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Preface

The work on the present book Safety of Light Water Reactors was begun upon
suggestion of Dr. L. Ascheron, Scientific Editor, Springer Verlag after the
Fukushima reactor accident. The main task of this book is, in our opinion, to
describe the scientific results of the past decades and the comparably high safety
standard of the current/modern international reactor safety engineering.

This includes scientific results and technical developments that minimize the
consequences of accidents to the population.

In the first part an overview of the nuclear power capacities, as well as the
capacities for enrichment and reprocessing installed worldwide is provided. After a
short presentation of the fundamentals of reactor physics, the radiological threshold
values needed for understanding the Light Water Reactors still in operation in
Germany are described as an example. In the case of Pressurized Water Reactors
this includes the so-called Konvoi Series, as Boiling Water Reactors the SWR-72 of
Kraftwerkunion (Siemens). As further European examples the new European
Pressurized Water Reactor (EPR) and the new European Boiling Water Reactor
SWR-1000 (KERENA) that were developed since 1995 by German and French
reactor engineers are introduced. For the USA and Japan exemplarily the Pressur-
ized Water Reactors AP1000 of Westinghouse and the US-APWR of Mitsubishi as
well as the Boiling Water Reactors ABWR and ABWR-II (General Electric,
Toshiba and Hitachi) are presented.

Broad room is then dedicated to the results of the safety research programs on
core melt accidents performed at the former Kernforschungszentrum Karlsruhe
(Nuclear Research Center Karlsruhe, now KIT) during the past two decades. Via
the German and French reactor safety commissions these results became part of the
new safety concept of the EPR and the SWR-1000.

The reactor accidents of Three-Mile-Island (USA), Chernobyl (Ukraine) and
Fukushima (Japan) are described in detail. The safety concept of the German Light
Water Reactors still in operation, including the plant internal emergency measures
that were introduced after the Chernobyl-accident, as well as the new safety concept
of EPR and SWR-1000 are then thoroughly compared and discussed with the
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conclusions of the severe reactor accidents that occurred so far, especially the
Fukushima accident.

Since the September 11 attacks on the American World Trade Center in 2001 it
is intensely discussed in public how nuclear power plants are designed against a
postulated airplane impact and which hazards for the population result from such an
event. For this reason this topic is covered by a special section.

Despite the high safety standards of Light Water Reactors the plant internal
emergency measures are an integral part of nuclear safety culture. By means of the
decision support system RODOS (Real-time On-line DecisiOn System) potential
protective and countermeasures are presented that are available for the decision
maker to minimize the consequences of an accident to the population. The book
further describes which scientific methods and models are used to analyse the
radiological situation and initiate the appropriate measures. Thereby it is not
restricted to the so-called early emergency management measures but also
describes model approaches that can be used for predictions of long-term preven-
tion measures. The Fukushima accident is used exemplarily as an application of the
RODOS system.

The described further development of computer-assisted decision support sys-
tems is mainly based on European research approaches. Therefore this chapter ends
with a short outlook on the development of scientific and institutional aspects of the
nuclear emergency managements.

May 2014 Giinter Kessler
Anke Veser

Franz-Hermann Schliiter

Wolfgang Raskob

Claudia Landman

Jiirgen Pisler-Sauer
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Part I
The Physical and Technical Safety Concept
of Light Water Reactors

Giinter Kessler, Anke Veser



Chapter 1
Introduction

Abstract This chapter lists the capacity of commercial nuclear power plants built
and operated in different countries of the world in 2013. About 80 % of all operating
nuclear power plants are Light Water Reactors (LWRs), predominantly Pressurized
Water Reactors (PWRs) and Boiling Water Reactors (BWRs). An additional 11 %
are Heavy Water Reactors (HWRs) and 4 % are advanced gas cooled, graphite
moderated nuclear power reactors (AGRs). Only about 3.4 % are Russian retrofitted
RBMK1000 reactors still operating in Russia. One prototype Fast Breeder Reactor
(FBR) was operating in Russia, one became operational in India and one experi-
mental FBR was operated in Japan.

The resources of natural uranium were assessed in 2007 by IAEA and OECD/
NEA to be 5.47 million tons (reasonably assured and inferred). An additional 7.77
million tons of speculative and about 4.2 million tons in the Chattanooga Shales in
the USA are listed.

These uranium resources are then contrasted with the uranium consumption of
each nuclear power reactor which is 171 tons per GW(e) and year for LWRs. If
plutonium recycling in a closed fuel cycle is applied this uranium consumption is
reduced by a factor of 1.55. FBRs would consume only 1.7 tons of U-238 per GW
(e) and year which would extend the time period for nuclear energy application
(uranium and thorium resources) to thousands of years.

For LWRs and other commercial nuclear reactors the natural uranium must be
enriched. This is done predominantly by the gaseous diffusion and the gas centri-
fuge process. The laser enrichment process (SILEX) is still under deployment in the
USA. Commercial spent fuel reprocessing facilities were built and are operated in
France, Great Britain, Russia and Japan. This reprocessing capacity in the world
can reprocess the spent fuel of about half of the presently operating LWR capac-
ities. The majority of nuclear power plants built and operated in the world today is
used for electricity generation. Such nuclear power reactors are built in unit sizes of
about 1 and 1.6 GW(e) and operated for economical reasons mainly in the so-called
base load regime.

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 3
DOI 10.1007/978-3-642-55116-1_1, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 1.1 Map of nuclear power reactors and commercial nuclear reprocessing facilities operating
in the world by 2012 [2] adapted. Red circle—Nuclear Power Reactors, Black square—Commer-
cial nuclear reprocessing facilities

In April 2013 there were 433 nuclear power reactors with a total power capacity of
about 370 GW(e) operating in the world (Fig. 1.1). These nuclear power reactors
produced about 16 % of the world’s electrical energy consumption. Those countries
having the highest number of nuclear power reactors installed and operating by
2013 are listed in Table 1.1. However, there were also many countries in Central-
and South-America, in Africa, Asia, Australia and Europe which had not decided
yet to rely on electricity generation by nuclear power reactors. In Western Europe,
e.g. such countries are Portugal, Denmark, Norway, Italy, Austria etc. for different
reasons [1].

About 80 % of all operating nuclear power reactors are Light Water Reactors
(LWRs); predominantly Pressurized Water Reactors (PWRs) and Boiling Water
Reactors (BWRs). An additional 11 % are Heavy Water Reactors (HWRs) and 4 %
of all nuclear power reactors are advanced gas cooled, graphite moderated nuclear
power reactors (AGRs). Only 11 RBMK-1000 reactors (Chernobyl-type, graphite
moderated light water cooled), i.e. 3.4 % are still operating near St. Petersburg,
Smolensk, and Kursk (Russia). However, this type of nuclear power reactor will be
taken out of operation in the near future [1].

One prototype power reactor of the future Fast Breeder Reactor (FBR) type was
also operating in Russia and one experimental Fast Breeder operated in Japan.

In addition to these 433 nuclear power reactors presently in operation there
are 103 nuclear power reactors with a power capacity of 103 GW(e) under con-
struction in the USA (10), France (1), Belarus (2), Slovakia (2), Finland (1), Russia
(11), Ukraine (3), Romania (2), India (7), China (42), Taiwan (2), Pakistan (2),



1.1  Uranium Resources 5

Table 1.1 Nuclear power reactor capacity installed in the world by 2013

Number of nuclear Nuclear power reactor  Share of nuclear energy in total

Country power reactors capacity GW(e) electrical energy (%)
USA 103 103.198 20
France 58 63.130 76
Japan® 50 44.104 23
Russia 33 23.642 18
Canada 19 13.473 14
South- 23 20.697 38
Korea
Great 16 9.213 12
Britain
Ukraine 15 13.107 47
China 15 11.658 3
Sweden 10 9.303 42
Germany 9 12.058 16
Spain 7 7.066 16
Rest of the 75 40.931 -
World
Sum 433 371.580 -

#All reactors in Japan, except for two PWRs, were under safety review before restart in early 2013

South-Korea (5), Japan (3), Argentina (1), Brazil (1), United Arab. Emirates (4) and
Turkey (4). Again 88 % of these nuclear power reactors are LWRs, predominantly
of the PWR type. Modern LWRs have a yearly power availability factor of about
85-93 %. They are predominantly operated in the base load regime, but can also be
operated in partial load. Especially in Russia they were and are also used for heat
generation for district heating and desalination (BN-350) [1].

During the past decades nuclear power reactors were designed for an operation
time of 35-40 years. Modern LWRs, however, are designed for an operation time of
60 years.

1.1 Uranium Resources

Natural uranium is found in uranium ores in concentrations from around fractions
of a percent to several percent. Natural uranium can be bought on the world market
from uranium resources and uranium mines in Australia, Canada, Kazakhstan,
Niger, Namibia, Russia, Uzbekistan, USA and other countries. Natural uranium
contains 0.7204 % of the isotope U-235, 99.2742 % of the isotope U-238 and
0.0054 % of the isotope U-234. For LWRs this natural uranium must be enriched in
the isotope U-235 up to a concentration of 4-5 %.

The available uranium resources are assessed on a yearly basis by IAEA and
OECD/NEA and listed in different categories. The uranium resources were
assessed in 2007 by IAEA and OECD/NEA to be 5.47 million tons (reasonably
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assured and inferred). “Reasonably assured” means that these uranium resources
can be mined, “inferred” means that additional investigations are required until the
uranium ores can be mined. At the same time JAEA and OECD/NEA prognosti-
cated additional speculative 7.77 million tons of uranium ores and further 4.2
million tons in the Chattanooga Shales in USA [3, 4].

