changes is very important; the factor p in the four-factor formula, the resonance escape probability, de-
scribes these effects.

The moderator enables the neutrons to pass the resonance area without too high parasitic absorption.
For the collision process of neutrons with light nuclei, energy and momentum conservation are valid, the
laws of elastic collisions can be applied. Furthermore in most practical cases the elastic scattering of neu-
trons can be assumed spherically symmetric in the center-of-mass system. Applying the conservation
laws in the laboratory system one obtains the relation:

2
E=E,- A +2A4-cos¥+1 , (1.45)

(4+1)°

for the kinetic energy of the neutron before collision (Ej) and after collision (£). The angle between the
direction of the incident and the scattered neutron is denoted by % With the abbreviation

2
“:(%j ’ (1.46)

one obtains:
E:EO-%((1+a)+(1—a)-cosz9). (1.47)

For ##= 0 the energy of the scattered neutron attains a maximum (E,,x = Ey), for &= 1 the minimum
energy is given by En, = « - Ey. The energy of the elastically scattered neutron lies between Ej and « - E
corresponding to the angle ¢ Isotropic scattering in the center-of-mass system includes that the probabil-
ity of all scattering angles is the same:

_dQ 2xn-sind-dd_ 1

w(E,)-do = Jsin2-do. (1.48)

4n 4n
Starting from this probability distribution, the probability of scattering from energy E to E is given by

49

w(Ey = E)-dE =w(8)-dd=w(D) dE-dE. (1.49)

Applying the relation £ = Ej - fler, &) leads to:

1

w(Ey %E):m

(1.50)

for o Ey < E < E,. In the other regions of the energy scale, w =0 is valid. Figure 1.14 shows this distri-
bution. The distribution is normalized to 1,

EO 1 EO
[ w(Ey—>E)-dE=——— [ dE'=1. (1.51)
aEO EO(l_a) aEO
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a-E, E, E Fig. 1.14. Probability distribution w(Ey — E).

The average energy loss of the neutron during a collision is given by
_ £ l-o
AE= | (Ey—E)-w(Ey —>E)-dE=——E, (1.52)
aEO 2
whereas the average relative loss of energy results to be:
AE/Ey=(1-a)/2. (1.53)

This value is large for light nuclei and very small for heavy nuclei. The average energy of the elasti-
cally scattered neutron is calculated from

_ b
E= [ E-w(Ey—E)-dE=E, 2% (1.54)
aE 2

As the average relative loss of energy during collision is constant, a new variable instead of energy can be
introduced. This is the lethargy, u, defined by

u=In(Ey/E). (1.55)
With decreasing energy the lethargy is rising up with constant steps between each collision. The average
gain of lethargy during a collision follows from
— B E,
Au= [ In|—="|w(Ey—>E)-dE (1.56)
OKEO E

and delivers the expression

Au=1+ na=¢&. (1.57)

Using the definition of & one obtains

2
— (4-1) A+1
Au=¢=1- -In . 1.58
d 24 A-1 (1.58)
For small values of 4 the logarithmic energy decrement, & can be approximated by
2
= . 1.59
d A+2/3 (1.39)

On average, the lethargy is increased by the value & by each collision. If there are n collisions, then
Eo, E\, Es,... E, represent the average energies after each collision. One obtains
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n
| £o || Eo BL By Bnot | o[ Bo| [ Bo | (1.60)
E, E E, Ej E, E E
The number of collisions which is necessary to slow down a neutron from fast energy, Ey, to thermal
energy, Ey, is then calculated by

AI[E_]A_MI(E_j (1.61)
¢ Ey 2 Eq

In Table 1.8, some characteristic values of the quantities discussed above are given for several important
reactor materials.

Table 1.8. Characteristic values in slowing-down processes, given for different reactor materials.

Material 4 o ¢ n

H, 1 0 1 18
D, 2 0.111 0.726 25

C 12 0.716 0.158 115
0, 32 0.779 0.120 152
U 238 0.983 0.0084 2167

A good moderator is characterized by large values of & and X, The product, &- %, is the slowing-
down power. In a system with hydrogen as moderator and weak absorption the interaction between neu-
trons and moderator nuclei is described by the collision density, F(E). Here,

F(E)-dE = %, (E)-¢(E)-dE (1.62)

is the number of interactions in the energy interval E...E + dE. The slowing down in a hydrogen-

containing system is thus characterized by the equation

S, Eo F(E'

F(E)-dE==C.dE+dE- | E) e, (1.63)
Ey g E

Here, Sy is the source strength for emitting neutrons with energy Ey, the function 1/E” inside the integral

includes the collision probability function for the moderator hydrogen.
The integral equation

_ Fo F(EY) .,
F(E)=8y/Ey+ | —-dE (1.64)
E
is solved by the function
F(E)=C/E. (1.65)

With the starting condition F(Ey) = Sy/Ey, the result is
F(E)zSO/E. (1.66)

Thus, for the neutron flux in the slowing-down region one obtains the result

PE) =~ 7 (1.67)
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This 1/E-dependence of the flux in the epithermal part of the energy spectrum is just valid for an infinite,
very weakly absorbing medium. In a mixture of moderators (for instance H,O in light water reactors) the
flux behavior corresponds to

0(E) = 5

1
FI(EE (1.68)

In all reactors, resonance absorbers (U-238, Th-232) are included in the fuel. In this case a much more
complex integral-equation has to be solved to calculate the spectrum. In a very simplified theory a slow-
ing-down density, g(E), can be defined by the expression

q(E)=9¢(E)-& 2 E. (1.69)

If neutrons are absorbed, for instance in resonance absorbers, the slowing-down density can be balanced
as follows:

¢(E—dE)=g(E)+ 5, (E)-§(E)-dE,
d

Q(E)—é'

—dg =%, (E)-¢(E)-dE.

dE = q(E)+Z, (E)-¢(E)-dE, (1.70)

This approximation leads to a differential equation for the slowing-down power:

q(E)
-dg=2,(E)———-dE , 1.71
q a( )fst ( )
with the solution
Ey ¥ (E')
q(E)=qq-exp —Ia—'dE’ , (1.72)
( ) { Eé:'zs'E

where ¢y corresponds to the number of fast fission neutrons at Ey,=2 MeV. For thermal neutrons,
q (E) = q(Ey,) is applied, and the ratio,

_q(Ew) _ | 0 Z(E)

is calculated as the above-mentioned resonance escape probability which is an important factor in the
four-factor formula describing the criticality of a reactor. The prompt fission neutrons are released around
107" s after fission. The slowing down of the fast fission neutrons by collisions occurs during a character-
istic time 7. The energy loss in time can be calculated using a continuous slowing-down model:

dE
—— =03, E. 1.74
m &2 (1.74)

The velocity of the neutrons is given by

v=(2E/m)"%. (1.75)
Integration of the differential equation delivers the result:
th
,S=_jL, (1.76)
E, 2E &5
m
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with the limits £y =2 MeV and Ey, = 0.025 eV. The solution is

7 R S U T
: g'Zs \/a \/a Uth'é:'zs’

because Ey>> Ey,. The slowing-down time, £, is mainly given by the slowing-down parameter, &- X
Typical values for thermal systems are contained in Table 1.9.

(1.77)

Table 1.9. Slowing-down parameters of different moderators in thermal reactors.

Moderator £ X [em™] £ [s]

H,0 1.36 6.68 x10°°
D,0 0.18 5.05x 107
C 0.06 1.52x 107

1.1.4.6 Resonance escape probability

One very important factor in the value of the criticality constant, &, of a thermal reactor is the resonance
escape probability, p. Resonance absorption is caused by the resonances of U-238 or Th-232 in the energy
region between 5 and 1000 eV. Applying slowing-down theory, the variable p is calculated to be

Eo %, (E) dE
expl_ [ Lt 1.78
P GXP{ ERATA IS E} (1.78)

for a homogeneous mixture of absorber and moderator. In the formula, £y, denotes the thermal energy, E,
the energy of fast neutrons (=2 MeV), and & the logarithmic energy decrement of the mixture of iso-
topes. The term X, (E) includes all absorptions, especially in the resonances. This expression for p is often
used in the form

1 N, Fo dE
pzexp{—:-—a~ [ Ouetr '_}v (1.79)

with N, denoting the number of absorbing nuclei, and 2; the total scattering cross section. The effective
absorption cross section, o, ., is defined by the equation

1= P 1 &)L (1.80)
= O' —_— .O' —_ .
iy T E g 14N, 0, /N0, E

This integral is called the effective resonance integral and is mainly depending on the type of reso-
nance absorber and on the ratio N,/N;. It can be calculated or measured. Figure 1.15 shows the values of
this integral in case of U-238 and Th-232 for different ratios of 2/N,.

In the case of infinite dilution, N, >> N,, the definition reduces to

Ey
I,=| O'a(E)-%. (1.81)
Ein £
The values measured for this specific case of a very weakly absorbing mixture are 220 barn for U-238
and 60 barn for Th-232.
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Fig. 1.15. Effective resonance integrals of U-238 and Th-232, respectively.

If the resonance absorber is arranged in a lump structure, as it is the case in all reactors developed to-
day (fuel rods, plates, blocks, pebbles with coated particles), the resonance absorption inside the lump is
much lower than at the surface of the lumped body. This effect is caused by the very strong absorption by
the resonances. Therefore the overall effect of resonance absorption is smaller in a heterogeneous ar-
rangement compared to a homogeneous mixture.

Theoretically analyzing the calculation of different neutron fluxes in the absorber and in the modera-
tor, as well as taking into account geometrical considerations for the flight and absorption of neutrons in
such a heterogeneous arrangement results in specific expressions for the resonance integral. Typical re-
sults are:

Eg
I'= .[ O-a,eff(E)'d_E:A"'B'ia (1.82)
Eg E M

where A4 and B are constants for the absorbing material, and S/M is the ratio of surface to mass of fuel.

For UQ,, as an example, the values are 4 =11.51 barn, B=22.1 barng/cmz. For a fuel rod used in
LWRs, the ratio S/M means 2/(p -R). Specifically for the PWR fuel, / would be around 20 barn for rods of
1 cm diameter.

To calculate p-factors for heterogeneous systems which are precise enough for practical estimations,
extensive computer codes are used today.

With the index 1 relating to the fuel, and 2 to the moderator, a simple approximation to the p-factor is:

p=exp —M-;-I . (1.83)
Ny ¥, Goy,

Values of p between 0.8 and 0.9 can be realized by the right choice of moderator and fuel volumes
(N2/Ny) and by heterogeneous arrangement of fuel (and fertile material U-238 in fuel with low enrich-
ment) and moderator inside the reactor core.
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1.1.5 Reactor equations and critical reactors
1.1.5.1 Reactor equations

In the following, the condition for a reactor with finite dimensions being critical shall be discussed. The
substantial composition and the inner arrangement of fissionable materials, breeding materials, structure
materials and fission products shall be given, and hence, the quantity k.. is determined. In a finite reactor,
neutrons flow out the system over the edges, so that a value .. > 1 has to be chosen to realize k= 1 for the
system with finite dimensions.

To simplify matters, a thermal reactor with a neutron group within the thermal energy scope shall be
considered. For this aim, suitable average values for the material quantities have to be defined. Source
neutrons that emerge from fission as fast neutrons are posed as source in an appropriate form.

On the basis of the diffusion equation,

%:D-A¢—Za~¢+Q, (1.84)
through integration via the thermal energy scope (0 < E < Ey,), one obtains:
En on Ep Epn E
] E'dEZI Dy, -A¢p-dE— | X,y -¢-dE+ [ Q-dE, (1.85)
0 0 0 0

where in the first place ¢ depends from E, 7 and ¢, i.e. ¢(E,7,t) is valid, correspondingly n(E,7,t)
applies. Usually the variables can be summed up with a product approach for the flow,

0(E.F.t)=F(F)-G(E)-T(t). (1.86)

A thermal neutron flow can be defined by:
E
$n =] ¢(E)-dE. (1.87)
0

Accordingly, the following values within the thermal energy scope shall be determined:

E
P _ P (E)-dE, (1.88)
Uh 0
Eyy
Zoth B = | Zam(E) #(E)-dE, (1.89)
0
— 1 En
Dy =—: [ Dy, (E)-¢(E)-dE. (1.90)
$n 0

Thus, the diffusion equation can be put into the form:

1 gy —  ——
L 9% A=, b+ O (1.91)
Uy ot

Finally, for the thermal neutron source, the approach
ch=koo'2a,th'¢th =E'p'V'Z_f'¢th (1.92)

can be made. With the help of average value estimation in the thermal energy scope it has been achieved
that the thermal flow, @, (7,¢), depends on position and time only. This leads to the diffusion equation:
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1 gy — — —
— =Dy A0~y i+ ke T i (1.93)

Vth t

Using the thermal diffusion length,

D,
[ == (1.94)
Za,th
the differential equation of the thermal flux follows as:
1 o, ko —1
- T%h =Adp +—— Oy - (1.95)
Dth *Uy ot Lth
Introducing the material buckling, B>, the diffusion equation in its final form is obtained:
1 04,
Dth * Uy ot

The thermal neutron flow, @, can now be represented by a product approach:
O (F.1)=F(F) T(1). (1.97)
Hence, from the diffusion equation one obtains:

_ 1 1dT_AF o (1.98)
Dy vy, T dt F

Since the material buckling, B,,’, depends only on parameters that are initially not depending on position,
the terms

l.d_T’ AF (1.99)
T dt F

are independently equal to a constant which here shall be Bgz. For the dependence on position, the differ-
ential equation

AF +B; - F=0 (1.100)

can be derived. This equation describes the spatial change of the flow in the reactor. In a critical reactor,
i.e. a reactor in which d¢y, /dt =0 or d7/d¢ = 0 applies,

B =B; (1.101)

has to be valid. This can be pointed out directly by the comparison of the partial differential equation for
the neutron flow, ¢, and the equation for the position-dependent fraction F. In a non-critical reactor,

2 2
By, # By (1.102)
applies. If the reactor is over-critical, then d¢/d¢ >0 or d7/dz > 0, and therefore
2 2
By > B; . (1.103)
If, however, the reactor is under-critical, then d¢/dt <0 or d7/dz < 0, and hence

By <B;. (1.104)
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For a critical reactor, which is always considered in reactor statics, from the relations mentioned
above follows:

B2 1A =k, -1, (1.105)
with the corresponding differential equation,
Ap+B> ¢=0, (1.106)

where ¢, = ¢ and B,," = Bg2 = B” have been set here. Thus, the criticality condition can be written in the
form

1=k !

s 1=k Wy, (1.107)
1+B%- 1%

can be chosen, with Wy, as probability for the thermal neutrons to remain inside the reactor system. An
extension, when also considering a group of fast neutrons, leads to:

1=k, - Wy, -W, (1.108)

for the critical reactor. Here, W represents the probability for fast neutrons to remain in the system. By
dealing closely with the slowing-down process of neutrons in the context of the Fermi-age theory, for W
the following can be found: with 7as Fermi-age,

2, Eo D(E
Wo=e277 7= (E) dE (1.109)
Eth 528 E

For a reactor system in which two groups of neutrons (thermal and fast) are included, the criticality
condition can be derived:

2
1=ky, Wy, W, = ke, ~%-e‘3 7 (1.110)
1+ B ’Lth

In order to be able to record still small deviations from the even critical state, with the help of the
criticality quantity, k., one can also write:

ko = koo - Wy, - W, =1 (1.111)

All in all, the physical characteristics of the multiplying medium are included in k_, , the measure-
ments of the system about the quantity B* in Wy, and W,. The quantity B for an even critical reactor is
determined by the solution of the reactor equation for a special reactor geometry. The difference between
an infinitely expanded medium and a reactor with finite dimensions shall be repeated. For the infinite
medium the multiplication factor is

_ rate of neutron production _ Rp

- = - , (1.112)
rate of neutron absorption  Rj
Ve G -dV
= lep v dn 4V (1.113)
Jza,th ' ¢th -dV
Here, the leakage, R;, equals zero. For a finite reactor,
R
Koo =—— P 1.114
off Ra+ Ry ( )
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applies for stationary operation; Ry is larger than zero. The smaller the reactor, the larger the leakage of
neutrons. Overall, the critical condition with k_, given prescribes a particular size of the reactor. In an-
ticipation of results in succeeding sections, it shall be mentioned here that, for instance, for a ball-shaped
critical reactor, B ~ 1/R would apply.

By solving the reactor equations for different geometries — spherical, cubic and cylindrical system —
the relations shown in Table 1.10 can be derived. Figure 1.16 shows the characteristic flux functions for
the different geometries. The radial and axial dependences of these functions are quite similar to each
other.

Table 1.10. Differential equations, solutions and bucklings for important reactor geometries.

Geometry  Differential equation Solution for flux Geometrical buckling
spherical 2 C . (mr 2

0 ¢+Ea—¢+32'¢20 ¢(r)=_.51n(_j B2: l

ol ror r R R

rectangular 2 2 2 X 2 2 2
M+M+M+B2.¢:0 ¢(x,y,z)=C-cos(—j- B2=[£J +[£j +(Ej
a2 dy?  d2 a a c
cos (gj -Cos (Ej
b c

lindrical 52 2 7 2 >
cylndtrica a_¢+la_¢+a_¢+32.¢:() ¢(r,z)=C-cos(%j' 32:(£j +(@j

ot ror 2
2.405-r
J‘)( R J

r a 1.0\

0.8

|
infinite slab ~cos (%)

J

g
o

Normalized flux

o
BN

N
infinite cylinder ~Jq (2.405 ﬁr) \

1o (Ir
a sphere~—sm(T) \\
0.2 r k

Z 0 0.2 0.4 0.6 0.8 1.0
b Normalized distance

Fig. 1.16. Aspects of flux distributions for different reactor geometries:
(a) geometric conditions, (b) normalized flux shapes for critical spheres (ra-
dius R), infinitely long cylinder (radius R), and infinite area slab (thickness A4).
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1.1.5.2 Aspects of criticality

A very important question in reactor physics is which ratio of the core dimensions must be chosen to get a
minimum core volume and therefore, at given material composition, a minimum content of fissile mate-
rial inside the core. For the cylindrical system the critical condition is

2 2
B%(lj J{ﬂj . (1.115)
H R
The volume, V=n-R*H , should be minimized. From the relation
2
V(H,Bz):% (1.116)
B> —(n/H)
and from 0V /90H =0, one obtains:
H=+/3-n/B and R=+/3/2-2.405/B, (1.117)

with R/ H=2.405/ (\/5 ~n):0.55. The minimum volume of the reactor would be V= 148/B°. Reactors
with optimum neutron economy have to fulfill the requirement H/D = 0.9 (where D denotes the core di-
ameter).

For new reactor concepts with self-acting decay heat removal (see Sect. 1.1.4), a large H/D ratio is

advantageous. Other reactor shapes give similar results as the cylindrical core for optimum neutron econ-
omy (see Table 1.11).

Table 1.11. Optimum core dimensions and volumes for different core shapes.

Core shape Optimum dimensions Minimum volume
cube a=b=c= 3m 161/B*
B
cylinder H= m, r=2405 3 148/B°
B B 2
T 3
sphere R= 2 130/B

The composition of cores from moderator and fuel has strong influence on the criticality, as explained
in Fig. 1.17. Owing to the energy dependence of cross sections, the curves show a strong dependence on
the volume content of fuel for different moderators.

Without any moderator a critical mass of around 50 kg, corresponding to a radius of 8.6 cm, would be
necessary for the unreflected system. Using more moderator material inside the core, the necessary
amount of uranium drops very much, because in the area of thermal spectra the cross sections for fission
rise up significantly. The smallest amount of uranium to make an H,O-moderated system critical would
be around 1.5 kg.

In all cases of moderators a minimum critical mass is possible. If the amount of moderator is increased
further, the critical mass rises up, too, because the moderator absorbs more neutrons. An exception is D,O
which causes nearly no parasitic absorption.

Real power reactors today are operated with low enrichment and contain large amounts of U-238.
Therefore the level of enrichment and the resonance absorption of U-238 influence the critical mass dras-
tically, as shown in Fig. 1.18. Even at small values of enrichment (4 % in LWRs) a relatively small mass
of U-235 is sufficient to make the reactor critical (around 4 kg).
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Fig. 1.17. Critical mass of a spherical core (necessary amount of ***U in the core) for different moderator materials,
as a function of the volume fraction of **°U in the moderator (without reflector, 93 % enriched uranium).
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Fig. 1.18. Critical masses of unreflected reactors with variable enrichment (a = **U/(***U + **U)) and H, as mod-
erator.
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In technical applications the reactor core is surrounded by a very efficient reflector which reduces the
critical masses and core dimensions. Some aspects are given in Sect. 1.1.6. The critical equation in the
simplified form,

2
eBT

kett =keo - ————=
¢ 1+1%. B2

1, (1.118)

can be used to estimate the material composition of reactor cores or to find the dimension of a critical
reactor. If the material composition and the inner structure of fuel elements and core are given, i.e. if the
parameters k.., L? and 7are known, the material buckling, Bri , can be found from the relation

k- . (1.119)

The criticality condition requires Br%l = Bé , so that using the expression for the cylindrical reactor,

2 2
2 | m 2.405
Bg_[ﬁ }L(T , (1.120)
one obtains an equation
[k, 7,I* H,R)=0, (1.121)

which has to be solved with the condition H/D = 0.9 for an optimal reactor. By this way one finds the
reactor dimensions. If the reactor dimensions D, H are given, the geometric buckling, B, can be calcu-
lated. From the criticality condition, Brzn = Bg2 , the values of k.., L? and 7 can be estimated, if some addi-
tional parameters as the fuel element design are fixed. One very important parameter in this process of

designing the reactor core, which allows to change k.., is the fuel enrichment.

1.1.6 Neutron balance and heat production in an LWR core
1.1.6.1 Neutron balance of the core

Design and layout of nuclear reactor cores are carried out today using large and complex computer pro-
grams. In order to gain better understanding of single effects, the discussion of the factors of the four-
factor formula for a critical reactor is helpful even today. For the infinite reactor system,

k=€ fnp (1.122)

is valid as mentioned above. Figure 1.19 shows the dependence of the single factors on important parame-
ters, mainly on the ratio of water to fuel volume in a unit cell.
Following simplified reactor statics the thermal utilization is given by the expression
Ni Oy -0+ V]
f= £ 0t OV : (1.123)
N Oy @5 Ve + Ny Oam O - Vm

where the index f characterizes the fuel and M the moderator. Using the ratio x =¥y /V; =Viy,0/Vyo, »
one obtains the following relation (see Fig. 1.20):

1

Cltex

(1.124)
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The thermal utilization is influenced by the ratio of water to uranium oxide and by the temperature.
The PWR nearly behaves like a homogeneous system related to this parameter, f increases with rising
temperature. Therefore a positive moderator temperature coefficient can occur at some core conditions.
The parameter £ is almost independent of x. It can be calculated from the expression

[v(E)-Z(E) ¢ (E)-dE

o= (1.125)
| v(E)-Z¢(E)-¢(E)-dE
0

and depends on the neutron spectrum as well as on the geometrical conditions of the fuel elements. In
LWR cores, €= 1.05 to 1.1 is a characteristic value. This means that 5 to 10 % of the neutrons are pro-
duced by fissions in the fast part of the spectrum.

The value of 77, describing the number of neutrons available per absorption in the fuel, is given by

v V-O¢-a
2, 0,(U-235)-a+(a-1)-0, (U-235)+2-0,(0)

a

(1.126)

and depends mainly on the fuel enrichment, a. For a typical thermal reactor with an enrichment of
a =3 %, the average value of 77 will be 1.8 including the influence of a thermal spectrum.
For the resonance escape factor, p, the theory explained above yields

Ey x (E) dE
—exp| — & 1.127
P eXp[ b[l E.3(E) E] (1.127)

for a homogeneous system, and similarly including aspects of heterogeneous arrangement of fuel and
moderator,

(1.128)

c (T,geometry)j
x b

pzexp(_

where p mainly depends on the water/UQO, ratio and on the fuel temperature. With the increase of tem-
perature the value of p decreases and therefore the system has a strong negative temperature coefficient of
fuel, which is fundamentally important for the safety aspects of reactor systems.

The value of k.. depends on x, too, following the rough approximation:

kw(x):l_’_lc.x-exp(—%]. (1.129)

Figure 1.21 shows this typical feature for a PWR core. It is necessary to operate the reactor with a
value of x which is on the left side of the maximum of k.. (for example x = 2), because just in this case in
a loss-of-coolant accident there is a negative void coefficient of the core. It is a very important requirement
of reactor safety always to have a negative void coefficient beside a strong negative temperature coefficient.

From an exact calculation of all reaction rates of the core of a real reactor one gets the neutron balance
for the total core including all neutron losses in the moderator, in the structural materials of the core, in
the fission products, and losses by leakage through the core surface. Table 1.12 contains the results of this
analysis for a reactor with fresh, just loaded fuel and for a higher burn-up state of the core.

The leakage is relatively small, around 3.8 %, especially in a fresh core a large amount of neutrons
(14.6 %) is absorbed in B-10 in the coolant and in fixed burnable poisons. This is necessary because of the
burn-up compensation caused by the yearly discontinuous loading of fuel. This effect requires a high excess
reactivity which is mainly compensated by the boron that is added in variable quantity to the coolant.

With rising burn-up the amount of boron inside the coolant is reduced. Naturally this variable addition
of neutron poison influences the status of criticality of the core, as shown in Fig. 1.21. The adequate bor-
ating of the coolant is safety-relevant, too. Particularly the emergency cooling systems must always con-
tain the specified amount of boron.
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Fig. 1.21. Value of ., versus the ratio of water volume to uranium-oxide volume, for different values of boron con-
tent in the coolant.

Table 1.12. Neutron balance of a PWR (1300 MW (el)) core, related to 100 fast fission neutrons formed.

Freshly loaded reactor Burn-up condition, 21645 MWd/t U
Losses by captures fissions total captures  fissions total
U-235 8.7 37.5 46.2 4.1 17.5 21.6
U-236 — — — 0.4 — 0.4
U-238% 9.3 2.8 12.1 8.9 2.7 11.6
U-238 ") 17.0 — 17.0 15.9 — 15.9
Pu-239 — — — 8.8 14.9 23.6
Pu-240 — — — 3.9 — 39
Pu-241 — — — 0.6 2.2 2.7
Sm-149 — — — 0.5 — 0.5
Xe-135 — — — 2.0 — 2.0
fission products — — — 6.7 — 6.7
Zircaloy 1.2 — 1.0 1.3 — 1.3
steel INCONEL 1.4 — 1.4 0.8 — 0.8
B-10 in the coolant 11.3 — 11.3 0.6 — 0.6
burnable poisons 33 — 33 — — —
H,0 4.1 — 4.7 4.6 — 4.6
radial leakage losses 2.6 2.6 2.6 2.8 2.8 2.8
axial leakage losses 0.3 0.3 0.3 1.0 1.0 1.0
100.0 100.0

*) Captures and fissions in the “non-resonance energy range”.
®) Captures and fissions in the resonance energy range.
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1.1.6.2 Heat production in the core

The neutron flux in the core depends on the spatial parameters and on the neutron energy. The macro-
scopic cross sections of fission include the distribution of fuel in the core and are energy dependent, too.
Therefore the fission rate in the total core is calculated by

Re= | T 2p(E, F)¢(E,F)-dE-dF . (1.130)
V)E=0

The thermal power of the reactor is then given by

Pn=E; R, (1.131)

using the energy per fission, Ep =200 MeV. Applying the relations X¢(E,7) = o¢ (E,7)- Ny (F) and
Mf:%-A-V, (1.132)

where M; denotes the mass of fissionable material in the core, L denotes the Loschmidt number, N is the
number of fissionable kernels, V' is the reactor volume, and A is the atomic mass of U-235, one obtains for
the thermal power of the reactor:

Ee Me-L o Ee Me-L ——
Py =Bt Ml T G (EF) ¢ (EF)-dE-dF =2 Mk G (1.133)
AV yE=o

where o7 -¢ is an averaged value in the reactor including spectral effects. The real consumption of fuel is
calculated by the expression

=1.26g U-235/1IMWd , (1.134)

Mspec

because parallel to fission there is parasitic absorption in the reactor, too. In detailed analyses the in-situ
fission of Pu-239 and Pu-241, which are produced in all reactors using natural or enriched uranium, have
to be taken into account. For a large PWR (3800 MW (th)) with an enrichment of 4 % and an operation
time of 360 days/a, a uranium demand of 37.5 t/a would result. Including the in-situ utilization of the
plutonium isotopes, the demand of fresh enriched uranium will be around 30 t/a.

1.1.7 Some aspects of reactor physics
1.1.7.1 Burn-up of fissile materials and build-up of higher isotopes
The U-235 fuel in the reactor will be burned according to the equations

dN(U-235)  —— :
— - op ¢ - N(U-235), (1.135)

N(U-235) = Ny(U-235)-exp(-0 - ¢-1).
In order to calculate the burn-up of the fissile material, the equation
E; T Ef —
Bz_f.j¢(t).2f(t).dt:_f.¢.ff./z' (1.136)
Pr oo Pt

is used, where Ef =200 MeV, pris the fuel density, and 7zis the time of fuel insertion. The unit is MW d/t.
Practical values of burn-up realized today in commercial LWRs are 35000 to 50000 MW d/t, correspond-

Landolt-Bornstein
New Series VIII/3B



38 1.1 Principles of fission reactors [Ref. p. 182

ing to an enrichment of 3 to 4.5%. For high temperature reactors, burn-up values of more than
100000 MW d/t have been realized using higher enrichment.

The possible level of burn-up is given not only by the enrichment, but also by technical parameters of
fuel design (internal pressure, neutron irradiation, embrittlement, corrosion). Inside the reactor core, par-
allel to the fission of U-235, there are reactions with the U-238 forming higher isotopes.

Figure 1.22 shows the chain for transformation of U-238, and in a similar way of Th-232, into higher
isotopes.

) 238 239 ) 240
U 2.7 U 22 U
y235min [ 14.1h
28 239 240
e B,
4min
‘1’2'12d \|r 742 ¥ 65 min
238 | 239 | 240 <241 242 243
i g B P MG P R g B e B v
»L14.7a »L4.96h
a ZMAm 243Am
232 ~, | 233 234
Th > “Th > “Th
74 1500
22.2 min 24.1d
Y Y
233 ~ | 234
Pa—>|"Pa ) Fig. 1.22. Transformation of (a) U-
274 %-2377?]"“ 238, and (b) Th-232 into higher
529 - 84 isotopes. The numbers at the hori-
zy || 2y NE TR ==Y > 2y > 2y > zontal arrows indicate thermal
3 46 100 98 5.1 ¢ 400 absorption cross sections in barn.
6.75d The numbers at the arrows with
“INp +—> 45 degree inclination indicate ther-
b 170 mal fission cross sections in barn.

Corresponding to the simplified chain,

238 1 239 240 241 242
92U+0n...% 94Pu—> 94Pu—> 94 Pu— 94Pu, (1137)
1 2 3 4 5

plutonium and its higher isotopes are formed. The following system of differential equations, which are
further simplified, describes the build-up in time of these substances:

%}W-Nl, (1.138)
%=W'N1—02_'¢'N2a (1.139)
%=W'N2—W~Nsa (1.140)
%z 036 Ny—04 6Ny, (1.141)
%:m.m_ (1.142)
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Fig. 1.23. Plutonium production in a PWR: (a) content of Pu versus burn-up, (b) specific mass of Pu related to ura-
nium in spent fuel elements versus burn-up.

The result of a numerical evaluation of this system is given in Fig. 1.23. Overall the new fissionable
isotopes Pu-239 and Pu-241 are produced in each reactor containing U-238, they are partly consumed by
fission again, and partly they stay in the spent fuel elements.

Spent PWR fuel elements with a burn-up of 34 GW d/t, as an example, contain 9.3 g of plutonium per
kg of uranium, around 6.5 g of this Pu is fissionable. Today already remarkable quantities of this material
are recycled in LWR plants, the fresh fuel elements are inserted as MOX elements (mixed oxides), con-
taining uranium and plutonium as fuel.

1.1.7.2 Building up of fission product inventory

In the fission process, radioactive fission products are formed. The fission products constitute the main
part of radioactivity in the core with the total activity, 4, and the following decay law for each isotope:

At:Z/L--Nl-, (1.143)

N;()=N" .74 (1.144)

The sum of these decay processes causes the decay heat production in all nuclear installations.
Furthermore the fission products are the source of the delayed neutrons which are necessary for the
control of reactors as is explained below. Some fission products like xenon and samarium have very high
absorption cross sections and therefore they influence the operation behavior of reactors significantly (see
Sect. 1.1.7.3).
In (1.143) and (1.144), 4, is the decay constant of a specific isotope. The half-life, T}, is defined by

Ti/5;=In2/ 4 (1.145)

and can have values ranging from parts of seconds to 10° years depending on the type of isotope. The unit
of activity is 1 Becquerel (= 1 decay/s).

In a nuclear reactor the production rate of fission products depends on the fuel and on the burn-up. In
Fig. 1.24 a characteristic dependence is shown for LWR fuel. According to this example, around 32.5 kg
of fission products are contained in 1 t of spent fuel after removal from the reactor core.
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4.2 kg 26U
2-9.3kg Pu
0.6 kg transuranium

32.5 kg fission products
Before use After use

Fig. 1.24. Amount of heavy isotopes and fission products dependent on burn-up and enrichment (PWR, 3.3 % en-
richment, 34000 MW d/t burn-up).

After a longer operation time, an equilibrium value of radioactivity of around 8x10'°Bq/MW (th) has
accumulated in the core of a large PWR. The retention of this large amount of radioactivity inside the
reactor system in normal operation and in all accidents is the main requirement of reactor safety. In the
field of waste disposal, it is the main requirement, too, to avoid unallowed release of radioactivity to the
biosphere.

The time-dependent nuclide densities in the reactor core can be calculated for each fission product by
solving differential equations of the following type:

dv; = -
— =27, [¢-0p Ny -dE+[$-0; -N;y-dE
dt k 0 0

_ (1.146)
J 0

The first term on the right describes the generation of fission products by fission in k fissionable materials
(U-235, U-233, Pu-239, Pu-241). The second term is caused by neutron capture in the isotope i — 1, the
third term includes production by a- and B -decay, the fourth the decay of the isotope i itself. Further-
more, losses by absorption, by leakage L and by deloading of spent fuel from core, D, are sinks for the
isotope .

Today more than hundred fission products in balance equations are included in calculations regarding
reactor physics and fission products inventories. Table 1.13 shows data of some important fission prod-
ucts in a PWR core.

The fission product inventory is built up according to the equation mentioned above. After shutdown
of the reactor, or if the fuel elements are removed from the reactor, the inventory is reduced by radioac-
tive decay. Characteristic equations for the energy released by - and y-decays are:

Ey(=1.26 1> MeV /s,

(1.147)
E, (=140 -2 MeV/s.
Adding up these functions delivers the well-known decay heat function, Pp(?):
PD(t)=Pth-0.06-(t_0'2—(t+t0)_0'2) (t,1pin’s), (1.148)

with 7, as the time the reactor has been in operation before shutdown.
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Table 1.13. Data of some important fission products (PWR core, 3800 MW (th); 1 Ci=3.7 x 10'° Bq).

Nuclide Inventory Radiation type Energy Half-life (7,)
[10° Ci] [MeV]

Krypton-88 82 Y 1.55 2.77h
Strontium-89 113 B~ 1.46 51d
Strontium-90 — B~ 0.5 28.5a
Tellurium-132 144 By — 77h
Antimony-129 40 B~ — 42h
Iodine-131 102 By 0.61/0.8/0.36/0.64  8.0d
Todine-132 144 By — 24h
Iodine-133 204 B,y — 20.5h
Iodine-135 180 v 1.8 6.75h
Cesium 134 9 B~ 0.6 22a
Cesium-137 6 By 0.51/1.7/0.6 30a
Barium-140 192 B~ 1 12.8d
Lanthanum-140 192 Y 1.6 1.68d

Figure 1.25 shows the time dependence of the fission product content of spent uranium, characterized
by decay heat and activity after a long time. After some decades the isotope Cs-137 and Sr-90 (with half-
lives of around 30 years) dominate the activity together with the actinides.

These data are important for the intermediate storage, later conditioning or reprocessing, and for the
final storage of spent fuel elements. Beside keeping subcriticality and retaining radioactivity, reliably
removing the decay heat and limiting the fuel temperature below allowable values is one of the main
safety requirements in all storage systems.

107
106 | b
\ Fission
= 105 ™~ | products
2
101 E 10¢
= =
o 10 \ Z 109
= [&)
= 3 Actinides
g 10+ § 102
g 102 101
@ N
(] \
103 ~ 100
10 102 108 104 105 106 10 102 10® 104 105 109
a Time after deloading from reactor [years] b Time after deloading from reactor [years]

Fig. 1.25. (a) Decay heat and (b) long-term activity of spent fuel elements (PWR, burn-up 35000 MW d/t).
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1.1.7.3 Xenon and samarium poisoning

There are two fission products which influence the neutron balance in the reactor very much, xenon-135
and samarium-149. They have relatively high absorption cross sections in thermal reactors (see Fig. 1.26)
and they decay with half-lives in the order of hours. Therefore they can change the reactivity state of
reactors corresponding to those time schedules.

107
7
z 10 T 6
S, — 5
= R
"o 2!
105 |- =z 3
3
= 1
10¢ ] 0 Lo
0.01 0.1 1 107 102 10" 106 1078
a Neutron energy [eV] —> b ¢ [em=2s1] s
Fig. 1.26.  Xenon poisoning in thermal reactors: poisoning during reactor operation as a function of the

(a) cross section for parasitic absorption by Xe-135 neutron flux, ¢.
versus neutron energy, (b) equilibrium values of Xe-135

Xenon-135 is an intermediate decay product of the following fission product chain:
135Te%1351 N 135 Xe %135 Cs — 135 Ba.

18s 6.61h 9.1h 2%x10% (1.149)
1 2

Samarium-149, a stable end product, is formed by the chain starting from neodymium:

9Nd - " Pm — ¥Sm. (1.150)
1.73h 53.1h

The absorption cross section of Xe has a value of around 3 x 10° barn at thermal energies and the fis-
sion yield in case of U-235 fuel is 0.3 %. As the isotope additionally decays with a half-life of 9.2 h and is
built up by decay of the fission product iodine-135 with half-life 6.7 h (the fission yield of I-135 is
6.1 %), the neutron balance is strongly influenced by the xenon in the core.

The coupled differential equations of the time dependence of I and Xe in (1.149) are:

dnN
d_tlzyl.zf.¢_,11.N1, (1.151)
dn.

dtz=/11'N1+7/2'Sf’¢_0a2'N2'¢_/12.N2' (1.152)

For the stationary state one gets

N =—71§f'¢, (1.153)
1
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« (71+72)'Zf'¢.

N, = (1.154)
A +o, , 9
The stationary poisoning, V, of the core by xenon is defined by the expression
o, Ny’ +75)-
M (ntn)e (1.155)

I p+hlo,,

where V" depends on the neutron flux in the core, as shown in Fig. 1.27.
In the core mainly the value of thermal utilization, £, is influenced by the xenon poisoning. For the re-
activity change one approximately finds the relation

Ny, (ntn)e
p==f V= f » —¢+22/0a2.

(1.156)
The maximal value of p for ¢ — oo is around p=-3.1 % in a typical thermal reactor (v=2.44, n=1.32,
%+ 5 =0.064,/=0.9).

After shutdown of the reactor the neutron flux vanishes (¢ = 0). The differential equations to be solved
are now:

dn;

—L=_-N, 1.157
& 1M ( )
d—t2=ll~Nl—22-N2, (1.158)

with the starting condition (¢ = 0):

e
N10:7/1—f¢’ (1.159)
A1
+ D
= nrn) g, (1.160)
Ayt Oa, ¢
The solutions of the above differential equations are:
b-Fe
N (t)zm-e At (1.161)
A1
+ e . .
Nz(t)z—(}/l n)25 9 e N2 0 ¢-(e‘ﬂl‘t—e‘12"). (1.162)
Ayt 0y, -0 Ary=4y
For the time-dependent xenon poisoning, V'*, one now obtains
« O, N[t "
14 =a2—2()=V (,1). (1.163)
o2

The function V*(¢, ¢) is shown in Fig. 1.27, indicating the large influence of the flux, ¢, on the time-
dependent behavior.
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60
i
_ ¢ =2x10"cm’s”
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Fig. 1.27. Time-dependent xenon poisoning, V'*, with ¢ as parameter.