1.2 Uranium Consumption

A present LWR with a power capacity of 1 GW(e) consumes about 171 tons of
natural uranium (availability factor of 93 %) per year. This means, that e.g. about
370 GW(e) presently in operation (assumed all nuclear power reactors would be
LWRs) will consume over 80 years about 5 million tons of natural uranium.
Correspondingly a future 480 GW(e) nuclear power capacity (assumed all nuclear
power reactors would be LWRs) would consume in 180 years about 15 million tons
of natural uranium. Heavy Water Reactors or Light Water Reactors with plutonium
recycling would have by a factor of 1.55 lesser natural uranium consumption and
would extend the above time period correspondingly [5].

The fission neutrons originating from the fission process are moderated or
slowed down by the collision with atoms of a moderator or coolant, e.g. light or
heavy water, in the cores of LWRs and HWRs to so-called thermal energy of
0.025 eV. This corresponds to neutron velocities of 2,200 m/s. In liquid metal
cooled Breeder Reactors the fission neutrons originating from the fission process
are slowed down only to 0.2 MeV as the moderator or the coolant (sodium, lead or
lead-bismuth) is of medium or high atomic mass. In this range of neutron energies
of 0.2 MeV and higher the nuclear reactions for breeding of Pu-239 from U-238 are
favorable. This newly generated Pu-239 can be utilized as artificial fissionable
nuclear fuel in e.g. LWRs or FBRs.

Fast Breeder Reactors are started initially with uranium/plutonium fuel in their
core and uranium fuel in their blankets. They consume per GW(e) and year only
1.7 tons of U-238 (either natural uranium or depleted uranium from uranium
enrichment plants). The technical feasibility of sodium cooled Fast Breeder Reac-
tors has been proven already in the USA, Russia, UK, France, India and Japan
during the past decades. Fast Breeder Reactors require a closed fuel cycle with
spent fuel reprocessing and fuel refabrication [5, 6].

This by a factor of about 100 lower fuel consumption (1.7 tons per year and GW
(e) for Fast Breeder Reactors compared to 171 tons per year and GW(e) for Light
Water Reactors) of fast Breeders would extend the above given time periods
accordingly. As the nuclear breeding is also possible for the Th-232/U-233 nuclear
fuel cycle, the available resources of natural uranium and thorium and the applica-
tion of Fast Breeder Reactors would prolong the above discussed 180 years to many
thousand years [5].
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1.3 Uranium Enrichment

For present Light Water reactors the initial fuel of the core must be enriched from
the 0.72 % of U-235 of natural uranium to an enrichment of 4-5 % U-235
(depending on the fuel burnup) in U-235/U-238 uranium dioxide (UO,) fuel. This
is achieved first by chemical conversion of the uranium ores U3Og into uranium
hexafluoride, UF¢, which is gaseous above a temperature of 55 °C. This gaseous
UF¢ is enriched presently in essentially three different commercial enrichment
processes:

— gaseous diffusion process
— gas centrifuge process
— LASER enrichment process

The LASER enrichment process SILEX is deployed in a first commercial
enrichment plant in the USA. The gas centrifuge process is already used in large
scale plants in Russia, Europe, Japan, China and the USA. The earliest deployed
large scale gaseous diffusion enrichment plants are still in operation in the USA,
France and China. They will be replaced in the future by the more economical gas
centrifuge enrichment plants and probably LASER enrichment plants.

The production capacity of enrichment plants is measured in kg or tons separa-
tion work units (SWU). An LWR of 1 GW(e) power requires a reload of 25 tons
enriched uranium fuel with an enrichment of 4.4 % U-235. This requires 175 tons
SWU [7, 8] (Table 1.2).

After enrichment in U-235 the UFg will be treated chemically to become UO,. In
fuel fabrication facilities UO, powder will be pressed and sintered to UO, pellets of
about 1 cm diameter and 1 cm height. These pellets are filled into about 4 m long
Zircaloy (zirconium-aluminum alloy) tubes (fuel rods). The tubes are then filled
with helium and welded gastight on both ends. On the upper end of these fuel rods
an empty space of about 10 cm length remains where the fission gases can collect
during reactor operation. Fission gas pressure can rise then up to several MPa.

A number of countries with nuclear power plants operate also UO, fuel cycle
plants. In total there were 37 uranium mines, 22 uranium conversion plants,
13 uranium enrichment plants, 40 uranium fuel fabrication plants and 5 spent fuel
reprocessing plants commercially operating in the world in 2008 [5].

1.4 Spent Fuel Reprocessing

Commercial spent fuel reprocessing was deferred in the USA in 1982 for fear of
proliferation of plutonium. Later this decision was revised by the US government
but no commercial reprocessing industry developed in the USA up till now. Only
intermediate storage and direct spent fuel disposal were pursued. Germany and
Sweden did follow this example of the USA. Other countries like France, Great
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Table 1.2 Worldwide installed capacity of gaseous diffusion-, gas centrifuge- and LASER-

enrichment plants [8]

Enrichment-method

Enrichment-capacity in million kg SWU/a

In operation

Under construction

Under licensing or planned

Gaseous diffusion
USA

France

China

Gas centrifuge
Russia

Great Britain
Netherlands
Germany

USA

China

Japan

France

Iran

Brazil

LASER (SILEX)
USA

SUM

11.3
10.8
0.2

20.0
3.7
35
1.8

1.0
0.3
0.02
0.01

52.63

3.0

0.13

3.13

1.0
2.7
6.8
7.5
1.2
0.25

0.5

3.5-6.0
23.45-25.45

Table 1.3 Worldwide spent fuel reprocessing capacity in tones per year [5]

Country Facility Fuel type Reprocessing capacity in tons per year
France Cap de la Hague LWR 1,700
Great Britain Sellafield LWR 1,200
Windscale AGR 1,500
Japan Tokai-mura LWR 90
Rokkasho-mura LWR 800
Russia Mayak LWR 500
India Tarapur CANDU 100
Kalpakkam FBR 100
China Lanzhou LWR 50

LWR Light Water Reactor

AGR Advanced Gas cooled Reactor
CANDU Canadian Deuterium Uranium pressurized Heavy Water Reactor
FBR Fast Breeder Reactor

Britain, Russia or Japan did not follow this strategy but do reprocess spent fuel
elements. This led to the situation that spent fuel reprocessing facilities were almost
entirely built and operated in nuclear weapon states with Japan being the sole

exception.

Table 1.3 shows the reprocessing capacities for spent fuel elements available in
different countries of the world in 2012. The reprocessing capacities for LWR spent
fuel add up to a total of 4,340 tons per year (see also Fig. 1.1). In addition
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reprocessing capacities of 1,200 tons per year for metallic spent fuel of AGRs,
100 tons per year capacities for CANDU spent fuel and 100 tons per year capacities
for spent FBR fuel are in operation. As about 25 tons of spent uranium fuel are
unloaded per GW(e) and year from a Light Water Reactor this world wide
reprocessing capacity would be sufficient for spent fuel of e.g. 174 GW(e) LWR.
This is about half of the presently available LWR capacities in the world.
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Chapter 2
Some Facts About Neutron and Reactor
Physics

Abstract Chapter 2 describes some facts about neutron and reactor physics needed
for the understanding of Chaps. 3—10. It starts with the radioactive decay and the
definitions of the decay constant and the half-life. It continues with the explanation
of the fission process for fissile nuclear isotopes, e.g. U-233, U-235, or Pu-239 and
the fission energy release by creation of fission fragments (products), prompt fission
neutrons and delayed neutrons and radiation (fB-particles, y-rays and antineutrinos).
This is followed by the definition of reaction rates of neutrons with other atomic
nuclei, the presentation of measured microscopic cross sections for absorption,
capture and fission as well as the definition of the macroscopic cross section and
the neutron flux.

In LWR cores the fuel is arranged heterogeneously in lattice cells together with a
moderator (water) in order to slow down the fission neutrons with high kinetic
energy to kinetic energies in the range of 0.025 eV (thermal energy). This is most
effective if the enriched uranium fuel is put in cylindrical rods which are arranged
in e.g. a square grid. The optimization of the geometrical distance between the fuel
rods leads to important safety characteristics of LWR cores: the negative fuel
Doppler coefficient and the negative coolant (moderator) coefficient.

The definition of the criticality factor or effective multiplication factor, kg,
allows a characterization whether the reactor core is operated in steady state
condition or whether it is subcritical or even supercritical. The criticality or
effective multiplication factor, kg, can be changed by moving or by insertion or
withdrawing of absorber material (boron, cadmium, gadolinium, indium, silver,
hafnium, erbium) in the core. This allows control of the reactor. The reactor core is
controlled always in a k¢ range where the delayed neutrons are dominating. The
delayed neutrons are therefore of highest importance for the control of the reactor.

During reactor operation over months and years the initially loaded U-235 in the
low enriched uranium fuel will be consumed, neutron absorbing fission products
will build up or other heavy nuclei with masses above U-235 and Pu-239 will be
created. This decreases the criticality of the effective multiplication factor k. This
burnup effect on the criticality factor k. is accounted for by the design of the
reactor core. The enrichment of the initially loaded fuel is increased such that Keg

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 11
DOI 10.1007/978-3-642-55116-1_2, © Springer-Verlag Berlin Heidelberg 2014
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becomes slightly >1. This is balanced by absorber materials (moveable absorber
rods, burnable neutron poisons, e.g. gadolinium or boric acid) which keep the
reactor core always at ke > 1.

After shutdown of the reactor the gradually decaying fission products and the
radioactive decay of higher actinides creates afterheat in the reactor core. This
afterheat (decay heat) must be transferred by the coolant water to outside coolant
towers or to river or sea water.

Prior to the description of Light Water Reactor designs some basic characteristics of
reactor physics and reactor safety will be presented. For a deeper understanding of
these characteristics the literature given in the reference is recommended [1-8].