After shutdown of the reactor the xenon poisoning, V'*, is rising up, because xenon is still produced by
decay of iodine, whereas no xenon disappears by absorption of neutrons. The maximum of the xenon
“hill” appears after 11 hours. The reactor can be started again if an excess reactivity corresponding to the
xenon poisoning, V*, is available in the core. This value must indeed be compensated by the control and
shutdown system. As an example, a reactor with a neutron flux of 3 x 10" cm™s™" requires around 5 %
excess reactivity if it should be started at any time after shutdown.

Alternately the reactor would have to be restarted soon after the shutdown, because in this case the
xenon would not already build up until the maximal value of poisoning. The xenon effect is characteristic
just for thermal reactors because the absorption cross section of in xenon is very high just at thermal en-
ergies. Intermediate or fast spectrum reactions do not suffer from this aspect. In Fig. 1.28 some character-
istic transients in a large PWR core are shown displaying the influence of xenon poisoning.

A
=10 —

P, = 100% P,

75%
50% of Py,
2 0%

50 100
Time t [h]

\ 4

Fig. 1.28. Time-dependent change of xenon reactivity in the core of a PWR after change of load (Py, = 100 %, Py,* at
variable level).

In reactors with very large core dimensions, spatial xenon oscillations can occur, which have to be
controlled by the control systems.

The stable fission product samarium-149 is built up from the fission product neodymium-149 with
promethium-149 as an intermediate decay product:
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B
149 149 149
Nd — Pm — Sm (stable).
60 L73h 61 531h 62 ( ) (1.164)

1 2 3
As the half-life of Nd is short compared to that of Pm, the latter can be considered as the originally

produced fission product (% = 0.0113, » = 81). The fission yield of Sm is very small. For the isotopes one
obtains the equations:

dn.
d_t2=7/2.2f.¢_,12.]\/2, (1.165)
o Ny-a,, 9Ny, (1.166)

For the equilibrium the number of nuclei is given by

A (1.167)
/12

YA (1.168)
O'a3

The reactivity loss caused by samarium can be calculated roughly from

S 0,4, Ny
p=— a3 =_f.§.y2. (1.169)

Ga fuel ’ Nfuel

The equilibrium concentration of samarium occurs in a relatively short time, after some days the core
reaches a value of p=-0.046 (see Fig. 1.29). After shutdown (¢ = 0), the equations

vy

=-1,-N,, 1.170
dt 2°4V2 ( )
dN;

= 1,-N 1.171
dt 2°4¥2 ( )

have to be considered. With the starting conditions for t =0, N, = N>’, N5 = N:°, one has:
N, (1) = NS e, (1.172)
“Aa-
N3(t)=N§.(1_e 2’)+N3°. (1.173)

The rising burn-up of the fuel causes a reduction of reactivity in the core, as shown in Fig. 1.30. The
reason is the growing poisoning of the core by neutron-absorbing fission products. This effect causes a
limitation of the burn-up level that is achievable for reactors with discontinuous loading. In case of reac-
tors with continuous loading and deloading this limitation is not given. These reactors can be operated
almost without excess reactivity for burn-up compensation. The high temperature reactor is a typical
example for this feature, the CANDU and RBMK reactors are using nearly continuous loading. To avoid
excess reactivity is a very important safety feature in connection with severe reactivity accidents. Higher
burn-ups naturally require higher enrichment of fuel.
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Fig. 1.29. Reactivity value caused by samar-
ium poisoning after shutdown of the reactor,
the parameter being the thermal flux in the
operation time before shutdown.

Fig. 1.30.  Criticality factor dependent on
burn-up of fuel; parameter is the type of fuel.
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1.1.7.4 Reactivity coefficients

The reactivity of the core, p = Ak, can be changed by many different reasons. By movements of control
elements, by changing the state of the coolant, especially by changes of densities and temperatures, as
well as of the fuel, k. is changed. In a simplified consideration for a finite reactor arrangement one ob-
tains if, for instance, 7 is changed:

kegp =&-p-f -0 W - We =118 » (1.174)
l
1 kg 1 06 (1.175)
kegg  dT l'é:i oT
Changes of reaction rates can be calculated, too:
R=0-¢-N, (1.176)
L dR_1 do 1 .dgp 1 dv -

RAT ¢ dT ¢ dT N dT°
As a very important example the fuel temperature coefficient can be considered. If the reactor power
increases, the fuel temperature rises as well. The resonance absorption in the futile materials, U-238 or
Th-232, becomes larger by this effect, because the resonances are broadened by the thermal movement of

the absorbing nuclei (see Fig. 1.31).
The absorption rate,

R, =[0,-¢(E)-N-dE, (1.178)
becomes larger if the temperature rises.

A

T=0°C

Fig. 1.31. Broadening of a characteristic resonance line of U-238 with rising temperature (Doppler broadening).

The higher parasitic absorption rate causes a reduction of the criticality constant, k. The total effect re-
sults in a self-acting stabilization of power and temperature in case of rising reactor power. This inherent
mechanism of regulation is fundamentally important for the safety of nuclear reactors. The temperature
coefficient of fuel is defined by the relations:

Landolt-Bornstein
New Series VIII/3B



48 1.1 Principles of fission reactors [Ref. p. 182

sz
Pract = [ T¢(Tp)-dTp =Ty (T, =T, ), (1.179)
Ty
=2t (1.180)
oT;

Exact calculations of these temperature coefficients are carried out today with the help of detailed
computer programs. Characteristic values of the temperature coefficient of PWR fuel are between
—3x107°°C™" (zero power) and —1.6 x 107 °C™" (full power). Under theses conditions a reactivity
change of 1 %o during normal operation corresponds to a temperature rise in the fuel of around 60 °C. In
short-time load changes the fuel temperature coefficient is mainly relevant for the behavior of reactor
power and fuel temperature. In case of quasi-stationary changes a power coefficient can be defined. Fur-
thermore a moderator coefficient can be defined (py). This coefficient is relevant if the moderator tem-
perature or density are changed.

Higher temperatures in the reactor cause a reduction of the cross section of fissionable material (1/v-
law). Therefore the reactivity change is negative. In addition, at rising temperature the density of the
moderator is reduced, which leads to reduced parasitic absorption of neutrons in the moderator. This is
the reason for a positive contribution to py. In total the moderator effect can be described by:

Ty,
pv= | Tn(Tu)-dTy = Ty (T, — T, )» (1.181)
T,
_9Pm (1.182)
AT

In case of light water reactors, py depends on the concentration of boron acid in the coolant, too, and
is changed during operation corresponding to progressing burn-up. Figure 1.32 shows the coolant tem-
perature coefficient as a function of the boron concentration.

20
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§ 0 T T T T T T . ‘I T T
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s <"
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_20_ “..‘ FM = A_T
_304 T, = cooling temperature
40 b )

Fig. 1.32. Coolant temperature coefficient of reactivity as a function of boron concentration (PWR, 7o =290 °C).

If a large amount of boron is available in the coolant a reduction of density can cause a loss of ab-
sorber in the core, and therefore a slightly positive coolant coefficient is possible for a freshly loaded core
which has a high content of boron.

Void coefficients of reactors are fundamentally important for the safety behavior of water-moderated
reactors. They must always be negative, as already explained in Sect. 1.1.6.1. The operation point (OP) of
reactors has to be chosen on the left side of the maximum of the curve in Fig. 1.33.
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Fig. 1.33. Criticality constant, k., as well as parameters p and f, versus ratio of water to fuel. In addition, a schematic
of PWR-type fuel is shown.

Practically the ratio Vi,0/Vuo, in a large PWR is around 2, plutonium in the core (MOX fuel) shifts
this ratio to higher numbers because of differences in cross sections and spectra. An always negative void
coefficient guarantees that the core of LWRs will be shut down immediately in loss-of-coolant accidents.
Values of the void coefficient of 7,4 = —0.01/% (related to the percentage of water volume lost from the
core) are typical for large PWR cores.

1.1.7.5 Time behavior of reactors, kinetic equations

The time-related behavior of a reactor is fundamentally influenced by the delayed neutrons in the reactor.
To identify the impact of delayed neutrons on the dynamic processes in a reactor, first of all a considera-
tion without delayed neutrons shall be carried out.

The reactor shall be even critical at time ¢ =0, so that £=1. With a slight alteration of k the reactor
then becomes super-critical. The life-span of prompt neutrons is dnoted 7. Since in thermal systems the
diffusion time, 7y, is much longer than the slowing-down time, the quantity 7y can be used to decribe
the time-dependent behavior in the reactor (for this first approximation without delayed neutrons). In
thermal systems, for instance,

TP~TDiff~Ea’vth . (1.183)
For successive generations of neutrons the relation

n(t+7p)=k-n(t) (1.184)
applies. With the help of a Taylor series one obtains

n(t+rp)zn(t)+@-rp+..., (1.185)

dt

so that the resulting differential equation for the number of neutrons is

%:kr_;l.d,, (1.186)
With #(0) denoting the initial number of neutrons, the solution of (1.186) is

n(t)=n(0)-exp(t/7), (1.187)

where
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’p
T=—— 1.188
1 ( )

is the so-called reactor period.

For a water-moderated reactor system, 7 =~ 10~ s shall apply. With & = 1.001, the reactor period, T, at-
tains the value 0.1 s. Thus, the number of neutrons increases immensely, e.g. in one second by a factor of

n(1s)/n(0)=e'® =~ 2.2 x10%. (1.189)

Controlling a technical system with these features would be impossible. Fortunately, however, not all
neutrons in nuclear fission emerge promptly, but there is a fraction of delayed neutrons, too. This leads to
a much longer reactor period and allows controlling with maintainable technical operating expense.

Some nuclear fission products decay with delay under the emission of neutrons. For U-235, e.g., six
groups of delayed neutrons are known, as shown in Table 1.14.

Table 1.14. Groups of delayed neutrons for fission of U-235.

Group T Average lifetime, Decay constant, Proportion related to
[s] 7_; [s] A [s_l] fission neutrons, 3; [%]
1 55.7 80.2 0.0124 0.0215
2 22.7 32.7 0.0305 0.1424
3 6.2 8.9 0.111 0.1274
4 2.3 33 0.301 0.2568
5 0.61 0.88 1.14 0.0748
6 0.23 0.33 3.01 0.0273

The total proportion of delayed neutrons in the neutron balance,
6
B=% 5, (1.190)
i=1
is 0.6502 % for U-235. For the other fissile materials this value is different, e.g. f=0.2 % for Pu-239.

The fraction 1-/ emerges as prompt neutrons from the fission process. The average lifetime of a delayed
neutron in group i shall now be 7. Hence, the average lifetime of all delayed neutrons can be estimated to

1 6
e =— L Bi 7, (1.191)
B i
with a value of about 13 s for U-235.

The average lifetime of all neutrons in the reactor can be composed of the proportions of both prompt
and delayed neutrons, according to the relation

6
Tiot =(1=)7p + - Tper =(1- ) 7p + _§1 7 f;. (1.192)

Simplified it could be assumed that the average lifetime of all neutrons is actually determined by the
delayed neutrons only, since

6
A-B)mp<<Y B 7. (1.193)
i=1
Thus, for the total lifetime the following relation holds approximately:

Tiot =B Tpel - (1.194)
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With f=0.0065 and 7p = 15 s the characteristic time, 7, is around 0.1 s. A change in reactivity with
k=1.001 leads to a reactor period,

T=1/(k-1), (1.195)
of T= 100 s, so that the change in the number of neutrons in one second is calculated to be
n(ls)/n(0)=e"%1 =1.01. (1.196)

Such small changes within long reactor periods can be controlled and carried out quite easily. It must
be pointed out once more that the neutron action in the reactor is mainly determined by the delayed neu-
trons. Therefore a reactor should never be brought to the state of prompt criticality in accidents, as the
power could rise extremely in short time.

For an infinitely extended multiplying medium, the change in the number of neutrons can be de-
scribed by the balance equation,

dn 6
R (=B 5+ X 4G5, (1.197)
i=1

The first term describes the source of those prompt neutrons that emerge by fission, while the second
term refers to the neutron production through nuclear decay of isotopes which send out delayed neutrons.
The third term describes neutron losses through absorption.

For the balancing of delayed neutrons, six balance equations can be applied for the alterations of nu-
clear number density, C;, of nuclear isotopes which are carriers of delayed neutrons:

dc;

Sl SRR R (1.198)

with v as velocity of thermal neutrons and /4; as decay constants for the six groups of delayed neutrons.
The first part on the right-hand side again refers to the emerging from fission, the second term describes
the nuclear decay of the mother isotopes emitting delayed neutrons.

With the relations
ko —1 1
=n-v, == = 1.199
0 == T (1.199)
and
k-8
kw'ﬂi’n'U'ZaZM , (1.200)
%
one gains the kinetic equations of the following form:
dn p-p &
— =k - ——n+ C; 1.201
- oML A (1.201)
dc; ;
—’=kw-&~n—/1[-C,~ (i =1...6), (1.202)
dt Tp

which can be solved if the starting conditions, 7(0) = n and C(0) = C;’, as well as the change of reactiv-
ity, p(t), are given. Naturally in practical applications the spatial distributions of neutron flux and isotope
concentrations, reactivity feedbacks and temperature distributions have to be included in extended com-
puter programs. The system consisting of seven coupled differential equations is solved by the functions

n=4-¢"',  G(1=C;-e". (1.203)

Insertion into the system delivers:
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6
S-Tp 1 s-B;

= + . L= p(s). 1.204

Po s-p+l so7p+1 ;H/l[ PLS) ( )

This equation determines the decay constants s for a given reactivity p. Figure 1.34 gives a graphical
solution of the equation, which is also known as “inhour equation”. The reason for this nomination is that
in the beginning of nuclear technology the reactivity was often expressed as “inverse hours”. This was
defined as the amount of reactivity which would be necessary to realize a reactor period of 1 hour. Often
the unit g)f reactivity changes is 1 $ corresponding to the value of £ (= 0.65 %), 1 ct corresponds to
6.5x 107 %.

p(s)

X
/
5 : > S
81
Fig. 1.34. Graphical determination of the routes s; of the inhour equation.
For a given change of reactivity, py, the routes are s; until s7. The total solution is
z N
n(t)=% n;-ei . (1.205)
=1
The route on the right side of Fig. 1.34 defines the reactor period,
1
T=—. (1.206)
1

Only this route is positive, the other routes are negative, they correspond to transient parts of the solution
which would decay fast if a reactivity p, was added to the reactor core. For the value of p, the limits

—oo<p=%<1 (1.207)

are valid. The following cases can be defined for transients:

P =0, s1=0, critical reactor,
po=1, S1—> oo, supercritical reactor,
Po—>—o0, s1=—MA, subcritical reactor.
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The last case is interesting because it shows that a nuclear reactor cannot be shut down faster than
with a period T'= 1/4,, independent of the negative change of reactivity.

If small changes in reactivity are considered, as it is realized in normal operation (0, << f), one ob-
tains for the reactor period:

11 6 I
St Po i=1 Po
with
_ 6
I=(0=-p)yp+ X Bi/4;. (1.209)
i=1

Figure 1.35 shows the reactor period as a function of the reactivity for different values of the lifetime
of the prompt neutrons.

1000

100

10 \
10- ‘\\,rp =103s

\

10-2
10-3 1Nx

0.01 0. 1 10100 Fig. 1.35. Reactor period, 7, as a function of the added reactivity, p, for
p[%] — > different lifetimes of the prompt neutrons.

For thermal reactors, e.g., with lifetimes of 7, = 10 s and reactivity changes of 1 %o, reactor periods
are typically around 80 s. This allows the safe operation of technical control systems.

Very large positive changes of reactivity (0> f) can be analyzed as follows; s; >> 4, is valid, there-
fore (with 7, = l/e):

N 1/1 6 _Sl+ﬂ/1

= . = . 1.210
o= el B (1210)

For the reactor period, one finds:
r=1 ! ! (1.211)

5 k(po-P) k-1

This is the well-known result if the influence of the delayed neutrons is completely neglected. For
very large positive changes of reactivity the kinetic behavior of a reactor is destined just by the prompt
neutrons. Normally, especially in LWR plants, this condition of prompt criticality must be avoided under
all circumstances to prevent destruction of fuel elements and of the reactor core.
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1.1.7.6 Dynamic equations

To analyze the dynamic behavior of the total system of a nuclear power plant, all equations that describe
the transport of energy from the fission process to the electrical grid have to be formulated and solved.
Changes inside the core have consequences for the production of electricity and the delivery to the grid
and, vice versa, there are changes inside the core caused by changes initiated from the grid. Changes
during operation as start and shutdown, part load or accidents like fast shutdown, failure of pumps, loss of
house load, failures on components of cooling systems or auxiliary systems are analyzed to gain knowl-
edge on loads of components and systems.

In a very simplified description some dynamic equations are given as follows — for the neutron behav-
ior the kinetic equations are valid:

_ 6
L9 _p=Bo,3, ¢, (1212)
v o T UV o
ic;, B ¢ .
ket AN ¢ S5 S BTG =1...6). 1.213
d 1 v 4G ) (121

The thermal behavior of the fuel can be approximated by the time-dependent differential equation for
the fuel temperatures,

My .o
pf-cf~a—tf=qf(r,z)+1f-ATf. (1.214)

The index f relates to the fuel, gf is the power density in the fuel zone, A denotes the Laplacian operator.
From the fuel the heat is transferred to the coolant according to the expression

§"(z.t)=a(z,t) [Ty (r,z,0) T, (z,1) ], (1.215)

with L}” as the heat flux on the surface of the fuel canning, ¢ as the heat transfer number, and 7, as the
coolant temperature. For the power density in the core, qg , the relation

GC =E¢-Z¢ -9 (7,1) (1.216)
is valid. For reactors with rod-type fuel elements there is a simple connection between ¢+, ¢f and ¢”:

“m 2 .” .m -m

gf mR" = ¢"- 2R, gt Ve =4¢- (Vs +Vum) » (1.217)

with R as the radius of fuel rods, V; as the fuel volume and V) as the moderator volume. To simplify
the explanation the heat transport from the fuel surface through the gap to the canning is left out here. It is
easy to take into account the gap and the canning by another simple equation.

The heat transport in the coolant can be approximately described by

2R ” _ oT.
=g (20)=0(20) P 5 E

pe-co-Le gm0+ (1218)

ot A

channel

In this equation, qg’ is the volumetric heat production in the coolant itself, Acpannel 1S the coolant channel
area for each rod, U represents the average velocity of coolant in the channel. In addition to this system
of differential equations there is a relation for the changes of reactivity,

p(t)=pg+py +pcs =5 - ATy + Ny - ATy + pes » (1.219)

with the indices f for fuel, M for moderator and CS for the control system. These reactivity changes can
be correlated with temperature changes using temperature coefficients. This function of reactivity changes
can depend on time in a complex way in case of procedures of normal operation and of accidents.
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Fig. 1.36. (a) Balance of the steam turbine process tem, 11: feed water storage tank, 12: feed water pump.

(example PWR), 1:steam generator, 2: high-pressure
turbine, 3: water separator, 4:intermediate reheater,
5: low-pressure turbine, 6: generator, 7: electrical grid,
8: condenser, 9: condensate pump, 10: preheating sys-

(b) Heat transfer in the steam generator (example
PWR), principle of component. (¢) 7- Q diagram for the
steam generator. (d) Enthalpy-entropy diagram (qualita-
tive) for the expansion process in the steam turbine.

The primary circuit in most types of reactors contains a steam generator. The primary and the secon-
dary side of this component have to be balanced (see Fig. 1.36),

OsG = Bn *TlsG =1ty ’C(Tpl _sz)'nSG = Migec ’(hsteam _hfeedw.) = Zki 4 'ATlog[ ) (1.220)
1

where Qg is the heat load taken by the steam generator, 775 is the efficiency of the steam generator

(which normally has a value near 1 in nuclear reactors), and /; are the relevant enthalpies of the steam

turbine process, as indicated in Fig. 1.36. They can be taken from the enthalpy-entropy diagram for the

steam expansion in the turbine (Fig. 1.36d).

The mass flow of steam leaving the steam generator is partly used to reheat the steam for the low-
pressure turbine. The overall heat-transfer numbers for the steam generator are denoted by k; (for the
economizer and the evaporator section), 4; are the corresponding heat exchanger surfaces, and ATlogi are
the logarithmic temperature differences for the heat transfer in both sections,
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T (T -T
ATlogl _ (p steam )~ ( steam ) (1.221)

ln((Tr} _Tsteam)/(T* _Tsteam))

* 2
(r _Tsteam)_(Tp -1

steam )

In ((Tp2 —Tteam )/ (T* ~Tsteam ))

AT, (1.222)

ogy =

All parameters like mass flows, temperatures, powers, and the heat-transfer numbers are time-
dependent in case of transients. Analyzing dynamic processes, the total differential of the equations given
above has to be used. The steam turbine and the total secondary side of the plant have to be balanced, too,
corresponding to Fig. 1.36:

Pr =y B Tlsg = '(hsteam —h )+’h1 chy= Xyl =g ey (1.223)
1

where Pr(f) is the mechanical power of the steam turbine system, and 7, is the efficiency of the steam
cycle.

The values #; for the extraction of steam from the low-pressure turbine for feeding the preheating sec-
tion are taken from the exact analysis of the steam turbine process.

Finally the generator is included with the help of the equation

PGen (t) = ngen. “Tmech. 'PT (t) > (1.224)

where 774, is the efficiency of the generator, and 7,cqp, is the mechanical efficiency of the steam tur-
bine. A fraction of the electrical power is used as house load (some percent, depending on the reactor
type, characterized by 774.5;, ), S0 that the net power given to the electrical grid is:

Pelnet (t) =7SG “Mth *Mmech. *MTgen. " Mdeliv. R ([) : (1.225)

Thus, changes in the core finally cause changes in the net electricity production, and vice versa.

Naturally, to get a detailed dynamic model of the whole plant, all the other components like pipes,
pumps, cooling systems, preheaters have to be included, too. All the equations mentioned above and
others which have not been given in detail here form the total system of equations to describe the dy-
namic behavior of the plant. Complex computer programs are available today for different types of nu-
clear power plants to analyze all types of dynamic transients and accidents.

As an important example, in Fig. 1.37 there is a short explanation of the power loss of the steam tur-
bine caused by the loss of the electrical grid.

If the generator cannot deliver the electrical energy to the grid, in a very short time the power of the
turbine is reduced to the house load. The steam valve at the inlet of the turbine is closed, a valve at the
condenser is opened and the steam is condensed in the turbine condenser. If this heat sink fails, the steam
can blow off via safety valves. The time-dependent values of mass flow, pressure, coolant temperature
and volume in the pressurizer are shown in Fig. 1.37. After around 100 s an equilibrium is established
again.

All transients which could occur during power operation and accidents that could happen in the design
area are analyzed today using complex computer programs, and the loads on the components of the total
plant are calculated to show that the components are strong enough and can fulfill their purpose.
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Fig. 1.37. Behavior of a PWR plant in case of loss of  coolant in pressurizer, T average value of coolant tem-
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1.1.7.7 On the importance of fission products in nuclear technology

Fission products are of great importance for the operation and safety of nuclear reactors as well as of all
steps of waste handling and disposal behind the reactor. With (1.146) a simplified balance equation to
calculate the time-dependent inventory of single isotopes in a nuclear reactor was given above. Table 1.13
contains some important fission products with regard to radioactive inventories. The relevant aspects are
as follows (see Fig. 1.38):

— The large inventory of fission products in the reactor core — around 10° Ci/MW (th) in normal opera-
tion — is the source term in case of accidents. There must be a reliable and independent system of bar-
riers to retain the fission products inside the core during all types of accidents.

A similar requirement of fission product retention in the plants holds for all other steps in the nuclear
fuel cycle: compact storage of spent fuel elements, intermediate storage of spent fuel elements, direct
final storage of fuel elements in geological depositories, reprocessing, production and intermediate
storage of glass containers loaded with high-level radioactive waste, and final storage of glass con-
tainers. For future plants for partitioning and transmutation the requirement of retention of fission
products in the plants will be valid, too.

In case of severe accidents in nuclear reactors, in the first phase fission products like iodine-131
(T, = 8 d) are important for the radioactive burden. Later on, contamination of land becomes very
important as a consequence of very severe accidents. Then isotopes like cesium-137 (77, = 30 a) and
strontium-90 (7', = 29 a) cause long-term contamination of land. Higher levels of radiation for the
population under extreme conditions cause resettlement of people.

Release of radioactivity to the environment
) in normal operation.

Reactor operation — Contamination of coolant circuits.

— Xenon/samarium poisoning of core.
Reactor control (delayed neutrons)
Reactivity loss by absorbing fission product
building up during burn-up of fuel.

— Large fission product inventory in core.
é Decay heat production.
Prompt criticality accidents (with reactivity
additions larger than the amount of delayed

neutrons).

Reactor safety

Fission products

Large fission product inventories.
Handling and storage % Decay heat production.
of high-level waste

- Decay heat production
Final storage in 4— Radiotoxicity potential.
geological depositories — Fission products with very long half-life
(proof of safety and acceptance).

Fig. 1.38. Important aspects of fission products in nuclear technology.
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— The decay of fission products produces the decay heat of fuel.

The save removal of this decay heat is a key question of reactor safety. Additionally this requirement
is important in all stages of waste handling and waste storage.

A total loss of active cooling and of coolant in LWR plants, for instance, would result in a melting of
the core and in the release of large amounts of radioactivity to the environment. This kind of accident
must be made very improbable by a highly diversified and redundant decay-heat removal system.

In case of modular high temperature reactors (HTR) with relatively small power, decay heat can be
removed from the core just by heat conduction, heat radiation, and natural convection without reach-
ing too high fuel temperatures. Melting of the core is physically excluded.

— Some fission products (Br-87, 1-137, Br-88, 1-138, ...) emit neutrons with very long half-life (the
average value being 13 s for U-235). The amount of these delayed neutrons is just 0.65 % in U-235
fuel, but the average lifetime of these neutrons is extremely long compared to the prompt lifetime of
neutrons after diffusion (around 10~ s in LWRs).

The delayed neutrons therefore govern the kinetic behavior of the core in normal operation. Without
this fraction of the neutrons the control of reactors would be impossible. In severe accidents, in which
the reactivity gain would be larger than the amount of delayed neutrons, prompt criticality could oc-
cur, where the behaviour of the rector is just influenced by the prompt neutrons, with very high pro-
duction of power and destruction of fuel elements. These accidents must be avoided in any case.

Only in case of coated-particle fuel with specific conditions as in modular HTRs, even such hypo-
thetical prompt excursions could be tolerated, and the core and fuel elements would stay intact.

— Some fission products are very strong neutron absorbers in thermal reactors (xenon-135, samarium-
149). The build-up by formation by fission and decay, and the reduction of these isotopes by absorp-
tion and decay (xenon) has a strong influence on the dynamic behavior of reactors in case of changes
of load as well as after shutdown. Large xenon effects sometimes cause the installation of additional
excess reactivity in the core, which has to be compensated for in normal operation. This can initiate
disturbances in the reactivity balance with the consequence of reactivity accidents.

— Additionally many other fission products which absorb neutrons are built up in LWRs and other types
of reactors with discontinuous loading and discharging of fuel elements. Therefore the reactivity of
the core is reduced. To maintain criticality during the operation time, large excess reactivity is in-
stalled in the core. Poisoning the cooling water with variable boron concentration is necessary for
PWRs. The boron content is reduced during proceeding burn-up. Disturbances of this boronation can
cause severe reactivity accidents, too.

In HTRs with pebble-bed fuel a continuous loading and discharging of fuel elements is realized, there-
fore no excess reactivity for burn-up is necessary and no accidents can be caused due to this reason.

— Radioactive waste contains some radioactive isotopes with very long half-lives (see Table 1.15). The
resulting activity is very low; these isotopes, however, determine the radiotoxicity (see Fig. 1.39) in
the final geological depository after very long times (10° years storage time and longer). Their contri-
bution to the overall fission product content of spent fuel is small (less than 4 kg/t U), but it is very
difficult to perform the proof of safety of final storage over such a long period.

Table 1.15. Content of fission products with long half-lives in high-level radioactive waste (PWR, burn-
up: 40000 MWd/t U), Cs-137 and Sr-90 being included for comparison.

Isotope Half-life [a]  Activity [Ci/t U]
Zr-93 1500000 24

Tc-99 210000 17

1-129 17000000 0.04

Cs-135 3000000 2.4

Cs-137 30 125000

Sr-90 28 90000
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Fig. 1.39. Radiotoxicity of spent fuel (1 t uranium, burn-up 40000 MWd/t, PWR fuel): (a) toxicity index (ingestion),
(b) share of different isotopes in toxicity index.
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1.2 Nuclear power plants

1.2.1 Overview of different reactor types

The core of a nuclear reactor contains the fuel elements, the moderator, the coolant and structural materi-
als. Additionally control and shutdown elements are installed. The heat is generated by fission processes
inside the fuel elements. Moderators in thermal systems act to slow down the neutrons from fission ener-
gies to thermal energies. This is advantageous because the cross sections for fission are much higher in
the thermal region of the neutron spectrum than at very high energies. Suitable moderator substances with
technical importance today are H,O, D,O and graphite (Fig. 1.40). In case of fast reactors a moderator is
nearly totally avoided. The reason is that 77, the number of neutrons produced per fission, is higher at very
high energies compared to thermal energies.

The coolant transports the heat from the core to the steam generator or directly to a turbine. Important
coolants are H,O, D,0, CO, and helium; liquid metals (Na, Pb) are suited for fast reactors (Fig. 1.40).
From the beginning in nuclear technology many reactor concepts have been developed, but only a few
remained which where technically feasible, economically attractive and interesting for future application.
Table 1.16 contains these concepts and some of their main aspects.

Heterogeneous
stationary
power reactors

Neutron spectrum

. high
Enrichment enrched enriched
organic .
Moderator substances| | 9raphite l BeO
'\
' .
Coolant organic

substances

Fig. 1.40. Overview of possible combinations of reactor concepts.
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Table 1.16. Important reactor concepts and some of their main aspects.

PWR BWR RBMK CANDU AGR HTR LMFR
Moderator H,O H,O H,O/C D,O C C —
Neutron spectrum  thermal thermal thermal thermal thermal thermal fast
Fuel UO,, PuO, UO,, PuO, UO,, PuO, UO,, PuO, UO, UO,, PuO, UO,, PuO,
Shape of rods rods rods rods rods pebbles, rods
fuel elements blocks
Coolant H,O H,O H,O D,O CO, He Na
State of coolant liquid liquid/ liquid/ liquid gas gas liquid

steam steam

Special aspects Zircaloy  Zircaloy  pressure  pressure  steel coated- breeder

canning  canning  tubes (Zr) tubes(Zr) canning particle fuel

Today the main interest focuses on the following systems:

— Pressurized water reactors (PWR) [7401d, 83Zie, 92Kni, 83Kes]: H,O in liquid state serves as mod-
erator and coolant. The high pressure of the primary system (160 bar) is coupled to the maximal tem-
perature of the coolant, because the coolant must stay in liquid state. This system just produces satu-
rated steam, which allows a net efficiency of 33 %. The steam generator allows for a strong separation
between the primary and secondary circuit. Worldwide nearly 200 large PWR plants are presently op-
erational.

— Boiling water reactors (BWR) [00GKN, 86Boh, 69Sau, 92Led, 88Ton]: They work with a direct cycle
with a steam turbine directly coupled to the reactor. Water is evaporated inside the core, the steam is
dried inside the reactor pressure vessel and directly enters the turbine. The steam state and the net effi-
ciency are similar to the corresponding parameters of PWRs. Today around 100 large BWR plants are
in operation worldwide.

— RBMK reactors [91Ull, 86IAE]: These reactors use a large number of vertically arranged pressure
tubes with fuel rods inside these tubes to form a reactor core. The neutronic coupling between the sin-
gle tubes is realized by graphite blocks. This technology allows to operate power plants with large
thermal power without large reactor pressure vessels. Inside the tubes water is evaporated, similar as
in the core of a BWR. An outside steam drum is used to give off saturated steam for the turbine plant.
The thermodynamic data are similar to those of LWRs. In the countries of the former USSR 13 plants
of this type are still in operation today. After the catastrophic accident in Chernobyl (1986) no further
RBMK reactors have been built.

— CANDU reactors [75Mor, 87Can, 77EPR]: This type, mainly realized in Canada, uses heavy water for
moderation and cooling. The fuel rods are arranged inside horizontal pressure tubes. The neutronic
coupling is realized by heavy water in a calandria tank which contains a large number of pressure
tubes. Because of use of D,O the CANDU reactor can work with natural uranium or low enriched ma-
terial. The steam parameters are below those of LWRs, therefore the efficiency is lower, too. Alto-
gether 30 CANDU plants are in operation in Canada and were exported to some other countries.

— Advanced gas-cooled reactors (AGR) [92Mod, 80Den]: Carbon dioxide acts as coolant, and graphite
is the main structural material in the core. Steel is used as canning material for the fuel rods. Corrosion
between CO, and graphite restricts the coolant temperature to maximal values of 650 °C, which is suf-
ficiently high to produce hot steam of 530 °C. Therefore the net efficiencies of these power plants are
high (40 %). This type of plant is realized and demonstrates successful operation since decades in
Great Britain (15 plants). The total primary system is integrated in a prestressed concrete reactor ves-
sel.

— High temperature reactors (HTR) [90AVR, 89Kug, 84Mel, 84KWU]: Helium is the coolant and
graphite the main structural material. Fuel and fertile material are used in very finely dispersed form.
These coated particles with three very thin layers of graphite/silicon carbide/graphite are very well
suited to retain the fission products. Developed are spherical fuel elements and hexagonal blocks. The
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coolant temperature is above 700 °C, and this allows the combination to steam cycles, gas turbines or
combined processes. The efficiencies are between 40 and 48 %. This type of reactor promises a high
degree of inherent safety for future application, too, because the fuel can never melt in loss-of-coolant
accidents. The HTR is still under development.

— Liquid-metal fast reactors (LMFR) [72Bed, 81Wal, 76Bra, 71Gra, 95Mic]: The neutron spectrum of
these reactors is fast, because moderators are avoided as far as possible. The coolant is sodium or lead.
The reactor contains fuel elements with plutonium and fertile elements with depleted uranium. Princi-
pally breeding is possible. The system uses an intermediate circuit consisting of sodium for safety rea-
sons, the steam conditions are almost identical to those of conventional power plants. Therefore the
efficiency is high (40 %). The technology of fast breeding reactors is still under development as a fu-
ture option for long-term fuel supply. Breeding would allow much more efficient use of uranium com-
pared to current LWRs, a factor of 40 would be feasible using intensive reprocessing.

The numbers in Table 1.17 characterize some technical conditions of the core and plant layout of the
different reactor types for comparison. Being the most important reactor type today — constituting more
than 60 % of the nuclear power capacity installed worldwide — the PWR is explained in more detail in
Sect. 1.2.2. In Sect. 1.2.6 some additional information is given on the other reactor types mentioned
above.

Figure 1.41a shows the development of nuclear electricity production in the world. Today already
17 % of the electricity is produced by nuclear power plants. The shares of the different reactor types are
given in Fig. 1.41b. Some countries are already heavily dependent on nuclear energy (see Fig. 1.41c¢).

Table 1.17. Some important parameters of different reactor types.

PWR BWR RBMK CANDU AGR HTR LMFR

Typical enrichment [%] 3.5 3.5 2 <15 2 8 10
Core power density  [MW/m*] 100 50 4 15 2 3 400
Coolant [°C] 290...325 200...285 200...285 200...305 250...650 250...700 380...540
temperature (900)
Coolant pressure [bar] 160 =70 70 95 40 60 10
Steam pressure [bar] 65 70 70 43 180 180 170
Steam temperature [°C] 280 285 285 255 530 530 500
Efficiency [%] 33 33 32 32 40 40 40
Typ. thermal power [MW] 3800 3800 3000 1500 1500 200...600 750
Special aspects natural gas turbine breeding
uranium application
possible (900 °C)
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1.2.2 Pressurized water reactors
1.2.2.1 Plant overview

Pressurized water reactors [7401d, 83Zie, 92Kni, 83Kes] use water as moderator and coolant at a pressure
of 160 bar and, inside the core, at a temperature between 291 °C and 328 °C (see Fig. 1.42a). In order to
avoid boiling of the cooling medium a pressurizer is connected to the primary circuit. The pressurizer
contains an electrical heater to raise the pressure and a spraying system for water in order to reduce the
pressure. If the pressure exceeds the allowed values the primary system will be depressurized and the
steam will enter the containment building.

280 °C /63 bar

3
210°C \

326 °C 291°C I\—Q/

a 160 bar

280°C
63 bar

325°C
157 bar

©)

295°C

®

H,0 (liquid)

N e

Fig. 1.42. PWR overview: (a) schematic flow sheet of  (1:reactor, 2: steam generator, 3: pump, 4: high-pres-
the primary system (1:nuclear reactor, 2:pump, sure turbine, 5: water separator, 6: reheater, 7: compres-
3: steam generator, 4: pressurizer, 5: cooler for deload- sure turbine, 8: generator, 9:condenser, 10/13: feed
ing system, 6: vessel for deloading, 7: primary pipes for water pump, 11/14: preheater, 12: feed water storage).
coolant), (b) schematic flow sheet of the total plant
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In normal operation the hot coolant heats the steam generator, and saturated steam (280 °C, 63 bar) is
produced on the secondary side of the steam generator. In a steam cycle with reheat (see Fig. 1.42b) the
steam is used to drive a turbine system and to generate electricity. The condenser is cooled with the aid of
a wet cooling tower. Several preheaters serve for preheating the working fluid to a temperature of around
200 °C before entering the steam generator. The reheat is made with the aid of a bypass stream of fresh
steam behind the steam generator. Todayt the net efficiency of such a cycle is 33 % using wet cooling
towers as heat sink.

A large modern PWR (1300 MW (el)) contains four loops including steam generator, primary pumps
and connecting pipes (see Fig. 1.43). All components of the primary circuit are arranged inside the reactor
containment (see Fig.1.44a). This building contains a dense steel shell, which withstands a pressure of
around 8 bar in accidents, and in new plants a thick-walled concrete structure of nearly two meters is
realized around this steel shell. This wall thickness is designed with respect to airplane crashes (Phantom
military airplanes). Details of the design are explained below. Especially in German plants a large com-
pact wet storage system for spent fuel elements is installed inside the containment, too, for intermediate
storage of around 3 years.

Additional buildings, which contain e.g. the steam turbine cycle and the turbo machinery including the
generator and various auxiliary systems, are further parts of the total plant (see Fig. 1.44) These systems
are: the volume control system as a link between the hot, high-pressure reactor coolant system and the
reactor auxiliary systems at lower pressure; the chemical control system, which serves for adjusting the
coolant chemistry of the reactor cooling water to specified values; the coolant purification system, which
is used to remove corrosion products and fission products; different cleaning systems, which ensure that
gaseous, liquid and solid radioactive releases are kept below specified limits and that the environment is
protected; water supply systems and diesel engines for the purpose of emergency core cooling and resid-
ual-heat removal.

Thermal power 3867 MW
Electrical power (gross) 1365 MW
Electrical power (net) 1269 MW
Efficiency (net) 32.7%

Primary coolant pressure 158 bar

Primary coolant temperature 291.7°C...325.6°C
Secondary circuit steam pressure 63.5 bar
Secondary circuit feed-water temp. 218 °C

Secondary circuit steam temp. 279.3°C

Number of loops 4

Fig. 1.43. PWR: arrangement of primary components system, 6: primary coolant pipes. In addition, some
in a four-loop plant (1300 MW (el)), 1: reactor, 2: cool- technical facts are given.
ant pumps, 3: steam generators, 4: pressurizer, 5: blow-off
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b Fresh water Cleaned water

Fig. 1.44. PWR: (a) arrangement of the total nuclear erator, 10: compact storage for spent fuel elements,
power plant, 1: reactor containment, 2: reactor auxiliary 11: fuel loading machine, 12: steam turbine, 13: water
building, 3: switchgear building, 4: turbine hall, 5: lift separator/reheator, 14: feed-water storage tank. (Cour-
frame, 6: stack, 7: reactor, 8: pressurizer, 9: steam gen- tesy of Framatome ANP GmbH). (b) Process chain.
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1.2.2.2 Components of the core

The main components of the reactor core are the fuel elements. In case of the PWR they consist of fuel
rods (see Fig. 1.45a). These rods contain the fuel (UO,, PuO,) in form of pellets, the canning consists of
Zircaloy. Some data of fuel rods and fuel elements are included in Table 1.18. The free space inside the
gas-tight canning is filled with helium, during the burn-up in the reactor this space acts as a storage for
gaseous fission products which are released from the pellets. Depending on the type of fuel element, 300
of these rods are arranged to form a fuel element (see Fig. 1.45b) This is a fuel element with 18 x 18
positions, some of which are empty and used to guide a finger-type control element. The rods are assem-
bled to form a fuel element with the help of head and foot parts. Spacers between the rods are intended to
avoid vibrations. A large number of these fuel elements forms the core of a PWR (193 fuel elements in a
3800 MW (th) core), as shown in Fig. 1.45¢c. The fuel elements are fixed in the core by an upper and a
lower grid plate.

Figure 1.46 includes some further details regarding the arrangement of fuel elements in the core. Dif-
ferent fuel enrichments are employed to achieve a power distribution as flat as possible in the radial direc-
tion of the core and to realize an optimal utilization of fuel (Fig. 1.46c). Apart from the upper and lower
grid plate, there is an outer core barrel which also serves to guide the coolant.

a
/ : upper closure
spring
: |l isolation tablet
; (A1,0,)
A %ﬁ&:
%’\ fuel pellet
i
8|8 21:% empty space
<+|® g% 5
i
R canning
v
. Tp—— isolation tablet
ﬂ (Alzoa)
/ﬁtf sleeve
> < 2 10.75 mm
Y : lower closure

Fig. 1.45. PWR fuel elements: (a) fuel rod, (b) fuel 11: closure

9: shroud,

10: connecting  shaft, head,

element, (c) arrangement of fuel elements in the core
(1: instrumentation guide tube, 2: bottom support struc-
ture, 3: outer thermal shield, 4: fuel assemblies, 5: react-
or pressure vessel, 6: surface of reactor pressure vessel
(insulation), 7:outlet nozzle, 8:control-rod shaft,

12: control-rod penetration, 13: control-rod drive mech-
anism, 14:radial support, 15:bottom support plate,
16: inner thermal shield, 17: upper core plate, 18: inlet
nozzle, 19: ducting tube, 20: shroud, 21: upper support
plate). (Courtesy of Framatome ANP GmbH).
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Table 1.18. Some important parameters of PWR fuel elements.

Thermal power of the core 3867 MW
Number of fuel elements 193
Geometry of fuel elements (number 18 x 18 (24)
of positions of absorber fingers)

Active length of fuel rod 3900 mm
Core diameter = 4000 mm
Rod diameter 9.5 mm
Spacing 12.7 mm
Weight of a fuel element (UO,) 533.7kg
Average linear power of rod 166.6 W/cm
Average core power density 95.3 MW/m?
Fuel enrichment max. 5 %
Average burn-up 45000 MW d/t
4 6
Jlll | I/ / Il_
326 °C <—" < \ <« 291°C
7

4925 mm

<D (

Enrichment

[weight-% U-235]

(719

2.5

0 32 Fig. 1.46. PWR core: (a) component arrangement and

coolant flowt (1: fuel element, 2: pressure vessel, 3: core-

. barrel, 4: control-rod drive system, 5:lower grid plate,

[#] Fuel element with 6: control-rod system, 7: upper grid plate), (b) finger-type

control element

control rods, (¢) arrangement of fuel elements with differ-
ent enrichment and positions of control elements.
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1.2.2.3 Components of the primary system

The reactor core is arranged inside the reactor pressure vessel (RPV). The cylindrical vessel has a bottom
head and a closure, which is fixed by bolts and can be removed once a year for changing fuel elements. In
the upper part of the cylindrical vessel there are 8 penetrations, 4 each for the inlet and outlet, respec-
tively, of the primary coolant (Fig. 1.47). The RPV is positioned inside the concrete structures of the
containment in a central position.

Because of the large diameter and the high operational pressure, a large wall thickness is necessary
(see Fig. 1.47¢c). The RPV is totally plated on the inside by a layer of austenitic steel. This is necessary
because of the strong corrosion by boron acid inside the coolant. Modern RPVs are fabricated from rings
of forged steel, which are connected with the help of special welding processes.

During operation the vessel is stressed by internal pressure, heat stresses and irradiation with fast neu-
trons. A special, very ductile steel is used, in which the growth of cracks is practically avoided. This is
guaranteed by repeated inspections. Because of the reduction of ductility by irradiation effects, the re-
peated integral pressure tests are carried out at elevated temperatures. If all prescriptions of design, manu-
facture, operation and testing are fulfilled, it is assumed that a catastrophic failure of the RPV, i.e. burst-
ing of the vessel, is very unprobable. In safety analyses today there are estimations that the value for
bursting should be below 10 */year. Bursting of the vessel would mean that the core could not be cooled
and would melt. Therefore the safety of the RPV is of central importance for reactor safety.

& 5775 mm

A

12850 mm

Operation temperature 325°C
Operation pressure 158 bar
Inner diameter 5000 mm
Wall thickness (cyl. wall) 250 mm

Wall thickness of austenitic plating 6 mm
Wall thickness (ring for penetr.) 400 mm

& 5000 mm

: mEl I Total weight ~ 500t
H H H H H H ‘ Material 20MnMoNi55
L c
LA
\ ./
a
Fig.1.47.  Reactor pressure vessel of a PWR: 9: reactor vessel head, 10: control-rod drive mechanics,

(a) vertical cross section (1:pressure vessel, 2:core 11: control-rod drive shaft), (b) horizontal cross section,
support, 3: lower grid plate, 4: upper grid plate, 5: core (c) technical parameters.
barrel, 6: fuel element, 7: inlet nozzle, 8: outlet nozzle,
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For future concepts of nuclear reactors prestressed RPVs are proposed, they are designed to be burst
proved. The heat of the fission process is used in the steam generator. In most PWR plants worldwide,
steam generators as the one shown in Fig. 1.48 are employed. The primary coolant flows into a chamber
at the bottom of the component.

From here the coolant is guided through U-type steam generator tubes, and the heat is transferred to
the secondary side. In the bottom part of the steam generators the feed water is preheated up to the boiling
point, and in the upper part the formation of saturated steam takes place. Above the tube bundle a separa-
tor for water droplets is arranged and the steam is dried to a humidity of less than 1 % water (liquid).
Because of the good heat transfer capabilities of pressurized water and water/steam mixtures the heat
fluxes are high. Average values of 180 kW/m? are realized using relatively low temperature differences
between primary and secondary side for the heat transfer.

The U-type tubes of the bundle are fixed in the tube plate at the bottom of the component. The tubes
themselves and the plate are fabricated from a corrosion-resistant austenitic material. Spacers between the
tube avoid vibrations. The steam generator acts as an important barrier between the contaminated primary
circuit and the secondary side of the working fluid. Besides the U-type steam generator described here, in
some countries steam generators with straight tubes or with horizontal U-tubes and internal samples are in
operation. In the first case the steam temperature can be somewhat higher, in the second case the amount
of water on the secondary side is higher. This aspect is sometimes important from the standpoint of reac-
tor safety, to achieve longer gracetimes.

In the PWR a large mass flow of water through the core must be guaranteed to remove the heat gener-
ated by the fission processes. Radial pumps with one stage are in use to compensate the total pressure
drop of around 9 bar in the primary system and to keep the water circulating.

a Steam b
nozzle
Positive
entrainment
steam TR
Steam
(-] (-]
Lo .°°s Swirl vane ‘ B
moisture F\ A
=4 separator |
o o - -
Feed-water | H1 ablilelelele
nozzle
Water !
Anti-vibration E
bar m
Tube support b
lat
plate <
Tube
wrapper
[y
Tube
——’bulsldle Number of steam generators 4
Power of one steam generator 967 MW
Diameter 3. 7m
\ Tube sheet Height 21.5m
Weight 490 t
Divider plate
widerp Heat transfer area 5400 m*
Priro S Primary outlet Number of tubes 4118
4 Material of tubes Incoloy 800

Fig. 1.48. PWR steam generator: (a) overview, (b) vertical cross section, (¢) parameters. (Courtesy of Framatome ANP GmbH).
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A specific technology is used to get the rotating system tight between water of 160 bar and the envi-
ronment; a blocking system using water is suited for this purpose. It consists of several stages. Fig-
ure 1.49 shows a vertical cross section through a coolant pump and lists some technical data. The power
of these pumps is large, around 6 MW are used for each loop, corresponding to 2 % of the electrical
power that can be produced from the thermal power of the loop.

The coolant in the primary circuit must always stay in the liquid state. The primary circuit is therefore
connected to a pressurizer. In the lower part of the component there is a water storage, above which there
is steam. In the pressurizer an inner electrical heater is arranged to raise the pressure, and a spray system
to reduce the pressure. For safety reasons the pressurizer is connected to a blow-off system. If the pres-
sure in the primary system exceeds 179 bar the valve opens and reduces the pressure. Figure 1.50 contains
the flow sheet of a pressurizer.

The different components of the primary system are connected by pipes (diameter around 750 mm),
which are designed to tolerate thermal expansions, vibrations, transient loads and loads from earthquakes.

5
4
2
=]
1
Plant 3867 MW with four loops Volume 65 m’
Number of coolant pumps 4 Power of heater 2.1 MW
Mass flow 4700 kg/s Diameter 25m
Pressure drop 9 bar Height 12 m
Power (max.) 7.4 MW
Drive electrical motor

Fig. 1.49. Coolant pump: vertical cross section and Fig. 1.50. Pressurizer and blow-off vessel: flow sheet

technical facts. (Courtesy of Framatome ANP GmbH). (1: electrical heater, 2: connection to primary circuit,
3: water injection, 4: water, 5: blow-off vessel) and
technical facts. (Courtesy of Framatome ANP GmbH).
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1.2.2.4 Reactor containment

All components of the primary circuit are arranged inside the reactor containment. This building (German
plants) contains an inner spherical steel shell of around 60 m diameter. This inner shell is tight and is
designed to withstand a maximum inner pressure of 6 to 8 bar in accidents. The outside of the contain-
ment of modern plants consists of a concrete wall with almost 2 m thickness. This outer shell acts as a
protection against airplane crashes, pressure from gas-cloud explosions and against sabotage. New plants
are designed to withstand relatively strong earthquakes, too. Details of a PWR containment building are
shown in Fig. 1.51.

All penetrations of the containment are leaktight. Lock systems for persons and components are in-
stalled and allow to change even complete steam generators. Inside the containment a compact intermedi-
ate storage for spent fuel elements is installed. This is a water storage system, in which the spent fuel
elements stay for three years. The decay heat is removed by redundant cooling systems, the arrangement
of fuel elements is always subcritical and the cannings of the fuel elements act as a tight barrier for the
fission products. In the ring-shaped space around the containment there are various installations of the
redundant decay-heat removal and emergency core-cooling systems, as well as systems for water purifi-
cation and a control system for the boration of the primary coolant. Intermediate nuclear cooling systems
are arranged in this building, too.

=l
| B

d

Design pressure 5.3 bar
Max. pressure 8 bar
Design temperature 145 °C
Inner diameter 56 m
Wall thickness of steel shell 38 mm
Wall thickness of concrete =2 m

Fig. 1.51. PWR containment building: (a), (b) vertical 7: loading machine, 8: fresh steam armature, 9: steam
cross sections, (c) horizontal cross section (1: core, generator, 10: storage corridor, 11: lock), (d) technical
2: pressurizer, 3: concrete containment, 4: reactor safety parameters. (Courtesy of Framatome ANP GmbH).
containment. 5: fuel element compact storage, 6: crane,
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Specific airconditioning systems guarantee a lower pressure in the containment relative to the outer
environment, therefore radioactive leaking can be sucked back into the inner containment space. Large
areas of the containment can be entered by persons during operation. Different designs and design phi-
losophies for PWR containments are realized in other countries. Especially other types of reactors, like
boiling water reactors, require different technologies for this component.

1.2.2.5 Reactor safety systems

The very large radioactive inventory inside the core (around 4 x 10'> Bq/MW (th) in equilibrium during
operation) must be retained inside the fuel elements in normal operation and in case of accidents. This has
to be done with the help of reliable, redundant an diversified safety systems. Beside the retention of ra-
dioactivity the safe shutdown of the reactor from any operational state, as well as an effective decay heat
removal and thereby cooling of the core are further important safety requirements. Parallel to accidents
due to internal reasons, accidents due to outer reasons have to be governed, too. A primary reactor safety
protection system triggers a fast reactor shutdown in case of all relevant accidents like larger leaks in the
reactor cooling circuit, leaks in the feed-water or live-steam lines, or in case of uncontrolled removal of a
shutdown rod from the core. Signals to actuate this system can be coolant temperature or pressure, neu-
tron flux, height of water in the steam generators or in the pressurizer, or transient values of 7, p, ¢.

Figure 1.52 gives a schematic overview on the main systems like RESA (fast shutdown system),
emergency cooling systems, lock of containment, which are controlled by the reactor safety protection
system.

Blow-off station

Reactor safety

To turbi
protection system 0 turbine

From feed-water storage

=

To the decay-heat
removal system

Emergency
injection

Emergency
diesel

Emergency
core cooling

Fig. 1.52. Overview on safety systems of a PWR, which are controlled by the reactor safety protection system.
(Courtesy of Framatome ANP GmbH).

Beside the shutdown by very reliable active shutdown systems, which is supported by an always
strongly negative reactivity coefficient (void and temperature), the decay heat removal is of extended
importance in all nuclear reactors. The B- and y-decays of fission products produce decay heat in the reac-
tor still after shutdown of the nuclear reactions. Directly after stopping the chain reactions this is around
6 % of the nominal power, after 1 hour nearly 1 % and after 1 day roughly 3 %e..

In LWRs it is necessary to have systems which remove this heat very reliably. A total failure of these
systems would cause a melting down of the core and eventually the release of large amounts of radioac-
tivity to the environment (see Sect. 1.4.1). Therefore the reliability of core cooling systems is of great
importance for the safety of a PWR. A modern PWR contains several different cooling systems, which
are carried out in a redundant and diversified way.
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The following systems are available for decay heat removal:

— the normal cooling loops (4 times), each consisting of steam generator and coolant pump,

— high-pressure water injection systems ( 4 times),

— low-pressure water injection systems (4 times),

— acooling system pumping the water from the sump of containment back to the primary circuit.

In Fig. 1.53 the principal flow sheet of this total concept is depicted. The injection systems are in-
serted if leaks in the primary circuits have occurred. Figure 1.54 contains some details of the decay-heat
removal system showing the assignment to the different loops of the primary system.

A chain of the cooling system always contains heat exchangers, pumps, pipes, valves, cooling towers
and systems for electricity supply. Hence there is a small chance of non-availability for these complex
systems. If there is continuous supervision, maintenance and repair, a failure rate for loss of active cool-
ing of around 10™%/year is estimated in probabilistic safety analyses for large modern PWRs.

An important aspect in connection with the availability of decay heat removal systems is the spatially
separated arrangement of decay-heat removal systems in the containment and inside the plant. Safe sup-
ply with water and electricity is one of the very important aspects.

—+ Steam generator

Pressurized water

storage
Primary
circuit m

Containment Y4
\

Containment
sump

Afterheat cooler _|

Low-pressure High-pressure

pump pump
21 Water pool
a (borated)
fm
Afterheat S [>_
cooler —] Fig. 1.53.  Schematic representation of
(a) decay-heat removal systems in modern
PWRs, and (b) heat removal from the after-
(<) (<)
b {© © heat cooler.

Landolt-Bornstein
New Series VIII/3B



76 1.2 Nuclear power plants [Ref. p. 182

® ®
3 3 o5 A
2l & sl
) 0 080 80 "L@—@—@—" 08 080 O ¢
o SN o o —O—, &%
] |
|_g $ e 20 Z gJ
000 08 ¢ Yy 8d O 0 0

Fig. 1.54. Decay-heat removal system of a modern pensation cooler, 9:secured intermediate cooler,
PWR, 1: flood tank, 2: pressure storage, 3: after-cooler, 10: three-way valve. (Courtesy of Framatome ANP
4: decay heat pump, 5:safety feed injection, 6: inter- GmbH).

mediate cooler, 7: intermediate cooling pump, 8: com-

1.2.2.6 Auxiliary systems

Nuclear reactors need different auxiliary systems for normal operation. Important examples in case of the
PWR are the water purification systems and the volume control system, as well as the chemical injection
and additional coolant purification system (Figs. 1.55 and 1.56).

Furthermore extensive nuclear intercooling systems and airconditioning systems are installed. To de-
liver the necessary electrical energy in case of accidents emergency diesel engines are available. Installa-
tions for decontamination and laboratories to handle radioactive substances are part of the normal equip-
ment of every nuclear power plant. The supervision of the primary circuit and of the total power cycle
requires extensive measurements of various parameters like neutron flux, temperatures, pressures, mass
flows, concentrations of different substances and of many radioactive isotopes in air, water or in solid
wastes.

1.2.2.7 Steam turbine plant

The primary circuit and the secondary power cycle of a PWR are separated by the steam generator.
Therefore the steam cycle process can be optimized separately. The saturated-steam cycle is arranged as
displayed in Fig. 1.57. The pressure of live steam in this example is 54 bar with a humidity of 0.25 %. For
the generation of electrical energy a one-shaft condensation turbine with 1500 rotations/min is used. A
three-phase asynchronous generator is coupled to the turbine. The turbine has four housings, the first one
is a double-flow high-pressure part, the three others each contain a double-flow low-pressure part of the
turbine. Behind the high-pressure turbine the steam passes a water separator and is reheated by a bypass
of live steam. The condensor behind the turbine is designed to cool down the whole amount of live steam
in case of failure of the electrical system.
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To off-gas system

From volume To off-gas system
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Fig. 1.55. Processing and storage of coolant, 1: storage 7: reflux condenser, 8: degasser, 9: degasser removal

for coolant, 2: pump for the evaporator, 3:ion ex- pump, 10: cooler.
changer, 4: preheater, 5:evaporator, 6: condenser,
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Fig. 1.56. Volume control system, chemical injection 7: degasser for coolant, 8: condensor, 9: volume equali-
and coolant purification, 1: recuperator, 2: high-pressure zation storage, 10: chemicals mixing vessel, 11: storage
cooler, 3: high-pressure reducing station, 4: mixed bed and mixing vessel for boron acid, 12: boron acid stor-
filter, 5:resin waste storage, 6:mechanical filter, age. (Courtesy of Framatome ANP GmbH).
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The regenerative preheating of feed water contains a 6-stage preheating of the condensate before the
latter enters the steam generator again. The main condensate pumps and the main feed water pumps are
usually designed with sufficient redundancy, for example 3 % 50 %. The generator operates at a voltage of
27 kV and feeds into the electrical grid of 380 kV via two parallel transformers. Large nuclear power
plants in Germany are operated with wet cooling towers as heat sink and therefore the condenser vacuum
is restricted to values of around 0.08 to 0.09 bar. The H-S diagram of the process indicates the expansion
lines (Fig. 1.58). Because of the low pressure and temperature of the live steam (54...60 bar (saturated))
the efficiency of LWR plants today is limited to 33 %.

For hot-steam processes efficiencies of more than 40 % are possible. This cycle is used in AGR, HTR

and LMFR plants.
10.5 bar/220 °C 1455 kg/s |

Steam conditions ~ Mass flow
54 bar x=0.9975 1900 kg/s

3752 MW

20 0.914 17

141 °C
1.3 0.889 139 175 kgls

415 0.990 701

1.86  0.951 73.3

steam + water
066  0.926 856 20.6
0.355 0.922 29 214
0.158 0.915 247 238 Fig. 1.57.  Simplified steam
cycle of a PWR. The steam

+——©——(G)__12°C  content in the two-phase mix-

ture is denoted by x. (Courtesy

T7bar  31°C 1305 kgls o) of Framatome ANP GmbH).
Thermal power 3752 MW
Electrical power 1300 MW
Steam generator loops 4
High-pressure turbines 1
Low-pressure turbines 4
Frequency of turbine 3000 min™"
Waste heat removal wet cooling
2 tower
3 Pressure in condenser 0.04 bar
I
=y b
2
[
L
| —— With water separation and reheating Fig. 1.58. (a) Enthalpy versus entropy (H-S
— - — Without reheating, with external water separation diagram) for a saturated steam cycle, and
y y y y (b) some important parameters of the steam
a Entropy S [kJ/(kg K)] cycle.
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1.2.3 Thermohydraulic aspects of the core and of the fuel elements

The discussion of thermohydraulic aspects of the core and the fuel elements includes the power density in
the core, the heating up of the coolant and structures in the core, as well as aspects of flow, heat transfer
in the fluid and pressure drops [57Bon, 63Gla, 77Wei]. The power density inside the reactor core is de-
fined by the expression

qw(?):TEsp'Zf(?’E)'¢(7=E)'dE7 (1.226)
0

where 2; is the macroscopic cross section for fission; if several different fissionable isotopes are in the
core (U-235, Pu-239, Pu-241), the integral includes the sum of all fission reaction rates.

The nuclide densities of fissionable materials and the neutron flux have a non-uniform spatial distribu-
tion in the core, therefore the thermal power of the core is calculated by an integration over the whole
core. For a cylindrical core (see Fig. 1.59a) one obtains:

Po= | ¢"(F)-dV=Ey- [ Z(F)-d- E)J (2'405'rj~d1/ 1.227
th (VIR)Q() p(V.L) f()%COS(H (U — (1.227)

With suitable average values the thermal power can be approximately calculated by
Pn=Eg 2t ¢n Ve=4"Tg- (1.228)

The average power density inside the core, ¢”, with the unit MW/m® (= kW/1), is a main parameter of
the core which influences the design of the fuel elements, the core dimensions, the magnitude of the neu-
tron flux, the pressure drop in the core, and especially the safety characteristics of the reactor in accidents
with loss of coolant and cooling. Average core power densities realized in nuclear reactors operating
today are summarized in Table 1.19.

Table 1.19. Average core power density of different reactor types.

Reactor type  Coolant Average core power density
[MW/m’]

Magnox CO, 0.5

AGR CO, 2

HTR He 2...6

PWR H,O (liquid) 100

BWR H,0 50

CANDU D,O 50

RBMK ?) H,O 50

FBR Na 300...500

% Related to fuel channels.

Figure 1.59b shows a measured axial distribution of the power density in a PWR core. The magnitude
of the core power density, which is required to be technically feasible, economically reasonable and ac-
ceptable from the safety point of view, results from a complex optimization procedure for each reactor type.

The coolant is heated up during its flowing through the reactor core. In Fig. 1.60 the unit cell, the axial
power density and the coolant temperature of a water-cooled reactor (PWR) are shown qualitatively. The
power density inside a fuel pellet, ¢f, the heat flux on the surface of the pellet, ¢”, and the linear power
of the rod, ¢’, are correlated as follows:

Landolt-Bornstein
New Series VIII/3B



80 1.2 Nuclear power plants [Ref. p. 182

§'(z)=2nR-§"(z)=nR* 47 (z). (1.229)

Characteristic average values in a large PWR are ¢f =300 W/cm®, R=0.5cm, ¢" =75 W/em?, ¢’ =
220 W/cm.
For the coolant channel the energy balance results in

rh*-c-deq(')~cos[%)-dz, (1.230)

with ¢, as the maximum linear power of the rod,

.7 2 = -

90 =TER1 'ESp'Zf'¢0' (1231)
For the coolant temperature in z-direction one obtains

./ ~H .
T(z)=q0*—-l{sm(ﬂj+l}+7}, (1.232)
m-c T H
with 7; being the inlet temperature for the reactor core. For the total heating up in the core one finds the
simple expression

T, -T, =@ (1.233)
m -c
with de denoting the power of one rod, T, the outlet temperature from the channel, and 7" denoting
the mass flow in the channel.
As the mass flow through the whole core is m = ' -z, with z denoting the number of rods, the total
power of the core is Py, =z Oyoq-
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Fig.1. 59. Spatial distribution of the core power density (relative values) in a large German (squares) and Swiss
in nuclear reactors: (a) theoretical distribution in case of  (crosses) PWRs. Top and bottom denote the upper and
a cylindrical core, (b) measured axial power density lower bound, respectively, of the fuel elements.
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Fig. 1.60. Simplified model to estimate the heating up of coolant in a channel of a PWR.

For a large PWR some characteristic values are as follows: Py = 3800 MW, z= 50000, O, 4~
76 kW; the total mass flow through the core is around 18800 kg/s, whereas the mass flow of one coolant
channel is 0.38 kg/s.

Some characteristic parameters of other types of coolant circuits are summarized in Table 1.20.

The temperature distributions in the fuel elements depend on the power density, the coolant tempera-
ture, the heat transfer number in the coolant, and on from the geometric data of the fuel elements.

Certain parameters of the canning (4, s) influence the temperature in this part of the fuel element, too.
Figure 1.61 shows the qualitative dependence of the temperatures of coolant, canning and center of fuel
for a nuclear reactor core, e.g. of a PWR.

Table 1.20. Characteristic parameters of coolant loops in different reactors.

Parameter PWR BWR AGR HTR LMFR
Thermal power MW] 3800 3800 1500 200 750
Coolant H,0 (liquid) H,O CO, He Na
Pressure of coolant [bar] 160 70 40 60 10
Inlet temperature in core [°C] 290 215 287 250 380
Outlet temperature from core [°C] 325 285 651 700 550
Mass flow [keg/s] 18800 14300 3687 85 3400

Principally in each channel of the core the coolant temperature can be described by the equation
z
Tool(2)=T+ | 4:¢"(<)d". (1.234)
-H/2
For the canning (inside or outside) the following relation is valid:

Teann (2) =Teoo1 (2) +47 - w (4,11, &, geometry ), (1.235)

where i is a function describing the relevant heat transfer inside the fuel element. For the fuel tempera-
ture on the center line one finds

Tt (2) = Teool (2)+ 4" @ (4,77, 2, geometry ), (1.236)
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with a further function ¢ for the overall heat transfer inside the fuel element. The calculation of the func-
tions ¢and yrequires a detailed analysis of heat transport in the fuel elements.

As an example for cylindrical rod geometry, from the stationary partial differential equation of heat
conduction,

div(AgradT) +¢7(7) =0, (1.237)

one obtains the radial temperature profile shown in Fig. 1.62, which depends on both the channel consid-
ered and the vertical position along the rod.
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Fig. 1.61. Qualitative dependence of coolant temperature, canning temperature, and central fuel temperature on the
core height.
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Fig. 1.62. Radial temperature profile in a cylindrical-rod fuel element; 1: fuel pellet, 2: gap, 3: canning, 4: coolant.
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Applying the solutions of the differential equation for the different parts of the fuel elements the tem-
perature difference between surface and center of the fuel pellet is given by

2

gr 1
ATt =Teenter — Tsurt = 4L (1.238)
1

For the gap between the fuel and the inner side of the canning the result is

2
i a1 In(rn/n)
ATgap = Tgurt _Tclann =4qr 17#’ (1.239)
whereas in the canning a temperature difference,
21
H . K n(l”3 /7"2)
ATcann = Tclann - Tc(e)inn =dr 7/1— ) (1.240)
3

exists. Finally, with & denoting the relevant heat transfer number of the coolant, for the temperature dif-
ference between the outside of the canning and the coolant one finds

2

N

Iz:%nn_Tcool:qf' .. (1.241)
2'}"3 o

AT,

cool =

When designing PWR fuel elements, three main conditions must always be fulfilled:

— In the hottest rod, i.e. the rod with the highest power, the center fuel temperature must stay below the
melting temperature of UO, (2850 °C).

— The canning temperatures must stay below allowable material temperatures (7o, < 450 °C).

— The coolant must not be evaporated in normal operation (i.e., for the heat flux, ¢” < g is always
required).

Particularly the first requirement limits the linear power rating of a rod. The conductivity integral,
o L - *
2(T")= [ A(1)-dT =7 (1.-T7), (1.242)
T*

must stay below allowable limits. Figure 1.63 presents the linear power rating as a function of the burn-
up, including the parameter y. Maximum values of around 200 W/cm are used for the linear power rating
in practical operation.

To fulfill the requirement that the fluid should not be evaporated in a channel of a PWR, the safety
factor in the thermohydraulic design of the fuel elements sufficiently high. Figure 1.64 presents the heat
flux as a function of the difference between surface and saturation temperature. This curve is often called
Nukijama curve or curve of pool boiling.

The critical heat flux is around 10° W/m?. The maximum heat flux in operation should be less than
10°/1.3 W/m? in the core to avoid damage of the fuel element surfaces.

In the core there are around 50000 rods in case of a large PWR. For the hottest rod and rods with an
average heat production there exists a hot-channel factor, F,, defined by the expression

E, = ‘]leax = q‘”ﬂax = q;EaX . (1.243)

q ~m r 7

q q q

This factor, which has a value of around 2 in large PWRs (see Fig. 1.65) depends on several parameters:
the spatial power distribution in the core, deviations in the geometrical data of fuel elements and in mate-
rial parameters, as well as deviations in the homogeneity of the mass flow. During burn-up the value will
be slightly reduced.
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For the heating up of the coolant in the core a similar hot-channel factor is defined:

Ah

max

Ah

Fpp = , (1.244)

with the condition that net evaporation in a channel of a PWR should not occur. Therefore the increase in
temperature in all channels is limited. Values of F, near 1.5 are characteristic for current PWR designs.

700
L BWRTT, . _ \ Technological limit
Analytical model
\
500 BWREE PWR 16x16 \\
_ 5..\__ . — P_W"; R L
E 0 616 BWR 7x7 \
E \
= 300 =~
BWR|8x8
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—-—-- Design value safety report
100 A Effective operational values
according to experience
O T T
0 10 20 30 40

Burn-up [GWd/t]

Fig. 1.63. Linear power rating of PWR and BWR fuel rods versus burn-up of the fuel.
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Fig. 1.64. Heat flux versus temperature difference between surface and liquid in case of pool boiling.
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Fig. 1.65. Hot-channel factors (a) for the power density, F,, and (b) for the heating of the coolant, ', in case of a
large PWR core.

Naturally just a small part of the rods has hot-channel factors near 2, as being displayed by the statisti-
cal distributions in Fig. 1.66.

The thermohydraulic aspects of a large core PWR might be characterized by the following data. A
core with a thermal power of 3800 MW contains around 5 x 10* fuel rods. With a diameter of 1 cm and a
length of nearly 4 m this represents a total surface of 6000 m” inside the core. Therefore the average heat
flux is nearly 600 kW/m’, and the linear power rating of the rods is 190 W/cm. Using a heat transfer num-
ber of 10000 W/m’K in the pressurized water the characteristic canning temperature is 380 °C, the center
temperature in the fuel pellets in a normal channel would be 1200 °C. In the hottest channels, with F, = 2,
the maximum fuel temperatures can exceed 2200 °C.

This design gives sufficient certainty for normal operation. Therefore the number of failures of fuel
cannings is very small in modern reactors. In case of accidents the conditions of power production and
cooling are changed, in some cases dramatically, and therefore fuel elements can be damaged (see
Sects. 1.2.5 and 1.4).
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(curve 2) that have hot-channel factors larger than F,.
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1.2.4 Operating experience
1.2.4.1 Availability of power plants

A very important parameter of a successful operation of nuclear power plants is the availability of work,
V., defined by the expression

Clapy(e)-de T
o P,"-8760h 8760h’

(1.245)

a

where T is the integral time of full-power operation in one year. This number depends on the conditions
of the grid, the costs of the fuel cycle and, naturally, on the plant operation conditions. During the last
decades this number became much better in countries operating nuclear power plants. The respective
results of German power plants in the year 2001 [01Jah] are presented in Fig. 1.67.

An average value of V, = 8000 h/year is possible today. This is important for economical analysis. The
time availability, V;, i.e. the percentage of time in which the plant is available for operation, is important
as well:

%

T
8760h

v, (1.246)

with 7T* denoting the number of hours the plant is ready for operation; 7* is larger than 7. Excellent plants
achieve time availabilities of 98 % and working availabilities of 96 %. In the last years not only the avail-
ability has been raised worldwide by technical progress and experience, but also the number of fast shut-
downs has been drastically reduced. The reduction of personnel doses is an additional indicator for pro-
gress in the operation of nuclear power plants.
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Fig. 1.67. Availability of work in German nuclear power plants in 2001.
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1.2.4.2 Release of radioactivity to the environment

Radioactive materials build up inside the fuel elements by the fission process, as well as in the coolant
and structures by activation. The different components like the fuel elements, the primary circuit and the
containment act as barriers to retain the radioactivity inside the nuclear power plant. Figure 1.68 shows
the system of barriers in case of a PWR.

Depending on the conditions of normal operation or accidents these barriers are efficient in different
ways. In normal operation nearly all the fission products are retained inside the fuel elements (see
Fig. 1.69).

The content of activity in the primary coolant is mainly caused by activation products. Very efficient
systems are used to clean the water and to retain radioactivity inside the nuclear power plant. Radioactive
substances are released from the plant in gaseous form via the stack, with waste water, and in solid form.
Those values depend on the type of plant, the age and status of the plant, and on operational procedures.
The main part of gaseous release rates is constituted by noble gases, C-14 and tritium (see Table 1.21).
These values are very small compared to the allowed values following the licensing [01Zus, 95Mic]. As
for the waste water the radioactivity contents are also very low today (see Table 1.22).

All release values are far below the allowed limits. This is the result of progress in purification and re-
tention technologies and of the high quality of the fuel elements. Today the calculated radiological expo-
sition of the population caused by emissions from nuclear power plants is very small compared to other
expositions (see Fig. 1.70). Nuclear power plants contribute less than 1 % to the total radiological burden
of the population. Further reduction is possible, but higher effort in retention and purification technolo-
gies would be required [95Mic].
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Fig. 1.68. Barrier system for fission product retention in a PWR.
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Table 1.21. Release rates in gaseous form of a large modern PWR (German conditions).

Substances Release [Bg/year]  Allowed values [Bq/year]
Noble gases 9.75 x 10"

C-14 5.14 x 10" } 1.5x10"
Tritium 3.85x 10"

Y-radiators in aerosols  2.75 x 10° 4x10"

Todine-131 2.61 x10° 1.5 x10"

Table 1.22. Release rates in liquid form of a large modern PWR (German conditions).

Substances Release [Bg/year]  Allowed values [Bq/year]
Tritium 2.37x 10" 7x10"

o-emitters 33x10°

Y-emitters 3.3x10 } 6 x 10"

Fe-55 4.3 x10°

Values in mSv/year

Total: ca. 4 mSvl/year Radon 1.3
Terrestric radiation 0.5
Cosmic
radiation 0.3
Radioactivity
of human body 0.3

Fig. 1.70. Contribution of nuclear

Medicine 1.5 power plants to the average radia-
tion dose received by individuals in
Germany.

Nuclear reactors < 0.01

1.2.4.3 Radiation inside nuclear power plants

In a nuclear reactor the core is the main source for the emission of neutrons and y-radiation [92Kni]. Ac-
tivity transported with the coolant plays an important role, too, because the total primary circuit and auxil-
iary systems are contaminated. In case of BWRs the total steam turbine plant is to be considered with
respect to contamination. Spent fuel elements at different stages of the fuel-element life cycle require
additional attention with regard to radiation protection. Figure 1.71 shows the various possibilities of
producing radiation as a result of fission inside a nuclear reactor. For calculating fields of n- and 7y-
radiation and suitable shielding systems some important aspects have to be considered. Neutrons and 7y-
rays are produced with broad spectra inside the core during fission. Neutrons which penetrate to outer
parts of the primary system or shielding systems produce additional y-radiation by (n, y) reactions. More-
over, B-radiation occurs during the decay of fission products. Highly energetic B-radiation causes y-
radiation by the bremsstrahlung effect.

All these secondary and partly tertiary effects have to be taken into account in radiation shielding
analyses. The shielding systems have to be designed to limit the radiation levels at all positions of the
plant to allowed values. For some components the material embrittlement by fast neutrons is very impor-
tant, e.g. for the reactor pressure vessel or for the cannings of fuel elements especially in fast reactors.

The neutron fluxes in a PWR are shown in Fig. 1.72 [02Boe]. It can be seen that the thermal flux
drops from the center of the core to the rooms outside the shielding around the reactor vessel by a factor
of 10", nearly the same reduction occurs for the fast neutron flux.
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Fig. 1.71. Sorts of radiation produced by fission in a nuclear reactor.
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Fig. 1.72. Neutron fluxes, ¢,, and gamma flux, ¢,, in a PWR system in radial direction.
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Using appropriate shielding structures — mainly water and concrete for neutrons, steel for y-radiation —
the radiation fields in modern nuclear power plants are limited to levels that allow inspection, mainte-
nance and repair. Together with improved working strategies this results in a permanent reduction of
radiation doses received by the operation personnel. The development of these radiation doses is dis-
played in Fig. 1.73 for nuclear power plants in different countries.
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Fig. 1.73. Reduction of the annual radiation dose of operation personnel in nuclear power plants (NEA denotes the
Nuclear Energy Agency).

1.2.4.4 Fuel handling

Caused by the burn-up of the fuel, in most nuclear reactors a reloading, in many cases yearly, is neces-
sary. In a PWR the amount of fuel which has to be loaded once a year is estimated by a simple energy
balance:

1 year 1year

[ Py(t)-de=p%-T=77- [ Py(t)-de=17-B-mg. (1.247)
0 0

Here, Pgl is the net electric power, T is the time of full-power operation, 77 the average efficiency, B the
average burn-up, and 7; the amount of fuel which has to be loaded during standstill. Characteristic val-
ues are: P& = 1300 MW, T'=8000 h/year, 7 =33 %, B =40000 MWd/t, leading to i = 33 t/year.

Nearly the same amount of heavy material has to be deloaded every year. Taking into account that the
inventory of heavy material of a large PWR with the power mentioned above is 100 t, this results in
changing 1/3 of the fuel elements every year.

The average burn-up of most PWRs worldwide is between 35000 and 40000 MWd/t. Further devel-
opments try to realize values of almost 60000 MWd/t. Fuel handling takes place during a three-week
standstill of the plant. The operation is carried out under water because of shielding and cooling. In the
beginning of the operation the room containing the reactor pressure vessel and the surrounding region of
compact storage is flooded (see Fig. 1.74). Then the head of the reactor pressure vessel is removed and
positioned in a separate water storage. With the help of a special loading machine the spent fuel elements
are removed from the core and transported under water to the compact storage inside the reactor contain-
ment. The fresh fuel elements are inserted into their positions using the same loading machine.

Some components as parts of the control system in the upper part of the reactor are removed, too, and
stored in a separate water pool. After closing the reactor vessel, tests to guarantee the leak-tightness of the
primary system are very important. The purification of the water from radioactive substances and the
adjustment of the boron content are further necessary steps before the operation of the reactor can be
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started again. As shown in Fig. 1.75 the spent fuel elements contain large quantities of fission products,
plutonium, fissionable material which has not been consumed, and actinides which have been built up
(see Fig. 1.24).

Safe intermediate storage in the compact storage inside the reactor containment is necessary as a first
phase of storage. The essential requirements are subcriticality, safe decay heat removal, and reliable bar-
rier function of the fuel elements to achieve safe enclosure of radioactivity inside the cannings. Naturally
the compact storage needs sufficient protection with respect to impact from the outside as well.

The average storage time in the compact storage is three years, during this time decay heat and radio-
activity are reduced (see Fig. 1.76). The spent fuel elements are then loaded into transport cases and trans-
ported to reprocessing plants or to an intermediate storage building.

In Germany in the next years an intermediate storage building is placed on the site of each nuclear
power plant to avoid long-distance transports [01Sta, 01Zwi, 99Dro].

For the intermediate storage of spent LWR fuel elements water bassins and dry cask storage systems
are in operation worldwide. Dry case storages have some advantages as far as safety, economy and opera-
tion procedures are concerned.