2.1 Radioactive Decay, Decay Constant and Half-Life

Radioactive decay changes the number of unstable (radioactive) isotopes, N(t),
existing per cm® as a function of time, t. This change can be described by the
exponential law of
N(t) = Ny @ exp(—At)

where A is the decay constant and N, the number of atomic nuclei per cm® at
the time t=0. Instead of the decay constant, A, one can also use the half-life,
Ty, = (In2)/A, which is the time by which half of the nuclei existing at t =0 have
decayed. The decay rate, A - N(t), is called the activity of a specimen of radioactive
material. This activity is measured in units of Curie or Becquerel [1, 2].

One Becquerel, denoted Bq, is defined as one disintegration per second. One
Curie, denoted Ci, is defined as 3.7 x 10'° disintegrations per second, which is

approximately the activity of 1 g of radium. Low activities are also measured in
mCi= 10" Ci or pCi=10"°Ci [1, 2].

2.2 Fission Process

If a neutron of a certain velocity (kinetic energy) is absorbed by a fissile heavy
nucleus, e.g. U-233, U-235 or Pu-239, the resulting compound nucleus can become
unstable and split (fission) into two or even three fragments (Fig. 2.1). The fission
fragments are created essentially according to a double humped yield distribution
function with mass numbers between about 70 and 165. The mass yield distribution
functions are similar for heavy nuclei fissioned by neutrons with kinetic energies of
0.0253 eV (thermal spectrum reactors) up to about 0.2 MeV for Fast Breeder
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Fig. 2.1 Fission of U-235 nucleus by a thermal neutron

Reactors' (Fig. 2.2). They depend slightly on the kinetic energy of the incident
neutrons causing fission and on the type of heavy nuclei (U-233, U-235, Pu-239).

In addition to the fission products (fragments), 2-3 prompt neutrons are emitted
during the fission process. These prompt fission neutrons appear within some
107'* 5. They are created with different kinetic energies following a certain
distribution curve around an average neutron energy of about 2 MeV. In some
heavy nuclei with even mass numbers, e.g. Th-232 and U-238, nuclear fission can
only be initiated by incident neutrons with a certain, relatively high, threshold
kinetic energy (Table 2.1), whereas the uneven heavy nuclei, e.g. U-233, U-235,
Pu-239 etc. can be fissioned by neutrons with all kinetic energies >0 eV. However,
the even-uneven rule is not a rigorous one, e.g. Am-242m can also be fissioned by
thermal neutrons.

The fission products can either be solid, volatile or gaseous. Many of the fission
products decay further emitting so-called delayed neutrons, pB-particles, y-rays and
antineutrinos. The delayed neutrons resulting from the decay of particular fission
products—called precursors—represent less than 1 % of all released neutrons.

'1eV=1.602 x 107" J is the kinetic energy acquired by an electron passing through a potential
gradient of 1 V. 1 keV is equal to 10° eV and 1 MeV is equal to 10° V. The energy of 0.0253 eV
corresponds to a neutron velocity of 2,200 m/s.
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Fig. 2.2 Fission product yield (%) for fission reaction of different isotopes by thermal and fast
(E > 0.2 MeV) neutrons [9]

Table 2.1 Threshold kinetic energy for incident neutrons causing substantial fission in different
heavy nuclei [10]

Heavy nucleus Th-232  U-233 U-234 U-235 U-238 Pu-239
Incident neutron kinetic energy [MeV] >1.3 >0 >0.4 >0 >1.1 >0

The fraction f of delayed neutrons originating from fissioning by thermal neutrons
(0.0253 eV) of U-235 is p=0.67 %, and p=0.22 % from fissioning of Pu-239.
They appear following decay constants of 0.01-3 s~ ' for U-235 and 0.01-2.6 s~
for Pu-239. These delayed neutrons are of absolute necessity for the safe control
and operation of nuclear fission reactors [6, 7, 11].

The total energy release per fission, Q,, appears as kinetic energy of the fission
products, Ey, of the prompt fission neutrons, E,, as ™ -radiation, Eg, as y-radiation,
E,, or as neutrino radiation, E,, (Table 2.2). The neutrino radiation does not produce
heat in the reactor core due to the small interaction probability of neutrinos with
matter. Table 2.2 also shows the total energy, Q,y, and the thermal energy, Qg,
released during fission of a nucleus. Some of ™ -radiation and y-radiation of the
fission products is not released instantaneously, but delayed according to the decay
of the different fission products.

On the average, about 194 MeV or 3.11 x 10~ "' J are released per fission of one
U-235 atom. Most of the fission energy is released instantaneously.

Since 1 g of U-235 meal contains 2.56 x 10*' atoms, the complete fission of 1 g
of U-235 results in:
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Table 2.2 Different components of energy release per fission of some heavy nuclei in MeV by
incident neutrons of different kinetic energy (in the eV or MeV range) [10]

Heavy nucleus Incident neutron energy E; E, Es E, E, Qot Qum
U-235 0.025 eV 169.75 479 641 13.19 8.62 202.76 194.14
0.5 MeV 169.85 4.8 6.38 13.17 8.58 202.28 193.7
U-238 3.10 MeV 170.29 551 821 1429 11.04 20624 195.2
Pu-239 0.025 eV 176.07 59 527 1291 7.09 207.24 200.15
0.5 MeV 176.09 59 524 12.88 7.05 206.66 199.61
Pu-240 2.39 MeV 17598 6.18 5.74 12.09 7.72 206.68 198.96

7.96 x 101° or 2.21 x 10°kWh or 0.92 MWdj, thermal energy

For other fissile materials like U-233 or Pu-239 the energy release per fission is
similar. Also fission by neutrons with thermal energies (0.025 eV) or by energies of
0.5 MeV leads to almost equal energy releases.

Therefore, it is usually assumed that the fission of the mass of 1 g of fissile
material, e.g. U-235 or Pu-239 produces roughly 1 MWd,, and the measure of
burnup in MWdy, per tonne of fuel also corresponds roughly to the number of grams
of, e.g. U-235 fissioned in 1 ton of spent fuel [12].

2.3 Neutron Reactions

Neutrons produced in nuclear fission have a certain velocity or kinetic energy and
direction of flight. In a fission reactor core, e.g. with U-235/U-238 fuel they may be
scattered elastically or inelastically or absorbed by different atomic nuclei. In some
cases the absorption of neutrons may induce nuclear fissions in heavy nuclei (U-235
etc.) so that successive generations of fission neutrons are produced and a fission
chain reaction is established.

2.3.1 Reaction Rates

Ifn (7, v, ) is the number of neutrons at point 7, with velocity v and the direction

of flight Q, then these neutrons can react within a volume element dV with N - dV
atomic nuclei (N being the number of atomic nuclei per cm® of reactor volume).
The number of reactions per second e.g. scattering or absorption, is then propor-
tional to



16 2 Some Facts About Neutron and Reactor Physics

v~n(7,v,§) and to N - dV

The proportionality factor o(v) is a measure for the probability of the nuclear
reactions and is called microscopic cross section of the nucleus for a specific type of
reaction. The microscopic cross section o(v) is measured in 107>* cm? 2 1 barn. It
is a function of the velocity, v, or kinetic energy, E, of the neutron and of the type of
reaction and differs for every type of atomic nucleus. As for an absorption reaction
the neutron can either remain captured or lead to fission of a heavy nucleus the
relation

6a(V) = 0c(V) + ¢ (V)

Is valid with

6,(v) microscopic absorption cross section
6.(V) microscopic capture cross section
o¢(v) microscopic fission cross section
The reaction rate can be written

R(?,V) =o(v) N(T) V- n(?,v) = 2(7,v) ~(|)(7,V>
The quantity 2(7, v) = N o(v) is called macroscopic cross section.

The quantity (])(7, v) =v- n(77 v) is called the neutron flux.

Figure 2.3 shows the microscopic fission cross section as a function of the
neutron kinetic energy for the heavy nuclei U-235, U-238 and Pu-239. The fission
cross sections for U-235 and Pu-239 increase with decreasing kinetic energies. In
the energy region of about 0.1-10% eV this behavior is superposed by resonance
cross sections [12—14].

The capture cross section for U-238 is shown in Fig. 2.4.

Neutron capture in U-238 leads to U-239 and after B~ -decay to Np-239 which
again decays to Pu-239.

2381y MY 2394 B~ 239 B~ 239
u
92 2° ismin B P oasa %

Such microscopic cross sections (measured in barn) are steadily compiled,
evaluated, supplemented and revised in nuclear data libraries [15-17].

The capture cross section of U-238 (Fig. 2.4) shows distinct narrow resonance
peaks above about 5 eV. At medium neutron energies (keV range) the resonance
peaks become smaller and above about 10 keV—in the so-called unresolved
resonance energy range—they cannot be resolved any more by experiments
because of resonance overlapping. These resolved and unresolved resonance
peaks broaden if the temperature of the U-238 fuel increases. This phenomenon
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Fig. 2.3 Microscopic fission cross sections (measured in barn) for U-235, U-238 and Pu-239 [13]
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Fig. 2.4 Microscopic capture cross section for U-238 [13]

is very important for the fuel-Doppler-temperature coefficient, which determines—
among other temperature coefficients—the safety characteristics of nuclear power

reactors [12, 18].

The microscopic fission cross sections of U-235 or Pu-239 (Fig. 2.3) become
higher—with the exception of the energy range where the resonances occur—at
low neutron energies (about <0.1 eV).
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Therefore, the U-235/U-238 fuel in Light Water Reactor cores is mixed with
materials of low mass number (moderator) in order to slow down the fission
neutrons having high kinetic energy by a number of elastic and inelastic collisions
to kinetic energies in the range <1 eV (Fig. 2.3). This is most effective if the
enriched uranium fuel is put in cylindrical rods which are arranged in e.g. a square
grid. This lattice of fuel rods arranged with certain distances must be cooled by a
flowing coolant which can be identical with the moderator as in case of water in
Light Water Reactors. The fission neutrons after a few collisions with the fuel atoms
then fly with high velocity into the surrounding water/moderator. They are slowed
down by collisions within a short distance to so-called thermal energies of 0.025 eV
(Fig. 2.5). The neutrons are then in thermal equilibrium with the relatively low
kinetic energies of the water molecules. Another advantage of the deceleration of
the neutrons in the surrounding water is given by the fact that the probability is
lower that the neutrons can be captured in the resonance region of U-238 inside the
fuel rods (Fig. 2.4) [1-5].

After the neutrons are thermalized within the moderator region they migrate
back by diffusion processes into the fuel rods. As they have lower kinetic energies
now also the microscopic fission cross sections are much higher (in the 0.025 eV
energy range) than those for fission neutrons. The consequences are more fission
reactions. Also the ratio between fission and capture reactions becomes more
favorable in the fuel.

An optimum volume ratio between moderator and fuel for the grid of fuel rods is
found around 2 for light water (H,0O). This optimal volume ratio can be achieved by
adaption of the distance between the fuel rods. For heavy water (D,O) as a
moderator this optimal volume ratio is about 20 and for graphite as a moderator it
is found to be around 54 [1-5].

Light water (H,O) has a higher microscopic capture cross section than heavy
water or pure graphite. Consequently it is possible to build and operate nuclear
power reactors with natural uranium (0.72 % U-235 enrichment) if heavy water or
graphite are used as moderator. In fact the first reactor used natural uranium as fuel
and graphite as moderator. With light water as moderator in Light Water Reactors
the uranium fuel must be enriched to 3-5 % in U-235 (depending on the burnup of
the uranium fuel). Structural materials which must be used for the design of the
reactor core should also have low microscopic capture cross sections. Light Water
Reactors, therefore, use an alloy of zirconium and aluminum (Zircaloy) for the
cladding of the fuel rods and grid spacers of the fuel elements [1-4].

Uranium dioxide (UO,) with its high melting point (2,865 °C) and its good
irradiation properties in the neutron field of the reactor core is used as fuel in LWR
cores.
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Fig. 2.5 Square lattice cell with fuel rod, cladding and moderator of a LWR-fuel element

2.4 Criticality or Effective Multiplication Factor K¢

The ratio between the number of newly generated neutrons by fission and the
number of neutrons absorbed in the reactor core or escaping from the reactor is
called the criticality factor or effective multiplication factor, K.

When k¢ = 1, the reactor core is critical and can be operated in steady state. At
kerr < 1 the reactor core is subcritical, e.g. with control or absorber rods fully
inserted in the core.

Boron, Cadmium or Gadolinium etc. can be used as absorber materials, either as
metallic alloys in control rods or as burnable poisons in ceramic form in fuel rods
and special poison rods or as a fluid, e.g. boric acid in the coolant of an LWR [1-4].

For a k.¢ > 1 the reactor core is supercritical. More neutrons are produced than
are absorbed in the reactor core or do escape from the core. The neutron chain
reaction is ascending (reaction rates and the number of neutrons and, thus, reactor
power increase as a function of time).

The criticality or effective multiplication factor ks of a reactor core is deter-
mined by the proper choice of its geometrical dimensions (diameter and spacing
of the fuel rods, diameter and height of the reactor core), by the choice of the
moderator and coolant as well as by the choice of the fuel and structural materials.
The choice of the U-235 enrichment of the fuel is of decisive importance for LWRs.

2.5 Neutron Density and Power Distribution

Figure 2.6 displays the spatial distribution of the neutron density in the range of
thermal energies for a Pressurized Water Reactor (PWR). The distribution of fission
reaction rates or of the power generated by fissions is essentially proportional to the
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Fig. 2.6 Spatial
distribution of the thermal
neutron density in a
Pressurized Water Reactor
core with partially inserted
control rods [11]

E]FLIEL ELEMENT D FUEL ELEMENT

neutron density distribution. The absorber- or control-rods are partially inserted in
axial direction in the PWR core. The control rods absorb neutrons and are respon-
sible for the spatial distortions of the thermal neutron flux. They influence the
criticality level and the spatial power distribution.

The spatial distribution of the neutrons with a certain velocity or kinetic energy
and flight direction can be described by the Boltzmann neutron transport equation
or by Monte Carlo methods [1-4]. For both cases, numerical methods in one-, two-
or three-dimensional geometry were developed. Computer program packages
(deterministic codes for the solution of the Boltzmann transport equation and
Monte Carlo codes using stochastic solution methods) are available for various
applications [1, 3-5, 18, 38].
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Fig. 2.7 Microscopic capture cross sections of Cadmium and Gadolinium isotopes and B-10 (n,o)
cross sections [13]

For many practical applications it is sufficient to solve the neutron diffusion
equation which is an approximation to the Boltzmann neutron transport equation.

The microscopic cross sections shown in Figs. 2.3, 2.4 and 2.7 are collected in a
special format in cross section libraries, e.g. JEFF [15], ENDF/B [16], JENDL
[17]. Their continuous energy range can be approximated and divided into a
number of energy groups with specifically defined microscopic group cross sections
applying codes, e.g. NJOY [19] or MC>-3 [20, 21]. The heterogeneous cell geom-
etry of the reactor core (Fig. 2.5) can be accounted for by codes, e.g. WIMS [22] or
MC>-3 [20, 21]. These computational methods are summarized in [23, 24].

Whole-core calculations can be done in diffusion theory by codes, e.g. DIF3D
[25] or SIMULATE-4 [26]. Whole-core (Fig. 2.6) codes applying Boltzmann
neutron transport theory were developed for two- and three-dimensional geome-
tries. Examples for such computer codes are, e.g. DANTSYS [27] or PARTISN
[28]. Monte Carlo Codes are available for both lattice (Fig. 2.5) and whole-core
(Fig. 2.6) geometries. Such codes include, e.g. MCNP5 [29] or VIM [30].

The number of neutrons in the reactor core can be controlled by moving or
adding, e.g. absorber materials (neutron poisons). This is done in a k.s-range, where
the delayed neutrons are dominating the transient behavior of the neutron flux. The
delayed neutrons come into being in a time range of seconds. Therefore, the number
of neutrons or the power in reactor cores can also be controlled safely by moving
absorber materials in the time range of seconds [1, 2, 6, 11].
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2.6 Neutron Poisons for the Control of the Reactor Power

Neutron poisons are used to control the number of neutrons and the power in the
reactor core. Such neutron poisons have high microscopic absorption cross sections
for neutrons. Neutron poisons are, e.g. Boron, Cadmium, Gadolinium etc. Figure 2.7
displays microscopic absorption cross sections for Boron, Cadmium and Gadolin-
ium isotopes.

The neutron poisons are inserted into the reactor core as, e.g. axially moveable
cylindrical control rods (Pressurized Water Reactors) or axially moveable cruci-
form control elements (Boiling Water Reactors). Another possibility is to add boric
acid (H,BO3) to the cooling water, or to extract it from its solution in the cooling
water.

Withdrawing the, e.g. Cadmium or the Boron carbide control elements from the
reactor core changes the effective multiplication factor from keg <1 to kegr> 1.
Inserting the control elements changes ke from 1.0 to ke < 1. This action changes
the number of fission reactions and the power of the reactor, correspondingly.
Similarly, the reactor can be controlled by the variation of the concentration of
the boric acid in the cooling water. However, all variations of the effective
multiplication factor kg are limited by design such that they remain below about
half of the fraction of the delayed neutrons (see Sect. 2.10).

2.7 Fuel Burnup and Transmutation During Reactor
Operation

During reactor operation over months and years the initially loaded U-235 in the
low enriched uranium fuel will be consumed due to neutron fission and capture
processes. As a consequence also the initial criticality or effective multiplication
factor k¢ decreases. Neutron capture in U-235 leads to U-236. Subsequent neutron
capture in U-236 leads to Np-237. Neutron capture in the fertile isotope U-238 leads
to U-239 and after decay to Np-239 and further decay to the buildup of the new
fissile isotope Pu-239. Subsequent neutron captures in Pu-239 lead to the higher
Pu-Isotopes Pu-240, Pu-241, Pu-242. After p -decay of Pu-241 americium is
created. Neutron capture in americium leads to curium. This increases somewhat
the criticality or effective multiplication factor k.. Fission products originating
from the fission of fissile isotopes decrease the criticality or effective multiplication
factor kg due to their absorption cross sections. The combination of these three
effects results in a time dependent change—usually a decrease—of the criticality
factor, Kk.g, during reactor operation.

This burnup effect on k. is accounted for by design of the reactor core. The
enrichment of the initially loaded fuel is increased such that k.¢ becomes slightly
>1. As the keg shall be equal 1 during the whole reactor operation cycle, this is
balanced by absorber materials in the core (moveable absorber rods or special rods
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with burnable absorber material or burnable absorber materials dissolved in the
coolant or mixed with the fuel). The accumulating fission products and the decreas-
ing kg are counteracted, e.g. by moving absorber rods slowly out of the core during
reactor operation. At the end of the operation cycle the absorber rods are almost
withdrawn out of the core and spent fuel must be unloaded and replaced by new fuel
elements.

2.7.1 Prediction of the Burnup Effects

The calculation of the change in concentration of all isotopes, actinides and fission
products requires besides the power history or the equivalent time-dependent
neutron flux distribution, the knowledge of the microscopic cross sections and
decay constants of all isotopes as well as the yields of fission products during the
reactor operation [18, 23, 31-34, 38]. The solution of a coupled system of ordinary
differential equations with these data as coefficients and given initial concentrations
at t=0 results in the concentration of each isotope at the time t during reactor
operation. Figure 2.8 shows the masses of the most important isotopes for 1 ton of
initial reactor fuel after a reactor operation time of 6 years and a fuel burnup of
60,000 MWd/t.