Figure 1.77 shows the concept of storage vessel and building. The vessels are manufactured from cast
steel or cast iron and have ribs on the outside and a special closure system. The decay heat removal inside
and from the surface of the vessel proceeds via conduction, radiation, and free convection of air.

Fig. 1.74. Fuel handling in a PWR, 1: storage
for fresh fuel elements, 2: compact storage for
spent fuel elements, 3: transportation of spent
fuel elements, 4: water storage for removed
core internals, 5:fuel handling machine,
6: reactor cavity, 7: dam door. (Courtesy of
Framatome ANP GmbH).

Fresh fuel Spent fuel Spent fuel

/ Reactor / > Intermediate / > Conditioning > Final storage
\ storage \

30 tlyear ~ 30 t/year ~ 30 t/year
(3.2 % U-235) 0.8 % U-235; 94.5 % U-238;
0.4 % U-236; 0.93 % Pu;
3.2 % fission products;
0.06 % actinides

Fig. 1.75. Content of radioactive isotopes in fresh and spent fuel elements (PWR, B = 34000 MW d/t).
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Fig. 1.76. Conditions for intermediate storage of spent fuel elements (PWR, B = 33000 MW d/t): (a) decay heat
production, (b) specific radioactivity.

Cooling ribs

Fuel elements

a c
Number of fuel elements 19

b Air outlet f/l Total mass of heavy metal 10.3t

= Max. enrichment 4%

Average burn-up 5500 MWd/t
Total activity 5.5x 10" Bq
Max. power 40 kW
Total mass 125t

|:> Air Total height =6m
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Fig. 1.77. Intermediate storage using dry casks: (a) storage vessel, (b) storage building, (c) technical parameters of a
large dry cask for storage of spent PWR fuel elements.
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Because of these self-acting heat transport mechanisms the fuel temperature stays at maximum values
of 370 °C in the beginning of operation, the surface temperature of the vessels stays below 80 °C. The
transport of heat from the vessels to the storage building and from there to the environment takes place
just by free convection without any machine. This concept of decay heat removal never can fail. Even in
case of terroristic attack on the building, e.g. using a large airplane with large amounts of gasoline, the
function of the vessels to retain radioactivity is practically conserved.

With respect to fuel handling there are differences for other reactor types. These differences cause
specific conditions as far as operation — or safety — behavior is concerned.

AGR, CANDU and RBMK systems use a quasi-continuous fuel handling, which means that fuel ele-
ments are changed during reactor operation. Therefore the excess reactivity required by rising burn-up
(reducing the content of fissile material and raising the content of neutron-absorbing fission products) can
be avoided in these types of reactors. This is an important safety aspect.

In case of the HTR with pebble-bed fuel there is a continuous loading of fresh fuel elements and
deloading of spent fuel elements. Therefore no excess reactivity for burn-up compensation is necessary at
all. In this type of reactor the small fuel elements move through the core under the influence of gravity
and can be recycled before they reach the average specified burn-up. Caused by this continuous loading,
deloading and recycling the fuel cycle of this reactor type is very flexible, the parameters of the fuel ele-
ments can be changed completely even during operation, as was demonstrated by the AVR reactor
[90AVR].

1.2.4.5 Control

The power of the plant is controlled via the control of the electrical generator. The main parameters of the
primary and secondary circuit change as depicted in Fig. 1.78 [§6Boh].

Above a value of 50 % of full power the average temperature of the primary coolant is held almost
constant, this procedure is applied for fast changes of power corresponding to load following operation.
The temperature changes in the reactor cooling system are relatively small. The temperature and pressure
of live steam change as well corresponding to the required power. Below 50 % power the parameters of
temperature and pressure of live steam stay nearly constant and the mass flow must be changed. The
average temperature of the reactor coolant drops at these values of lower power, too.
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Fig. 1.78. Partial-load diagram of a large PWR plant: (b) coolant and steam temperatures (1: outlet coolant
(a) steam pressure versus steam generator output temperature, 2: average coolant temperature, 3:inlet
(1: max. fresh steam pressure, 2: min. fresh steam pres- coolant temperature, 4: fresh steam temperature (steam
sure, 3:fresh steam pressure (steam generator)); generator)).
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The control rods of the reactor are the most important parts of the chain to control the coolant tem-
perature of the reactor. The borating and feed water systems are applied in the control procedure as well.
At full power the control rods are positioned almost completely outside the core, therefore the highest
shutdown capability is available.

Today power changes of 2 % per minute in the region near 80 % of full power and around 5 % per
minute near 50 % power are possible. Long-term changes of reactivity caused by the burn-up of fuel and
by xenon poisoning are compensated in PWRs with the help of boron in the coolant. In case of accidents
such as loss of load, fast shutdown of the turbine, failure of the main coolant pumps, or failure of the
feed- water supply groups, shutdown elements are injected into the core. In these cases the plant can stay
in operation with reduced power.

Start-up and shutdown of the plant follow the schemes shown in Fig. 1.79: If the plant is started from
the cold state the coolant of the primary circuit is heated up by operation of the main coolant pumps.
Heating up occurs with the help of the pressurizer up to a pressure of 25 bar. Then the control rods are
partly removed from the core and the boron content of the coolant is reduced. By these measures the
reactor is made critical. By nuclear heating the temperature of the coolant rises at a rate of 50 °C/h. After
around 10 hours the plant is ready for operation and can be started to reach full power [7401d, 93Eme].

During a short standstill the reactor and the steam cycle can stay in warm condition, which allows a
fast restart of the plant. In case of a shutdown procedure the power of the plant is reduced down to 20 %.
After that the average coolant temperature is reduced until shutdown. The cooling of the core in a first
phase is done with the help of the steam generators, in a second phase the decay-heat removal system
goes into operation.

1.2.5 Accidents in the design area
1.2.5.1 Overview

From the very first, safety considerations played a very important role in the development of nuclear
technology. Accidents were assumed and possible consequences and countermeasures were considered.
In the beginning reactivity accidents played a major role, after that loss-of-coolant and cooling accidents
became more important. In the recent past, especially severe impacts from the outside and their influence
on reactor safety have come into focus [79Smi, 89Per, 77Lew, 80Deu, 89GRS, 77Far, 87Hau, 85Wil].

The large inventory of radioactive material in the core and the requirement that this must always stay
inside the nuclear plant made reactor safety a very sensitive field. The neighborhood of a nuclear plant
must be protected against the high radiation levels. Naturally the operator has a large interest to protect
the plant and thereby his investment. High quality of components, reliable operation, and protection
against accidents are requirements from this side, too.

The main safety-related aspects are:

— safe shutdown of the nuclear chain reaction;
— safe removal of decay heat, limitation of all temperatures below allowed values;
— sufficient protection of the plant against impact from outside.

Fulfilling these requirements the radioactive materials can be retained inside the plant even in case of
severe accidents. In order to realize this goal, in the last decades comprehensive safety rules have been
developed and have been realized in plants worldwide. The main aspects are:

— avoidance of accidents by suited design of plants;
— installations to govern accidents and to avoid damaging consequences.

Measures to avoid accidents are for example: safe design of the plant; suited design of components
and systems; choice of suited materials; broad analysis of stresses and fatigue; supervision of embrittle-
ment; high requirements on quality management, inspection, maintenance and repair. Considerable efforts
are made to discover disturbances early enough during normal operation and to limit the consequences.
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Fig. 1.79. (a) Start-up and (b) shutdown of a large PWR plant. (Courtesy of Framatome ANP GmbH).
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In order to govern accidents different safety installations are available, which include passive and ac-
tive properties. Typical passive properties of current reactors are: barriers against the release of radioac-
tivity (fuel elements, enclosure of primary circuit, reactor containment), passive decay-heat removal sys-
tems (large water storages using gravity, evaporation, condensation), passively acting shutdown systems
(like strongly negative temperature- or void-coefficients).

In case of the PWR the following active safety installations are realized: reactor protection system
(which receives various signals from transients and which initiates reactor shutdown and start-up of de-
cay-heat removal systems); fast shutdown system, decay-heat removal and emergency cooling systems;
emergency feed water system; emergency diesel generators; closure of reactor containment; accident
management systems (to reduce the pressure of the primary system, to supply water to steam generators).

The very large inventory of fission products inside a nuclear reactor core — a typical value in equilib-
rium being o= 3% 10" Bg/MW (th) — contains isotopes which are important with respect to inhalation and
ingestion in case of severe accidents. Table 1.23 contains some isotopes with characteristic data. Iodine-
131 as an example is important for short-term consideration after an accident. Cesium-137 and strontium-
90 are relevant for long-term ground contamination and possible resettlements because of their very long
half-lives.

Table 1.23. Fission products bearing radiological consequences after severe accidents.

Isotope Half-life  Fission yield Reactor inventory *) Important for
[%] [CI/kW (th)]

I-131 8.1d 2.9 26.3 thyroid

I-135 6.7h 5.9 53.6 thyroid

Sr-90 28 a 59 53.6 bones

Y-91 58d 5.9 53.6 bones

Cs-137 33a 5.9 53.6 muscles

Ru-103 40d 2.9 26.3 kidney

Te-129m 34d 1.0 9.1 kidney

%) In equilibrium.

Disturbances and incidents cannot be avoided in technical plants. The incidents can be characterized
corresponding to their consequences and their probability of occurrence:

— Disturbance of operation: these occur relatively often, the consequences are negligible with respect to
reactor safety.

— Incidents in the design area: these are governed by the available safety systems. There will be no re-
markable release of radioactivity from the plant. The occurrence probability will be relatively small.

— Severe accidents beyond design area: (1) beyond the accidents in the design area, accidents could
occur with large release rates of radioactivity from the plant. The occurrence will be very improbable,
but those accidents can be thought to happen for reasons which are within the concept of the plant.

— Severe accidents beyond design area: (2) there could be accidental situations which are even beyond
the category above (1); these can be explained by very strong impact from the outside (very strong
earthquakes, terroristic attack). The occurrence probability of these accidents is assumed to be very
small.

The list of possible accidents of a PWR is long, the following explanation is just an overview over
some very important situations:

— loss of coolant,

— loss of active decay heat removal,

— break of steam generator pipes,

— breaks in the feed water or steam pipe system,
— loss of electrical power,
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— damage to the turbine-generator system,
— reactivity accidents,

— accidents at fuel handling,

— fire inside the plant,

— impact on the plant from outside.

For all accidents in the design area, measures are provided to govern the respective situation. In the li-
censing procedure, in deterministic and probabilistic analyses the effectiveness of these measures is
shown and proven. In the analysis of accidents, combinations of different accidents are assumed, se-
quences and consequences for the plant and the environment are analyzed. Accident management proce-
dures and their results belong to such safety analyses today as well. Figure 1.80 contains the main steps of
this type of probabilistic risk analysis.

a
Analysis of Release of Consequences .
Event, > sequences, | | radioactivity | | ofaccidents, | Evaluation
accident reliability from the calculation of risk
analysis plant of damage
. ] b
Intro- Evaluation | Frequency | Frequency | Behavior | Containment |Release to | Calculation
ductory of event of break- of severe | in case — stress outside of con-
events process down of core of melting | — behavior | (source sequences
operating-/ | damages — failure term) of accident
Sl-systems

PRA step 1 (:= PSA)

PRAstep 1* (:= IPE)

PRA step 2

PRA step 3

Fig. 1.80. Steps in risk analysis: (a) main aspects of  abilistic Security Analysis, IPE: Individual Plant Ex-
probabilistic risk analysis, (b) different stages of risk amination).
analysis (PRA: Probabilistic Risk Analysis, PSA: Prob-

1.2.5.2 Loss of coolant

In connection with loss-of-coolant accidents the decay heat production of nuclear reactors is of great
importance. The time dependence of the decay heat production is described quite well by the relation

By (t)/ By = 0.0622~(t‘°~2 “(w+) ) i), (1.248)

Here, ¢, is the time of operation the nuclear chain reaction, and ¢ is the time after shutdown.

The safe removal of decay heat from the reactor core is one of the central requirements of reactor
safety. If the decay heat removal failed, the result would be a core meltdown in nearly all reactors known
today, especially in LWRs.

For the PWR several different assumptions are made for leaks and breaks in the primary coolant cir-
cuit. A very important case is the double end break of a main primary coolant pipe, in earlier times this
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accident was called GAU (in German: Grofiter Anzunehmender Unfall), today this situation is an impor-
tant one in a broad spectrum of loss-of-coolant accidents (LOCA).

In case of a sudden break of a large primary coolant pipe the total water content of the primary system
flows out in a very short time into the reactor containment. During the depressurization the water will be
almost completely evaporated at the openings of the break.

The steam velocity will arrive at the critical velocity. The pressure in the primary system will be re-
duced to the saturation value in a very short time. A two-phase mixture of steam and water flows into the
containment. In the meantime the reactor has been shut down caused by different signals, e.g. the primary
coolant pressure being too low.

In the containment a maximal pressure of around 5 bar occurs, which is below the design pressure of
this component. The temperature in the containment atmosphere stays below 150 °C and this temperature
drops again after some hours by heat transfer to the containment structures.

Inside the core the temperature of the fuel rods will rise up, because the conditions for heat transfer
have changed completely. Some cannings will fail, fission products will be released from these defect
rods to the primary system and from here to the containment.

At the end of this first phase of coolant loss the canning temperatures are reduced already by the cool-
ing by steam. In a second phase the reactor core is filled again with water. After reaching a primary cool-
ant pressure of nearly 26 bar the emergency cooling system will operate. Borated water is injected from
the storage vessels into the primary system. It is possible to inject into the hot or cold leg in the primary
coolant piping system.

After 150 s the whole core is covered with water again. Figure 1.81 shows the time behavior of water
volume and pressure in the core. The curve labeled NW 800 corresponds to an accident of the type “dou-
ble ended rupture of primary coolant loop”.

If the pressure of the primary circuit arrives at 10 bar, the flooding of the core starts. For a time span
of around 20 min borated water is injected into the primary circuit. The water leaves the primary circuit
through the leak and collects in the sump of the reactor containment. After that follows the phase of long-
term emergency cooling of the core. The pumps of the respective system will be switched over automati-
cally to pump the sump water through the core. A special decay heat cooler which is followed by a chain
of cooling installations takes out the decay heat from the primary system.
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Fig. 1.81. Water volume and pressure in the primary sys-
tem as a function of time in case of loss-of-coolant acci-

dents (the parameter being the dimension of opening in the
primary system). (Courtesy of Framatome ANP GmbH).
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Figure 1.82 contains the time dependence of the canning temperature. In the hottest channels a can-
ning temperature of nearly 1100 °C is typical, whereas in most rods the maximum temperature stays be-
low 800 °C. After around 100 s the canning temperatures will be reduced to values below 200 °C.

In the analysis of radiological consequences of this accident the following assumptions are made
(German conditions):

— Related to the core inventory the following amount of fission products is released into the contain-
ment: 10 % of the noble gases and halides, 5 % of the volatile solid fission products (Cs, Te, Ru),
0.1 % of other solid materials.

— 75 % of all radioactive substances which are released into the containment are deposited, washed out
in this building, only the noble gases are not affected.

— As for the halogens, which are still airborne inside the containment, 85 % are in elementary form,
10 % as organic compounds, and 5 % as aerosols.

— Filters behind the containment, which do work after such an accident, have the following efficiencies:
0 % for noble gases, 99 % for organic compounds of halogens, 99.9 % for all other substances.

Therefore, if the emergency cooling and the closure of the reactor containment work, the release rates
of radioactivity to the environment are small. It the emergency cooling works and if the containment
closure fails, the release rates are medium. If the emergency cooling fails, the core will melt causing very
high release rates into the environment.

Small and medium leaks have less consequences in any case. Very large leaks in the primary circuit,
which could be caused by catastrophic damage to the reactor pressure vessel, belong to the so-called
residual risk. If a pressure vessel bursted, core cooling would be impossible and the core would melt after
a short time. Perhaps pieces of a bursting vessel could damage the containment and an early release of
large amounts of radioactivity to the environment could be the consequence. Today large efforts are made
to achieve very small bursting probabilities. Values of less than 10™"/year are thought to be feasible.

To avoid bursting of vessels is one of the safety features of high temperature reactors, which are dis-
cussed in Sect. 1.4.
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1.2.5.3 Break of steam generator pipe

In case of break of a steam generator pipe in a PWR the primary coolant, which has a pressure of 160 bar,
flows into the secondary circuit with a pressure of 60 bar. The flow rate can be estimated to follow

~A-\[Ap , (1.249)

with the leak area, 4, and the pressure difference, Ap, between primary and secondary side. As a conse-
quence the pressure in the primary system drops and in the secondary system the pressure increases. Ra-
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dioactivity ingresses to the secondary circuit and water has to be released from it. In the primary circuit
water has to be injected to cool the core. Via the reactor protection system a fast shutdown of the reactor
occurs, after that a fast reduction of pressure in the primary system and thereby a stabilization of the fill-
ing height of water in the pressurizer take place. If the pressure of the primary circuit is reduced to around
80 bar, then the defect steam generator can be isolated without opening of safety relief valves in the sec-
ondary circuit. Therefore the release of primary coolant via the secondary circuit is avoided.

If only one steam generator pipe breaks, there will be a stable status for the state of filling in the pres-
surizer, and the emergency water supply will not go into operation. If several steam generator tubes break
at the same time, the emergency systems inject water into the primary system after the filling level of the
pressurizer has dropped below a specified level.

Figure 1.83 shows results of an analysis in which it was assumed that one steam generator tube breaks
and that additionally the spraying system inside the pressurizer fails. After the break there is one hour
time until the steam generator is totally filled with water, then the safety injection pumps have to stop
their operation.
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Fig. 1.83. Filling level in the defect steam generator and the pressurizer after break of steam generator pipe and
failure in the spraying system of the pressurizer.

1.2.5.4 Loss of power and failure of turbine

The electrical power required by a nuclear power plant is normally supplied by the electrical grid, into
which the plant itself feeds its energy. For reasons of redundancy a nuclear power plant is normally con-
nected to two grids. Today the non-availability of these two grids in Europe is thought to be less than
10 %/year.

The main users of electricity in a PWR, like main coolant pumps, feed water pumps and further
pumps in auxiliary systems, are fed by the grid. The typical demand of a 1300 MW (el) PWR is around
7 MW. If the grid fails, the cplant is disconnected from the grid and the power ouput of the plant is re-
duced to its own consumption level. The plant then works in insular operation. If the insular operation
fails, too, the reactor will be shut off. The supply of electrical energy then takes place with the help of the
emergency power system.

The functions which are necessary for the safety of the reactor, like decay heat removal, pressure re-
duction, closing the lock of the containment, as well as control and measurement installations, are sup-
plied by this system consisting of diesel generators. There are additional battery systems for some specific
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purposes. New reactor concepts will be designed in such a way that the safety functions do not depend on
electrical energy, for instance the self-acting decay heat removal, as intended for the HTR, does not need
any machine. In this case the heat is removed just by natural convection of air, conduction and radiation.
Failure of components in the secondary part of the power plant can cause transients. The reasons can be
damage to the turbine, the generator or the pressure vessels in the turbine hall.

After loss of turbine power of the supply of steam to the turbine must be stopped immediately to avoid
overspeeding of the turbine (see Fig. 1.84). A steam valve in front of the turbine is closed and — after
opening a valve in front of the condenser — the steam is injected into this component and condensed there
completely. If this procedure fails, the steam can be blown off into the environment with the help of
safety valves.

In order to avoid that parts of an exploding turbine could ever damage the containment in modern nu-
clear power plants, the reactor containment and the turbine hall are arranged in a way as shown in
Fig. 1.85. Pieces of the turbine flying in tangential direction relative to the turbine shaft cannot hit safety-
relevant parts of the reactor.

| L

1 Reactor
= N 2 Cooling loop with steam generator,

Grid ) circulation pump

} 3 Turbine hall
=
Fig. 1.84. Installation for fast shutdown of the turbine  Fig. 1.85. Arrangement of reactor containment and
(injection of steam into the condenser or blow-off of  turbine hall for protection against turbine explosion:

steam into the environment). (a) modern concept (WWER 1000); (b)old concept
(WWER 440).
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1.2.5.5 Break of pipes in the secondary system

Breaks in the secondary system of a PWR have consequences in the primary circuit and thereby in the
core by the coupling through the steam generator. Therefore not only the thermohydraulic but also the
neutron-physical conditions inside the core can be changed. Important accidents are breaks of the feed
water or steam pipes. Figure 1.86 shows the schematic arrangement of these components in a PWR plant.

If a steam pipe breaks behind a shut-off valve a reduction of pressure in all steam generators occurs
(see Fig. 1.87), because they are connected with the leak via the sampler for fresh steam. A fast shutdown
of the reactor is initiated and a fast shut-off of the turbine. The signal for the reactor safety protection
system is dp/d¢ < max. value in a fresh steam pipe.

After that the valves for the fresh steam are closed and the main feed water pumps are stopped. The
steam generator which is mainly influenced by the break will be separated totally from the feed water
supply. Thereby too strong a reduction of the cooling temperature and a reactivity feedback are avoided.

The feed water supply of the remaining steam generators is accomplished with pumps for starting and
diversified and redundant injection systems. If by an additional failure the shut-off valves for the steam
pipes stay open, total evaporation of the water in the steam generator can occur. In the other steam gen-
erators, after closing of the valves for the fresh steam, the pressure will rise up to 75 bar, then safety
valves will blow off.
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If a feed water pipe breaks between the steam generator and the last reverse-flap the water level and
pressure in the steam generator drop. Fast shutdown of the reactor is initiated by signals like dp/dz. After
fast closure of the valve in front of the turbine and opening of the valve in front of the condenser, the
main feed water pumps are stopped and the blow-down stations are closed. No further water is supplied to
the defect steam generator loop.
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5 Feed water pump
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Fig. 1.86. Schematic arrangement of feed water and steam pipes in a PWR plant. (Courtesy of Framatome ANP
GmbH).
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Fig. 1.87. Pressure in steam generators in case of a pipe break.
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1.2.5.6 Loss of a control rod

Disturbances of the reactivity balance can be caused by malfunction of rods, or by changes of the modera-
tor characteristics. As for the PWR, changes of the moderator temperature or density, as well as changes
of the boron concentration have to be considered. As a result of a failure in the control system it could
happen that the control rods move out of the reactor core with maximal velocity. In this case there would
be a gain in reactivity. This would cause feedback effects on the reactor power, the mass flow of steam,
the coolant pressure and temperature, as well as on the safety factors against boiling in the core. In
Fig. 1.88 two different cases are considered, a fresh core and one with higher burn-up, which differ
mainly by the extent of the temperature coefficient.
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control system. The change of reactivity is
%) 310 - "/‘\\\\\ T average coolant dp/dtz 1074/5. The temperature coefficient of
s, 300 == >~ temperature — the coolant is 7;=0 for a fresh core (solid
= 290 o . line) and 73 =-3 x 107 °C™" for a burned-out
Time core (dashed line).

The shutdown of the chain reaction takes place by the fast shutdown procedure, mainly caused by too
small a value of the safety factor against boiling. The fast shut-off of the turbine and the injection of
steam into the condenser are important measures to limit the temperatures in the primary coolant.

In principle there are possible accidents concerning changes of the boron content in the coolant. The
boron content is necessary to compensate for the progressing burn-up of fuel and the changes in xenon
concentrations. If non-borated water is injected into the primary circuit, reactivity changes are initiated. If
the velocity of changes by this effect is below that of changes by the control rods, the accident can be
governed by intrusion of the control rods.

The ingress of cold water into the reactor core also causes a reactivity gain because of the negative
temperature coefficient. This case is important only for reactors in which cooling loops can be separately
shut off.

As a major accident in case of PWRs the sudden loss of a very effective control rod is considered. It is
assumed that a reactivity gain of 0.3 % occurs (see Fig. 1.89). The time dependence of the power and the
relevant temperatures shows that after fast shutdown of the reactor no impermissibly high temperatures
would occur. However, the fast shutdown must be actuated.

1.2.5.7 External events

External events due to natural or anthropogenic reasons have to be considered in safety analysis. Fig-
ure 1.90 contains some events which have to be taken into account in the licensing procedure (German
conditions).

The functions of shutting down the reactor, removing the decay heat and retaining the fission products
inside the plant have to be guaranteed under all circumstances in case of these accidents. Main events are
airplane crash, gas cloud explosion and earthquakes. For the airplane crash the following assumption is
made: a Phantom military aircraft with a mass of 20 t and a velocity of 215 m/s strikes the reactor build-
ing; an area of about 7 m’ is affected, the time-dependent force for this accident is shown in Fig. 1.91a.
The necessary wall thickness of the reactor building dependent on the strength of the concrete is dis-
played in Fig. 1.91b. It is required that no penetration of the concrete occurs.
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Fig. 1.89. Time dependence of reactor parameters (PWR) after sudden loss of one very efficient control rod
(Ap=10.3 %).

External events

/\

Natural events

Civilization events

Earthquake —I Aircraft crash I

Earth move —I Pressure waves I

Flood — Fire |
Tornado —I Toxic gases I

Lightning —I Damage to ground I

—I Sabotage I

Fig. 1.90. External events to be considered in the licensing procedure (German conditions).
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Fig. 1.91. Aircraft crash on a reactor building: (a) force thickness of the containment required to avoid penetra-
acting on the containment wall versus time, (b) wall tion dependening on the quality of the concrete.

In today’s modern nuclear power plants in Germany the reactor containment, the building for the die-
sel generators and for water supply, as well as the storage buildings for radioactive waste are protected
against this intrusion (see Fig. 1.92). For older plants an airplane crash was considered to belong to the
so-called residual risk, but today it is included in the licensing process. All new nuclear power plants in
Germany would have to fulfill this specific requirement.

Terroristic attacks with large civil airplanes, which have large amounts of gasoline on board, require
specific considerations. Underground siting of future plants would offer protection against these very
extreme accidents. In particular, if the reactor core cannot melt in case of severe accidents there is a good
chance to retain the radioactivity inside the plant. If core-catcher installations (see Sect. 1.4) can be real-
ized in the future, they may also offer a chance to limit fission product release to the environment.
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Fig. 1.92. Protection of buildings in a modern PWR (German conditions). (Courtesy of Framatome ANP GmbH).
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Gas cloud explosions near the reactor containment cause an overpressure the time dependence of
which is displayed in Fig. 1.93a. The wall thickness of modern containments of 2 m is sufficient to take
the loads from gas cloud explosions. It is known, however, that specific hydrocarbons can cause detona-
tions with much higher overpressure (more than 10 bar) if the geometrical conditions promote the formation
of very high flame velocities. Therefore, some distance between the storage of these hydrocarbons and the
reactor is required, depending on the amount of hydrocarbons (see Fig. 1.93b). Especially if nuclear power
plants are located on rivers, the transport of liquefied gases by ships on the river could violate this rule.

Earthquakes with a maximum magnitude of 0.3 g for the horizontal acceleration and 0.15 g for the
vertical component are included in the licensing procedure for nuclear power plants in Germany today.
This corresponds to an intensity of 7 to 8 on the Mercalli scale used to characterize the strength of earth-
quakes (see Table 1.24). The relevant buildings, the primary system and all systems which are important
for shutdown of the reactor, removal of decay heat and retention of fission products inside the plant have
to be designed to withstand these loads. The technologies required are available.

Table 1.24. Classification of earthquakes following the modified Mercalli intensity scale.

Ground Relation to
Intensity ~ Characterization acceleration  gravitational
[em/s?] acceleration
| Detected only by sensitive instruments. 1
Felt by few persons at rest, especially on
Il upper floors; delicate suspended objects may 2
swing. L
Felt noticeably indoors, but not always 4 —
1] recognized as a quake; standing autos rock L 0.005g —
slightly, vibration like passing truck. —6 _]
Felt indoors by many, outdoors by a few; at —8 0.01 —
v night some awaken; dishes, windows, doors —10 19
disturbed; motor cars rock noticeably.
Felt by most people; some breakage of |
\% dishes, windows and plaster; disturbance of —20
tall objects. L —
Vi Felt by all; many frightened and run outdoors; — 40 B
falling plaster and chimneys; damage small. — 0.059 —
— 60 _
Everybody runs outdoors; damage to — 80 04 .
VIl buildings varies, depending on quality of —100 19+
construction; noticed by drivers of autos.
Panel walls thrown out of frames; fall of 200 —|
VI walls, monuments, chimneys; sand and mud
ejected; drivers of autos disturbed. L —
Buildings shifted off foundations, cracked, 400 05q |
X thrown out of plumb; ground cracked; — 287
underground pipes broken. —600 i
Most masonry and frame structures — 800 ]
X destroyed; ground cracked; rails bent; - 19
; 1000
landslides.
New structures remain standing; bridges
Xl destroyed; fissures in ground; pipes broken; 2000 ]
landslides; rails bent. |
Damage total; waves seen on ground surface; — 4000 7
Xl lines of sight and level distorted; objects - 59 —
thrown up into air. —6000 N
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In the course of the safety analysis the functionality of the enclosure of the primary circuit, of the
shutdown system, the decay-heat removal system and the containment are proven. In Germany two types
of earthquakes are presently discussed:

— the earthquake relevant for the design: even after several times of occurrence further operation should
be possible; an acceleration value of = 0.1 g is usually assumed;

— the earthquake of safety relevance: even after several times of occurrence the function of the safety-
relevant systems is maintained; an acceleration value of around 0.2 g is assumed.

The calculations regarding the structural stability include special assumptions about spectra, frequen-
cies and damping. Especially supports and coolant pipes require attention. The probability of damage is
correlated with the acceleration (see Fig. 1.94).

For each site a probability exists that the strength of an earthquake is larger than the value assumed in
the safety analysis. Figure 1.94 shows these estimations for a specific site in Germany. In case of these
larger accelerations damage can occur.

In many countries of the world earthquakes can cause much larger acceleration values. This under-
lines the necessity to design future nuclear reactors which do not depend on active safety systems.

0.5
10*
% 0.3 // \ E R=8 M1/3
by oy 10°
/ § /
0.1 8 ]
10°
0 05 1.0 10° 10° 10° 10° 10’
a Time [s] b Mass of hydrocarbons [kg]

Fig. 1.93. Assumptions for gas cloud explosions near (b) distance to the reactor containment versus allowed
the reactor containment in Germany: (a) overpressure amount of liquid hydrocarbons.
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1.2.6 Other types of nuclear reactors
1.2.6.1 Boiling water reactors

In the boiling water reactor (BWR) [00GKN, 86Boh, 69Sau, 92Led, 88Ton] steam generation takes place
inside the core with typical values of 285 °C and 70 bar. Figure 1.95 shows a schematic flow sheet of this
type of nuclear power plant, and Table 1.25 contains some important data of a large BWR.

In contrast to the PWR, the BWR does not feature a primary and secondary circuit separated by a
steam generator. Owing to this direct cycle, the steam turbine and all components of the steam cycle are
part of the nuclear system. The efficiency of these plants is similar to that of PWRs. One important differ-
ence is that the average power density in the core is half of that in a PWR.

The reactor pressure vessel and the relevant internal structures of a modern BWR are depicted in
Fig. 1.96. The fuel elements are arranged in the lower section of the vessel. A steam separator is arranged
above the core. The control rods are positioned at the bottom of the reactor pressure vessel and are moved
upwards into the core. Inlet nozzles for feed water and outlet nozzles for saturated steam are situated in
the upper part of the reactor pressure vessel.

The coolant flows upwards form the bottom of core and is evaporated in the upper part of the core.
A sparger ring distributes the feed water, which cools the shroud surrounding the core. After passing the
steam separator system saturated steam with less than 1 % humidity leaves the reactor pressure vessel and
is guided directly to the high-pressure steam turbine. A part of the live steam is used for reheating the
steam leaving the high-pressure turbine.

The fuel elements of a BWR contain fuel rods similar to those in a PWR. However, the dimension of
the oxidic fuel pellets is larger and the fuel rods are arranged inside a metallic box (Fig. 1.97).

For the control of the reactor rods with cruciform cross section are used, which are injected from the
bottom of the reactor into the core. Pipes for feed water and live steam connect the reactor directly to the
turbine and the steam/water cycle. Because the steam is not totally free from contamination and because
of the direct coupling of reactor and turbine the turbine hall is part of the nuclear island. For the removal
of decay heat there are similar installations as explained for the PWR.

Specific for BWR plants is the condensation chamber inside the reactor containment, which acts for
the condensation of the steam flowing out from the coolant circuit in case of loss-of-coolant accidents.
This reactor type requires yearly loading and deloading of fresh and spent fuel elements, too. Figure 1.98
contains some technical details of a specific BWR (Germany). Concepts in other countries differ from
this type, especially with respect to the form of the containment.

Water storage
0 Feed water pump

286 °C ] —
67 bar
i 5
@ | 2
277 °C
70 bar \,\ 1 Nuclear reactor
3 |4 2 High-pressure turbine
— 3 Water separation
1 6| >1 1 4 Reheater
| = 5 Compressure turbine
6 Condenser
0 9 )\_L |8 | 7 ; Eeeﬁ water pfufmpd
reheating of feed water
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Fig. 1.95. Schematic flow sheet of a BWR.
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Fig. 1.97. Examples of BWR fuel elements: (a) isometric
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Fig. 1.98. Cross-section drawing of a German BWR, closure, 8: condensation chamber, 9: condensation pipes,
1: reactor pressure vessel, 2:drives of control rods, 10: biological shield, 11: fuel storage, 12: flooding room,
3: main coolant pumps, 4:inner pipes for live steam, 13: steam separator room, 14: loading machine, 15: react-

5: pipes for feed water, 6: reactor containment, 7: loading or building. (Courtesy of Framatome ANP GmbH).

Table 1.25. Important parameters of a modern BWR plant.

Thermal power of the core 3840 MW Rod diameter 10.75 mm
Number of fuel elements 784 Weight of a fuel element (UO,) 173 kg
Geometry of fuel elements 9%x9(1) Average linear power of rod 159 W/em
(positions of absorber fingers) Average core power density 56.8 MW/m’
Active length of fuel rod 3710 mm Fuel enrichment 3.14%

Core diameter =~ 6620 mm Average burn-up 34000 MW d/t
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1.2.6.2 CANDU reactors

Using heavy water both as moderator and as cooling medium is the main characteristic of CANDU reac-
tors [75Mor, 87Can, 77EPR]. The fuel is contained in sealed tubes cooled by the cooling medium. The
tubes are horizontally installed in a tank full of moderator known as “calandria” (see Fig. 1.99a).

Each of the 12 fuel bundles (Fig. 1.99b) is arranged in a channel and can be replaced without shut-
down. The use of heavy water as moderator causes practically no parasitic absorption of neutrons, there-
fore natural uranium can be used as fuel, no enrichment is necessary. Nevertheless modern designs are on
the basis of utilizing very low enriched uranium.

The heavy water heated in the sealed tubes is fed to a boiler, just like in the case of a PWR, using U-
shaped tubes. After and being cooled down it is pumped back to the sealed tubes (Fig. 1.99a). In the
boiler saturated steam (255 °C, 43 bar) is generated which results in a total plant efficiency of 32 %. The
process flow diagram of the secondary cycle and the way it is operated is similar to that of a PWR.

In order to control the whole system, shutdown rods are used which can be inserted, if necessary,
through the calandria container (operating at normal pressure) among the sealed tubes (from top down-
wards). A quick shutdown is also possible by fast drainage of the moderator. Figure 1.100 includes the
arrangement of the reactor in more detail.

CANDU reactors have been designed, installed and commissioned in a large number especially in
Canada, where they have been operating successfully for several decades.

Sealed tubes

Reactor container (calandria)

Fuel bundle (each with 28 sealed tubes)
Moderator (heavy water)

Boiler

Cooling-medium pump

Live-steam outlet

Feed water inlet

O ~NOoO OIS WN —

Zircaloy end suppo plate

Fig. 1.99. CANDU reactor: (a) primary cycle, (b) cross tube and UO, pellets, 4: spacer, 5: Zircaloy supporting
section of a sealed tube (1: calandria tube of the reactor structure, 6: cooling-medium channel, 7: gas-filled space,
container, 2: sealed tube, 3: fuel rod with Zircaloy-4 cover 8: heavy water in calandria tank), (c) sealed tube.
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Fig. 1.100. CANDU reactor: 1: calandria, 2: calandria —
side tubesheet, 3: calandria tubes, 4: embedment ring,
5: fueling machine — side tubesheet, 6: end-shield lattice
tubes, 7:end-shield cooling pipes, 8:inlet-outlet
strainer, 9:steel ball shielding, 10:end fittings,
11: feeder pipes, 12: moderator outlet, 13: moderator
inlet, 14: horizontal flux detector unit, 15: ion chamber,

17: calandria vault wall,
19: curtain

restraint,
18: moderator expansion to head tank,
shielding slabs, 20: pressure relief pipes, 21: rupture
disc, 22:reactivity control unit nozzles, 23: viewing
port, 24: shut-off unit, 25: djuster unit, 26: control ab-
sorber, 27: zone control unit, 28: vertical flux detector
unit. (Courtesy of AECL, Canada).

16: earthquake
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1.2.6.3 RBMK reactors

RBMK reactors were designed and installed in the former USSR. They are classified as boiling-water
pressure-tubes reactors using graphite as moderator [91UllL, 86IAE]. The core of such a reactor is made of
a large cylindrical block of graphite bricks, with vertical holes drilled for the pressure tubes, as well as for
control and shutdown rods. An RBMK reactor with an electrical power of 1000 MW contains about 1700
pressure tubes. Every single tube is separately cooled by water passing through it. There are two separate
fuel elements inside a tube (see Fig. 1.101c), each of which is comprised of 18 fuel rods (13.5 mm diame-
ter) containing UQO, pellets.

The cooling water evaporates to some extent when moving through the tubes and absorbing the heat
released from the fuel. The moderation process takes place to a large extent outside of the tubes within the
graphite structure. Owing to the presence of (in comparison to graphite) strongly absorbing water, this
reactor concept is considered to have a positive temperature coefficient in case of complete loss of the
cooling medium or increasing steam quantity.

2
IRERaNe
4 _./ 3
4
S & g0 35
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Fig. 1.101. RBMK reactor: (a) block diagram (1: react-
or, 2:steam-water separator, 3:main cooling-agent
pump, 4: saturated-steam turbine, 5: condenser, 6: con-
densate pump, 7: feed-water preheating line, 8: feed
water container, 9: feed water pump), (b) cross section
through a pressure tube (1:tube, 2:supporting set,
3: fuel rod containing UO, pellets and zircon-made
cover tube, 4:structure rod (steel), 5:cooling-water
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channels, 6: graphite (moderator)), (c)lateral cross
section of a pressure tube (1: sealing block, 2: tube plug,
3: steam-water outlet, 4: guiding tube, 5: sealed tube,
6: upper shielding, 7: thermal shield, 8: graphite block,
9: graphite sleeve, 10: fuel elements, 11: pressure tube
(ZrNb), 12: thermal shield, 13: zirconium connecting
bush, 14: lower shielding, 15: cooling-water inlet).
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The steam-water mixture (285 °C, 70 bar, y = 0.25) formed in each sealed tube moves upwards, exits
the core and is directed to the catchers and from there to the steam-water separators. The steam gathered
is fed to a saturated-steam power plant (the technical aspects of which are well known) with an overall
efficiency of about 32 %.

Contrary to a boiling water reactor the cooling cycle and power cycle work independently (i.e. as far
as the mass flows are concerned). For example the mass flows through the main cooling-agent (water)
pumps are 7 times greater than those of saturated steam produced (considering full-load conditions). In
order to control the whole system a given number of sealed tubes filled with a certain kind of absorber
material can be inserted into the core from the top. Single fuel rods can be replaced without shutdown
during operation.