2.8 Reactor Control and Temperature Effects

A start up of the reactor by withdrawing control elements leads to a rise in reactor
power and temperatures. Temperature changes provoke changes in material densi-
ties and microscopic cross sections by the Doppler broadening of resonances (see
Sect. 2.2). Also the neutron energy spectrum can be shifted by moderation of the
neutrons [11, 23]. All these effects together result in changes of the criticality or
effective multiplication factor, K.

The design parameters of the reactor core are selected such that increases of
power and temperatures always lead to a smaller criticality or effective multipli-
cation factor k.g. Therefore, a power increase is only possible by withdrawing
absorber control elements or decreasing the concentration of boric acid in the
cooling water. In Boiling Water Reactors the power can also be increased by
increasing the coolant flow, which leads to smaller concentrations of steam bubbles
in the reactor core.

The most important safety design requirements for LWRs are, therefore

— anegative fuel-Doppler-temperature coefficient
— anegative coolant/moderator-temperature coefficient
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Fig. 2.8 Masses for 1 ton of initial reactor fuel after a burnup of 60,000 MW/t

2.9 Afterheat of the Fuel Elements After Reactor
Shut Down

For reactor shut down the absorber/control elements are inserted into the reactor
core and the coolant flow is drastically reduced. After reactor shut down the fuel
elements—having reached their maximum burnup—can be unloaded. However,
although the power is shut down, the gradually decaying fission products generate
heat in the reactor core, even if the neutron fission chain reaction has been
interrupted (after shut down of the reactor core). This afterheat, or decay heat, is
composed of the contributions by the decay chains of the fission products and of
contributions of radioactive decay by U-239, Np-239, and the higher actinides,
which are unstable. It is a function of the power history of the reactor core before
shutdown and is thus strongly influenced by the burnup of the fuel. Figure 2.9 shows
the relationship between the power of the fuel elements in the reactor core of a PWR
after shut down, P(t), and the power during operation, Py. The afterheat, P(t), drops
very sharply as a function of time. Shortly after shut down it is about 6 %, after 6 h it
is still about 1 %, after 1 week 0.3 %, after 3 months about 0.1 %, and after 1 year it
is 0.04 % of the nominal reactor power, Py, during operation.

After reactor shut down this afterheat must be transferred to the cooling towers
or a river by the normal cooling system. After unloading from the reactor core the
spent fuel elements are cooled in intermediate spent fuel storage pools [11].
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Fig. 2.9 Post-shut down AFTERHEAT POWER P/P, DECAY PERIOD (s)
afterheat of a PWR core as a 1 10 102 10} 10 0°
function of time (initial b ' o it R
enrichment 3.2 % U-235,
burnup 32,000 MWd(th)/t)
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2.10 Non-steady State Power Conditions and Negative
Temperature Feedback Effects

Power reactors are generally operated at constant criticality or steady power.
Exemptions are: startup conditions and power rise, transition from partial to full
load power, reactor shut down and accidental conditions. Accidental conditions
must be analyzed and presented to licensing authorities prior to begin of reactor
operation. Such accidental conditions are, e.g. inadvertent or faulty withdrawal of
absorber/control elements (increase of the criticality or effective multiplication
factor, kg, above 1.0) or coolant loss as a consequence of pipe rupture or a faulty
opening of valves followed by primary coolant pressure loss. An increase of the
criticality or effective multiplication factor, K¢, provokes an increase of fission
reactions and a rise of power as a function of time. The increase of power results in
an increase of fuel temperature and by thermal conduction—with a certain time
delay—also to an increase of the coolant temperature. As already mentioned this
results in important negative feedback effects which counteract the power increase.
These negative feedback effects and the delayed neutrons allow the safe control of
nuclear reactors. These important negative feedback effects—already mentioned
above—will be explained now in more detail.
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2.10.1 The Fuel-Doppler-Temperature Coefficient

The fuel-Doppler-temperature coefficient is due to the fact that the microscopic
resonance cross sections depend on the temperature of the fuel and the relative
velocities, respectively, of neutrons and atomic nuclei [8, 35].

The resonance cross sections for U-238, U-235, Pu-239, etc. show very pro-
nounced peaks at certain neutron kinetic energies (Figs. 2.3 and 2.4). An increase in
fuel temperature broadens this shape of the resonance curve and lowers its peak
which, in turn, results in a change in the fine structure of the neutron energy
spectrum. The neutron reaction rates for capture and fission are changed as a
consequence. Above all, the resonance absorption for U-238 increases as a result
of rising fuel temperatures, while the effect of a temperature change in the reso-
nance cross sections of the fissile materials, U-235 and Pu-239, is so small that it
can generally be neglected if the fuel enrichment is not extremely high. For these
reasons, temperature increases in the fuel result in a negative temperature feedback
effect (Doppler effect) brought about by the increase in neutron absorption in
U-238. The Doppler effect is somewhat less pronounced at very high fuel temper-
atures because adjacent resonances will overlap more and more. The resonance
structure then is no longer as pronounced as at low temperatures, which leads to a
reduction of the negative Doppler effect.

As a consequence of the negative fuel-Doppler-temperature coefficient the
criticality or effective multiplication factor, k¢, decreases at higher fuel tempera-
tures. Typical values for the fuel-Doppler-temperature coefficient are

-forPWRs —2.5x 107> change in k. per degree of fuel temperature increase
-forBWRs —2x 107> change in k. per degree of fuel temperature increase

As the fuel-Doppler-temperature coefficient is coupled to the fuel temperature it
is acting practically instantaneously.

2.10.2 The Moderator/Coolant-Temperature Coefficient
of LWRs

The main contribution to the coefficients of moderator or coolant temperatures stem
from changes in the densities of the moderator or coolant and from resultant shifts
in the neutron energy spectrum. Temperature rises decrease the density of the
coolant and accordingly reduce the moderation of neutrons. The neutron spectrum
is shifted towards higher energies. As a result of the lower moderator density and
the correspondingly higher transparency to neutrons of the core it is also possible
that appreciably more neutrons will escape from the reactor core and neutron losses
due to leakage rate will increase [8, 34, 36].
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For the present line of PWRs, the sum total of the individual contributions to
changes in various energy ranges finally leads to a negative coefficient of the
moderator temperature which, however, also depends on the concentration of
boric acid dissolved in the coolant and the burnup condition of the reactor core.

Figure 2.10 shows the criticality or effective multiplication factor, kg, as a
function of the volume ratio of the moderator (Light Water Reactor) to fuel in a
lattice cell (Fig. 2.5) in a LWR core [37]. This volume ratio of moderator to fuel
varies if the moderator density or the distance, p, between the fuel rods with
diameter, d, of the lattice cell changes. Left of the maximum of the curves in
Fig. 2.10 the lattice cell is called undermoderated with lower pitch to fuel rod
diameter, p/d, ratio. It is called overmoderated in the range right of the maximum of
the curves (higher p/d ratio) [23, 36, 37].

The three curves of Fig. 2.10 are valid for fuel with 3.2 % U-235 enriched
uranium (U-235/U-238) dioxide fuel and for 3.0 % (Pu-239/Pu-241) enriched
so-called mixed plutonium/uranium dioxide fuel as well as for two fuel rod
diameters in case of the plutonium/uranium fuel.

LWRs are always designed with an undermoderated lattice cell in the fuel
element (left side of the k¢ curves in Fig. 2.10). In this case a temperature increase
followed by a decrease of the moderator (H,O) density and of the effective water
volume Vipo as well as of the ratio Vipo/Vyos results in a decrease of the
criticality or effective multiplication factor kg (shift to the left). For LWRs the
moderator/coolant-temperature coefficient is:
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forPWRs —2x 107* change in ks per degree of temperature increase of the water
forBWRs —13x 1073 change in kegr per% increase of steam volume (void coefficient)

The negative moderator temperature- or void-coefficient determine the safety
behavior of LWRs during coolant loss accidents [11, 36]. Contrary to the fuel-
Doppler-temperature coefficient which acts in case of power increases instanta-
neously, the coolant/moderator-temperature coefficient can react only with a
certain time delay during power transients. This is due to the fact that in the case
of a fuel temperature increase the moderator temperature or vapor production
increase only after a certain time delay (thermal conductivity in the fuel and
cladding). However, in case of moderator/coolant depressurization (pipe break or
faulty opening of a valve in the primary coolant system) the void coefficient also
reacts instantaneously.

Figure 2.10 shows the criticality or effective multiplication factor for low
enriched uranium fuel and for low enriched plutonium/uranium fuel. The curves
for these two fuel types are shifted against each other. Usually, for uranium fuel a
design value of Vyy0/Vyor=2.1 is selected for PWRs to obtain a sufficiently
negative moderator/coolant-temperature coefficient. For plutonium/uranium fuel a
ratio Vioo/Vuoz = 3.0 is chosen.

Figure 2.10 shows another important result for the case of a molten core as a
result of severe core melt accidents. In case of a molten core, the water in
LWRs is evaporated, the lattice structure (Fig. 2.5) is destroyed and the fuel is
arranged in form of a core melt. In this case Vy;0/Viwea — 0 and K < 0.9,
i.e. the molten rearranged core material is subcritical (see Chap. 9).

2.11 Behavior of the Reactor in Non-steady State
Conditions

As has been explained above, k ;=1 corresponds to the steady state condition of
the reactor core, in which case the production of fission neutrons is in a state of
equilibrium with the number of neutron absorbed and the number of neutrons
escaping from the reactor core.

For kg # 1, either the production or the loss term become dominant, i.e., the
number of neutrons n(t) and k.g(t) vary as a function of time.