The thermodynamical data and efficiencies are comparable with those of light water reactors. Fig-
ure 1.102 shows a typical RBMK reactor building. In case of a leakage the steam flowing out is directed
to condensers installed under the reactor where it condenses. Altogether 13 large reactors of this type are
in operation in Russia (11) and Lithuania (2). One RBMK unit is under construction in Russia. Following
the Chernobyl accident in 1986, any plans for the construction of further RBMK reactors have been fro-
zen. Figure 1.103 shows the present status of the destroyed reactor in Chernobyl. The accident led to
radioactive contamination of large areas in Russia, White Russia and in the Ukraine, as depicted in
Fig. 1.104.
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Main cooling-agent pump
Steam-water separator
Charging machine

Feed water manifold
Pressurized chamber with steel liner
Condensation chamber
Condensation pipe
Drainage

Excess-current opening
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Fig. 1.102. RBMK-1000 reactor building.
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Fig. 1.104. Areas contaminated by the reactor accident in Chernobyl ('*’Cs, half-life: 30 a).
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1.2.6.4 Advanced gas-cooled reactors (AGR)

This type of reactor uses CO, as cooling medium and graphite as moderator and construction material
[92Mod, 80Den]. Steel is used as canning material just to enclose the fuel elements. Such a combination
of materials allows the cooling medium to warm up to about 650 °C and as a result to have conventional
live-steam states. Electrical efficiencies of about 40 % can be achieved in this way. This type of reactor
has been designed and installed in the UK and has been in operation successfully until now. Figure 1.105
shows the process flow diagram of an AGR power plant. The secondary cycle operates on the basis of a
reheat cycle having a live-steam temperature of about 530 °C.

Figure 1.106 shows a fuel element containing low enriched UO, pellets (14 mm diameter). The fuel
rods are steel tubes. A fuel element is comprised of many fuel rods, each surrounded by graphite pipes.
The fuel elements are installed vertically in the reactor core and are cooled by CO, gas flowing upwards.
The whole primary cycle is enclosed in a pre-stressed concrete container (Fig. 1.107) and the boilers are
installed in caverns within the container wall or in the reactor cavern.

646 °C, 42.4 bar

539 °C, 40 bar —»

541 °C — ]
167 bar
156 °C \I\I\ n=41.2%

Fig. 1.105. Process flow diagram of
an AGR power plant.

Fig. 1.106. AGR fuel element with
fuel rods.
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Fig. 1.107. AGR: (a) primary system (1: gas-ducting (1: neutron shield (graphite), 2: top reflector, 3: graphite
component, 2:supporting structure, 3: core, 4: CO, moderator, 4: bottom reflector, 5: diagrid, 6: circulator,
blower, 5: feed water inlet, 6: steam generator, 7: live- 7: outlet gas duct, 8:boiler shield wall, 9: boiler,
stream outlet, 8:reheat-stream outlet, 9: prestressed- 10: neutron shield (steel), 11: re-entrant gas flow).
concrete reactor pressure vessel), (b)reactor core

The steam generator pipes have a helical shape, the CO, flows outside the tubes. The CO, circulators
are integrated into the walls of the reactor pressure vessel which consists of concrete. Tightness is pro-
vided by an inner steel liner. This component is cooled by water and insulated with the help of metallic
foils. The vessel is prestressed in the axial and radial directions by metal cables. Owing to the prestress-
ing, there are only compressive stresses in the walls of the vessel. This type of vessel can never burst
because the prestressing system has a very high redundancy. At the time the AGR was designed, it was
thought that a containment is not necessary owing to this special type of vessel. Therefore the reactor is
placed inside a hall with special measures to guide and filter the cooling gas released in case of depres-
surization accidents. The deloading of spent fuel elements and the loading of fresh fuel elements is done
with the help of a loading machine during normal operation. The availability and the safety behavior of
this type of reactor was good during the last decades.

1.2.6.5 High temperature reactors

High temperature reactors (HTR) are designed to produce considerably higher temperatures than light
water reactors. Thus, they are based on a technical concept which is quite distinct from other reactor
types, bearing important consequences with regard to energy gain and safety matters [90AVR, §9Kug,
84Mel, 84KWU, 72Bed]. The nuclear fuel is comprised of a large number of tiny particles embedded in a
graphite matrix. Helium is employed as coolant. As for the shape of the fuel elements, two major ap-
proaches have been pursued, featuring spherical and block-shaped fuel elements, respectively.

Figure 1.108 shows the working principle of a pebble-bed HTR. The heat source are UO, particles
(100 pm diameter) which are coated with several layers of pyrolytic graphite and silicon carbide. Using
this kind of coated system, excellent control of the fission products can be achieved. The coated particles
are embedded in a graphite matrix which in turn is enclosed by a 5 mm thick graphite cover free of fuel.
One fuel element contains about 10000 to 30000 finely dispersed coated particles. The fuel elements are
spherical with a diameter of about 6 cm. They are arranged in the form of a cylindrical pebble bed con-

Landolt-Bornstein
New Series VIII/3B



118 1.2 Nuclear power plants [Ref. p. 182

fined in a graphite reflector. During operation, pressurized helium flowing through the reactor core either
upwards or downwards is used for cooling.

Continuous loading and discharging of the fuel elements is achieved by a fuel circulating system, as
indicated in Fig. 1.108b. Inside the core the spheres move downward by gravity (at an approximate veloc-
ity of 2 cm/h). Outside the core they are continuously handled and recycled by the fuel handling system
(see Fig. 1.109b).

In contrast to other types of reactors, HTRs feature relatively low fuel temperatures but high coolant
temperatures (about 700...950 °C or even up to 1050 °C in case of the AVR and THTR). This is due to
the very low power density of about 2...6 MW/m® and, on the other hand, high thermal conductivity of
the coating layers.

d

Fuel type U0,
Enrichment =8 %
Diameter of

coated particle kernel 0.5 mm
Coating layers C/SiC/C
Diameter of coated particle 1 mm
Diameter of fuel element 60 mm
Number of coated

particles in fuel element = 20000
Av. core power density 3 MW/m®
Peak factor of

core power density =1.6

Burn-up of fuel 80000...100000 MWd/t

Hot gas (helium)

Fig. 1.108. Working principle of an HTR: (a) coated structure (1: fuel element input, 2: graphite reflector,
particle (1: seed (fuel), 2: buffer layer, 3: inner carbon 3: pebble bed, 4: fuel element output, 5: absorber rod in
layer, 4:silicon carbide layer, 5: outer carbon layer), reflector), (d) some technical facts of the fuel elements
(b) fuel element (1: fuel zone, 2: fuel-free zone), (c) core and the core.

The reactor core as well as the graphite reflector are enclosed with the cooling cycle (helium cycle)
including the blowers, ventilators and heat exchangers. The latter have been constructed as boilers in the
existing HTRs. Distributing the cooling gas through the cooling cycle is done to some extent by special
constructions in the body of the reactor and partially using special gas pipes.

The so-called MODUL reactor shown in Fig. 1.109 is equipped with a coaxial hot-gas pipeline. Mod-
ern HTRs are controlled and, if necessary, shut down by varying the positions of absorbers in reflector
places. This reactor type has a strongly negative reactivity coefficient which guarantees inherent shut-
down safety in case of a temperature increase. Figure 1.109a shows the layout of a MODUL as well as of
a boiler both confined in a pressure vessel. The thermal power of the reactor is 200 MW. Higher power
can be achieved by connecting several reactors in parallel. The live steam has a temperature of 530 °C
and a pressure of 190 bar. So electricity can be generated using conventional steam power cycles having
an overall net efficiency of about 40 % (see Fig. 1.110).

MODUL reactors are not only useful for electricity generation but they can also be employed for heat
and electricity combined cycles. With a helium temperature of 950 °C, this reactor could even run a
chemical process involving endothermic reactions or be directly connected to a gas power cycle to run a
gas turbine. The latter option would raise the overall efficiency of the system to about 48 % (see
Figs. 1.111 and 1.112).
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Fig. 1.109. HTR MODUL plant: (a) reactor pressure
vessel (1: reactor core (bed), 2: side reflector, 3: reactor
pressure vessel, 4: boiler, 5: blower, 6: hot-gas pipeline,
7: unit cooling system, 8: absorber rod drive), (b) fuel

<

handling system (1:input of fuel elements, 2: buffer,

700 °C, 60 bar

250 °C

530 °C, 180 bar ——»
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Fig. 1.110. Schematic flow sheet of a steam turbine process with a modular HTR as heat source.
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3: burn-up measurement, 4: switch, 5: elevator system,
6: core, 7: discharge system, 8: scrap separator, 9: stor-
age system, 10: canister for damaged fuel elements,
11: computer, 12: storage for spent fuel elements).
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Fig. 1.111. Gas turbine process with a modular HTR as
heat source: (a) principal flow sheet (1: reactor, 2: high-
pressure turbine, 3: medium-pressure turbine, 4: work-

Fig. 1.112. Components of a gas turbine cycle combined
with a modular HTR as heat source, 1: pebble bed core,
2:hot gas duct, 3:high pressure turbine + compressor,
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ing turbine, 5: generator, 6:recuperator, 7: precooler,
8, 10: compressor, 9: intercooler), (b) temperature ver-
sus entropy for the respective process.
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4: intercooler, 5: medium-pressure turbine + compressor,
6: precooler, 7: electric generator, 8: working turbine,
9: recuperator. (Courtesy of PBMR, South Africa).
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The comparatively low core power density as well as the high amount of graphite inside and around
the reactor core lead to an extremely smooth and slow behavior of the reactor in case of any thermal dis-
turbance or serius damage, e.g. due to a failure in the decay-heat removal system.

With a cleverly designed system, it is possible to have a passive, automatically switchable cooling
system for decay heat removal through both mechanical and physical heat transport mechanisms like heat
conduction or heat radiation. In this way the heating up or even melting down of the reactor can be
avoided in case of any breakdown. Details of this matter are dealt with in Sect. 1.4.

In a joint US and Russian project another gas-turbine modular helium reactor (GT-MHR
600 MW (th), 288 MW (th)) is under development for electricity production and for simultaneous genera-
tion of electricity and process heat. Additionally it is planned to burn weapon-grade plutonium very effec-
tively. The energy conversion system is based on an intercooled and recuperated Brayton cycle with a
one-shaft turbo machine.

The GT-MHR plant consists of one or more identical power units, each module is housed in a rein-
forced concrete structure, which serves as an independent vented low-pressure confinement. The primary
system (Fig. 1.113) is contained within three steel pressure vessels, one for the reactor, one for the power
conversion unit and one for the connecting coaxial gas duct system. The reactor vessel contains an annu-
lar core consisting of block-type fuel elements, the control system, the refueling access penetrations and a
shutdown cooling system at the bottom of the vessel.

'::1 =
Ex

Generator — : M-}~ Control rod
B housings
i
Turbine — n b
Recuperator — i
Compressor — ™~ Core Thermal power per module 600 MW
Electrical power per module 288 MW
1 ' Cycle Brayton
Intercooler ~{_| | "J - LS Turbo machine gas turbine with
lwm WI twO compressors
‘ E:.‘- =] on one shaft

Precooler — . B :
Loading of core discontinuously

Decay heat removal  turbo machinery;
auxiliary cooler;
conduction,

] radiation, and

natural convection

i =~ Shutdown
cooling system

Fig. 1.113. GT-MHR: (a) power module arrangement, and (b) technical facts. (Courtesy of General Atomics, USA).

Inside the power conversion vessel a one-shaft turbo machinery and three heat exchangers (precooler,
intercooler, recuperator) are arranged. Magnetic bearings are foreseen for the operation of the gas turbine
and two compressors on one shaft. The pressurized helium flows from an upper plenum above the core at
a temperature of 490 °C downward through the annular core and is heated up to a gas outlet temperature
of 850 °C. A coaxial hot-gas duct serves to transport the hot helium to the turbine. The helium at a tem-
perature of 490 °C leaving the secondary side of the recuperator is used to hold the total primary enclo-
sure at this operation temperature. In case of total loss of cooling, self-acting decay heat removal takes
place as explained above.

The active region of the core (see Fig. 1.114) is built from block-type fuel elements arranged in an an-
nular shape. The center and the outer positions of the core consist of unfueled, solid removable reflector
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blocks. The graphite structure of the core is surrounded by a steel core barrel, this barrel is housed inside
an uninsulated reactor vessel. The fuel particles are bound together to form fuel rods, which are inserted
inside vertical holes in the graphite fuel blocks. The helium flows through adjacent vertical coolant holes
in the fuel blocks (see Fig. 1.115).

It is foreseen to operate the plants with a once-through fuel cycle with three years residence time of
the fuel elements in the core, one half of the core shall be refueled every 18 months. For this purpose a
fuel handling equipment is used which is able to replace the reflector elements, too.
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Fig. 1.115. GT-MHR fuel element: (a) coated particles (fuel with TRISO, breeding particle with BISO), (b) block-
type fuel element. (Courtesy of General Atomics, USA).
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The reactivity of the core is controlled via control rods which are moved inside the reflectors and the
annular core. In addition, onally there is a diversified reactivity control system consisting of boron carbide
pellets, which can drop from hoppers above the core into special channels in the core by gravity. A
strongly negative temperature coefficient of the core is fundamental to the neutronic safety behavior.

The nuclear fuel is contained in two types of coated particles (see Fig. 1.115). The fissile particles
have uranium oxicarbide kernels with nearly 20 % enrichment, the fertile particles contain natural ura-
nium oxicarbide kernels. It is planned to burn plutonium from nuclear weapons as fuel, too. In this case
the plutonium would be placed inside the fissile particles. In any case TRISO particles will be used be-
cause of their excellent fission product retention in normal operation and in severe accidents.

1.2.6.6 Liquid metal cooled fast breeder reactors (LMFBR)

In all types of thermal reactor systems described above, to a great extent only the energy released from
the fission of U-235 is gained and used in further processes. The breeding process takes place just to a
limited extent in thermal reactors, according to the following reactions:

ﬁ_
*
238 239U 239

-
| 239
U +on— "y 93 Np —

Pu...,
94 (1.250)

22T+ dn o> 23T > 2pa s U

Pu-239 and Pu-241 as well as U-233 are fissile, too. In thermal reactors such new-born fissile substances
are used in situ for further fission reactions, resulting in an overall utilization efficiency for uranium of
only about 1 %.

With fast reactors [72Bed, 81Wal, 76Bra, 71Gra, 95Mic] and by using multiple reprocessing stages, a
complete conversion of the fertile material is aimed at. In this way, e.g. by continuous usage of the fissile
material bred in an optimal fast breeder, uranium can be used about 40 times better than in current light
water reactor. This aspect is a great motivation worldwide for employing fast breeders.

The core of a fast breeder consists of two distinct zones (Fig. 1.116). The inner zone contains fuel rods
with a mixture of about 80 % UO, (natural uranium) and 20 % PuO,. This zone is the energy-producing
zone in which fission takes place. In the outer zone known as the breeding zone the fuel elements contain
only UO, (U-238). Here new fissile material is produced and is partially used to generate power. In a fast
breeder comparatively high concentrations of fissile material must be used, for the fission cross sections
in the high-energy zone (fast zone) are much lower than in the thermal zone. Due to this fact the core is
very compact and has a very high power density.

PP 44— Sodum (540 °C, < 10 bar)

//// Inner fission zone
T Outer breeder zone
T ? r ? ? ? r ? ? f ? r Sodium (380 °C, 10 bar) f;i‘l.lm. Schematic diagram of a fast breeder

Sodium is used as cooling medium in order to keep the moderation of neutrons as low as possible re-
sulting in a neutron spectrum as fast as possible. This is necessary because the 77 values in the fast-energy
zones are very high. Considerations regarding efficient heat removal from the system working under not
too high pressures leave no doubt about using sodium as coolant.

As can be seen in Fig. 1.117 in detail, the cooling agent enters from the bottom of the core with about
380 °C and leaves with about 12 bar and 540 °C. The fuel rods having a diameter of about 5 mm and a
length of about 0.75 m are situated in a way to form hexagonal fuel bundles each containing 166 fuel
rods.
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An intermediate heat exchanger is connected to the reactor heating a secondary Na stream to about
520 °C (14 bar). From this point the sodium is pumped back to the reactor through the primary cooling-
agent pump. Using the secondary hot Na stream, steam is generated in a boiler with about 500 °C and
167 bar.

Given the highly exothermic reaction between sodium and water, a secondary cooling cycle is neces-
sary to avoid severe damage in case of contact between the two substances. The reaction between sodium
and air (oxygen) must be avoided, too. Therefore all pipes containing sodium are installed in chambers
filled with inert gas.

——

Main steam
(500°C, 167 bar)

540 °C
. Feed water
380°C (225 °C)

Fig. 1.117. Schematic flow diagram of a sodium-cooled fast reactor, 1: reactor core, 2: cooling-agent pump, 3: Na/Na
intermediate cycle, 4: secondary cooling-agent pump, 5: boiler.

During operation the sodium in the primary cycle is exposed to strong radioactive radiation, so that
special measures must be taken to protect it from being converted to a radioactive material. Moreover,
provisions regarding a preheating system for sodium are required because of its melting point of 98 °C.
The structure of a nuclear heat generation system is depicted in Fig. 1.118.

For reactor control, rods can be inserted in the core from the top. If necessary an open-link chain-
system can be drawn into the reactor core.

The reactor can be charged only during a shutdown. This can be done at the end of each year within a
shutdown period. As long as reactor safety is concerned the same points as in case of light water reactors
are valid and must be taken into account. However, other than in light water reactors, in case of vaporiza-
tion of the cooling agent there is a positive temperature coefficient because of the absorbing nature of the
cooling medium (Na). In such a case the occurence of large bubbles could lead to a nuclear blow-up. This
phenomenon is known as Bethe-Tait accident. Thus, a meltdown of the reactor core must be prevented
through clever and reliable engineering measures. If a meltdown occurs in spite of all provisions and
safety measures considered, there should exist a core-catcher system right under the reactor vessel to
catch the melted core and cool it down in a safe manner (Fig. 1.118).
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Fig. 1.118. Primary system of the sodium-cooled fast
breeder SNR-300, 1: cable transport facilities, 2: access
to reactor cover, 3:fuel-element exchange channel
(internal), 4: reactor support, 5:inspection man way,
6: sodium outlet, 7: primary shield, 8: fertile material,
9: reactor core, 10: fuel-element conversion position,
11: control rods, 12: platform, 13: hole cover, 14: con-

trol rods driver, 15:rotatable reactor cover, 16: fuel-
element exchange channel (external), 17: sodium inlet,
18: moving plate, 19: instrument plate, 20: two-layer
vessel, 21: reactor vessel, 22: shielding vessel, 23: core
mantle, 24: core support, 25: laid construction for fluid
flow, 26: accumulator. (Courtesy of Framatome ANP
GmbH).

1.2.6.7 New concepts in nuclear technology

The accidents and risks caused by the final storage of radioactive waste have been analyzed worldwide
for several years. These studies deal with the disposal of spent light-water reactor fuel elements, with
glass blocks loaded with high-level radioactive waste from the reprocessing plants, as well as with spent
ceramic fuel elements coming from HTRs.

As an example, Fig. 1.119 shows the Swiss calculations (PSI, 1993) for glass blocks which would be
stored in granite. The result is that for the assumption of normal water flow the maximal annual dose
received by individuals in case of an accident after some 10° years would be lower by a factor of 10*
compared to the natural radiation dose in Switzerland. Even if it is assumed that the water flow is higher
by a factor of 100, the maximal dose remains lower by a factor of 10* compared to natural radiation. For
direct final storage of LWR fuel elements similar values are expected. These results all lead to the conclu-
sion that final storage is not a serious safety problem compared to the consequences of severe accidents of
today’s LWRs.
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Fig. 1.119. Annual individual dose from glass blocks stored in granite [94PSI].

For ceramic HTR fuel, especially with TRISO-coated particles, it is expected that corrosion will not
occur and the retention of fission products is even better compared to glass blocks or LWR fuel. Addi-
tional measures like the filling of gaps between the spheres are possible and indicate an even better be-
havior of spent fuel elements in the final storage.

Even if these results should not be acceptable in the future, there is the possibility of partitioning and
transmutation of the long-lived isotopes by accelerator-driven processes [93Rub, 94Bow, 97Liz, 94Rub].
Certainly in this case reprocessing would be necessary. As a result of such transmutation processes the
amount of actinides in the final storage would be reduced by a factor of 100 compared to normal reproc-
essing, as displayed by Fig. 1.120.

Certainly both options shown in Fig. 1.121 have to be compared as far as total risks, accidents, state of
technology, doses to operation staff, non-proliferation issues, costs and additional environmental impact
are considered. After a very careful comparison of these aspects, transmutation may be a good choice and
can help to make the final storage a duty to be done not for millions of years but for about 1000 years.
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Reprocessing:
— 10° - | 0.001 for U, Pu
) 1 for Np, Am, Cm
% o Actinides/ }' Actinides Partitioning & transmutation:
= 10" 1 today’s I Y 0.01  forU, Np,Cm
‘% reprocessing : s 0.0001 for Pu, Am
s 107 1 I
g8 N | Assumption:
2 10 \ I . LWR fuel, burn-up 35 GWd/t
B \\ | < -,
s ~ ./ Actinides after
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w 100 === :
/ I ~ _ fransmutation
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Fig. 1.120. Possible reduction of the toxicity potential by partitioning and transmutation of long-lived actinides.
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Concerning technical concepts for transmutation, several proposals have been made and are under de-
velopment worldwide. One proposal featuring an accelerator to produce high-energy protons and under-
critical multiplication of the neutrons produced in spallation processes is presented in Fig. 1.122. Protons
are accelerated to an energy of around 1.5 GeV. One beam proton produces nearly 30 neutrons in a spal-
lation target. By undercritical neutron multiplication (n/ny = 1/(1 — ker), kegr < 1) the number of neutrons
can be raised by a factor of 5 to 10. Therefore high neutron fluxes can be produced inside the blanket of
the spallation system. Isotopes with very long half-life, which are to be removed by this technology dis-
appear according to the relation

dv

—:—//i,'N—O' N X
dt a9 (1.251)

N(®)=Ny-exp(~(A+0,9) 1).
If the term o, @ is large compared to A, the “effective” half-life of the isotope,

In2
Lyy=——7—" 1.252
EE R T (1.252)

can be much shorter with the help of this transmutation process.

Direct final storage of burned fuel element

Spent fuel Fission products,
element fission materials, actinides
L Intermediate - L Final
Reactor storage —» Conditioning storage

Relative mass of long-lived residual materials in final storage = 1

Disposal with reprocessing, partitioning and transmutation

Spent fuel
element ¢ |
Reactor _/> Intermediate| | Reprocess- L »! Partitioning [-» Trans'-
storage ing mutation
Fission /l Actinides
products +
very low Vitrification
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Fig. 1.121. Two options for the
Relative mass of long-lived residual materials in final storage = 0.001...0.01 final disposal.
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The fuel for the process shown in Fig. 1.122 are actinides, and thorium is used as fertile material. Us-
ing this process long-lived isotopes can be converted, new fissile material can be produced by breeding
and net electrical energy can be produced. Naturally technical questions have to be solved before such a
process is feasible: accelerator technology needs progress, the proton window in the spallation target has
to tolerate high loads, and fuel elements for the blankets have to be developed.

In principle, however, the process of partitioning and transmutation opens the option to achieve a so-
lution for nuclear technology with a relative short lifetime of the final storage (1000 years). Technical
solutions for this process step are available, and proving them in the licensing process is relatively easy.

Turbine
Power generation
Accelerator complex (675 MW)
Energy
Amplifier
P Dl Pump
Fuel discharge _ Fuel loading
‘ (2761 -
) o Fresh
—_— Reproqgssmg Actinides Fuel fabrication ~ fe¢————— thorium
(partition) (24.71) (291)
supply
Spent fuel
Fission fragments . Was_te_paclfaging | To sepular
(291 (vitrification) repository
a
1
1 Proton beam (after bending
by magnetic fields)
2 Spallation target
5 3 Beampipe
4 Beam window
5 Coolant
6 Heat exchanger
3 7 Blanket
8 Reactor vessel

Pb/Pb-Bi

Fig. 1.122. (a) Concept for transmutation, (b) principle of reactor vessel for a transmutation reactor.
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1.3 Economic aspects

1.3.1 Calculation formula for the generating costs of electricity

Different methods are used to analyze the economic conditions of power plant operation [85Wil, 72Mus,
83Han, 93Kug]. A simple one, which is suited to compare different types of power plants shall be applied
here. The costs occurring during the working period of a power plant can be first of all divided into
power-dependent and work-dependent costs (Fig. 1.123).

» Depreciation of capital

Capital- — Interest on capital
dependent costs — Insurance
> Taxes
Power-
dependent
costs
Operation- —> Operation (labor)
dependent costs | \aintenance
Energy- — Fuel costs
dependent costs | Fyel costs (intermediate storage, final storage)
Work-
dependent
costs .
Capital- ‘ Repairs .
— Auxiliary materials
dependent costs !
— Waste disposal

Fig. 1.123. Distribution of costs into power-dependent and work-dependent shares.

A successful and economic operation of the plant can be expected in case that the total amount of re-
turns, R;, is larger than or at least equal to the total amount of expenses, ;. This requirement can be ap-
plied to an operation time of one year:

?R,- > %Ej (1.253)

Starting from this requirement, by integration of all returns and expenses over the period of one year, the
following simplified formula results for the electricity generation costs:

K. C-k AUy ik AU
y=—dw g oy =5C y PECE o Maifal, DD (1.254)
R T T BT i By T BT
In a slightly modified manner (1.254) can be written as:
X=X +x0per tXp+ X, T Xp . (1.255)

The parameters in (1.254) and their dimensions are as follows:

X power generating costs [ct/kWh (el)],

Pe(f net electric power of the plant [kW],

K, overall plant investment costs [$],

T full-load hours per year [h/year],

a capital factor (includes depreciation, interest, insurance, tax on capital, repairs) [%/year],
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mp  annual amount of fuel [tU/year],

ke specific fuel costs [$/tU],

C staff members for service [persons],

ke annual rate of expenses for staff [$/person-year],

g annual amount of auxiliary materials (chemicals etc.) [t/year, m’/year...],
ki  specific expenses for auxiliary materials [$/t, $/m”’...],

mg annual amount of waste [t/year],

kp  specific expenses for waste disposal [$/t].
Furthermore the single terms in (1.255) can be interpreted as follows:

Xxc  capital-dependent costs,

Xoper OpErating service costs,

Xp fuel costs,

X,  costs of auxiliary materials,

xp  costs of waste disposal (including intermediate and final storage).

The capital-dependent costs, x¢, are also often used in the form x¢ = ke - @ /T, With kg as the spe-
cific investment costs [$/kW (el)]. The share x; can be written as

Xp _ ke (1.256)
B-n

with 77 being the net efficiency of the plant [%] and B the burn-up of the fuel. The dimension of B is
MW d/t U or kWh/kg U if uranium is inserted as fuel. In case of use of plutonium in MOX fuel elements
(mixed oxide) the total amount of heavy materials is inserted. The parameter k¢ contains all expenses for
uranium ore, enrichment, conversion and fuel manufacturing. Basically the capital-dependent costs as
well as the staff expenses are virtually independent from the amount of electrical energy produced. All
further costs are proportional to the amount of the electrical work produced. This dependence can be
written in the form of total costs per year:

(1.257)

el "

la
Kioral =Cy - PY+Cy | Py(0)-dt =(C+C, - T).PY
0

A very important parameter is 7, the number of hours of full-power operation per year (Fig. 1.124).
For nuclear power plants, which have relatively high specific investment costs, it is important to realize as
high as possible values of 7. These plants are operated in the base-load range.

A A

- 5

S Gl
&, Fuel costs = Operating costs

2 Costs of waste disposal 3 Capital-dependent costs
X Costs of auxiliary materials ~

Capital-dependent costs Fuel costs
Operating costs Costs of waste disposal
R Costs of auxiliary materials

a T b T

Fig. 1.124. Qualitative dependence of costs on the annual number of full-load hours, 7 (a) total costs per year, K,
(b) electricity generating costs, x.
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In general power plants are operated for more than 30 to 40 years. Including the time spans for plan-
ning (7p), construction (7¢), operation (7y), safe enclosure (7sg) and decommissioning (7pg), such a pro-
ject has a lifetime of more than 70 years. During this time, cost parameters like fuel costs, operation and
labor costs, as well as interest rates and legal aspects can heavily change. Figure 1.125 presents a qualita-
tive picture of expenditures during the whole project lifetime. Therefore the application of dynamic meth-
ods for comparing the cost structures of different power plants is necessary. One very important method is
the life-cycle cost assessment, in which all the expenses and benefits of later years are backdated to the
first year of operation.
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Fig. 1.125. Expenditures during the different phases of  for planning (75), construction (7¢), operation (7y), safe
a nuclear power plant project. The time spans shown are enclosure (7sg), and decommissioning (7pg).

1.3.2 Investment costs

The overall investment costs of a power plant, kinyest, first of all include the direct investment costs, Kgirect,
for the plant as a whole. Additional costs for interest, taxes and insurance of the capital during the con-
struction period as well as additional shares due to inflationary effects have to be taken into account.
Furthermore, material and financial contributions by the utility itself, such as for ground, infrastructure,
authorizations, checks and starting operation as well as similar expenses have to be considered calculating
the direct investment costs. For the plant’s closure and decommissioning after its service time some fi-
nancial assets have to be reserved already at the moment of the plant’s initiation. These also have to be
added to the investment costs. Summing up the direct investment costs and adding the extra shares, the
total investment costs result:

Kinvest = Kdirect '(1 +§‘ aij : (1.258)
The extra shares ¢, being given in percent, are explained below. The numbers in brackets were roughly
valid for the last nuclear power plants built in Germany in the 1980s.

oy for payment of interest during construction time (15 %),

o, for insurance during construction time (3 %),

o;  for taxes during construction time (3 %),

for inflation (4 %),

for the starting phase (2 %),

for builder’s own material and financial contributions (3 %),
o for plant shutdown and decommissioning (10 %).

SN

According to these numbers in case of a nuclear power plant an extra charge of around 30 % had to be
expected. For a coal-fired plant an extra charge of nearly 20 % and for a plant based on natural gas (com-
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bined cycle: gas and steam turbine plant) with a very short construction time only less than 15 % are
necessary at present.

The investment costs of German power plants have substantially risen in the years between 1970 and
1990 not only due to inflation rates but especially because of ever higher requirements as far as the legis-
lation and permissions as well as standards for plant operation are concerned. Substantial additional costs,
for example, were caused by higher requirements concerning protection against outer impact on the plant
(such as earthquakes or airplane crashes) as well as technical improvements, for instance in the range of
decay-heat removal systems. Figure 1.126 shows the temporal development of the specific investment
costs of nuclear power plants in Germany.

A development ocorresponding to the “normal” inflation rate would have caused an increase by only a
factor of two between 1970 and 1986. For calculations concerning the economic conditions of nuclear
power plants it is therefore essential to take account of the year in which the operation of the power plant
started.

Today the overnight construction costs in OECD countries are estimated to range between 1500 and
2000 $/kW (el). In some non-OECD countries cost estimates between 1000 and 1800 $/kW (el) have been
published [00Dur, 98OEC].
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Fig. 1.126. Specific investment costs for German nuclear power plants dependent on the point of time when opera-
tion started.

1.3.3 Capital factors

The capital factor, a, in (1.254) is comprised of a share a (annuity) for the capital depreciation and pay-
ment of interest on capital, a share b; for taxes, as well as a share b, for the insurance. A further share b;
for repairs required is often added as well. The figure b5 can of course vary significantly depending on the
type of plant, and during the time of operation. Therefore suitable average figures have to be defined.
Consequently, the following expression can be defined for a :

a=a+b +by+bs. (1.259)
The figure a can be derived as a so-called annuity factor by means of compound interest calculation

and makes clear, that annually a constant rate of money, AK, related to the plant capital, Kj,,, has to be
raised to finance the plant. The factor of interest payment, ¢, is determined by the interest rate, p. With the
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payment of interest, ¢ = 1 + p, one can compare the interest on the total capital, K, about N years with
yearly payment of an amount of money, g, with interest payment over the relevant years:

N_
N‘1)=g-‘1—1. (1.260)

K-qN =g(1-i—q+q2 +...+gq
qg-1
From this relation and with g = K - a one obtains the annuity:
a=—F". (1.261)

The annuity, a, is shown in Fig. 1.127 dependent on the interest rate, p, and the depreciation time, N.
For rough estimates to assess types of plants, in Germany currently a figure of about @ = 15 %/year can
be employed. After the depreciation time has passed (17 years are often chosen in this context), the shares
by, b, and b; have to be considered separately. However, these percentages then certainly relate to the
conditions of the present cost structures.

Naturally the situation in other countries might be different, especially higher inflation rates can re-
quire much more detailed analyses even for rough comparisons. In these cases a life-cycle analysis in-
cluding assumptions on escalation rates (e) on labor, fuels and auxiliary materials will be necessary.

When comparing different concepts of electricity production sometimes an estimate including the ini-
tial investment as well as the fuel and operation costs over the total lifetime helps to identify the eco-
nomic conditions:

Kiotal = Kiny +P(e,p,N) , (1.262)
1_(l+e]N
I+e I+p
@(e,p,N) = : . 1.263
(e,p,N) (l+pj e o (1.263)
1-—=
1+p
100
50

)

[~ Interestrate p: 15 %/a

0 N

~—— 8 |
° ~——_|

Annuity a [%/a]

2 5 10 100 Fig. 1.127. Annuity, a, dependent on the
Operation time N [a] interest rate, p, and the depreciation time, N.
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1.3.4 Hours of full-power operation

The number of hours of full-power operation, 7, of the plant during one year can be calculated from the
relation:

la
({Pel(t)'dt=P21-T, (1.264)

on the basis of the operational diagram of the plant. Load factors, /, are often used as well:
1=T/8760. (1.265)

As an example, Fig. 1.128 represents the operation history of a German nuclear power plant during a
very successful year. The time and work availability of the plant were 96 % and 92 %, respectively. There
was just one standstill because of change of fuel elements and yearly maintenance and inspection. During
April there was the usual stretchout operation because of reactivity reasons. The number of unplanned
standstills was zero. Nowadays a very good availability of nuclear power plants is realized in other coun-
tries as well. Figure 1.129 shows the development of this parameter and of the collective doses as a meas-
ure for the quality of operation in the USA and Germany [01Ato]. Worldwide an average availability of
80 % is realized by now (Fig. 1.130).

The availability factor of nuclear power plants has been substantially improved in recent years by ap-
plying technical improvements, improved nuclear services and general modes of operation. Availability
factors of about 90 % are nowadays usual for good plants. Therefore orders of magnitude of 8000 h/a can
be applied for calculating the generating costs of electrical energy.
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Fig. 1.128. Operation history of a nuclear power plant (PWR, Emsland/Germany, 1300 MW (el), 1998).
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Fig. 1.129. Development of time availability, of RESA (fast shutdown of reactor), and of collective doses in the USA
and Germany.
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Fig. 1.130. Worldwide development of electricity generation and availability of work in nuclear power plants.

1.3.5 Efficiencies of plants

For the efficiency of plants one finds the relation:
Mhet = Film- =15G *Tth *Tmech “Mgen *Tldel » (1.266)

including the single efficiencies of the steam generator (7sg), the thermal cycle (7,), the turbine (#yecn),
and of the electrical generator (7),.n). The electrical energy required to operate pumps, auxiliary systems
and all other electrical consumers in the power plant itself is represented by the efficiency of deliv-
ery, 7qel-

Principally the net electrical power and fuel consumption are subject to changes during the year. The
cooling conditions change, and therefore the net efficiency is not constant either. Net efficiencies of
plants can be defined by the expression:

la
P,y(t)-dt
B (J; el() _ Pe?'T
[ 1 (1) B dr e B
0

with mg being the amount of nuclear fuel [t/year], and B denoting the burn-up of fuel elements [MWd/t].
Table 1.26 contains some efficiencies parameters of different reactor types.

The net efficiencies of LWRs is presently around 33 %, for the future EPR the manufacturer offers
more than 34 %. HTR plants with steam cycle have reached 40 % until now, the potential with higher
steam temperatures (600 °C) will be 43 %. HTR gas-turbine cycles are designed for values of 45 to 48 %
with a potential of nearly 50 %. In the future similar values will be valid for combined cycles in connec-
tion with an HTR as heat source.
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Table 1.26. Efficiencies of different reactor types.

Reactor type Max. coolant Steam temp. Steam pressure Efficiency Remarks

temp. [°C] [°C] [bar] [%]
PWR 325 279 63 335 Wet cooling tower
BWR 286 283 67 32.5 o ”
CANDU 310 260 47 29.4 R ”?
RBMK 284 284 70 32 o ”?
Magnox 410 391 38.7 32.9 Seawater cooling
AGR 646 541 167 41.2 ” ?
HTR (steam turbine) 750 530 186 40 Dry air cooling tower
HTR (gas turbine) 900 — — 45 Seawater cooling
LMFBR 546 495 165 38 Wet cooling tower

Naturally the conditions of cooling influence the efficiencies, therefore the values mentioned above
can change during the year. Compared to cooling by fresh water from rivers or from the sea, in plants
with wet cooling towers there is a loss of efficiency of 1 point, whereas with dry air cooling towers the
loss is more than 2 points. Furthermore all types of plants can be used as cogeneration plants, therefore
the total use of energy could be as high (around 80 %) in nuclear power plants as in conventional plants.

1.3.6 Burn-up of nuclear fuel

The burn-up is defined by the relation
17—
B=—[E; - Zp(2)-0(t)-dt . (1.268)
Po

Here, p is the UO, density, Ef is the average energy of the fission process (200 MeV), 2 denotes the
macroscopic fission cross section, ¢ is the neutron flux, and 7 is the time of fuel insertion. For today’s
PWRs the value of B is between 40000 and 45000 MW d/t heavy metal, corresponding to an enrichment
of uranium of 3.5 to 4 %. High temperature reactors with entirely ceramic fuel elements reach
100000 MW d/t and more. In case of LWRs there is a tendency to change to more than 5 % enrichment
and to reach burn-up values of 60000 MW d/t, which could be more economic.

The knowledge of the burn-up and the number of hours of full-power operation allows a very simple
estimate of the amount of fresh fuel which has to be inserted into the reactor per year, as well as of the
amount of spent fuel which has to be removed from the core:
BT

(<

. 0
mg = B]]

(1.269)
A simple example for a 1300 MW PWR vyields the following values: 77 =33 %, T'=7500 h/year,
B =40000 MW d/t, resulting in around 30 t uranium/year as the necessary amount of fresh fuel which is

loaded during the yearly standstill period of the plant.
The annual demand of natural uranium can be calculated from the following relation:

m{)J:mg_eF_eT .z, (1.270)
eN —ér

where rhl? is the amount of nuclear fuel required [t/year], e is the enrichment of the fresh fuel [%], er
denotes the tail enrichment [%], ex denotes the enrichment of natural uranium [%], and {'is a technical
factor (> 1).
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In detail the amount of natural uranium and the separative work required to produce 1 kg of enriched
uranium depend on the degree of enrichment and on the extent of the tail assay. Some numbers are given
in Table 1.27.

The value function is given by

V(e)=(1-2¢)-In((1-e)/e), (1.271)
where e is the enrichment in weight fraction. The separative work unit (SWU) associated with a specific
amount of enriched uranium is defined by the expression

SWU:MP'V(@P)+MT'V(@T)_MF'V(eF), (1272)

including the amount of tail (M), feed (M) and product (Mp).
Furthermore the following balance holds:

MT =MF_MP' (1273)
Finally one obtains for the separative work unit:

which has the unit of mass (kg). The separative work needed to produce a given amount of product in-
creases with enrichment as shown in Table 1.27.

In order to produce 30 t of enriched uranium (= 3.5 % enrichment), one needs almost 200 t of natural
uranium. This relatively low amount of material is sufficient for the supply of a 1300 MW (el) LWR plant
with 8000 hours of full-power operation per year.

Table 1.27. Requirements of natural uranium and separative work to produce 1 kg of enriched uranium
(tail assay: 0.2 weight % U235).

Enrichment kg natural U kg separative work
[weight %] per kg product  per kg product
0.711 1.000 0.000

1.00 1.566 0.380

2.0 3.523 2.194

2.5 4.501 3.229

3.0 5.479 4.306

3.5 6.458 5.414

4.0 7.436 6.544

10.0 19.178 20.863

20.0 38.748 45.747

90.0 175.734 227.341

1.3.7 Costs of nuclear fuel

The fuel costs for nuclear power plants, x, consist of different shares:
.X'F:)CU +xE +xP:kF /(Bﬁ), (1275)

xy cost share of natural uranium [ct/kWh (el)],

xg cost share of uranium enrichment [ct/kWh (el)],

xp share of manufacturing cost for the fuel elements [ct/kWh (el)],
kg costs for the ready-to-use fuel [ct/t heavy metal],
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B fuel burn-up [kWh/t heavy metal],

77 netefficiency of the plant [%].

The investment for the initial core, i.e. the depreciation and payment of interest for the fuel used inside
the plant during the entire operation time, can be considered with regard to either the fuel-cycle costs or
the investment costs. In the following cost estimation this will be dealt with according to the latter
method. In any case, after finishing of the power plant, the fuel of the first core can be used and has a
value. Determining the cost shares of natural uranium as well as the enrichment, the exact enrichment of
the fuel cycle used has to be considered. The costs of the ready-to-use fuel can be calculated according to:

kF = kuranium cm kenrichment “ag + kproduction Z. (1.276)

The meaning of the single figures is given below:

Kuranium ~ costs of the natural uranium [ct/t U],

m quantity factor of the enriched uranium [t U/t Uepricnl,
Kenichment  Specific costs of enrichment [ct/t separation work],

ds separation-work-factor [t separation work/ t Uepricnl,
kproduction  Specific costs of production [ct/fuel element],

z quantity of fuel elements [number of fuel elements/t Ueyyicn]-

The parameters Kuranium, Kenrichment aNd Kproduction have been subject to market changes in recent times, or
have been reduced by technical progress. Especially in the case of enrichment, the change from gas diffu-
sion to centrifugal procedures have resulted in an extreme decrease of energy demand as well as a signifi-
cant lowering of costs. In the last decades the burn-up of fuel went up, too. Figure 1.131 shows the devel-
opment of some cost parameters in time, related to the conditions in Western Europe or Germany [97Jah].
As can be seen in Fig. 1.131a, the price of uranium ore has been particularly low during the last decade.

Total costs of around 1.5 mill. $/t heavy metal for LWR fuel with 4 % enrichment is a rough value for
the calculation carried out below. This results in a cost figure of around 0.45 to 0.5 ct/kWh (el) for fuel
supply without expenses for waste disposal, if a burn-up of 40000 MW d/t is assumed.

200
180
160 0
2 140 —
2, S 90
8 120 =
£ 100 & 80
S 80 g 701
) o
60 £ 604
40 3 50
w
20 : . : - : ‘ 40 ———
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a Year b Year

Fig. 1.131. Development of fuel cycle parameters in time: (a) uranium price, (b) enrichment price (separation work).
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1.3.8 Costs of intermediate storage and final storage of spent fuel or high-level
radioactive waste

Today there are two main options to handle the spent fuel elements: (1) direct final storage in geological
depositories after a sufficiently long intermediate storage time, (2) reprocessing of the spent fuel elements
with solidification of the high-level radioactive waste in glass and final storage of the glass products in a
deep geological depository. Figure 1.132a shows a schematic flow sheet for these two options.

For the specific case of direct final storage of spent fuel elements, an estimate of the costs can be car-
ried out a follows. The overall costs of waste disposal, xp, include expenses which are required for interim
storage as well as the final storage of spent fuel elements. Furthermore the costs for disposal of low and
medium active waste material have to be added:

Xp =Xg T Xpp T XAw > (1.277)

k k kaw -
o= s, TS Agv " (1.278)
B-n B-ny Py T

with the different parameters explained below:

xis  costs of interim storage [ct/kWh (el)],

xps  costs of final storage [ct/kWh (el)],

Xxaw costs of waste disposal for low and medium active waste [ct/kWh (el)],
kis  specific costs of interim storage [$/t],

kes  specific costs of final storage [$/t],

kaw specific costs of low and medium active waste [$/m’/a],
B burn-up [kWh (th)/t],

n average net efficiency [%],

m amount of low and medium active waste material [m*/a],
P(e)l electrical power [MW (el)],

T full-load hours [h/a].

These cost factors were also subjected to changes in the course of the recent years [95Hen]. Ta-
ble 1.28 shows the specific costs of waste disposal, ks and kgs, which were typical in Germany in the last
years. The option reprocessing is included in the table, too.

30tyear|  Nuclear | ~30 tiyear Intgtrg::g‘ieate conditont ~ 30 tlyear Final
— ower onditionin
Fuel pplant Spent fuel fggltg?esmpggtts g storage
elements
a
Fission 4m3
products glass/year
30 tlyear Nuclear ~30tlyear | g eprocessing il
power , Conditionin
Fuel plant Spent fuel plant Medium + 9 storage
elements low active ~200m
l l l waste LAW + HAW
b U Pu Gases

Fig. 1.132. Principles of handling spent fuel elements: (a) direct final storage, (b) reprocessing and final storage of
glass containers (the numbers are related to a 1300 MW (el) LWR plant).
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Table 1.28. Costs of waste disposal for LWRs in Germany, representing the two options of direct final
storage of spent fuel elements and of reprocessing and final storage of glass blocks.

Position Reprocessing and final Direct final storage
storage of glass blocks of spent fuel elements

Transport of spent fuel elements, 300...400 $/kg U

intermediate storage of spent fuel elements

Conditioning, direct final storage 1000 $/kg U

of spent fuel elements in salt mine

Reprocessing, intermediate storage 1300...1800 $/kg

of glass blocks

Final storage of glass blocks in salt mine 500...800 $/kg

Total specific costs of waste disposal 0.55...0.75 ct/kWh (el) 0.4...0.45 ct/kWh (el)

From a technical point of view in both cases the procedure is based on an interim storage in an air-
cooled cast-iron transport vessel either for glass coquilles or for spent fuel elements. Final storage of glass
coquilles and direct final storage of spent fuel elements, respectively, is intended to happen in salt mines.
With a burn-up of 40000 MW d/t a share of the disposal costs of less than 0.5 ct/kWh (el) results from the
interim and final storage of the spent fuel elements. Additionally the expenses for the disposal of low- or
medium-activity waste material has to be taken into account, but this is small compared to the above cost
figures.

The route of reprocessing, interim storage of glass blocks and again final storage in a salt mine is
thought to be a little more expensive than direct final storage of spent fuel elements today. This, however,
is a specific condition in Germany at the moment because the by-product plutonium is not considered a
worth as future fuel for fission reactors, therefore no credit is assumed for the production of new fuel. In
other countries this estimation is different.

Referring to the overall costs for interim and final storage, an important optimization problem needs to
be solved. Due to the decrease of decay heat in the course of time and therefore changing conditions in
the final storage, there are contrary tendencies as far as the costs of both steps are concerned. An optimal
time span of interim storage, f, has to be fixed, which will be much more likely around a figure of
100 years rather than around 10 years. Naturally the risks caused by a longer intermediate storage above
ground and the risk by final storage have to be optimized, too, in the total balance of the fuel cycle.

1.3.9 Overall nuclear fuel cycle costs

The development of the overall nuclear fuel cycle costs during the last decades, including all stages of
supply and disposal, is presented in Fig. 1.133. Particularly the reprocessing and disposal costs have
strongly increased since the mid-1970s, while the costs of uranium and production of the fuel elements
have only moderately grown. The shares of the single process steps or positions sho, that especially the
influence of the uranium price on the entire result is virtually of weak importance. Currently the costs of
uranium account for merely 3 % of the overall production costs of electricity. Increasing uranium prices
therefore can be coped with rather easily. The relation between uranium ore costs and total generating
costs of electricity has changed very much during the last three decades. Therefore, as an example, the
importance and early need for reprocessing has changed, too. Table 1.29 contains a breakdown of the
different shares of an LWR fuel cycle. Naturally this is an estimate for a specific country, in this example
for Germany [02Wir]. In other countries the economic conditions are different [940EC].
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Fig. 1.133. Development of nuclear fuel cycle costs in Germany from 1970 to 1990.

Natural uranium is relatively cheap on the world market today. The amount of cost-effective uranium
ore is limited (see Table 1.30) and so is the time period of supply of nuclear power plants [01Bar]. How-
ever, large amounts of more expensive uranium resources should be available in the future, especially the
use of breeding processes allows to use nuclear technology with large capacities for thousands of years.

Depending on the breeding factor and the losses of plutonium and uranium in the fuel cycle, espe-
cially in the reprocessing steps, the utilization of uranium might be a factor of 20 to 40 higher in fast
breeder reactors than in present LWRs. Naturally there is the possibility to realize thermal high converter
reactors on the basis of a LWR or HTR, too. This allows to have a utilization factor of 10 compared to
today’s fuel cycle economy. Additionally it should be mentioned that thorium-232, which can be con-
verted to fissionable U-233, is available with similar reserves as uranium. Altogether it can be stated that
fuel for nuclear power plants will be available for a very long time of thousands of years.

Table 1.29. Cost shares in the fuel cycle of a German LWR (1998, 77 =33 %, B=40000 MW d/t).

Position

Specific value

Specific costs

Cost figure
[mill. $/t Uep,]

Share in generating Share
costs [ct/kWh (el)] [%]

Natural uranium
Conversion
(UOZ—)UFé)

Enrichment

Fuel fabrication
Interim storage

Final storage

Total

6.3tUO,
1tU (3.4 %)

5.2 kg SWU
1kg U (3.4 %)

1 Castor vessel

65 $/kg
10 $/kg
120 $/kg

300 $/kg
1 mill. $

0.41

0.065

0.65

0.3
0.5

2tU
1 steel vessel

1 Castor
2mill. $

0.66

3tU

1 steel vessel

2.58

0.13 16

0.02 24

0.2 243
0.1 12.2
0.16 19.5
0.21 25.6
0.82 100
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Table 1.30. Some data of uranium reserves.

Type of reserves Quantity  Uranium content Estimated production
[10°1] [kg/t] costs [$/kg]

Uranium ore (certain) 1.5 =30 <40

Uranium ore (estimated) 2.5 =30 <80

Uranium ore (estimated) =25 <10 <300

Uranium in shale =200 107...107 > 500

Uranium in granite ~ 2000 1072...107° > 500

Uranium in seawater =~ 4000 3x107° > 1500

1.3.10 Personnel costs and costs for auxiliary materials

Regarding the overall production costs, personnel costs and costs for auxiliary materials usually remain
rather small, especially for large-sized nuclear power plants. Concerning plants of smaller size, this share
can be significantly more important depending on the concept of operation and has to be analyzed in
detail. For large plants a figure of 0.2...0.3 persons/MW (el) can be assumed. This corresponds to around
0.15...0.2 ct/kWh (el) for expenses for personnel.

As far as auxiliary materials are concerned, extra payments constitute a fixed percentage of the in-
vestment capital. This assumption is based on long-term experiences. Normally a contribution of 0.1 to
0.15 ct/kWh (el) can be taken into account for this position. Sometimes the costs of repairs are added to
the operation costs, too. Altogether the operation costs represent more than 15 to 20 % of the total gener-
ating costs in the present nuclear power plants.

1.3.11 Total generating costs of electricity in nuclear power plants

An estimate of the total generating costs results in curves as shown in Fig. 1.134. Here, three different
nuclear power plants in Germany are considered, which have been put into operation in 1976 and 1986,
respectively. The figure shows the great importance of the number of full-power hours per year and of the
point of time when operation started. Nuclear power plants are typically base-load power plants with
more than 7000 hours of full-power operation per year. After 17 years (German conditions) power plants
have normally been depreciated, and the capital-dependent part of the costs is reduced.

A further very important result of a detailed analysis is the small share of uranium ore in the total gen-
erating costs. Today this is in the order of 3 to 5 % for new nuclear power plants. Therefore even drasti-
cally rising uranium ore costs would not influence the economic result very much. This is a big advantage
compared to power plants based on fossil fuels in which this dependence is much higher (50 to 80 %).
The uncertainty of the development of gas prices, for instance, obstructs the construction of new gas-fired
power plants (combined cycles).

New reactors to be built today would cause lower investment costs. This is a result of strong interna-
tional competition on the market of power plants, of technical progress, and of the globalization of the
companies which build power plants. A reasonable cost figure is 1500 to 2500 $/kW (el). This allows for
generating costs of new plants around 3 ct/kWh (el).
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Fig. 1.134. Costs of electricity generation in nuclear ke=13.5x 10* $/c-a, xp +xp = 0.82 ct/kWh (el), start of
power plants as a function of the number of full-load operation 1976: ky,, = 600 $/kW (el); start of operation
hours per year (Pe(; =1300 MW, a =15 %/a, C =350, 1986: kiny = 1750 $/kW (el)).

1.3.12 Comparison of generating costs

Compared to other options of electricity generation, nuclear energy is competitive in Germany and in
many countries of the world, as shown in Table 1.31.

For the new EPR concept (European pressurized reactor, 1700 MW (el)) a cost figure of
1700 $/kW (el) was estimated for the investment [01Bre]. Under these conditions the EPR would be
competitive with electricity from hard coal from the world market or from natural gas in combined proc-
esses, if life-cycle cost analysis is applied. In this method the escalation of fuel prices during decades of
operation is included. This changes the picture because the production costs of the nuclear power plants
stay almost constant. The reason is that the share of uranium in the total costs is very small. In Fig. 1.135
the costs for different electricity generating options are displayed (related to conditions in Finland). Fig-
ure 1.136 shows calculated shares of capital, fuel and operation costs for the different energy options,
underlining the minor role of fuel costs in case of nuclear power plants.

Table 1.31. Comparison of generating costs of electricity (German conditions, year 2000).

Primary energy Specific investment  Fuel costs Generating costs of
[$/kW (el)] [ct/kWh (el)] electricity [ct/kWh (el)]

Coal (world market) 1000 1.3 4

Natural gas 400 3 4.5

Wind power 1000 0 5...10

Photovoltaic (direct use) 7000 0 70

Photovoltaic (H, storage) > 7000 0 > 250

Nuclear (old plants) 600 0.8 2

Nuclear (new plants) 1500 0.8 3.6
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Overall it can be stated that nuclear energy will be competitive to all other options in the future, ex-
cept for hydropower in large plants on some specific sites. The cost figures of coal and natural gas do not
include external costs fiir CO, sequestration and final disposal or costs for penalties regarding CO, emis-
sions. Especially the question how to store electrical energy in large quantities for longer times causes big
problems and high additional costs for all regenerative energy systems. Only hydropower plants using

pumping storage systems are a feasible solution today. However, their capacity is very limited.

Costs [$/MWh]

Electricity production costs [%]

Fig.

60
507" Real interest rate 5%
April 2001 prices
40 - [[1] Variable O&M costs
[111]
30 - HH‘ 1111 [ ] Fuelcosts
20 - L[] Annual fixed O&M costs
10 Capital costs
Nuclear?)  Coal?) Gas”) Peat’) Wood?)  Wind®)
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tax rebate

. 1.135. Comparison of different options for electricity generation (Finland) [02Paa].
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1.136. Production costs of electricity (life-cycle costs) for different future options (Finnish conditions, start of

operation in 2005, operation time: 35 years).
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1.3.13 External costs

All processes of electricity production cause environmental damages. These effects can be included by
the external costs of electricity generation, x.. In the future these have to be added to the generating costs
described in the preceeding sections. The total costs are then represented by

Xiot =X + X, (1.279)

gener ext *
Nowadays radioactive emissions during the normal operation of a nuclear power plant, for instance, or
emission of dust, NO, and SO, by fossil-fired power plants can be very effectively avoided by technical
measures. These substances are retained inside the power plants and are deposited in well-suited places.
The additional costs for this environmental protection are then already internal costs. The question how
far emissions are reduced by technical effort is normally decided by legal requirements. In general a com-
promise must be made between economic and ecological aspects to find a sensible limit. Figure 1.137
presents a qualitative picture for the case of optimizing the technical effort for fission product retention in
a nuclear power plant in normal operation.

A

Total costs for the population

Electricity generating costs

Costs

Costs due to environmental
damage outside the plant

}_._._-._._.._- [ ——— E i —————

Technical effort

Fig. 1.137. Considerations on the optimization of technical effort for environmental protection in a case of nuclear
power plants (example given: retention of fission products during normal operation).

The above considerations seem to be applicable to the normal operation of nuclear or conventional
power plants. Quite different requirements exist for the evaluation of methods to calculate external costs
for the CO, emissions by fossil-fueled power plants, or for estimating the consequences of extreme acci-
dents in nuclear power plants with large damage by contamination of land. In many studies today the
additional external-cost figure for accidents in nuclear power plants is calculated as follows:

ﬂ, (1.280)

X,
R'T

ext —

where D is the total damage [$], W denotes the probability of occurence of damage [1/year], and Pg -Tis
the annual electricity production [kWh (el)/year]. The number D contains all monetary consequences of a
severe accident, like loss of land, investments and infrastructure, as well as costs for casualties and late
cancer in the population. Naturally those monetary numbers are handled quite controversially, and the
results for the external costs are very different (see Table 1.32). The possible costs of damage and the
probability of a large release of radioactivity are a controversial issue. Assuming the values D = 10"} DM,
W=~ 4 x 107 /year, Py = 1300 MW, T'= 8000 h/year, the the result would be 4.3 Dpf/KWh (el) (see Ta-
ble 1.30: Prognos, Ewers/Renning, 1992). Other authors assume different and partly much smaller values.
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Table 1.32. Different estimates of external costs of electricity generation in nuclear and coal-fired plants,
respectively. The numbers are given in the unit Dpf/kWh (el), where 1 Dpf= 0.5 ct [00Kug].

Authors Year of Nuclear plants Coal-fired plants

publication All effects  Only severe All effects  Only green-
accidents house effect

Hohmeyer 1989 9.7..245 35..21 2.94...8.54

Friedrich/Vof3 1989 0.5...0.6 0.02...0.07

Ottinger et al. 1990 4.8 3.7 7 2.3

Friedrich/Vol3 1992 0.03...0.7  0.01...0.07 0.44...2.35

Prognos (Ewers/Renning) 1992 43

Pearce et al. 1992 0.13...0.75 0.05...0.7 2.1 0.85

OECD 1992 0.02...0.2 <0.05 0.3...1

US DOE/ORNL/RFF 1993 0.05...0.07 0.01...0.02

Clearly, a weakness of the above method is that today the number of nuclear power plants is too
small, and the technical status of the plants is too different; moreover, especially the monetary damage by
an extreme accident might be too high to carry out commonly accepted calculations of external costs.
External costs would become calculable only if a nuclear technology with a limitation of the damage to
the plant was realized (see Sect. 1.4). Just then it would be possible to have an insurance for the monetary
damage in case of severe accidents, too.

Altogether the nuclear system, as other systems of energy technology, too, in the future needs an op-
timization between generating costs and external costs similar to the picture in Fig. 1.137:

Xtot (E)=Xgener (£)+ Xexq (E) 5 (1.281)

where the parameter £ characterizes the efforts to gain nuclear power plants that are as safe as possible
and as economical as possible.
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1.4 Safety questions

1.4.1 Core melt incidents in light water reactors

The safety analysis of nuclear reactors covers a wide spectrum of accidents. One of the events playing a
major role is the total loss of coolant and of cooling, especially in the light water reactors operating
worldwide today.

Every reactor produces decay heat due to the B- and y- decay of fission products. The heat production
in the first hour after a shutdown amounts to several percent of the nominal thermal power (Fig. 1.138).
The relative decay heat production can be described by the Way-Wigner equation, where ¢ is the time
after shutdown of the chain reaction, and ¢, is the operation time before shutdown:

Piccay / Phermal =0.062 -(f°~2 —(t+t0)_0'2) (t, 1, in s). (1.282)

In case of a 3800 MW (th) plant between 250 and 20 MW (depending on the time after shutdown)
must be removed by devices in order to avoid damages. During normal operation the steam generators of
the primary system serve for this task. However, there are various possibilities to fail, so that additional
safety systems are included in the layout.

0.06 For a 3800 MW (th) plant

B 4 t=0: 250 MW

g t=1h: 40 MW
o 0.04
a” 0.02 1

0 T T 1
0 1 10 100 Fig. 1.138. Decay heat production in nuclear
Time t[h] reactors versus time after shutdown (#, — o).

Every reactor is therefore equipped with very sophisticated systems to remove the decay heat released
from the core. Figure 1.53a above shows the schematic component setup of a decay-heat removal system
for a modern PWR [88Per]. In case of decreasing primary pressure caused by leaking primary compo-
nents (distinguished as large, medium or small leaks), depending on the primary water pressure, several
stacked water feeding systems are activated. Their common task is to ensure a flooded reactor core and to
avoid core melting. If the primary pressure decreases below 11 MPa, the high-pressure safety injection
system starts, takes borated water from flooding stores and feeds it into the cold legs of the primary cool-
ant circuit. Continuously decreasing primary pressure initiates the low-pressure safety injection pump to
start up (0.9 MPa), taking over the work of the aforementioned one. Finally, if the flooding store is empty,
large amounts of water have been accumulated in the containment sump, so that the low-pressure system
can be switched into the sump water circulation mode, which is the stable afterheat removal mode. If a
large leak occurs, e.g. a rupture of the primary coolant pipe, the system pressure decreases so fast that the
high-pressure injection system cannot start early enough to counteract that accident. In this case the pres-
surized-water containing stores come into operation (2.5 MPa), which serve as water supply until the low-
pressure safety injection has started.

In modern PWR systems, this combination of equipment is connected to each primary loop, so that
four times 100 % of the maximum afterheat power can be removed (1 of 4 redundancy). An intermediate
water-to-water heat exchanger located in the sump water circulation piping serves for the final heat trans-
fer from the entire system to the environment (cooling tower, lake, river). Highest quality levels during
the fabrication of components, sophisticated supervision, repeated tests and the continuous replacement of
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components assure a very low non-availability of the afterheat removal systems. The dominant cause of
failures comes from the electric power supply for the pumps. Despite all efforts, a certain non-availability
remains, e.g. 10~ per demand. Therefore these sophisticated systems are not able to protect the environ-
ment completely against the consequences of a core meltdown.

Normally a system of stacked barriers retains the radioactivity inside the nuclear power plant: The
most significant are the fuel element, the primary circuit and the containment. After the decay heat re-
moval has failed, rising temperatures destroy this barrier system which is very effective during normal
operation. A complete long-term failure of the decay heat removal results in a core meltdown in case of
the current light water reactors. Associated with the course of the core meltdown a large-scale release of
fission products into the containment and afterwards a release into the environment is possible with par-
tially catastrophic effects. As a protection against accidents, especially a failure of decay heat removal,
nuclear power plants are equipped with complex safety components. Owing to these complex precaution-
ary measures, it is generally taken for granted, that accidents leading to a core meltdown will only occur
very rarely. This is also the reason why hitherto no installations to control possible core meltdown acci-
dents have been realized for the light water reactors currently in operation. A detailed description of core
melt accidents is very difficult due to the numerous interrelated physical and chemical phenomena
[SOGRS, 89GRS]. Therefore only approximate views and models are feasible. A very simplified model
which also allows the assessment of characteristic times up to the melting is presented here.

From the large variety of incident flows that can lead to a core meltdown, the following should be put
in focus: a large leak occurs in one of the main coolant ducts, the emergency cooling works, the hydraulic
accumulator and the low-pressure feeding from the flood vessel are operational. The “emergency and
decay-heat cooling system” stops operating after some 20 minutes after switching to “cooling with sump
water”. For the further course of the accident, the following models can be developed (Fig. 1.139): The
decay heat production results in a heating and evaporation of the water inside the reactor pressure vessel
(phase 1).

A lowering of the water level in the core area occurs, the upper zones of the core are heated and melt
(phase 2). Additionally hydrogen is formed above a temperature of approximately 950 °C by a chemical
reaction between the zirconium of the fuel element cladding and steam. This reaction is strongly exo-
thermic and further heats up the core. In a third phase the reactor vessel is penetrated by the corium
formed, and in a fourth phase the foundation of the containment could be destroyed.

Loss of coolant

v Phase 1: T ol Main coolant oi
» AREN e ain coolant pipe
Evaporation of core heating e T
cooling water \ : . )
Phase 2: £
¢ evaporation o Reactor pressure vessel
Melting of core, of water — 3%
reaction of . .
Zzirconium Phase 3: | Biological shield
¢ heating of reactor » j
i pressure vessel A e D " —— Containment sump
Penetration of , 4 Pt e S
reactor vessel by Phase 4 7 .
molten material penetration of i ey Reactor cavity
v concrete foundation i e W

Destruction of . .
reactor containment Foundation Containment

Fig. 1.139. Phases of core melt accidents in light water reactors.
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Furthermore accidents are imaginable which lead to a melting of the core under full pressure inside
the reactor cooling circuit. In this so-called high-pressure path, hydrogen is formed inside the core. At a
sufficiently high pressure the reactor pressure vessel will burst, the discharging hydrogen will ignite and
blow up the vessel parts, eventually leading to the destruction of the reactor safety building.

In order to visualize the characteristic occurrences a very simplified model can be introduced for the
core melt accident. It is assumed that the decay heat, for the time being, serves to evaporate the primary
circuit contents, then to melt the core and finally to produce the heat for the melting through of the reactor
pressure vessel.

In reality the evaporation of water as well as the core melting would take place simultaneously. More-
over the strong exothermic heat of the zirconium-steam reaction has to be considered in the heat balance.
An approximation for the first three stages leads to the following equations which already give a rough
picture of the characteristic time spans of the processes.

— Phase 1: water evaporation,
[ Py(@)-di=my-r, By()=F 6.22x10727%%  (zins). (1.283)
— Phase 2: melting of the core,

J22 Po0)-dt = o, | oy Ty, = Tuoy)+ B,

B B (1.284)
+mg - |:Cs ’ (TmS _Ts)+Ahsj|+ Mz, '|:ch '(Ter _TZr)+Ath:|'
— Phase 3: melting through of the reactor pressure vessel,
12 Py(0)- dt = mgpy (g (T, ~T)+Ah) -, (1.285)

with the decay heat power, Pp, the thermal reactor power prior to the shutdown, Py, the mass of the
evaporated water, m,,, the evaporation enthalpy of water, r, the specific heat, ¢, the melting point, T}, the
average temperature prior to the accident, T, the melting heat, Ak, and the share of the melting mass of
the reactor pressure vessel, mgpy. The indices denote fuel (UO,), steel (s), and zirconium (Zr). Character-
istic numbers for a large PWR are given in Table 1.33. For the melting process at normal pressure the
evaporation heat of water is » = 2400 kJ/kg. The factor € includes the part of the reactor pressure vessel
that is influenced by the melting process (£< 1).

Table 1.33. Characteristic data of a large PWR core (1300 MW (el)) for estimating time spans of core
melt accidents.

Material Mass T in operation  Tpei c JAY/ I

[t] [°C] [°C] [kJ/(kg:K)]  [ki/kg]
Uranium oxide 100 1000 2850 0.33 250
Zircaloy 20 400 1850 0.25 260
Steel in core 50 300 1450 0.45 260
Steel of reactor vessel 500-0.3 300 1450 0.45 260
Water 150

From these numbers the following time spans can be determined: 77=12h, -7 =1.1h,
73— 7, =20 min. This signifies that the core melt reaches the bottom of the reactor containment after
approximately 2.7 h. This time schedule matches rather accurately with results that were achieved within
the scope of complicated computer models (Fig. 1.140) [S9GRS]. The reasons for these time spans being
very limited are the high core power density of these reactors, as well as the limited storage masses inside
the core.
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Fig. 1.140. Water level, temperature distribution, and molten areas in the core of a large LWR (PWR) in case of a
core melt accident.

No such full-scale accident as described above has occurred until now. The accident at Three Mile Is-
land (USA) in 1979 led to a partial melting of the core, which remained inside the reactor pressure vessel
because the cooling circuits could be put in operation again. Figure 1.141 shows the status of the reactor
after the accident [920EC]. The probabilities for the occurrence of core meltdown accidents strongly
depend on the single plant considered, and obviously they differ significantly on a global scale. The
worldwide figures for the complementary probability of a core meltdown range between 10~ and 107 per
year. Furthermore, with respect to time spans of core meltdown, incidents of several variants can be dis-
tinguished.

Table 1.34 contains some characteristic time spans for different core melt accident scenarios: It is
thought that the main process is the core meltdown under low pressure (low-pressure path) — after a loss-
of-coolant incident the emergency cooling chain fails. The core then melts down under low pressure.

Core meltdown under high pressure (high-pressure path) is the second possibility — after an accident
with transients or in case of an accident with coolant loss through a small leak the heat-removal via the
steam generators completely ceases to operate. The reactor remains under high pressure. After meltdown
of the core and hydrogen formation the reactor pressure vessel may fail, the hydrogen can ignite, and
blown-up vessel parts may cause severe impact on the reactor containment. Core meltdowns can also
happen by an uncontrollable leak in the steam generator pipes. In this case it is assumed that the high-
pressure safety induction cannot be shut down, resulting in an overfeeding of the steam generator. The
cooling of the core can only be maintained as long as water reserves are still available inside the flood
tanks.

The grace periods until core destruction, corresponding to the accident assumptions, are within a range
of one to five hours (see Table 1.34).

Core melt frequencies for light water reactors were obtained by several probabilistic risk studies (see
Fig. 1.142). Dependent on the individual plants these values lie between 10~ and 107 per year. The long-
term goal for new plants is less than 107 per year.
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Fig. 1.141. Status of the core in Three Mile Island (USA) after a partial core melt accident (PWR, 1979).

NUREG1150 DRS EPS 1300 [ Siemens | NPI Internal events

Phase A Phase B EdF KWU
Zion Sequoya Surry Biblis B Paluel Konvoi EPR
Internal and external events

§ T 1 ntenal
@) incl. accident management
1) + T Oég Internal events (plant off power)
4 ! incl. accident management

Internal events incl. accident
management

Internal and external events

0O €O 60

_\
<
o

—H
%
®

&

Lower 5 % confidence limit

Core melt frequency [1/a]

_\
e
(=]

Upper 5 % confidence limit

. ~ | Goal Only one accident management
10 | measure considered

* —

Fig. 1.142. Core melt frequencies of light water reactors from probabilistic analyses.
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Table 1.34. Time spans for different core meltdown scenarios of a PWR.

Accident scenario Start of core melting Failure of RPV

[min] [min]
Core meltdown (low pressure) 55 120
Core meltdown (high pressure) 110 140
Core meltdown (low pressure) ) 330 410
Core meltdown (as a consequence of 540 710

rupture of steam generator pipe)

% Accident management included: transition of high-pressure path to low-pressure path by active depres-
surization of the primary circuit.

1.4.2 Consequences of core melt accidents

As a consequence of core meltdown accidents some distinct effects have to be considered, which have a
substantial effect on the integrity of the reactor containment. The occurrences that need to be pointed out
are presented in Fig. 1.143.

With the inner pressure being too high, failure of the reactor containment is possible. In a PWR a
pressure of about 8.0 bar would be reached inside the reactor containment after some four days, leading to
a high risk of failure of this component. The pressure is determined by the formation of steam, hydrogen,
CO, and CO (Fig. 1.144). This overpressure can be reduced by specific pressure relief and filtering. Fig-
ure 1.145 shows a system which is already introduced to light water reactors at present. Solid fission
products, iodine and aerosols are filtered out with the help of suitable beds of gravel, of water pools or of
metal fiber filters at a separation rate of more than 99 %. Noble gases pass these systems without being
retained.

Total loss of coolant + total loss of active decay heat removal
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Fig. 1.143. Failure of the reactor containment due to different reasons after core melt accidents.
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Fig. 1.144. Pressure rise inside the reactor containment after a core melt accident [§7Hen].

(H

Fig. 1.145. System containing shut-off valve to avoid ment, 2: outer part of reactor building, 3: pressure relief
overpressure, and filter in a PWR (1: reactor contain- valve system, 4: filtering system, 5: stack) [93Kes].

Failure of the containment foundations by melting through of the corium is thinkable, too. The hot co-
rium with a temperature of about 1500 °C can interact with the concrete of the foundations. These struc-
tures, depending on the strength of the foundations, can be severely penetrated within the course of sev-
eral days. Fission products can reach the groundwater and cause widespread contamination. This would
pose a very serious problem especially to sites on large rivers. According to the existing knowledge de-
rived from experimental work, a penetration rate of approximately 1 m of concrete per day is to be ex-
pected. Naturally this depends on the type of concrete.

So-called core-catchers can be considered as an effective countermeasure to prevent a melting through
of the foundations in future power plants. The core-catcher concept aims at maximizing the spreading of
the corium in order to provide a better long-term effect of suitably arranged cooling components aimed at
reducing temperatures (see Sect. 1.4.5).

Furthermore failure of the reactor containment by hydrogen explosion could happen. Hydrogen is
formed during the core meltdown by interaction between the zirconium alloy of the fuel element cladding
with steam, as well as by the later melting-through process of the concrete.
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Hydrogen is formed from zirconium and steam according to the exothermic reaction
Zr+2 H,0 - ZrO, +2 H, + AH . (1286)

The heat released during the reaction (AH = 586 kJ/mol) is rather high. For each ton of zirconium
converted, 550 m® (standard conditions) H, are produced, and an energy of approximately 7 MWh/t Zr is
released in addition to the decay heat. Altogether around 10000 m® (standard conditions) H, are formed
by the steam-zirconium reaction in a large PWR core (Fig. 1.146).

Hydrogen forms explosive mixtures when in contact with oxygen of the air. The explosion limits in
air have been determined to be in a range of 4 to 75 volume % (Fig. 1.147). Beyond these combustion
limits a self-reliant propagation of the flames inside the mixture is impossible. Beside the gas/steam ratios
already mentioned the combustion limits also depend on the steam content, as well as on the original
temperature of the mixture. The ignition energies needed to trigger the reaction, at a minimum of 0.02 mJ,
can be considered as being very low and always available.

Under special conditions detonation combustion is also possible, in this case an overpressure of al-
most 15 bar can be reached, the detonation limits are in a range of 13 to 59 volume % H, in air. The entire
explosion energy released amounts to some 2 kg TNT per 1 m® (standard conditions) of combustible gas.
Due to these facts, severe damage to the reactor containment has to be expected in case of hydrogen ex-
plosions or even hydrogen detonations. The formation of the hydrogen from the zirconium reaction hap-
pens within a time span of less than one hour, because the reaction rate is very high.

As countermeasure against the hydrogen-related problems inside the reactor containment in BWRs
almost the complete containment was made inert. As an alternative, inside some PWRs catalytic recom-
biners were installed, which can recombine 150 m® (standard conditions) of H, per hour in a single unit
(Fig. 1.148). These systems have sufficient dimensions for small amounts of hydrogen. In the future mas-
sive failure incidents will require recombiners of significantly greater capacity, as well as precautions in
order to command the huge amounts of heat resulting from the exothermic reaction.
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Fig. 1.146. Build-up of hydrogen inside the reactor containment (1st phase: zirconium reaction during meltdown,
2nd phase: reactions in the molten core with metals) [01Bro].
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Another failure mechanism of the reactor containment is caused by steam explosion: In case of con-
tact between finely spread melt and water a sudden evaporation can occur with the initiation of a com-
pression wave. The intensity of such an explosion depends on the share of heat stored inside the core melt
which can be transformed into mechanical energy for the shock wave.

Preconditions for the occurrence of a shock wave which could damage the reactor safety building are
for instance the following: sufficiently high mass of melt, intense heat transfer, small partition of the melt
mass (1072...1 mm), extremely short time spans for fragmentation (107 s), and long contact times. Ac-
cording to the already existing results from experimental work, such a sequence is considered to be ex-
tremely unlikely.

In future reactors the bottom of the containment could be designed in such a way that a finely dis-
persed corium penetrating into a water sump becomes basically impossible.

A very extreme assumption on accidents is the failure of the reactor safety building after a core melt-
down under high pressure: The reactor initiates a self-reliant shutdown assuming that the entire supply of
electrical energy fails, including even the redundant diesel-fired emergency generator. Nevertheless the
secondary-side feed of the steam generator ceases to operate.

First of all the decay heat from the primary side is conducted to the steam generators which then blow
off their entire water content (approx. 250 m’ in a 1300 MW plant) from the secondary side. After some
45 minutes the entire water is evaporated and the secondary-side heat source does not exist anymore.
Pressure and temperature inside the primary circuit increase until the pressure relief valves at the pressur-
izer start to react. By blowing off first, the pressure within the primary circuit decreases up to the moment
that the pressure relief valves close again. After that a renewed pressure increase occurs by evaporation
inside the primary circuit until the armatures are opened again. This process is repeated as long as the
water level inside the core is lowered to the point that parts of the core remain uncovered. The core is
further heated up, which results in a melting process as well as in the formation of hydrogen. The partial
melting of the core finally results in a failure of the core structure, and the core melt falls into the lower
conical head of the reactor pressure vessel. After some 4 hours, with the pressure inside the primary sys-
tem still being at a high level, the bottom of the cone is penetrated, the hydrogen leaks out of the primary
circuit and ignites.

With the sudden pressure relief the vessel supports become extremely stressed. A massive energy and
mass input from the reactor pressure vessel into the safety vessel takes place. If the actuation pressure of
the hydraulic accumulator gets undershot, the water content can flood into the core melt. Consequently a
further strain upon the safety vessel by evaporation of the hydraulic accumulator occurs. It needs to be
examined whether the support of the reactor pressure vessel can fail in such a way that the upper part of
the reactor pressure vessel can penetrate the containment on the upper side. A premature release of large
amounts of fission products into the environment would be the consequence of such a core meltdown
incident with high-pressure failure.

As counter measures against the high-pressure path, it is nowadays scheduled to change the incident
progression (high-pressure path) into a low-pressure path through pressure relief of the primary circuit.
Core meltdown frequencies have been evaluated in many probabilistic risk assessments. Characteristic
numbers are 10~ to 107 per year dependent on the specific plant. It is evident and easily understandable
that nuclear power plants have different standards of safety all over the world. Even in the same country,
the probalility varies for different plants because of their layout and construction date. It can be recog-
nized that a continuous reduction of the core melt frequency was achieved during the last decades. Unfor-
tunately, however, a great number of nuclear power plants with (intolerably) high core damage frequen-
cies is still in operation worldwide. It is necessary to shut down these plants or at least to upgrade the
plants to an adequate standard of nuclear safety.

The final result of risk analyses is the frequency (complementary) of early and delayed fatalities
(Fig. 1.149). These studies show that the risk for private persons to be killed by a nuclear accident is very
small compared to the risks arising from civilization. However, the results also indicate that a small
(complementary) probability exists for large areas to be contaminated and a large number of people to be
killed by radioactive products. This requires at least a resettlement for a long period combined with a loss
of area. The consequences of the catastrophic accident in Chernobyl have demonstrated this problem very
drastically [96Inf, 96Bir].
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Fig. 1.149. Frequency (complementary) of fatalities from the German risk assessment for PWRs (25 plants) in com-
parison with the results of the American risk assessment (100 plants).

1.4.3 New safety requirements for future nuclear power plants

A further global development of nuclear energy use requires the preservation or the restoration of its
acceptance within the society in some countries. This acceptance must be based on a secure prevention of
catastrophic releases of radioactivity in case of severe accidents. These safety characteristics for future
nuclear power plants were already stipulated by the state authorities in Germany in 1994. The modified

German atomic law (§ 7 paragraph 2a) includes the following requirements for future nuclear power
plants [94Bun]:

“... that also incidents, the occurrence of which is virtually excluded by measures taken to prevent
damages, would not require incising measures to prevent harmful impact of ionizing radiation outside the
plant itself.”

In the scope of the solitary statement used for parliamentary discussion, the terms of the text are fur-
ther determined. It is required that “incidents with melting of the core” can be controlled and that
“evacuations are not necessary”. This explicitly includes demands that no evacuations and resettlements
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are allowed. The main requirements towards a future nuclear energy use therefore consist of the following
points which clearly exclude potential impact enumerated in earlier nuclear risk studies: no immediate
deaths among the population, no later deaths among the population, no land contamination and no related
evacuations and resettlements. These are requirements of great importance that have been demanded in
the field of reactor safety already for a long time.

It has to be added that these new safety characteristics of the plants have to be proved and that fur-
thermore these requirements have to be assigned to all other activities such as supply and disposal in the
nuclear energy economy.