Axial movements of the absorber rods in the core change the loss term of
neutrons and influence k.g(t). The relative change as a function of time K.g(t) is
called reactivity p(t).
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Reactivity p(t) Zkeli(ff)(o) = kfff(fé))

p(t) is measured in units of the fraction of the delayed neutrons p ~ 0.0064 for
U-235. Historically it was defined that p =1 dollar (1 $)= 100 cents.

The behavior of the reactor power, temperatures or other changes of the steady
state conditions, e.g. variations of the system pressure or coolant velocity can be
described by a system of differential equations [8, 11, 18, 35, 36]. These are:

— The differential equations for the instationary neutron kinetics (space- and time-
dependent prompt neutron flux distribution and concentrations of the delayed
neutrons and their precursor atoms)

— The differential equations for the space and time dependent temperature fields in
the fuel, the cladding and coolant of the reactor core (including the material
properties of the different materials, e.g. thermal conductivity, heat capacity,
etc.)

— The equations for the feedback effects affecting the effective multiplication
factor, kep, as, e.g. the fuel-Doppler-temperature coefficient and the
moderator/coolant-temperature coefficient

— The equations for the time dependent temperatures and pressures at the inlet of
the reactor core caused by perturbations on the secondary side of the steam
exchangers.

Not in all cases all parts of these coupled systems of differential equations must
be solved together. In case of relatively fast variations of the physical core charac-
teristics (time range of seconds or less), e.g. the core inlet coolant temperature can
be considered to remain constant, as the steam generators parameters change only
slowly.

In many cases the instationary neutron kinetics can be approximated by a system
of coupled ordinary differential equations with initial conditions. In this case the
prompt and delayed neutrons are represented by one ordinary differential equation
and six differential equations for the precursor atoms which emit the delayed
neutrons by radioactive decay. This leads to seven ordinary differential equations.
The solution of these systems of coupled ordinary differential equations shows that
three ranges of ke are of importance:

For supercriticality kegs > 1 two ranges of kg must be distinguished.

— The range between K.;r=1 and kepr<1+f in which the multiplying chain
reaction is determined by the delayed neutrons. In this range of keff the
relatively slowly originating delayed neutrons (from the radioactive decay of
precursor atoms (see Sect. 2.1)) allow the control of the nuclear reactor in a time
range of seconds to minutes. Control procedures by moving control rods or
changes of the concentration of boric acid in the coolant water are performed in
this range as displayed by Fig. 2.11.

— The range of keg > 1+ in which the multiplying chain reaction is determined
by the prompt neutrons originating promptly from the fission process
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Fig. 2.11 Different ranges of the effective multiplication (criticality) factor k. for a typical LWR

(see Sect. 2.1). In this range the time difference of successive neutron genera-
tions is given by the lifetime of the prompt neutrons which is about 2.5 x 107> s
for LWRs with U-235 enriched uranium fuel. This means that the chain reaction
multiplies very fast. The very rapidly increasing number of fissions and the
reactor power as well as the fuel temperatures are, however, reduced by the
counteracting negative fuel-Doppler-temperature coefficient. This reduces
the power and after having attained a certain peak level the power drops again.
LWRs are designed such that the k. is limited such that the energy released by
the power peak is small and limited.

— The range of k.gr < 1 if control/absorber elements are inserted into the reactor
core or the concentration of boric acid is increased in the cooling water. In this
case the power drops rapidly within seconds to the afterheat level.

Figure 2.11 explains the three ranges of k.; which are important for the
description of the non-steady or instationary behavior of nuclear reactors. All
control procedures, e.g. withdrawal of control/absorber elements or increase of
the boric acid concentration in the coolant water are performed in the delayed
prompt critical range of ke¢. The design of an LWR core must guarantee that the
super prompt critical range is never attained during normal operation. In case that
the super prompt critical range should be attained during accidental condition, then
the fuel-Doppler-temperature coefficient will limit the energy released in a power
peak. In addition rapid automatic reactor shut down by control/absorber rods will
limit the damage to the reactor core.

Similarly, the negative moderator/coolant-temperature coefficient or void coef-
ficient will drastically reduce the reactor power in case of depressurization of the
primary coolant system by large scale pipe breaks or faulty opening of valves in the
primary system.
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Chapter 3
The Design of Light Water Reactors

Abstract This chapter describes the designs and safety concepts of presently
operating and more recently developed (future) LWRs. The chapter concentrates
on LWR plants (PWRs and BWRs) with 1,300-1,700 MW(e) power output
manufactured in Europe, the USA and Japan. As a presently operating PWR the
standard PWR of 1,300 MW(e) of KWU (Germany) is chosen. As more recent
(future) PWR designs the Advanced Pressurized Water Reactor AP1000 and the
US-APWR (1,700 MW(e)) developed by Westinghouse (USA) and Mitsubishi
(Japan) are described. In addition the European Pressurized Water Reactor (EPR)
with 1,600 MW (e) power output of AREVA (France) is presented too.

The fuel elements, the control elements, the core design, the pressure vessel, the
design characteristics of the primary system, the steam generators and steam
conditions for the turbine-generator system are all very similar for all these
PWRs. Most of the PWRs with 1,300 MW(e) and more power output have four
redundant coolant circuits. Their emergency core and afterheat cooling systems are
also fourfold redundant. An exception is AP1000 with only two redundant coolant
circuits and two redundant emergency core and afterheat cooling systems. All
PWRs provide emergency core cooling at three different pressure levels (high
pressure (core make up tanks), medium pressure (accumulator) and low pressure).
Whereas in the older KWU PWR-1,300 design the primary system can be
depressurized manually by the operator, this is realized automatically by the
automatic depressurization system (ADS) in the more recent designs of AP1000,
US-APWR and EPR. Emergency cooling water is taken from the building sump in
case of the KWU PWR-1,300, whereas the more recent designs AP1000,
US-APWR and EPR are equipped with a large water volume in-containment
refueling water storage tank (IRWST). The afterheat can be removed in case of a
severe core melt accident either passively through the inner steel containment wall
(AP1000) or by using sprinkler systems in connection with containment heat
removal systems (EPR and US-APWR). In case of a core melt accident water of
the IRWST can be drained into the reactor cavity (AP1000). This water cools the
reactor pressure vessel from the outside and prevents the core melt from penetrating
through the pressure vessel wall. In case of EPR a molten core spreading and

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 33
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cooling device (core catcher) provides long term cooling of the molten core. The
outer containment of PWRs protects the inner components in the inner containment
against external events (earthquakes, hurricanes etc.).

As presently operating standard BWR the BWR-1,300 of KWU (Germany) and
the ABWR built by General Electric (USA), TOSHIBA and HITACHI (Japan) are
described. In addition the more recently designed (future) SWR-1,000 (KERENA)
of AREVA (France) and the ABWR-II of General Electric (USA), TOSHIBA and
HITACHI (Japan) will be presented. The fuel elements, the control elements, the
core design etc. of the BWR-1,300, ABWR and SWR-1,000 (KERENA) designs
are very similar. The pressure suppression system with suppression pool, drywell
and the containment system of the BWR-1,300 and the ABWR are again very
similar. The threefold emergency core cooling and afterheat removal systems of
BWR-1,300 and ABWR show only little differences. In case of the SWR-1,000
(KERENA) with fourfold cooling and emergency cooling systems more passive
safety systems are installed. At depressurization the steam is discharged into four
interconnected core flooding pools. These core flooding pools serve as a passive
heat sink. The heat is transferred through four containment emergency condensers
to an upper shielding/storage pool. Additional passive heat transfer systems are the
emergency condensers within the four core flooding pools. The drywell with reactor
pressure vessel is flooded passively in case of drastic losses of coolant and danger of
core melt.

The ABWR-II design of General Electric (USA), TOSHIBA and HITACHI
(Japan) evolved from the ABWR. It has a larger fuel element, modified emergency
core cooling systems and passive core cooling as well as passive containment
cooling systems. In case of core melt through the bottom of the pressure vessel
the core melt can be cooled on a steel plated cavity underneath the pressure vessel.

3.1 Light Water Reactors

It was already mentioned in Chap. 1 that nuclear power generation is currently
mainly based (about 80 %) on Light Water Reactors (LWRs) designed as Pressur-
ized Water Reactors (PWRs) or Boiling Water Reactors (BWRs). LWRs use low
enriched uranium fuel, which makes for greater flexibility in the choice of reactor
core materials, especially allowing normal (light) water to be used as a coolant
and moderator. PWRs deliver the heat generated in their reactor core to water
circulating under high pressure in primary coolant circuits. From here the heat is
transferred to a secondary coolant system via steam generators to produce steam
driving a turbo-generator system. In BWRs the steam for the turbo-generator
system is generated right in the reactor core and sent directly to the turbo-generator.
PWRs and BWRs have been advanced to a high level of technical maturity. They
are built now in unit sizes up to 1,200 and 1,700 MW(e) [1].
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3.2 Pressurized Water Reactors

In the 1950s PWRs were developed in the USA particularly as power plants for
nuclear submarines (“N.S. Nautilus” 1954). The successful application of the PWR
concept then resulted in the construction of the first non-military experimental
nuclear power plants in the USA and Russia.

Present PWRs have been or are built basically according to the same technical
principles by a number of manufacturers in various countries (USA, Russia, France,
Germany, Japan, South-Korea, China). In this chapter, the modern PWRs of
manufacturers in the USA, Japan and Europe are presented. These are the standard
PWR of 1,300 MW(e), which will be described as built in the 1990s by Kraftwerk
Union in Germany (KWU-PWR) [1]. In addition, the Advanced Pressurized Water
Reactors AP1000 and the US-APWR, developed by Westinghouse (USA) and
Mitsubishi (Japan), are presented [2, 3]. Finally the 1,600 MW(e) European Pres-
surized Water Reactor (EPR) will be described as built by AREVA (France)
[4]. PWR designs by other manufacturers have small technical differences relative
to the above design concepts but these are not relevant for a general understanding
of the basic principles of safety design.

Figure 3.1 shows the main design principles of a PWR. The heat generated by
nuclear fission in the reactor core is transferred from the fuel elements to the coolant
in the primary system. The highly pressurized water (15.5 or 15.8 MPa for AP1000,
US-APWR, KWU-PWR and EPR) is circulated by coolant pumps and heated in the
reactor core from inlet temperatures of 281 °C (AP1000), 288 °C (US-APWR),
292 °C (KWU-PWR) or 296 °C (EPR) to outlet temperatures of 321 °C (AP1000),
328 °C (US-APWR), 326 °C (KWU-PWR) or 328 °C (EPR) (Tables 3.1 and 3.2). It
flows to two or four steam generators, where it transfers its heat to the secondary
steam system. In the secondary system, steam of 5.5 (AP1000), 6.7 (US-APWR),
6.8 (KWU-PWR) or 7.8 MPa (EPR) and 273 °C (AP1000), 284 °C (US-APWR),
285 °C (KWU-PWR) or 293 °C (EPR) is generated. The steam drives the turbine
and the generator. The steam exhausted by the turbine is precipitated in the
condenser, and the condensate water is pumped back into the steam generators.
Waste heat delivered to the condenser is discharged into the environment either to
river, lake or sea water or through a cooling tower.

3.2.1 Core

The core initially contains fuel elements with three or four different levels of U-235
enrichment. In case of EPR, e.g. some fuel elements also contain gadolinium as
burnable poison. The higher enriched fuel elements are arranged at the core
periphery, the less enriched fuel elements are distributed throughout the interior
of the core (Fig. 3.2). This provides for a relatively flat power distribution over the
core and adapts to later so-called equilibrium core loadings. In later core reloadings,
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1 MAIN COOLANT PUMP 8 PREHEATER

2 PRESSURIZED WATER REACTOR 9 FEEDWATER PUMP

3 STEAM GENERATOR 10 COOLING WATER PURIFICATION
4 WATER SEPARATOR SYSTEM

5 TURBINE 11 COOLING WATER PUMP

6 GENERATOR 12 OVERFLOW BASIN

7 CONDENSER 13 COOLING TOWER

Fig. 3.1 Functional design diagram of a pressurized water reactor power plant (Kraftwerk Union)
[1]. 1. Main coolant pump, 2. Pressurized water reactor, 3. Steam generator, 4. Water separator,
5. Turbine, 6. Generator, 7. Condensor, 8. Preheater, 9. Feedwater pump, 10. Cooling water
purification system, 11. Cooling water pump, 12. Overflow basin, 13. Cooling tower

fuel elements with different burnups and different enrichments are also arranged in
similar patterns. The specific power density in the core is about 95 (EPR) to
110 (AP1000) kW(th)/l. Around 2008 the average maximum burnup of the fuel
was about 55,000 MWd/ton over an irradiation period in the core of about 4 years.
Around 2010-2020, a maximum burnup to 70,000 MWd/ton is strived for. A 1 year
reloading cycle can be reached by unloading either one fourth or one fifth of the fuel
elements at maximum burn up.

Uranium dioxide (UQO,) is used as a core fuel. The UO, powder is pressed and
sintered into pellets of about 10 mm height and diameter with an average density of
10.4 g/cm®. The pellets along with pressurized helium are placed into tubes
(cladding) made of Zircaloy with an active core length of 3.6-4.2 m. This cladding
material is chosen for its low neutron absorption as well as good mechanical and
corrosion properties. The tubes are welded and assembled into fuel elements
(Fig. 3.3).

A fuel element of a 1,300 MW(e) or 1,600 MW(e) reactor contains 236 or
265 fuel rods, respectively. The core has 157-257 fuel elements (Tables 3.1 and
3.2), with a total uranium mass of 84 tons (AP1000), 125 tons (KWU-PWR),
153 tons (EPR) and 138.5 tons (US-APWR). Some of the fuel elements contain
control elements with 20-69 axially moveable absorber rods (Fig. 3.4) [6, 7]. These
absorber rods are filled with boron carbide or silver-indium-cadmium as neutron
absorbing materials.
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Table 3.1 Design characteristics of the large PWR power plants of Kraftwerk Union and AREVA

[1,4]

Kraftwerk Union AREVA
(KWU-PWR) (EPR)
PWR-1,300 EPR-1,600
Reactor power
Thermal MW(th) 3,780 4,500
Electrical MW(e) 1,300 1,600
Plant efficiency % 32.8 35.6
Number of coolant loops 4 4
Reactor core
Equivalent core diameter m 3.6 3.77
Active core height m 39 4.2
Specific core power kW(th)/1 95 96
Density kW(th)/  36.5 28.4
kg U
Number of fuel elements 193 241
Total amount of fuel (uranium kg U 125,000 153,000
mass)
Fuel element and control element
Fuel Uo, Uo,
U-235 fuel enrichment wt% 3.54.5 4-5
— reloading
Cladding material Zircaloy-4 Zircaloy-M5
Cladding outer diameter mm 10.75 9.50
Cladding, thickness mm 0.725 0.57
Fuel rod spacing mm 14.3 12.6
Av. specific fuel rod power W/em 208 156
Fuel assembly array 16 x 16 17 x 17
Control/absorber rods
Absorber material 20 rods inserted in fuel 24 rods inserted in fuel
element element
Ag, In, Cd and B,C Ag, In, Cd and B,C
Number of fuel rods per fuel 236 265
element
Burnable poison Boric acid Gd and boric acid
Number of control elements 61 89
Heat transfer system
Primary system
Total coolant flow
Core flow rate t/s 18.8 214
Coolant pressure MPa 15.8 15.5
Coolant inlet temp. °C 292 295.6
Coolant outlet temp. °C 326 328.2
Steam supply system
Steam pressure MPa 6.8 7.8
Steam temperature °C 285 293

(continued)
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Table 3.1 (continued)

Kraftwerk Union AREVA
(KWU-PWR) (EPR)
PWR-1,300 EPR-1,600
Fuel cycle
Average fuel burn up MWd/ton 55,000 70,000
Refueling sequence 1/3 to 1/4 per year 1/5 per year
Average fissile fraction in
spent fuel
U-235 wt% 0.8 0.8
Plutonium wt% 0.7 0.7

3.2.2 Reactor Pressure Vessel

The fuel elements, control elements and core monitoring instruments are contained
in a large reactor pressure vessel (RPV) designed to withstand the operating
pressures at operating temperatures (Fig. 3.5). The vessel has an inner diameter
of about 5 m, a thickness of the cylindrical wall of about 200-250 mm, and a height
of up to approx. 13 m. The cover head of the vessel, which holds all the control rods
and control rod drive mechanisms (CRDM), can be removed for refueling. The
water flowing at a rate of 18.8 t/s (KWU-PWR) and 21.4 t/s (EPR), respectively,
enters the reactor vessel through two (AP1000) or four (KWU-PWR, US-APWR,
EPR) inlet nozzles close to the top and flows downward through the annulus
between the vessel and the thermal shield and neutron reflector to the core inlet
near the bottom. It then returns upward through the core being heated up there and
leaving the two or four outlet nozzles of the pressure vessel. The reactor vessel is
made of, e.g. 22NiMoCr37 steel, in case of Kraftwerk Union PWRs and of
16 MNDS for EPR. Its inner surface is plated with austenitic steel.

3.2.3 Coolant System

The water leaving the outlet nozzles of the pressure vessel transports the heat
generated in the reactor core through two (AP1000) or four (KWU-PWR,
US-APWR, EPR) identical primary coolant circuits to two or four steam generators
and is then recirculated to the pressure vessel. The inner diameter of the primary
system pipes is, e.g. 750 mm for the KWU-PWR or 780 mm for EPR. Each primary
coolant pump has a pressure head, e.g. of 0.8 (KWU-PWR) or 1.0 MPa (EPR) and
consumes 5.4 or 9 MW(e) of electrical power, respectively. The whole primary
system is also plated with austenitic steel. The pressure of 15.5 MPa (KWU-PWR)
or 15.8 MPa (EPR) in the primary coolant system is maintained by a pressurizer
filled partly with water and partly with steam. It has heaters for boiling the water
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Table 3.2 Design characteristics of the large PWR power plants of Westinghouse (AP1000) and

Mitsubishi (US-APWR) [2, 3, 5]

Westinghouse Mitsubishi
AP1000 US-APWR
Reactor power
Thermal MW(th) 3,415 4,451
Electrical MW(e) 1,115 1,700
Plant efficiency % 33 38
Number of coolant loops 2 4
Reactor core
Equivalent core diameter m 3.04 4.22
Active core height m 4.27 3.65
Specific core power kW(th)/1 110 87
Density kW(th)/ 40 32
kg U
Number of fuel elements 157 257
Total amount of fuel (uranium kg U 84,000 138,500
mass)
Fuel element and control element
Fuel U0, uo,
U-235 fuel enrichment wt% 2445 4-5
-reloading
Cladding material ZIRLO™ Zircaloy-M5
Cladding outer diameter mm 9.50 9.50
Cladding, thickness mm 0.57 0.57
Fuel rod spacing mm 12.6 12.6
Av. specific fuel rod power W/em 187 153
Fuel assembly array 17 x 17 17 x 17

Control/absorber rods
Absorber material

Number of fuel rods per fuel
element

Burnable poison

Number of control elements

Heat transfer system

Primary system

Total coolant flow

Core flow rate t/s

Coolant pressure MPa
Coolant inlet temp. °C
Coolant outlet temp. °C

Steam supply system

Steam pressure MPa
Steam temperature °C

Fuel cycle

Average fuel burn up MWd/ton

69 rods inserted in fuel
element

Ag, In, Cd, stainless steel

264

boric acid
24

18.9
15.5
281
321

5.5
271

60,000

69 rods inserted in fuel
element

Ag, In, Cd

264

Gd and boric acid
89

19.3
15.8
288
328.2

6.7
284

60,000

(continued)
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Table 3.2 (continued)