Figure 1.150 clarifies the requirements related to a future nuclear technology: the retention of the ra-
dioactivity inside the reactor has to be efficient enough to limit the releases to the environment in case of
an incident to an amount of less than 107 of the overall inventory. These new requirements mean that
corresponding to the INES scale (Fig. 1.151) no incidents of the levels 5, 6 or 7 are allowed to be possi-

ble.
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Fig. 1.151. The INES (International Event Scale) of the IAEA, 1992 [90Int].
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Of course, the details of the nuclear technology described above, also labelled as “catastrophe-free nu-
clear technology”, have to be defined in further detail. As is shown in Fig. 1.152, incidents resulting
(1) from an inner cause, or (2) from a predictable outer cause have to be distinguished. Basically the plant
has to be designed to withstand the incidents mentioned above. Incidents or malfunctions of future plants
are not allowed to cause any unallowed radiological impact outside the power plant itself.

Category 3 includes incidents that exceed by far the legal framework of the approval process. For this
case, special examinations as well as other extraordinary measures could be necessary. For instance an
underground location of the plant itself could be a reasonable option against impact from outside which
has not been considered in the licensing process.

A typical distinction between accidents of category 2 and 3 is seen from earthquake assumptions. In
many countries today the design against acceleration values of @ = 0.3 g (3 m/s°) is normal standard, natu-
rally there is a small probability (< 107 per year) that higher acceleration values than 0.3 g can occur. To
be protected even against this extreme impact the design of nuclear power plants must be very robust, for
instance the safety functions must not depend on machines.

1.4.4 Paths of development of new reactor systems

There is considerable worldwide effort to meet the advanced safety requirements of future power plants.
To fulfill the demands of the German atomic law, two paths of development are basically imaginable
(Fig. 1.153).

Current commercial light-water reactors could be upgraded in such a way that core meltdowns, which
can occur in case of extreme incidents, are retained inside the reactor containment. Below the reactor
pressure vessel a catcher component (core-catcher) has to be installed in order to catch and cool down the
core melt. The reactor safety building has to be designed with additional strength in order to support
weights and strains which can occur during the course of a core meltdown incident. The reactor safety
building has to remain tight over a long period, and the radioactive materials have to be sufficiently re-
tained, as to ensure that no unpermittable radioactive contamination can cause impact outside the plant.
Therefore a reactor containment of appropriate dimensions and design is the decisive component for reac-
tor safety, as well as for the protection of the environment. The EPR system, which is described in
Sect. 1.4.5, represents such a new solution.
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Reactors with core melt and core-catcher system . Reactors without core melt
- Core can melt . - Core can never melt
- Reactor vessel can - - Fuel elements stay intact
_ be destroyed . - Reactor vessel and reactor
\ - Reactor containment - Non-meltable containment stay intact
stays intact . core
\J v : n v
K q . )\ s
Core-catcher Insignificant fission : NS Insignificant fission
product release . N << product release
a to the environment b to the environment

Fig. 1.153. Possible ways to meet future safety requirements: (a) reactor with a meltable core and core-catcher,
(b) reactor with a non-meltable core and self-reliant decay heat removal.

As an alternative there are nuclear reactors which are designed such that a melting of the core after a
complete loss of coolant and a failure of all active cooling systems is excluded by physical laws. High
temperature reactors with specific design and layout of the fuel elements and the core fulfill this require-
ment (see Sect. 1.4.6). The decay heat is removed from the reactor exclusively by self-reliant mechanisms
such as heat conduction, heat radiation and free convection of air, with the fuel elements remaining below
a critical temperature. A complete failure of heat removal from the core is not possible in these plants. It
has to be ensured that the fuel elements are not damaged or even destroyed by strong nuclear transients,
unpermitted corrosion or mechanical strains that are too great. In the case of this reactor concept the qual-
ity of the fuel elements is of decisive importance. Apart from the fuel elements as “barriers” there are of
course additional barriers like the primary circuit and the reactor building which also reduce the size of
the release of radioactivity to the environment.

1.4.5 Reactor system with retention of the molten core

The European Pressurized Water Reactor (EPR) [92Hue, 99Fab, 95Bue] is designed with components to
control meltdown accidents of the core as well as possible consequences resulting from such incidents
because the residual risk of current commercial light-water reactors is mainly determined by core melt-
down incidents and by the possible consequences. For the EPR (Fig. 1.154) it is planned to hold back an
already occurred core melt inside the reactor containment, to cool it down, and thereby retain the com-
plete fission products inventory inside the plant itself. The concept of this reactor (Pg, = 4900 MW) is
based on PWRs of the German convoi type and the French N4 design line.

Some important parameters of this plant are given in Table 1.35. The main characteristics of fuel ele-
ment and core design, as well as the main thermodynamic data of the primary circuit and the steam cycle
are similar to those of well-known PWR technology.

Table 1.35. Some important parameters of the EPR.

Thermal power 4900 MW
Electrical power 1700 MW
Primary coolant temperatures ~ 292.5 — 330 °C
Primary pressure 160 bar
Secondary steam conditions 74.6 bar/280 °C
Average burn-up 60000 MW d/t
Max. enrichment 5 weight % U-235
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Core- Reactor IRWST
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Fig. 1.154. Primary system of the EPR (1700 MW (el), IRWST denotes the internal refueling water storage tank).
(Courtesy of Framatome ANP GmbH).

The decay-heat removal systems and the emergency cooling systems are supposed to include high-
pressure and low-pressure feed systems with high redundancy, which were introduced for PWRs already
long ago. For the reactor containment a double-walled construction is intended. The storage building for
the burned fuel elements is arranged outside the containment in order to ensure free access to it in case of
an incident. Thereby it is ensured that the unloaded fuel elements are coolable in the long term even after
the most serious incidents.

The implementation of a water-cooled core-catcher at the bottom of the reactor containment (see
Fig. 1.155) is planned as well. Additional safety installations are intended to exclude negative impact of a
core meltdown on the environment. First of all there are components for pressure relief of the reactor
containment, which are meant to achieve a decrease of the increased inner pressure after a couple of days
in order to protect the containment against structural failure. This is already proven technology today.
Linked incident-filters largely retain the fission products which mainly consist of solid fission products
and aerosols.

Noble gases pass through the filters and are released to the environment via the chimney. The steam
generators can be supplied with additional water or be pressure-relieved in case of an incident. Feedings
via external auxiliary units into the secondary circuit are possible in order to raise the availability of the
heat sink further.

The primary circuit can be pressure-relieved by opening the valves of the pressure vessel. Thereby the
so-called high-pressure path can be transformed into a low-pressure path and the containment can be
protected from a quick failure. Water can be fed into the primary circuit from additional water storage
tanks.
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Fig. 1.155. RPV and core-catcher of the EPR. (Courtesy of Framatome ANP GmbH).

In the reactor containment, hydrogen recombiners are intended to recombine continuously the hydro-
gen which could be formed during the core meltdown incident from the reaction of the zirconium with the
fuel element cladding. Explosive gas mixtures which could result in unallowably high pressures inside the
containment shall be prevented. As an alternative an inertization of the containment is imaginable as was
already introduced as a safety measure for boiling water reactors.

At the bottom of the reactor containment a new component, the so-called core-catcher, is installed in
order to absorb the core melt. It has the task to cool the so-called corium efficiently over a long period.
Figure 1.157 shows the course of the maximum fuel element temperatures after the beginning of the inci-
dent, assuming total failure of the active core cooling at the point 7 = 0.

Under certain incident assumptions, after 1...2 h the melting temperature of the fuel elements
(2850 °C) is reached and the molten material, after melting through of the RPV’s conical head, falls into
the core-catcher inside which it needs to remain and be cooled for thousands of hours. With respect to the
efficiency of the system, the proof will have to be provided, that interactions of the core melt with materi-
als of the core-catcher, as well as possible steam explosions and the forming of large amounts of hydro-
gen inside the containment can be controlled.

The important parameters which determine the conditions of cooling down a molten corium spread
over a large area can be derived from a simplified energy balance, as shown in Fig. 1.156.

Inside the corium layer there is a temperature profile with a temperature difference between the sur-
face and the inner zone of the order

m

AT, =G -(S/2)* A, (1.287)

with q'z being the power density in the corium, s the thickness of the corium layer, and A, the heat conduc-
tivity of the corium. If direct water cooling is applied to cool the corium surface, the energy balance delivers:

dT,
c.os A —S= . ) —rity - F,
PeCc dt th fD() W (1.288)
fo (1) =0.062-1792,
where p, and ¢, are the corium density and specific heat capacity, respectively; the mass flow and evapo-
ration heat of water are denoted by m,, and r, respectively. If radiation from the surface and cooling at
the bottom side of the corium are the main cooling processes one obtains:

drT, .
pc'CC'S'A'd_tC:Pth'fD(t)_Ql_Q2' (1.289)
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Fig. 1.156. Schematic arrangement of corium on the bottom structure of a core-catcher consisting of ZrO, +
cast iron + concrete.

For the heat losses from the corium the following assumptions can be made:

Or=4-2:Cy | (T, 1100)* =Ty, 100" |, 1290
0y =k A-(Te~Too). |
For the decay heat production the approximation
Py(t)=Py,-0.062-17%2  (zins) (1.291)
is valid after a longer time. The differential equation,
AT _Fyn 006 1 02 &G 'l(ff—Teiv. )— 4 ‘l(Tc—Tcool)’ (1.292)

d  p,-cg s-4 108pc.cc s Pe Co S
can be solved and shows the typical time dependence displayed in Fig. 1.157.

From (1.292) it is evident that the corium layer should be as thin as possible and that the spreading
area should be as large as possible. In addition, the heat transfer number, &, should be as large as possi-
ble to remove the heat to the cooling system effectively.

The currently favored EPR concept of a core-catcher is shown in Fig. 1.155. The entire amount of co-
rium (approx. 150 to 250 t consisting of UO,, ZrO,, steel, fission products) is supposed to spread out on a
surface of some 150 to 200 m”. The layer thickness amounts to some 10 cm. From above the melt is sup-
posed to be cooled in direct contact with water until it finally becomes solid. As far as aspects of con-
struction are concerned, the core-catcher could consist of large plates of cast iron. An upper layer of ZrO,
could take care of a spatial separation of the melt material and the cooling water in the lower part and
thereby enable long-time cooling without direct contact to water.

T

melt

Tfuel’ Tcorium

Melting
of core

Cooling
of corium

=|

Fig. 1.157. Development of tempera-
tures in the core, Ty, and in the core-
catcher, T,.;um, after a core melt acci-
Time t dent.
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This overall significantly modified pressurized-water reactor system can meet the requirements of a
future catastrophe-free nuclear technology if the following demands can be fulfilled and demonstrated
within the scope of large-scale experiments.

— Function of the core-catcher: Spreading of the corium on the surface as well as sufficient cooling of
the core melt inside the installation over a long period have to be demonstrated. The preservation of
the basement structure of the reactor containment over a long period has to be ensured.

— Ability to control the hydrogen formed during the incident: Immediate recombination of the H,, or
absorption of burdens from hydrogen detonations potentially occuring inside the reactor safety build-
ing with the help of corresponding pressure-tight inner components has to be proven.

— Exclusion of or ability to control a bursting of the reactor pressure vessel: This can be achieved, for
instance by a burst protection around the reactor pressure vessel or by pre-stressed components for the
reactor pressure vessel.

— Exclusion of or ability to control steam explosions: This can be achieved by a suited design of the
containment bottom. This means that water, which has flown into the reactor swamp during the emer-
gency cooling stage, has to be protected from contact with the molten and possibly finely-dispersed
material.

— Ability to control the high-pressure core meltdown: With the help of accident-management measures
the primary circuit gets pressure-relieved in time and at a high level of reliability.

— The aim to guarantee an integral tightness of the reactor safety building over long periods after a se-
vere incident: This requires a great deal of work to provide the necessary proof. According to the
German atomic law only less than 10~ of the radioactive inventory is allowed to be released to the
environment in the long term. Besides a double-walled design of the reactor containment, this requires
distinct solutions concerning the construction of the reactor safety building.

The entire concept of the EPR is currently being planned in detail. First of all it has to be validated by
experimental research and then be demonstrated by help of a prototype plant. Hitherto the cost analysis of
the producers shows that in spite of all the additional safety components the investment costs remain in an
acceptable range, considering that in the long term this technology will have to be competitive with power
plants which are operated using hard coal or natural gas from the world market.

1.4.6 Principles of inherently safe reactors without core melt

A reactor core can never melt and cannot be destroyed by other accidents if four principles of stability are
fulfilled (see Fig. 1.158): These are nuclear, thermal, chemical and mechanical stability. In this case, if
the fuel temperatures are limited to allowed values by a suited design, the fission products are retained
inside the fuel elements, and practically no radiological consequences occur outside the nuclear power
plant.

With respect to the thermal stability demanded, the decay heat has to be removed from the core in a
self-reliant way without the necessity of any applications of auxiliary machinery. The fuel temperatures
must not exceed the allowed limits, ensuring that the fission products and fission material remain inside
the fuel elements in all possible incident cases.

Nuclear stability means that in case of all imaginable incidents a self-reliant limitation of the nuclear
power and the fuel element temperatures takes place. The fuel temperature, too, must stay below allowed
values in these incidents.

The principle of chemical stability includes that the fuel elements are either designed to withstand any
corrosion by media entering the primary system, or the primary circuit is designed in a way that guaran-
tees that a massive assault of corrosive media from outside can be excluded. The fuel elements structures
therefore remain intact in all incident cases.

Concluding, the principle of mechanical stability requires that no mechanical impact from an inner or
predictable outer cause is possible which could alter the consistence or dimensions of the core. The prin-
ciples enumerated are obviously feasible for a high temperature reactor (HTR) of suitable design and
dimensions (see Sect. 1.4.7).
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Fig. 1.158. Principles of inherently safe reactors and four principles of stability.

A necessary precondition for this behavior of the reactor is that the fuel elements can retain the fissile
material and fission products up to high temperatures. In Sect. 1.4.7 coated-particle fuel will be explained,
which is suited for this requirement.

In order to explain the concept of inherently safe reactors, first the principle of thermal stability can be
described and mathematically assessed rather easily, and the important parameters can be identified. Re-
ferring to a very simplified model for the core area as shown in Fig. 1.159 the following energy balance
equation can be set up:

—_ dT : . :

P'C'VCE:PD(f)_mc'Cc(To_Ti)_mw"’_Qv- (1.293)
Here, p represents the material density, ¢ the specific heat capacity in the core, V- is the core volume,
T is the average fuel temperature in the core, Pp denotes the decay heat power, 7, -7 includes the
evaporation of water, and QV characterizes the heat losses from the surface of the core:

Oy=k-A4.-(T-T,), (1.294)

where & is an average heat transport coefficient which covers the effective heat conductivity in the core,
the heat transport in the reactor structures, and the heat transfer from the surface of the reactor vessel to
the environment; 4. denotes the surface area of the reactor vessel, and 7, is the temperature of the envi-
ronment. The decay heat production is described by the approximation (1.291), given a sufficiently long
operation of the reactor.
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Fig. 1.159. Model for the principal possibilities of decay
me heat removal from the core (heat balance of the core).

Altogether the differential equation describing the time-dependent average fuel temperature inside the
core has the form:

t c - C
p_ ¢ o P ¢ (1.295)
- AT 2 e (T-T,).
p-cVe p-c-V

Three important cases can be discussed on the basis of (1.295):

(a) The normal case is that the active decay heat system works (7iz, # 0), therefore d7 /dt <0 is possi-
ble. For the PWR the heat losses, QV, are very small compared to the decay heat production, Pp; the
evaporation of water (71, -7) is excluded in the normal decay heat procedure. In total the fuel tem-
perature is reduced by the mass flow (7z;) through the core, which is driven by a redundant and di-
verse decay-heat removal system. This is the normal procedure of decay heat removal for all types of
reactors.

(b) The function of the active decay heat removal is not available (,=0). In LWRs, because of

<< Py, the temperature of the core rises up until melting, as explained in Sect. 1.4.1:
v D p p g Y

_ —w 02
dT _ 0.062-q -t

dar 3 My, T
dt pc pcV,’

(1.296)

Here, c_}’”:Pth/ V. is the average power density in the core. The fuel temperature increases up to a
value of T = Tiere = 2850 °C. The gracetime for this process is:

mr 10852 1.25
T= T —T + w_ = _ ' -
{( melt ~ 7o) ﬁ.E.VJO.O&-QM} | |

This time span, 7, is in the order of 1...2 h in today’s light water reactors. Large quantities of water
(my) in the primary system and a smaller average power density in the core (¢”) would help to
achieve longer gracetimes. The PIUS concept, which uses a very large water pool inside a pre-
stressed concrete reactor vessel for a PWR core, is an example for this possibility.

(c) The third case is characterized as follows: There is a total failure of active decay heat removal
(m,=0), no water being available in the primary system which could be evaporated (71, = 0), but
the heat losses through the surface of the reactor pressure vessel are in the same order as the decay
heat production (Q, = Bp).
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The last case cannot be realized for a large LWR core (Py, = 3000...4000 MW) but for the core of an
HTR with Py, =200...400 MW. The differential equation for the fuel temperature is now:

g ] .T//r _ e A _
AL _009%:4 02 _ K % (7_g,. (1.298)
dr p-c pc v

This equation can be solved with the initial condition 7(z =0) = 7_"0 A qualitative solution is shown
by curve 3 in Fig. 1.160. Curve 1 represents the normal decay heat removal corresponding to case a),
curve 2 belongs to case b) for the melting accident. The decay heat in a first phase after start of the acci-
dent (loss of coolant and loss of active decay heat removal) is mainly stored inside the fuel elements and
the structure of the reflectors, and in a second phase the heat is given off from the surface of the reactor
vessel just by radiation, conduction and free convection of air. The maximum temperature in the core,
Tax, must never exceed an allowed value, which is 1600 °C for spherical HTR fuel elements with
TRISO-coated particles (see Sect. 1.4.7).

1 Cooling of core by active
decay-heat removal loops

2 Core heating up after total loss
of active cooling

3 Self-reliant decay heat removal
for core of an inherently safe reactor
just by conduction and radiation of heat,
as well as by natural convection of air

Fuel temperature T¢

Time t

Fig. 1.160. Time dependence of fuel temperatures for different decay-heat removal scenarios.

From these considerations it can be stated that the following features of the reactor core are essential
for the self-acting decay heat removal:

— low power density in the core (¢”),

— high heat conductivity in the core (Ag),

— short distance for the transport of heat inside the core,

— high heat storage capability of the core (p -¢),

— high temperature stability of the core materials,

—  high heat transfer numbers through the core structures (& ),
— high ratio of surface to volume of the core (4./V),

— permanent outer heat sink outside the reactor vessel.

Additionally there are some requirements for the integrity of the fuel elements:

— corrosion protection of the fuel elements, or limitation of the amount of corroding substances,
— no unallowed temperature rise by nuclear transients.

The differences between a reactor core which needs active cooling and a system which follows the
principle of self-acting decay heat removal are pointed out in Fig. 1.161.

It can be stated that not only the overall heat balance for the fuel elements must be fulfilled, but that
there must also be enough mass to store the decay heat as soon as possible in the fuel and in the surround-
ing material. Here, coated-particle fuel with very small diameter (0.5 mm) surrounded by a graphite ma-
trix shows big advantages compared to pellet fuel (typical diameter 10 mm) in a canning surrounded by
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water. The latter type of fuel, which is operated with high power density in the core (PWR: 100 MW/m?),
always needs water to fulfill the heat balance.

Typical time spans for the storage of decay heat in the structures of the core can be gained from a
simple energy balance for the first phase after the loss-of-cooling accident:

_ 7
me -c. - AT, = j By(?)-dt, (1.299)
0

which gives for the HTR cores (with ~ 3MW/m® power density) discussed below a value of 7; of around
20...30 h. In the second phase the decay heat must be released mainly from the surface of the reactor
vessel,

Oy=Py=a-A-(T,-T,), (1.300)

with the average heat transfer number, &, the surface of the reactor vessel, 4 , and the wall temperature of
the vessel, T,,. After a time span of 30 h this condition can be fulfilled by a well-designed HTR with a
thermal power of 200 MW, a vessel diameter of 5.5 m, and a wall temperature of around 400 °C.

Naturally the radial temperature profile in the core and the heat transport in the core structures have to
be taken into account as well. The radial temperature profile is influenced especially by the effective heat
conductivity in the core, A.. The temperature difference, AT, between the surface and the center of the
core depends on the average power density, g, the core radius, R, and the time factor of the decay heat
function (fp = 3 %o after 30 h):

4R’
AT, ==—. (1.301)
4 etr
a “ b “ 7-melt
1 Heating up after loss of active cooling
w 2 Self-acting decay heat removal:
< ® d foeTdv=Pyf - G
& g & 1P eTav=Pyf - Q.
-q:) ’é,- T:ax< TsHow
g 2
ks S,
[N TF
t t
¢ Pellet d Coated particle
Py Pp
/ Qout ‘(@
£ C-matrix
By >>O0oyt» T =2850°C in lh By =Ouyt» TE™ <1600°C after 30h

Fig. 1.161. Comparison between reactors with different (loss of coolant and total loss of active cooling) for two
principles of decay heat removal. (a) Time dependence types of nuclear reactors. (c¢) Heat balance and condi-
of decay heat production. (b) Qualitative time depend- tions of fuel stability for a reactor with core melting,
ence of the maximum fuel temperature in an accident and (d) for a reactor without core melting.
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All other structures inside the reactor pressure vessel cause an additional temperature difference,

Ar*=1_, l*zzi+z L

(1.302)

which has to be added to estimate the maximum temperature in the core. Here, ¢; are heat transfer coeffi-
cients, /; are heat conductivities, and s; are thicknesses of different layers in the radial core structure.
Moreover, ¢” denotes the heat flux.

Naturally today all these calculations are carried out with 3-D computer programs including all details
of space-dependent heat production and heat transport in all layers and regions of the reactor (see
Sect. 1.4.7).

The differences between the principle of active cooling and the principle of inherently safe decay heat
removal are are depicted in Fig. 1.162. Active systems can be carried out with a very high degree of re-
dundancy and diversity, but there remains a very small probability that they can fail. On the other hand,
inherent mechanisms of decay heat transport out of the reactor can never fail because it is only processes
like heat conduction and radiation, as well as natural convection of air that are involved.

Self-acting limitation of the nuclear power and the fuel temperatures in all cases of disturbance of the
neutron balance is a prerequisite for nuclear stability of the reactor system.

The neutron balance in the reactor can be disturbed by failures in the shutdown system or changes in
the core composition. As an example for an extreme accident the sudden movement of all rods of the first
shutdown system out of the core can be considered. In this case, when the reactivity value, Ap,, is larger
than the amount of delayed neutrons, f, large problems normally occur in present power reactors because
of the damage to fuel elements. In the following it will be shown that nuclear technology offers solutions
to resist even these extreme accidents if the design and layout of the fuel elements and the core meet the
necessary conditions.

A simplified estimate on prompt excursions will demonstrate the reactor characteristics that are im-
portant in this context. It is assumed that a prompt excursion occurs with a gain of reactivity, Apy; there
will be a negative feedback by a strongly negative nuclear Doppler coefficient (/') of the U-238 or Th-232
resonances of the breeding material inside the fuel elements. The temperature rise of the fuel will be
AT(t), the energy produced during the transient time, ¢, will be E(%). It is assumed that all the energy pro-
duced will stay inside the fuel (mass myg, specific heat cf) in a first phase. In order to simplify the calcula-
tion the kinetic equations employ the point approximation [64Mee].

a Afterheat removal b  Afterheat removal by
by active loops conduction, radiation, and
natural convection (self-acting)

Fig. 1.162. Concepts of decay heat removal: (a) present reactors, (b) inherently safe reactors.

Landolt-Bornstein
New Series VIII/3B



170 1.4 Safety questions [Ref. p. 182

For the reactivities, p(¢), the energy, E(f), and the kinetic equations, one finds the following relations:

p()=Apy—T-AT(1), (1.303)

AE(t)=mF-cF-AT(t)=}P(t’)-dt’, (1.304)
0

Z_'%:[(l—ﬂ)'k—l]';ﬂxl-c, ‘ii—f=/1~c+ﬂ~¢. (1.305)

Because only short times are considered, the approximation dC/dz = 0 shall be assumed in the second
kinetic equation, and ¢= ¢(0) as a consequence for the flux equation (/ is the lifetime of the prompt
neutrons). The neutron flux, the reactor period and the reactor power are defined by:

dgp _ k(-1

= , 1.306
dr l ¢ ( )
L_p0) _ A _ AT (1.307)
T / / /

- = L—a'AE(t); o =T/ mg-cp), (1.308)
T 7o
P(t) = Ep-Zp-0(1)- VR, (1.309)
ld _ 1 (1.310)
P dt T
From the above relations the following integral equation for the reactor power results:

t
192 1 L iPay.ar, (1.311)
P dt 7y 0

t
£= P~i—a-P-jP(t’)-dt'. (1.312)
dt 7o 0

This is the well-known Fuchs equation describing prompt nuclear transients. A solution can be found by
methods known from the theory of integral equations or by numerical calculations. A relatively simple
way of finding an approximate solution, which gives insight into the important parameters during the
transient, is given by the following consideration starting with the expression:

1.ar = L—0{-E. (1.313)
P dt )

A maximum of P(f) is given by:

% =0 at Py, (1.314)

With E,.x defined as the energy at maximum power, Py, one obtains:

Epax = . (1.315)
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For the power depending on the energy variation in time the following equation is valid:

p=Lp-%pp. (1.316)
() 2

Because of Py << P the maximum power results as:

po=tp Zp o 1 (1.317)

% max 2' max — 0(2_'02 .

If the specific boundary condition, P =0, P = Py, is chosen, the time dependence of the energy during
the transient can be calculated from the differential equation,

dE_1 p 2 p (1.318)
dr TO 2

with the following solutions for energy and power:

2 1

E@t)= —_— 1.319
() O(.TO 1+e—t/2'0 ( )
—1/1'02
P(t)=E -2 7 2 T (1.320)
dr a1y (1+e'/70%)

A qualitative representation of the time dependence of the reactivity, the reactor power, and the tempera-
ture is given in Fig. 1.163.

A

p(f) P

v

Time t
Fig. 1.163. Time dependence of reactivity, p, power, P, and temperature, 7, during a prompt reactivity transient.

The total energy generated during the excursion is approximately:

2
oty

Eigtal = 2-Epax = (1.321)

Substituting the characteristic parameters of the reactor, which have been mentioned above, the fol-
lowing results are obtained for the main parameters of the transient:

P = 1 _ mpecpApy”
max a7} 2.1-T

, (1.322)
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Eioal = o = , (1.323)
0]

ATy = Dol _ 820 (1.324)
mF 'CF F

Related to these dependencies a nuclear reactor that can resist even extreme nuclear transients must
fulfill the following characteristics:

— large negative reactivity feedback (esp. temperature coefficient 7),

— small excess reactivity in the core (A o),

— large permanent heat capacity in the core (myg - cp ),

— temperature-stable material in the fuel elements (ceramics),

— large span for storage of additional heat within the fuel; low fuel temperatures in normal operation,
— fission product retention in the fuel elements at higher temperatures (coated-particle fuel).

These conditions are fulfilled for the reactor design explained in the following section. This design
employs entirely ceramic fuel elements and the disperged arrangement of fuel in the form of coated parti-
cles in a graphite matrix.

Figure 1.164 shows a comparison between LWR fuel (pellets) and pebble-bed HTR fuel (TRISO-
coated particles) for a reactivity accident with p > f. The aspects to be considered are the reactivity bal-
ance and the heat balance for the fuel. In addition a fuel specification (7™ < T:""°%) must be fulfilled.
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Py [ P(t)-dt>>[ Qg (£)-dt P, [P(t)-dt=] Qg (£)-dt
0 0 0 0
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Fig. 1.164. Comparison of the behavior of nuclear re- perature. (b) Conditions of LWR fuel (pellets), and
actors in case of extreme reactivity accidents. (c) of HTR fuel (TRISO-coated particles).
(a) Qualitative behavior of reactivity, power, and tem-

From this comparison one can state that it is not sufficient to have the negative feedback of the void
coefficient or temperature coefficient. Rather it is also necessary in a first phase to store the heat, which is
generated by the transient, in the fuel element; in a later phase the heat must be distributed in the core by
self-acting processes (heat conduction, heat radiation, free convection) in order to limit the maximum fuel
temperatures. On the one hand, the fuel must become hot as fast as possible to obtain the negative nuclear
feedback, but on the other hand, the heat of the transient must be released as soon as possible from the
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fuel region to realize low temperatures in these zones of the reactor. Coated particles with a very small
diameter (0.5 mm) embedded in ceramic material with high heat conductivity (C, SiC) have the best pre-
conditions to fulfill these requirements.

The damage rate of coated particles in irradiation experiments with high heat-up rates has been meas-
ured (see Fig. 1.165) and demonstrates the very good retention of fission products in these transients even
if the additional energy deposition in the fuel is high [89Kug].

Overall it can be stated that it is possible to realize fuel elements and reactors which cannot be de-
stroyed even in case of extreme reactivity accidents.
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1.4.7 Inherently safe high temperature reactors without core melt

A reactor system which can fulfill the principles of stability, as well as the requirement of the core not
melting in accidents and nearly no fission products being released is the high temperature reactor (HTR).
One of its main safety-relevant features are the fuel elements. Today it is well known that TRISO-coated
particle fuel with fuel kernels of very small diameter (0.5 mm) embedded in a graphite matrix retain the
radioactivity almost completely for a long period up to a maximum temperature of 1600 °C in accidents.
This is achieved by a very dense system of ceramic layers around the small kernel (pyrolytic graph-
ite/silicon carbide/pyrolytic graphite). A representation of the coated particles inside the spherical fuel
elements is given in Fig. 1.166. In the USA HTR fuel elements with prismatic structure have been devel-
oped.

Figure 1.167 displays typical results of heating experiments for spherical fuel elements which show
that the retention of fission products in accidents up to a temperature of 1600 °C is very good [86Sch,
92Han].

The main requirement is to design a nuclear reactor in which the fuel temperature never exceeds a
value of 1600 °C in all accidents and which fulfills the four principles of stability mentioned in
Sect. 1.4.6.

An HTR which employs the principle of self-reliant decay heat removal and in which the maximum
fuel temperature in severe accidents (loss of coolant and loss of active decay heat removal) is limited to
values of less than 1600 °C has been designed by Siemens, featuring a thermal power of 200 MW
[90Loh, 88Hoc, 82Reu]. The concept is depicted in Figs. 1.109a and 1.168. The cylindrical core has an
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average power density of 3 MW/m’, a diameter of 3 m and a height of 9.4 m. The fuel elements are
spheres which contain the fuel in the form of TRISO-coated particles as explained above. The main tech-
nical parameters of this reactor are summarized in Table 1.36.

The core is cooled by helium flowing from top to bottom through the core, bing heated up from
250 °C to 700 °C at 60 bar. The core is arranged inside a thick graphite reflector and a core barrel. The
connection to a steam generator vessel is carried out as a coaxial duct. The reactor is continuously loaded
with fresh fuel elements during operation. Fuel elements which have reached the final burn-up are con-
tinuously removed from the reactor. Partly burned fuel elements are recycled through the reactor several
times. By this type of fuel management no excess reactivity for burn-up compensation has to be installed
in the core. Together with the always strongly negative temperature coefficient of reactivity, this is a very
important feature of the reactor with respect to nuclear stability. The shut-off and control elements are
arranged in holes inside the side reflector. These are rods for the first system, and small absorber balls
which can fall into the holes for the second system. Mechanical interactions with the fuel elements are

avoided.

Coated particle Fuel element

U0, kernel

Graphite matrix

Fig. 1.166. HTR spherical fuel element (diameter: TRISO-coated particles (diameter of vessel: 500 um,
60 mm) containing a large number (10000...20000) of  thickness of C/SiC/C layers: 50/30/50 pm).
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Fig. 1.167. Release rates (fractions) of important fission (TRISO-coated particles, LEU fuel): (a) release rate of
products from spherical fuel elements in accidents %Kr vs temperature, (b) release rates at 1600 °C vs time.
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Fig. 1.168. HTR module reactor with a thermal power of
2 200 MW: (a) cross section through the reactor building
(1: reactor vessel, 2: steam generator vessel, 3: primary
concrete cell, 4: surface cooler); (b) horizontal cross sec-
tion through the reactor building showing two modular
reactors (1: reactor vessel, 2: steam generator vessel). See
also Fig. 1.109a. (Courtesy of Framatome ANP GmbH).

The steam generator is arranged side by side to the reactor pressure vessel, the helium circulator is in-
stalled at the top of the steam generator. The primary system of the reactor is arranged inside a primary
cell made from concrete. The surface of the concrete cell is equipped with a simple water cooling system,
a so-called surface cooler. The reactor building must mainly protect the reactor against impact from out-
side. This reactor has a totally different behavior in severe accidents compared to today’s reactors. The
decay heat is removed from the core only by self-acting processes like heat conduction, radiation and free
convection to the external surface cooling system via the reactor pressure vessel. If this water-cooled
system fails as well, the decay heat is absorbed by the concrete in the primary cell around the reactor
vessel and released from there to the environment.

Graphical representations of the temperatures during an accident are shown in Fig. 1.169. Even for the
additional assumption that the very simple surface cooler outside the reactor vessel fails, the maximum
temperature in the core stays below 1600 °C. Therefore this reactor can never melt, and the fission prod-
ucts stay inside the fuel elements. The reactor does not need any machine or installation for decay heat
removal, with only the natural mechanisms of conduction, radiation and convection working. This behavior
has been proven in the AVR reactor, as well as in large experiments, and it can be proven in the future in full
scale in a real reactor. The principle of thermal stability is fulfilled for this reactor under all circumstances.

The maximum power which can be realized in a cylindrical core under these safety conditions can be
estimated relatively easily. For the parabolic temperature distribution inside the core at the time ¢*, at
which the maximum fuel temperature occurs, one obtains:

Tmax R
L) =g o )= T AT =10 o ) S
rear r Tsurface 0
(1.325)
Tnax - R2
[ AT)dT=4" fp (t*)—.

4

Tsurface
The final result for the thermal power per length of the reactor is:

Ph 1 Tmax
T _4n | A(T)-dT. (1.326)

H  fp(t*)

With characteristic values of 1 =10 W/mK, Tiax — Tsurtace = 500 K, fo(t*)=3 x 107 after 30 hours, the
result is Py/H =20 MW/m.

Tsurface
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Table 1.36. Technical parameters of the HTR module reactor.

Process Steam turbine cycle
Thermal power 200 MW
Electrical power 80 MW
Net efficiency (wet cooling tower) 40 %
Average power density 3 MW/m®
Helium pressure 60 bar
Helium inlet temp. into the core 250 °C
Helium outlet temp. from the core 700 °C
Core diameter 3m
Core height 9.43 m
Control and shutdown rods

Ist system 6 rods

2nd system (KLAK) 18 positions
Number of fuel elements 375000
Diameter of fuel elements 6 cm
Fuel UOZ
Enrichment 8.6 %
Coated particle TRISO
Burn-up 80000 MW d/t
Steam temperature 530°C
Steam pressure 180 bar
Feed water temperature 200 °C

Indeed the modular HTR mentioned above has a height of 9.4 m and a thermal power of 200 MW. For
the release of decay heat from the surface of the reactor pressure vessel at time ¢* the following relation is

valid:

PD=§'27T*'Ra'H'(Twall_Tenr.)' (1.327)
Therefore the maximum thermal power under this condition is:

An _ 1

F_W'a'zn'Ra'H(Twall_Tenr.)' (1.328)

With @ =8 W/m’K, R,=3m, Tyui— Lo =400 K, and fp(r*)=3x 10 one obtains again

Py/H =20 MW/m.

From these considerations including another temperature drop inside the core structures of 600 K the

maximum temperature of 1500 °C in the hottest part of the core (see Fig. 1.169) is explained.

The requirement of self-reliant limitation of the nuclear power and the fuel element temperatures to
guarantee nuclear stability is fulfilled, too. The core has virtually no excess reactivity to compensate for
the burn-up; the temperature coefficients are highly negative. Also in case of ingress of water into the
core there can be a negative back-coupling coefficient, because an overmoderation can be achieved by a
suited fuel element design (50 % blind spheres inside the core).

In case of a fast removal of the shutdown elements from the HTR core, the latter would even with-
stand such sudden prompt reactivity incidents. A self-reliant limitation of the nuclear power and fuel
element temperatures (< 1600 °C) are also ensured in this case. Figure 1.170 shows this behavior for the
assumed incident, namely a sudden loss of the entire first shutdown system (1 s, 10 s) [94Sch].
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It was assumed that the reactor pressure vessel could never burst; therefore a deformation of the core
and the ingress of large amounts of air would be excluded. This corresponds to the worldwide LWR
safety philosophy. The power of the reactor can be higher and the assumption made before can be left out
if prestressed primary enclosures are used. In contrast to the known cylindrical core with a thermal power
of 200 MW, when using an annular core with an annulus width of 1.5 m and an average core power den-
sity of 3 MW/m’® a reactor with a thermal power of 300 MW can be realized. The total primary system
enclosure is prestressed with radial and axial tendons to prevent bursting of the vessel. The primary sys-
tem is enclosed in an inner primary concrete cell, around which there is a reactor building to protect the
reactor against impact from the outside (see Fig. 1.171). Underground siting even prevents dangerous
consequences of terroristic attacks on the plant.

Cast steel is especially suited as a vessel material. Cast steel rings as well as caps and basement plates
are welded gas-tight by outer welded lip seal gaskets. The application of spherical cast iron (with an inner
liner) as a vessel material is also possible. Prestressed concrete vessels with conductive structures in the
cylindrical area of the reactor pressure vessel are also feasible and applicable here. The thermal power of
such a reactor unit according to present-day vessel technology amounts to some 300 MW [02Kug]. Lar-
ger power values can be achieved by parallel operation of several reactors. As it is the case for steam
generators, gas turbine systems or the components of a combined cycle (gas/steam turbine system or
cogeneration process) can also be arranged inside the second vessel. The principles of thermal stability
and of nuclear stability are fulfilled as discussed above.

There is a self-reliant preservation of the structure of the fuel elements, too. The penetration of large
amounts of air into the primary circuit causing unallowed damage to the fuel elements is impossible due
to the burst-proof and prestressed design of the primary circuit. The possible openings of the primary
system are very small (diameter 65 mm). As indicated by Fig. 1.172 the amount of air available for corro-
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sion processes is limited by a tight inner concrete cell to = 5000 m®, which corresponds to a maximum
corrosion of 500 kg of graphite. By intervention this number can be reduced to 100 kg.

The penetration of large amounts of water into the primary circuit is also controllable by means of the
chosen concept. Normally the amount of water which can enter the primary circuit is limited by a real-
time cut-off of the steam generator in case of damage and a stop to the feed water pump. Even if it is
assumed that the entire water content of the secondary circuit reaches the primary circuit, in this case into
the steam generator pressure vessel, no unallowed impact on the core can occur. The blower would im-
mediately cease operation after a massive water ingress. Water flows into the core according to the rele-
vant partial pressure and leads to a shutdown of the nuclear chain reaction. The overpressure is relieved
and decreased by safety valves, rupture discs and finally by opening of welding lips of the prestressed
vessel. Corrosion by hot steam inside the core is strongly limited and never threatens the 1600 °C con-
cept.

For the self-reliant preservation of the integrity of the primary circuit systems the prestressed vessel
system (see Fig. 1.173) plays a key role in the safety concept [92Fro, 00Fro]. In case of an unallowably
high pressure increase, which was not decreased by safety valves or rupture discs already beforehand, a
welding lip opens between the cast steel rings of the vessel and lowers the overpressure via this opening.
The integrity of the reactor pressure vessel is never in jeopardy during this procedure. This fact is essen-
tial to the ensuring of nuclear and chemical stability. Damage to the core internals in case of coolant loss
incidents is impossible if a prestressed vessel is used, because the pressure transients remain restricted to
very small values. This overpressure behavior of prestressed pressure vessels was tested with a
prestressed cast steel vessel: a two-fold overpressure was relieved by blowing off via a welding lip with-
out any problem.

Prestressed reactor pressure vessels with the attribute to be burst-protected even in case of very high
overpressure have often been realized in AGR plants and in HTR prototype plants. Figure 1.174 shows
the THTR 300 reactor vessel which was built, licensed and operated (inner diameter 15 m, inner height
15 m, inner helium pressure 40 bar, prestressed axial and radial tendons, liner is insulated against 250 °C
helium and cooled by water on the concrete side).

Outer impacts that are predictable and were also considered during the approval process include air-
plane crashes, gas cloud explosions, earthquakes, tornados and flooding. These are controlled by help of
the very thick-walled outer confinement. The essential safety functions of the HTR such as shutdown,
decay heat removal and enclosure of fission products are always ensured by inherently safe principles
(Fig. 1.175). Some possible outer impacts which exceed the already known incidents,could mostly be
controlled by underground plant location or by covering the confinement with suitable solid soil layers.
These extraordinary incidents would include extreme earthquakes, sabotage, or war-related impact.
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Fig. 1.170. Transient in case of total loss of the first shutdown system (o= 1.2 %): (a) thermal power versus time,
(b) maximum fuel temperature versus time.
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elements).

Maximal
corrosion

500 A-----------o--

Intervention

Corroded graphite Am [kg]

v

100 | ===~ :
|
I

Time

Fig. 1.172. Concept to avoid large corrosion effects in the HTR core structure in case of air ingress after a loss-of-

coolant accident.
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Fig. 1.173. Concept of (a) prestressed reactor vessel compared to (b) steel vessel.
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Fig. 1.174. Prestressed concrete RPV (THTR 300): (a) horizontal, and (b) vertical cross section; 1: radial tendon,
2: concrete structure, 3: liner with cooling and insulation, 4: shutter tube, 5: axial tendon, 6: penetration.

The HTR containment does not need to be as dense as that of an LWR (see Fig. 1.176). The real bar-
rier for the fission products in all accidents are the 10° coated particles inside the fuel elements. They
cannot be destroyed by accidents and have a very good retention capability for the fission products and
fissile materials. The HTR containment building, however, has to be designed against outer impact, too
(as the LWR containment). That means a wall thickness 2 m of concrete, as used e.g. for the most re-
cently built nuclear power plants in Germany.

Overall the release rates of fission products are very small. The filter can additionally retain nearly all
the solid and aerosol-type fission products which have been released from the fuel elements during heat-
up accidents. Following the experience from HTR plants and the heating-up experiments for spherical
fuel elements with TRISO particles, the final release to the environment is very small, as required in
Sect. 1.4.6. The inventory of e.g."*’Cs is 2.5 x 10’ GBq, from which less than 10 GBq would be released
to the environment including the action of the filter.
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An overall assessment of the HTR safety characteristics leads to the result that no catastrophic inci-
dent consequences with large releases of fission products are possible. The system behavior described can
be integrally demonstrated by means of a full-scale experiment [04Kug]. The decay heat can be simulated
by help of electricity, and all enumerated incident situations can be modeled and verified in an experi-
mental way. This is possible because it is a non-meltable system, so that all experiments can be carried
out in a much more simple way than is the case for real corium in case of severe accidents of LWRs.

Obviously it can be demonstrated for the HTR that a catastrophe-free nuclear technology is possible.

Assumption:
— Extreme earthquake destroys the reactor building
— Reactor is completely covered with building rubble

Temperature [°C]
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Fig. 1.175. Aspects of HTR safety: behavior of the reactor system after an extreme accident (reactor covered with
rubble).

LWR — After a core melt acci- HTR = No core melt possible,
dent there are ~ 10° Ci no unallowable over-
inside the containment. heating and no destruction

~ Only one barrier of fuel elements possible.
available (containment).

- Destruction by melt-
through of foundation,
H2 detonation,
steam explosion or high-
pressure path possible.

— Very large release of Fuel element with
radioactivity possible. TRISO-coated particles

- Retention of nearly all
fission products in 10°
coated particles (barriers).

— Only very small release
of radioactivity possible.

Fig. 1.176. Aspects of HTR safety: comparison of fission products retention for LWR and HTR.

Landolt-Bornstein
New Series VIII/3B



182

1.5 References for 1 [Ref. p. 182

1.5 References for 1

53Cas

57Bon

58Eth

58Wei

60Dre

61Gla
63Gla

64Mee

64Tai
66Wil

69Sau
70Bel

71Fra

71Gra
72Bed
72Mus
73Fos
7401d
75Mor
76Bra
76Smi
77EPR

TTFar
T7Lew

77Wei

79Smi
80Den
80Deu
80GRS
81Ben
81Wal

82Eme

82Reu

Case, K.M., de Hoffmann, F., Placzek, G.: Introduction to the Theory of Neutron Diffusion,
Los Alamos Scientific Laboratory, Los Alamos (1953).

Bonilla, C.F. (ed.): Nuclear Engineering, McGraw Hill Book Company, New York, Toronto,
London (1957).

Etherington, H. (Edit.): Nuclear Engineering Handbook, McGraw Hill Book Company, New
York, Toronto, London (1958).

Weinberg, A.M., Wigner, E.P.: The Physical Theory of Neutron Chain Reactors, University of
Chicago Press (1958).

Dresner, L.: Resonance Absorption in Nuclear Reactors, Pergamon Press, Oxford, London,
New York, Paris (1960).

Glasstone, S., Edlund, M.C.: Kernreaktortheorie, Springer-Verlag, Wien (1961).

Glasstone, S., Sesonske, A.: Nuclear Reactor Engineering, Van Nostrand, Toronto, Princeton,
New Jersey, London, New York (1963).

Meem, J.L.: Two Group Reactor Theory, Gordon and Breach Science Publishers, New York,
London (1964).

Tait, J.H.: An Introduction to Neutron Transport Theory, Longmans (1964).

Williams, M.M.R.: The Slowing Down and Thermalisation of Neutrons, North Holland Pub-
lishing Company, Amsterdam (1966).

Sauer, A.: Siedewasserreaktoren fiir Kernkraftwerke, AEG Telefunken (1969).

Bell, G.I., Glasstone, S.: Nuclear Reactor Theory, Van Nostrand, Reinhold, New York, Cin-
cinnati, Toronto, London, Melbourne (1970).

Fratscher, W., Felke, H.: Einfiihrung in die Kernenergetik, VEB Deutscher Verlag fiir Grund-
stoffindustrie, Leipzig (1971).

Graham, J.: Fast Reactor Safety, Academic Press, New York, London (1971).

Bedenig, D.: Gasgekiihlte Hochtemperaturreaktoren, Thiemig Verlag, Miinchen (1972).

Musil, L.: Allgemeine Energiewirtschaftslehre, Springer-Verlag, Wien, New York (1972).
Foster, A.R., Wright, R.L.: Basic Nuclear Engineering, Allyn and Bacon, Boston (1973).
Oldekop, W. (ed.): Druckwasserreaktoren fiir Kernkraftwerke, Karl Thiemig, Miinchen (1974).
Morison, W.G.: Pickering Generating Station, Journal Brit. Nucl. Energy Society 19 (1975).
Brandstetter, A., Eitz, A.W. et al.: SNR-300, Nucl. Engineering International (July 1976).
Smidt, D.: Reaktortechnik, Teubner, Karlsruhe (1976).

EPRI: Study of the development status and operational features of heavy water reactors, EPRI
NP-365 (1977).

Farmer, F.R.: Nuclear Reactor Safety, Academic Press, New York, San Francisco, London (1977).
Lewis, E.E.: Nuclear Power Reactor Safety, John Wiley & Sons, New York, Chichester, Bris-
bane, Toronto (1977).

Weisman, J.: Elements of nuclear reactor design, Elsevier Scientific Publishing, Amsterdam,
Oxford, New York (1977).

Smidt, D.: Reaktorsicherheitstechnik, Springer-Verlag, Berlin, Heidelberg, New York (1979).
Dent, K.H.: The standing of gas cooled reactors, Nuclear, No 4 (1980).

Deutsche Risikostudie Kernkraftwerke, Phase A, Verlag TUV Rheinland (1980).

GRS: Deutsche Risikostudie Kernkraftwerke, Phase A, Verlag TUV-Rheinland (1980).

Bennet, D.J.: The Elements of Nuclear Power, Longman, London, New York (1981).

Waltar, A.E., Reynolds, A.B.: Fast breeder reactors, Pergamon Press, New York, Oxford, To-
ronto, Sydney, Paris, Frankfurt (1981)

Emendorfer, D., Hocker, K.H.: Theorie der Kernreaktoren, Bibliographisches Institut, Mann-
heim, Wien, Ziirich (1982).

Reutler, H., Lohnert, G.H.: Der modulere HTR — ein neues Konzept fiir den Kugelhaufenreak-
tor, Atomwirtschaft 27 (Jan. 1982).

Landolt-Bornstein
New Series VIII/3B



Ref. p. 182] 1 Nuclear fission energy 183

83Han
83Kes
83Lam
83Zie
84KWU
84Mel
85Wil
86Boh
86IAE
86Sch
87Can
87Hau
87Hen

88Hoc

88Per
88Ton

89GRS
89Kug

89Per
90AVR
90Int
90Loh

91Ul
92Bri

92Fro

92Han
92Hue
92Kni

92Led
92Mod

Hansen, U.: Kernenergie und Wirtschaftlichkeit, Verlag TUV Rheinland, K&ln (1983).

Kessler, G.: Nuclear Fission Reactors, Springer-Verlag, Wien, New York (1983).

Lamarsch, J.R.: Introduction to Nuclear Engineering, Addison-Wesley, Reading, Menlo Park,
London, Amsterdam, Don Mills, Sydney (1983).

Ziegler, A.: Lehrbuch der Reaktortechnik (I-III). Springer-Verlag, Berlin, Heidelberg, New
York, Tokyo (1983).

Hochtemperaturreaktor-Modul-Kraftwerksanlage, Referenzkonzept, Band I u. II, KWU/Inter-
atom (1984).

Melese, G., Katz, R.: Thermal and flow design of helium cooled reactors, American Nuclear
Society, La grange Park, Illinois, USA (1984).

Wilbur, L.C. (ed.): Handbook of Energy Systems Engineering, Wiley Series in Mechanical
Engineering Practice, New York, Chichester, Brisbane, Toronto, Singapore (1985).

Bohn, T. (Hrsg.): Handbuchreihe Energie, Kernkraftwerke, Technischer Verlag Resch, Verlag
TUV Rheinland (1986).

The accident at the Chernobyl nuclear power plant and ist consequences, IAEA Experts Meet-
ing (1986).

Schenk, W., Pitzer, D., Nabielek, H.: Spaltproduktfreisetzungsverlauf von Kugelbrennelemen-
ten bei Storfalltemperaturen, JUL-2091 (Oct. 1986).

Candlisk, J.R.: Candu 300 — Advances in constructability, Small and medium sized nuclear
reactors, Lausanne (1987).

Hauptmanns, U., Herttrich, M., Werner, W.: Technische Risiken, Springer-Verlag, Heidelberg,
New York, London, Paris, Tokyo (1987).

Hennies, H., Kuczera, B.: Stand der internationalen Sicherheitsforschung, Sicherheit und Un-
fallbeherrschung bei DWR- und SWR-Kernkraftwerken, Inforum (1987).
Hochtemperaturreaktor-Modul-Kraftwerksanlage, Sicherheitsbericht, Bd. 1-3, Siemens/Inter-
atom (Nov. 1988).

Pershagen, B.: Light water reactor safety, Pergamon Press, Oxford, New York (1988).

Tong, L.S.: Principles of design improvement for light water reactors, Hemisphere Publishing
Corporation, New York, Washington, Philadelphia, London (1988).

GRS: Deutsche Risokostudie Kernkraftwerke, Phase B, Verlag TUV Rheinland (1989).
Kugeler, K., Schulten, R.: Hochtemperaturreaktortechnik, Springer-Verlag, Berlin, Heidelberg
(1989).

Pershagen, B.: Light Water Reactor Safety, Pergamon Press, Oxford, New York, Beijing,
Frankfurt, Sao Paulo, Sydney, Tokyo, Toronto (1989).

AVR — Experimental High Temperature Reactor, VDI-Verlag (1990).

Internationale Bewertungsskala fiir bedeutsame Ereignisse in Kernkraftwerken, IAEA (1990).
Lohnert, G.H.: Technical Design Features and Essential Safety Related Properties of the HTR-
Module, Nuclear Engineering and Design 121 (1990) 259-275.

Ullmanns Encyclopedia of industrial chemistry, VCH, Weinheim (1991).

Britisch Electricity International: Modern Powerstation Practice, Vol. 7, Nuclear Power Gen-
eration (1992).

Frohling, W., Kugeler, M., Hammelmann, K.H., Phlippen, P.W.: Konstruktionsmerkmale und
Entwicklungsziele von vorgespannten StahlguBBbehiltern, 18. MPA-Seminar, Stuttgart (1992).
Hantke, H.J.: Performance of high quality HTR-LEU-fuel elements with TRISO-Coated parti-
cles, HTA-IB-7/92 (Dec. 1992).

Hiittl, A.: Ein deutsch-franzosisches Kernkraftwerk fiir Europa und den Weltmarkt, Winterta-
gung des Deutschen Atomforums, Inforum, Bonn (1992).

Knief, R.A.: Nuclear Engineering, Taylor + Francis, Washington (1992).

Lederer, B.J.:, Wildberg, D.W.: Reaktorhandbuch, Carl Hanser Verlag, Miinchen, Wien (1992).
Modern Power Station Practice, Vol. J: Nuclear power generation, Pergamon Press, Oxford,
New York, Seoul, Tokyo (1992).

Landolt-Bornstein
New Series VIII/3B



184 1.5 References for 1 [Ref. p. 182

920EC OECD/NEA: TMI-2 Examination results from the OECD-CSNI-program, Vol. 1, A (CSNI/R)
91.9 (April 1992).

93Eme  Emendorfer, D., Hocker, K.H.: Theorie der Kernreaktoren, Bdz. BI, Wissenschaftsverlag
Mannheim, Leipzig, Wien, Ziirich (1993).

93Kes KeBler, G., Faude, D., Ehrhardt, J.: Sicherheitskonzept gegenwértiger Druckwasserreaktoren,
KfK-Nachrichten, 25, No. 1 (1993).

93Kug  Kugeler, K., Phlippen, P.W.: Energietechnik, Springer-Verlag, Berlin, Heidelberg (1993).

93Rub  Rubbia, C. et al.: An Energy Amplifier for Cleaner and Inexhaustible Nuclear Energy Produc-
tion Driven by a Particle Beam Accelerator, CERW/AT/93-47 (ET) (1993).

94Bow  Bowman, C. et al.: Accelerator Driven Transmutation Technology, The Los Alamos National
Laboratory ADTT Update, No. 1 (July 1994).

94Bun  Bundesgesetzblatt Nr. 46, 1994: Gesetz zur Sicherung des Einsatzes von Steinkohle in der
Verstromung und zur Anderung des Atomgesetzes und des Stromeinspeisegesetzes, Bonn
(28.7.1994).

940EC OECD/NEA: The economics of the nuclear fuel cycle, Paris (1994)

94PSI Paul Scherrer Institut (PSI): Jahresbericht, Wiirenlingen, Switzerland (1994).

94Rub  Rubbia, C. et al.: Status Report on the Energy Amplifier, CERN (1994).

94Sch  Scherer, W. et al.: Zur selbsttdtigen sicheren Begrenzung von nuklearer Leistung und Brenn-
stofftemperatur in innovativen Kernreaktoren, Forschungszentrum Jiilich, KFA-Bericht, JUL-
2960 (Aug. 1994).

95Bue  Biirkle, W.: Sicherheitstechnik fiir neue Kernkraftwerke, Entwicklungsperspektiven, VDI-
Berichte, Nr. 1181, VDI-Verlag, Diisseldorf (1995).

95Hen  Hensing, 1., Schultz, W.: Simulation der Entsorgungskosten aus deutscher Sicht, Atomwirt-
schaft, 40. Jahrg., Heft 2 (1995).

95Kan  Kanzleiter, T., Seidler, M.: Katalytische Rekombinatoren zum Abbau von Wasserstoff, Atom-
wirtschaft, No. 6 (1995) 392-396.

95Mic  Michaelis, H., Salander, C. (Hrsg.): Handbuch Kernenergie, Verlags- und Wirtschaftsgesell-
schaft der Elektrizititswerke mbH, Frankfurt (1995).

96Bir Birkhofer, A.: Kerntechnik und Reaktorsicherheit — 10 Jahre nach dem Tschernobylunfall,
Atomwirtschaft (4/1996).

96Bre Breitung, W., Royl, P., Travis, J.R., Wilkening, H.: Analysen zur Wasserstoff-Verteilung,
Atomwirtschaft, Vol. 42, No. 6 (1996) 411-416.

96Inf Der Reaktorunfall in Tschernobyl — Ursachen, Hintergriinde, Folgen und Lehren, Inforum,
Bonn (1996).

97Jah Jahrbuch der Atomwirtschaft (1997).

97Liz Lizana-Allende, P.L.: Unterkritische Systeme in der Nukleartechnik-Energieproduktion,
Transmutation und Spaltstofferzeugung, JUL-3389 (1997).

980EC OECD/NEA: Projected costs of Generating Electricity — update (1998).

99Dro  Droste, B.: Brennelementbehilter auf dem Priifstand, Mensch + Umwelt Spezial, GSF —
Forschungszentrum fiir Umwelt und Gesundheit, 13. Ausgabe (1999).

99Fab Fabian, H.U., Teichel, H.: Der Européische Druckwasserreaktor (EPR) — Stand und Ausblick,
Atomwirtschaft, 44. Jahrg. (1999) 2.

00Dur  van den Durpel, L., Bertel, E.: Globalisation of the nuclear fuel cycle. Impact of developments
on fuel management, Atomwirtschaft, 45. Jahrg., Heft 2 (2000).

00Fro Frohling, W. et al.: Vorgespannte Druckbehélter fiir innovative Anwendungen in der Kern-
technik, Schriften des Forschungszentrums Jiilich, Reihe Energietechnik, Bd. 14 (2000).

00GKN  GKN-Schrift: Strom aus Neckarwestheim — die Technik (2000).

00Kug Kugeler, K., Phlippen, P.W., Alkan, Z., Kugeler, M.: Sicherheitsanforderungen fiir zukiinftige
Kernkraftwerke, Report JUL 3785 (July 2000).

01Ato  Atomwirtschaft, 46. Jahrg. (2001).

Landolt-Bornstein
New Series VIII/3B



Ref. p. 182] 1 Nuclear fission energy 185

01Bar
01Bre
01Bro
01Jah
01Sta
01Zus

01Zwi
02Boe

02Kug
02Paa

02Wir
04Kug

Barthel, F., Wellmer, F.W.: Uranvorkommen und Uranversorgung, Atomwirtschaft, 46. Jahrg.,
Heft 10 (2001).

Brettschuh, W., Schneider, D.: Moderne Leichtwasserreaktoren — EPR und SWR 1000, Atom-
wirtschaft, 46. Jahrg., Heft 8-9 (2001).

Brockerhoff, P., Reinecke, E.A., Eickel, LM.: Untersuchungen zur Betriebssicherheit katalyti-
scher Wasserstoffrekombinatoren, JUL-3907 (Sept. 2001).

Jahrbuch der Atomwirtschaft, Handelsblatt Fachverlag, 32. Jahrgang (2001).

Standortnahe Zwischenlager, Inforum Verlag (2001).

Zusammenstellung der Betriebsergebnisse deutscher Kernkraftwerke, private communication
(2001).

Zwischenlager-Workshop der RSK, BMU, FZJ, Bericht des Forschungszentrums Jiilich (2001).
Bohmer, B. et al.: EinfluB der Gammastrahlung auf die Schidigung von Druckbehiltermateria-
lien und auf reaktordosimetrische Messungen, FZR-356 (2002).

Kugeler, K., Barnert, H., Phlippen, P.W., Scherer, W.: Safety of HTR — State of knowledge
and necessary research, OECD/NEA, Paris (2002).

Paavola, M.: A new Power Plant for Finland, Atomwirtschaft, 47. Jahrg., Heft 3 (2002).
Wirtschaftsverband Kernbrennstoffe (2002).

Kugeler, M., Kugeler, K., Hohn, H., Alkan, Z.: Untersuchungen zu einem inhérent sichereren
HTR-Konzept, JUL-Bericht des Forschungszentrums Jiilich, in press.

Landolt-Bornstein
New Series VIII/3B



	PREVIOUS DOCUMENTFILE
	NEXT DOCUMENTFILE
	 
	Springer
	LB-Home
	Contents: Nuclear Energy
	Title pages, Contributors, Preface, Table of contents
	Title pages
	Contributors
	Preface
	Table of contents

	0  Introduction to nuclear fission and fusion energy technologies (K. Heinloth)
	1  Nuclear fission energy (K. Kugeler, E. Kugeler, N. Pöppe, Z. Alkan, W. Grätz)
	1.1  Principles of fission reactors
	1.1.1  The fission process
	1.1.2  The controlled chain reaction and the critical arrangement
	1.1.3  Principle of a nuclear reactor
	1.1.4  Some necessary fundamentals
	1.1.4.1  Cross sections
	1.1.4.2  Neutron flux and reaction rates
	1.1.4.3  Neutron spectrum
	1.1.4.4  Diffusion of neutrons
	1.1.4.5  Slowing down of neutrons
	1.1.4.6  Resonance escape probability

	1.1.5  Reactor equations and critical reactors
	1.1.5.1  Reactor equations
	1.1.5.2  Aspects of criticality

	1.1.6  Neutron balance and heat production in an LWR core
	1.1.6.1  Neutron balance of the core
	1.1.6.2  Heat production in the core

	1.1.7  Some aspects of reactor physics
	1.1.7.1  Burn-up of fissile materials and build-up of higher isotopes
	1.1.7.2  Building up of fission product inventory
	1.1.7.3  Xenon and samarium poisoning
	1.1.7.4  Reactivity coefficients
	1.1.7.5  Time behavior of reactors, kinetic equations
	1.1.7.6  Dynamic equations
	1.1.7.7  On the importance of fission products in nuclear technology


	1.2  Nuclear power plants
	1.2.1  Overview of different reactor types
	1.2.2  Pressurized water reactors
	1.2.2.1  Plant overview
	1.2.2.2  Components of the core
	1.2.2.3  Components of the primary system
	1.2.2.4  Reactor containment
	1.2.2.5  Reactor safety systems
	1.2.2.6  Auxiliary systems
	1.2.2.7  Steam turbine plant

	1.2.3  Thermohydraulic aspects of the core and of the fuel elements
	1.2.4  Operating experience
	1.2.4.1  Availability of power plants
	1.2.4.2  Release of radioactivity to the environment
	1.2.4.3  Radiation inside nuclear power plants
	1.2.4.4  Fuel handling
	1.2.4.5  Control

	1.2.5  Accidents in the design area
	1.2.5.1  Overview
	1.2.5.2  Loss of coolant
	1.2.5.3  Break of steam generator pipe
	1.2.5.4  Loss of power and failure of turbine
	1.2.5.5  Break of pipes in the secondary system
	1.2.5.6  Loss of a control rod
	1.2.5.7  External events

	1.2.6  Other types of nuclear reactors
	1.2.6.1  Boiling water reactors
	1.2.6.2  CANDU reactors
	1.2.6.3  RBMK reactors
	1.2.6.4  Advanced gas-cooled reactors (AGR)
	1.2.6.5  High temperature reactors
	1.2.6.6  Liquid metal cooled fast breeder reactors (LMFBR)
	1.2.6.7  New concepts in nuclear technology


	1.3  Economic aspects
	1.3.1  Calculation formula for the generating costs of electricity
	1.3.2  Investment costs
	1.3.3  Capital factors
	1.3.4  Hours of full-power operation
	1.3.5  Efficiencies of plants
	1.3.6  Burn-up of nuclear fuel
	1.3.7  Costs of nuclear fuel
	1.3.8  Costs of intermediate storage and final storage of spent fuel or high-level radioactive waste
	1.3.9  Overall nuclear fuel cycle costs
	1.3.10  Personnel costs and costs for auxiliary materials
	1.3.11  Total generating costs of electricity in nuclear power plants
	1.3.12  Comparison of generating costs
	1.3.13  External costs

	1.4  Safety questions
	1.4.1  Core melt incidents in light water reactors
	1.4.2  Consequences of core melt accidents
	1.4.3  New safety requirements for future nuclear power plants
	1.4.4  Paths of development of new reactor systems
	1.4.5  Reactor system with retention of the molten core
	1.4.6  Principles of inherently safe reactors without core melt
	1.4.7  Inherently safe high temperature reactors without core melt

	1.5  References for 1

	2  Risk analyses and protection strategies for the operation of nuclear power plants (W. Kröger, with contributions from J. Mertens, D. Kogelschatz, S. Chakraborty)
	2.1  Introduction
	2.2  Technical fundamentals
	2.3  Protection strategies
	2.3.1  Basic philosophy
	2.3.2  Commonly shared principles and future requirements
	2.3.3  Future role of probabilistic safety analysis (PSA)

	2.4  Methodology of PSA
	2.4.1  Structure and scope
	2.4.2  Basic mathematical techniques
	2.4.3  Fundamentals of Level-1 PSA
	2.4.3.1  Selection of initiating events
	2.4.3.2  Event sequence and system modeling
	2.4.3.3  Data for assessment of frequencies
	2.4.3.4  Treatment of dependences
	2.4.3.5  Human actions and reliability

	2.4.4  Level-2 PSA
	2.4.5  Level-3 PSA
	2.4.6  PSA codes
	2.4.7  Treatment of uncertainties
	2.4.8  Expert judgment
	2.4.9  Team expertise and quality assurance issues
	2.4.10  Data collection

	2.5  PSA applications and results
	2.5.1  Status of PSA activities
	2.5.2  Results and insights from Level-1 PSA
	2.5.3  Results and insights from Level-2 PSA
	2.5.4  Results from Level-1 and -2 PSA from a country perspective
	2.5.5  Results from Level-3 PSA

	2.6  Approaches and results of risk comparisons of different electricity-producing systems
	2.7  Outlook
	2.8  Appendix
	2.8.1  Appendix for 2.4
	2.8.2  Appendix for 2.5

	2.9  References for 2

	3  Nuclear fuel and fuel cycle (B. Barré)
	3.1  The nuclear fuel cycle(s)
	3.2  Fissile and fertile materials procurement
	3.2.1  Uranium and thorium
	3.2.2  Exploration
	3.2.3  Mining and concentration (milling)
	3.2.4  Sites rehabilitation
	3.2.5  Plutonium
	3.2.6  World uranium resources and market

	3.3  Uranium enrichment
	3.3.1  Principle, cascade, SWU, HEU, LEU
	3.3.2  Enrichment technologies
	3.3.2.1  Gaseous diffusion
	3.3.2.2  Ultra centrifugation
	3.3.2.3  Laser isotopic separation (AVLIS)

	3.3.3  World enrichment capacities and market
	3.3.4  Conversion

	3.4  Fuel fabrication
	3.4.1  Elements of fuel design
	3.4.1.1  Fissile/fertile couple
	3.4.1.2  Fuel material
	3.4.1.3  Cladding materials
	3.4.1.4  Absorber materials
	3.4.1.5  PWR and BWR fuel assemblies

	3.4.2  LWR fabrication technology
	3.4.2.1  Fuel pellet production
	3.4.2.2  Fuel rod fabrication
	3.4.2.3  Assembly
	3.4.2.4  MOX fuel

	3.4.3  LWR fuel fabrication capacity and market
	3.4.4  Other fuel
	3.4.4.1  CANDU
	3.4.4.2  FBR
	3.4.4.3  HTR


	3.5  In-reactor PWR fuel behavior
	3.6  Spent-fuel management
	3.6.1  Disposal or reprocessing and recycle
	3.6.2  Reprocessing technology
	3.6.2.1  PUREX
	3.6.2.2  Waste management
	3.6.2.3  Other processes

	3.6.3  Reprocessing capacities and market
	3.6.4  Final repository
	3.6.5  Partitioning and transmutation

	3.7  Economics
	3.8  References for 3

	4  Radionuclides in the environment (H.G. Paretzke, J.E. Turner)
	4.1  Introduction
	4.2  Radioactivity and radionuclides
	4.2.1  Atoms and energy
	4.2.2  Transitions of atoms: radioactivity
	4.2.3  Radiation emitted in transitions
	4.2.4  General relevancy of radionuclides in the environment

	4.3  Natural radionuclides in the environment
	4.3.1  Cosmogenic isotopes
	4.3.2  Primordial isotopes
	4.3.3  Technical radionuclides in the environment
	4.3.3.1  Nuclear fuel cycles
	4.3.3.2  Fossil fuel


	4.4  Major radioactive releases
	4.5  Interactions of ionizing radiation with matter
	4.5.1  Photons
	4.5.2  Beta particles
	4.5.3  Alpha particles
	4.5.4  Neutrons
	4.5.5  Dosimetry

	4.6  Radiation exposures from natural and artificial radiation sources
	4.7  Radiation measurements
	4.7.1  General methods
	4.7.2  Alpha particles
	4.7.3  Beta particles
	4.7.4  Photons
	4.7.5  Neutrons

	4.8  Biological radiation effects on humans
	4.8.1  Acute and teratogenic radiation effects
	4.8.2  Stochastic late and genetic effects

	4.9  Biological radiation effects on biota
	4.9.1  Historical development
	4.9.2  Effects on plants
	4.9.3  Effects on animals

	4.10  References for 4

	5  Controlled nuclear fusion: general aspects (E. Rebhan, D. Reiter, R. Weynants, U. Samm, W.J. Hogan, J. Raeder, T. Hamacher)
	5.1  Fusion processes (E. Rebhan)
	5.1.1  Introduction
	5.1.2  Binding energy of nuclei
	5.1.3  Fusion reactions
	5.1.4  Reaction cross-sections and reaction rates

	5.2  Operational conditions and balances (D. Reiter)
	5.2.1  Introduction
	5.2.2  Fusion power density
	5.2.3  The fusion energy gain factor G and the power gain factor Q
	5.2.4  Break-even, ignition
	5.2.5  Power balances for magnetically confined plasmas
	5.2.6  The Lawson criterion
	5.2.7  Power balances for inertial confinement systems
	5.2.8  Burn-up fraction
	5.2.9  ICF reactor balance
	5.2.10  Spark ignition

	5.3  Main principles of a fusion reactor (R. Weynants)
	5.3.1  Introduction
	5.3.2  Magnetic confinement fusion (MCF)
	5.3.2.1  Principles of confinement by magnetic fields
	5.3.2.2  Main magnetic confinement configurations
	5.3.2.3  Outline of an MF reactor

	5.3.3  Inertial confinement fusion (ICF)
	5.3.3.1  Main inertial confinement principles
	5.3.3.2  Main inertial confinement configurations
	5.3.3.3  Outline of an inertial confinement reactor


	5.4  Reactor technology for magnetic confinement (U. Samm)
	5.4.1  First wall and high heat flux components
	5.4.2  Systems for heating, current drive, profile control and refueling
	5.4.3  Blanket, shield, and energy conversion system
	5.4.4  Fuel cycle
	5.4.5  Magnet systems
	5.4.6  Remote handling

	5.5  Reactor technology for inertial confinement (W.J. Hogan)
	5.5.1  Introduction
	5.5.2  Targets
	5.5.3  Drivers
	5.5.4  Target fabrication and positioning systems
	5.5.5  Reaction chamber systems
	5.5.6  Balance-of-plant systems
	5.5.7  Special design issues

	5.6  Safety and environmental aspects of magnetic confinement systems (J. Raeder)
	5.6.1  Introduction
	5.6.2  The safety characteristics of magnetic confinement fusion
	5.6.3  Safety concept
	5.6.3.1  Safety objectives
	5.6.3.2  Safety principles
	5.6.3.3  Criteria and guidelines
	5.6.3.4  Implementation of safety

	5.6.4  Plant models
	5.6.5  Safety-relevant inventories
	5.6.6  Normal operation effluents
	5.6.7  Personnel safety
	5.6.8  Accidents
	5.6.9  Radioactive materials
	5.6.10  Proliferation
	5.6.11  Conclusions

	5.7  Fusion resources (T. Hamacher)
	5.7.1  Introduction
	5.7.2  Fusion plant material requirement
	5.7.3  Fusion fuels
	5.7.3.1  Deuterium
	5.7.3.2  Lithium

	5.7.4  Construction materials
	5.7.4.1  Neutron multipliers (beryllium and lead)
	5.7.4.2  Niobium for magnets
	5.7.4.3  Vanadium as structural material
	5.7.4.4  Wall armors
	5.7.4.5  Copper

	5.7.5  Operation materials
	5.7.6  Energy requirements
	5.7.7  Summary and conclusions

	5.8  References for 5

	6  Magnetic confinement fusion: tokamak (D. Campbell)
	6.1  Introduction
	6.2  The tokamak configuration
	6.2.1  Tokamak equilibrium
	6.2.2  Plasma equilibrium parameters
	6.2.3  Particle orbits
	6.2.4  Plasma resistivity

	6.3  Auxiliary systems
	6.3.1  Heating and current drive systems
	6.3.2  Fueling and exhaust
	6.3.3  Diagnostics

	6.4  Transport and confinement
	6.4.1  Elementary transport processes
	6.4.2  Plasma confinement modes

	6.5  Magnetohydrodynamic (mhd) stability
	6.5.1  Essential principles
	6.5.2  Vertical instability
	6.5.3  Disruptions
	6.5.4  Operational limits
	6.5.5  Mhd instabilities

	6.6  Plasma-surface interactions
	6.6.1  Power and particle control
	6.6.2  Plasma boundary issues
	6.6.3  Divertor experiments

	6.7  Steady-state operation
	6.8  Energetic particle physics
	6.8.1  Energetic particle confinement
	6.8.2  Energetic particle interactions with mhd instabilities

	6.9  Tokamak experiments
	6.9.1  Present status
	6.9.2  Deuterium-tritium experiments

	6.10  ITER and tokamak power plants
	6.10.1  ITER
	6.10.2  Tokamak power plants

	6.11  References for 6

	7  Magnetic confinement fusion: stellarator (H. Wobig, F. Wagner)
	7.1  Introduction
	7.2  Survey of stellarator reactor studies
	7.3  Coil configurations
	7.3.1  Continuous coil stellarators
	7.3.2  Torsatron configurations
	7.3.3  The Heliac concept
	7.3.4  Modular coil systems

	7.4  Physics basis of the stellarator reactor
	7.4.1  Requirements on reactor physics
	7.4.2  Plasma equilibrium
	7.4.3  The role of Pfirsch-Schlüter currents
	7.4.4  Classical diffusion and Pfirsch-Schlüter currents
	7.4.5  Stability of stellarator equilibria
	7.4.6  Particle orbits in stellarators
	7.4.7  Neoclassical transport in stellarators
	7.4.8  The bootstrap current
	7.4.9  Principles of optimization in stellarators
	7.4.10  Alpha-particle confinement
	7.4.11  Distortion of the magnetic field
	7.4.12  The divertor in the stellarator reactor
	7.4.13  Anomalous transport in stellarator reactors
	7.4.14  Empirical scaling laws and ignition

	7.5  Economic aspects of a stellarator reactor
	7.5.1  Wall loading
	7.5.2  Blanket systems in stellarator reactors
	7.5.3  Thermal cycle
	7.5.4  Safety of stellarator reactors
	7.5.4.1  Energy reservoir
	7.5.4.2  Tritium inventory
	7.5.4.3  Decay heat

	7.5.5  Balance of mass and cost analysis

	7.6  References for 7

	8  Inertial confinement fusion: laser (W.J. Hogan)
	8.1  Introduction
	8.2  Target types most suitable for laser drivers
	8.3  Laser drivers: KrF, solid state
	8.3.1  KrF lasers
	8.3.1.1  Timescale issues
	8.3.1.2  Beam smoothing
	8.3.1.3  Pulse shaping and zooming
	8.3.1.4  Electron beam propagation and energy deposition efficiency
	8.3.1.5  Advanced pulsed power development
	8.3.1.6  Gas recirculation system
	8.3.1.7  Platforms for KrF laser research and development
	8.3.1.8  System efficiency

	8.3.2  Diode-pumped solid state lasers (DPSSL)
	8.3.2.1  Timescale issues
	8.3.2.2  Beam smoothing issues
	8.3.2.3  Two approaches to DPSSL design and development
	8.3.2.4  Diode array development and cost reduction issues
	8.3.2.5  Laser medium growth
	8.3.2.6  Repetition rate and amplifier cooling issues
	8.3.2.7  Test beds for DPSLL development


	8.4  Fast ignition lasers for laser-driven IFE
	8.5  Reaction chamber and target positioning issues for laser IFE
	8.6  Final optics issues for laser IFE
	8.7  Development path for laser IFE
	8.8  References for 8

	9  Inertial confinement fusion: z-pinch (C.L. Olson)
	9.1  Introduction
	9.2  Pulsed power drivers for z-pinch IFE
	9.2.1  Marx generator/water line pulsed power technology
	9.2.2  RHEPP (magnetic switching, inductive voltage adder) technology
	9.2.3  Linear Transformer Driver technology
	9.2.4  Z-pinch drivers for high-yield (approx. 0.5 GJ) facilities

	9.3  Standoff: Recyclable Transmission Lines
	9.3.1  MITL (Magnetically-Insulated Transmission Line)
	9.3.2  RTL (Recyclable Transmission Line)

	9.4  Z-pinch targets
	9.4.1  Fast z-pinches as intense soft X-ray radiation sources
	9.4.2  Z-pinch driven targets

	9.5  Z-pinch power plant concept for IFE
	9.6  IFE materials testing on pulsed power facilities
	9.7  Status and development plans for z-pinch IFE
	9.8  References for 9

	10  Inertial confinement fusion: heavy ions (R.M. Bock, I. Hofmann, D.H.H. Hoffmann, G. Logan)
	10.1  Introduction
	10.2  Target physics
	10.2.1  Interaction of heavy ions with matter
	10.2.2  Basic issues of IFE target development for heavy ion beams
	10.2.3  Physics of dense plasmas and fast ignition
	10.2.4  Conclusions

	10.3  Heavy ion driver concepts
	10.3.1  Introduction
	10.3.2  Basic principles
	10.3.2.1  Requirements for fusion energy production
	10.3.2.2  Intense heavy ion beams

	10.3.3  Driver scenarios
	10.3.3.1  RF linac and storage ring systems
	10.3.3.2  Induction linac scenario and component development


	10.4  The inertial fusion reactor
	10.4.1  Introduction
	10.4.2  Systems overview
	10.4.3  Reactor chamber design
	10.4.3.1  Chamber and jet array system, clearing and condensation
	10.4.3.2  Target injection
	10.4.3.3  Tritium technology and facilities
	10.4.3.4  Materials and molten-salt technology

	10.4.4  Neutronics and activation of materials, safety aspects
	10.4.5  Power plant parameters and economic analysis
	10.4.6  Conclusions

	10.5  References for 10

	11  Muon-catalyzed fusion (muCF) (K. Nagamine)
	11.1  Introduction
	11.2  Basic properties of muons
	11.3  Accelerator-produced muons
	11.4  Muons inside matter and muonic atoms
	11.5  Basic concept of muon catalysis of nuclear fusion
	11.6  Experimental arrangements
	11.7  Fusion reaction in a small muonic molecule
	11.8  Muonic atom thermalization and muon transfer among hydrogen isotopes
	11.9  Formation of muonic molecules
	11.10  Muon sticking and regeneration in the muCF cycle
	11.11  The He impurity effect
	11.12  Applications of muCF
	11.12.1  A practical energy source using muCF
	11.12.2  A 14 MeV neutron source using muCF
	11.12.3  Slow-mu- generation via muCF
	11.12.4  Power generation at the kW level before 2010

	11.13  Conclusions and future perspectives
	11.14  Concluding remarks on a possible muCF power plant
	11.15  Appendix
	11.15.1  Numerical data on D-T muCF
	11.15.1.1  (dt mu) formation rate
	11.15.1.2  Muon loss rate and X-rays from sticking

	11.15.2  Numerical data on D2 muCF
	11.15.2.1  (dd mu) formation rate and hyperfine transition rate lambdahf


	11.16  References for 11



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /DEU <FEFF00450069006e007300740065006c006c0075006e00670065006e0020007a00750072002000450072007a0065007500670075006e0067002000640065007200200044007200750063006b006400610074006500690065006e0020006600fc0072002000640065006e0020004c0061006e0064006f006c0074002d004200f60072006e0073007400650069006e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 842.000]
>> setpagedevice