3 The Design of Light Water Reactors

Westinghouse Mitsubishi
AP1000 US-APWR
Operating cycle length Months 18 18
Design life Years 60 60
Average fissile fraction in
spent fuel
U-235 wt% 0.8 0.8
Plutonium wt% 0.7 0.7
Fig. 3.2 EPR core with r
typical initial fuel element
enrichments (AREVA) [4]
- |
EE EE
High enrichment e [J Medium enrichment
with Gadolinium [ Low enrichment
I High enrichment
without Gadolinium

Fig. 3.3 PWR fuel rod and

fuel pellets (Kraftwerk
Union) [1]
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Fig. 3.4 Fuel element and
control element of a

1,300 MW(e) PWR
(Kraftwerk Union) [1]

Fig. 3.5 Reactor pressure
vessel with core and internal
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and sprayers for condensing the steam to keep the pressure within specified
operating limits (Fig. 3.6).
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Fig. 3.6 Isometric view of 7}4‘ S ~
the reactor coolant system oA —— M ALARATNR
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In the steam generators heat is transferred through a large number of tubes
(Fig. 3.7). Feed water at a pressure of about 7 MPa is evaporated and steam is
passed through separators to remove water droplets and attain a moisture content of
less than about 0.015 %. In the steam generator, the primary coolant system is
separated from the secondary coolant system by the tubes. The EPR steam gener-
ator (Fig. 3.7) with economizer makes it possible to reach a saturation pressure of
7.8 MPa by special guidance of the feed water flow. This leads to a thermal
efficiency of up to about 36 % (EPR) [4].

The steam flows through the turbine valves (Fig. 3.1) into the high pressure
section of the turbine and, after reheating, into the low pressure section of the
turbine. The expanded steam is precipitated in the condenser and pumped back as
feed water by the main condensate pumps into the feed water tank. The main feed
water pumps move the pressurized water from the feed water tank through four
main feed water pipes into the four steam generators.

In case the turbine would have to be suddenly disconnected from the grid as a
result of some fault condition, steam can be directly passed into the condenser by
means of bypass valves. If the condenser should not be available due to some
failure, the steam can be blown off to the atmosphere by means of blow down
valves and safety valves.
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Several supporting systems are required for operation of the coolant circuit
systems. The volume control system offsets changes in volume of the reactor
cooling system resulting from temperature and operational influences. It is con-
trolled by the water level in the pressurizer (Fig. 3.6). Part of the cooling water is
extracted continuously and purified in ion exchangers. At the same time, corrosion
products and possibly released radioactive products are removed.
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3.2.4 Containment Building

The containment building has the function to contain releases of airborne radioac-
tivity in case of accidental conditions and shield the reactor core and cooling
systems against external impacts. The containment design chosen by the manufac-
turers is either an inner steel containment with an outer prestressed concrete shell
(KWU-PWR, AP1000) or a single (US-APWR) or a double prestressed concrete
structure (EPR) with internal liner.

In case of the Kraftwerk Union PWR (Table 3.1), the reactor pressure vessel, the
coolant pumps, steam generators, emergency and afterheat cooling systems as well
as the vault for fresh and spent fuel elements are arranged within the reactor
building, which is enclosed in a spherical double containment (Figs. 3.8 and 3.9).
The double containment is made up of the inner steel containment and an outer
concrete shield which is 1.8 m thick (Fig. 3.8).

The inner steel containment is held at a lower pressure than the atmospheric
pressure. In this way only leakage from the outside to the interior of the contain-
ment is possible during normal operation. The spherical inner steel containment has
a diameter of approx. 56 m and is designed to an internal pressure of about 0.5 MPa.
If the internal design pressure of 0.5 MPa is exceeded after a core melt accident the
containment atmosphere could be slowly exhausted through a valve and special
aerosol filters which retain 99.9 % of the radioactive aerosols. Penetrations of the
piping through the containment are equipped with vented double (Fig. 3.9) bellows
and can be checked for leaks. The outer steel reinforced concrete shield protects the
reactor against external impacts and shields the environment against radiation
exposure in case of accidents. External impacts which are considered as a design
basis for the containment are earthquakes, floods, tornados, airplane crashes, and
pressure waves generated by chemical explosions.

The EPR containment (Table 3.1) is a cylindrical double containment of
prestressed concrete. The inner containment has a 6 mm thick steel liner. The
double concrete shield is 1.3 m (inner containment) and 1.3 m (outer containment)
or in total 2.6 m thick and has a diameter of about 75 m and a height of about 60 m
(Figs. 3.10 and 3.11). It protects the inner part of the containment against external
events as in case of the spherical containment of the KWU-PWR. The upper part of
the inner containment houses sprinkler systems supplied with water by the contain-
ment heat removal system (CHRS) for ultimate heat removal in case of a severe
accident. Below the reactor pressure vessel, a so-called molten core spreading area
with special cooling systems is located which can cool the hot core masses in case
of a core melt accident (Figs. 3.10 and 3.11). Leak tightness of the inner contain-
ment and filter systems guarantee extremely low releases of radioactivity to the
environment, even in case of severe accidents. Relocation or evacuation of the
population can be avoided even in case of severe accidents (Chaps. 9 and 10).

The inner containment of modern European PWRs is required to withstand the
pressure resulting from large scale hydrogen combustion processes which might
occur under severe accident conditions (Chap. 8). Hydrogen can result from the
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Fig. 3.8 Cutaway view of the containment of a 1,300 MW(e) PWR (Kraftwerk Union) [1]

chemical reaction of the fuel cladding material zircaloy with hot steam during a
severe core melt accident. Also so-called hydrogen recombiners are distributed all
over the containment to decrease the hydrogen concentrations in the inner contain-
ment in case of slowly developing core melt accidents. In Chap. 8 the safety aspects
of rapid accident progressions with fast hydrogen generation will be discussed.
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Fig. 3.9 Reactor protection system of a PWR (Kraftwerk Union) [1]. 1. Scram system, 2. Pres-
surizer, 3. Flooding tank, 4. Safety feed pump, 5. Residual cooling pump, 6. Residual heat cooler,
7. Emergency power system, 8. Ventilation systems, 9. Emergency feedwater system

Fig. 3.10 EPR double containment with reactor pressure vessel, cooling systems and molten core
spreading area (AREVA) [4, 8]
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Fig. 3.11 Containment heat removal system in case of core melt for EPR (AREVA) [4, 8]

3.2.5 API1000 Safety Design

The containment design of the AP1000 (Table 3.2) relies on passive safety features,
e.g. natural driving forces like gravity flow, natural circulation flow and convection
heat transfer, as well as compressed gas.

The AP1000 containment (Fig. 3.12) consists of an outer cylindrical reinforced
concrete shield building which surrounds a cylindrical steel containment of 39.6 m
diameter. During normal operation and accidental conditions the concrete shield
building provides shielding against radiation from reactor components and released
radioactivity. It also protects the internal reactor components from external
impacts, e.g. tornados, missiles, etc. [2, 10].

In case of a core melt accident followed by heat and vapor release to the inner
atmosphere of the containment the heat can be transferred by thermal conduction
through the steel wall of the internal containment. Air coming into the shield
containment structures flows down a baffle structure and cools the cylindrical
steel wall by uprising natural convection flow (Fig. 3.12). It leaves the shield
containment at the top. This cooling process can be enhanced by water flowing
from the drain tank of the passive containment cooling system (PCCS) on top of the
inner steel containment. This water is flowing down the outer surface of the inner
steel containment. The in-containment refueling water storage tank IRWST) with
its large water volume provides a large heat sink for passive residual heat removal.
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Fig. 3.12 AP1000 passive containment cooling system [2, 9]

3.2.5.1 Emergency Core Cooling System (ECCS)

The passive core cooling system (PXS) protects the AP1000 plant against core
cooling accidents (leaks and ruptures at different locations of the reactor cooling
system). The PXS provides safety injection of coolant water, depressurization of the
primary system and residual heat (afterheat) removal.

In case of e.g. a double-ended rupture of a main reactor cooling line the safety
injection and depressurization systems start to act (Fig. 3.13). The PXS uses three
sources of cooling water to maintain core cooling through safety water injection.
The safety water injection systems including two core water makeup tanks (CMTs)
at high coolant pressure (15.5 MPa borated water), the two accumulators with
borated water at medium coolant pressure (4.8 MPa) and the IRWST with borated
water which starts to act at pressures below 0.18 MPa (after full depressurization).
These three water injection systems are connected to separate injection nozzles at
the reactor pressure vessel [2, 9]. In this way no safety injection water can be lost in
case of breaks in the main cooling lines (Fig. 3.13).

In case of an accident sequence with a threat of core melting, the primary coolant
system can be depressurized after reactor shutdown by the automatic depressuriza-
tion system (ADS) (Fig. 3.13) into the IRWST via two depressurization stages with
threefold valve lines at the pressurizer and a third and a fourth depressurization
stage connected to the main coolant lines [2].
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IRWST-

Fig. 3.13 Automatic depressurization system, safety coolant water injection and residual heat
removal of AP1000 [2, 9]

3.2.5.2 Passive Residual Heat Removal

After depressurization below 0.18 MPa the IRWST provides long term cooling of
the core by the opening of squib valves. For passive residual heat removal a passive
residual heat removal heat exchanger (PRHR HX) is connected through inlet and
outlet lines to one of the main reactor coolant loops. The heat sink for the PRHR HX
is provided by the large water volume of the IRWST. In this way the PRHR HX can
also counteract to temperature transients caused by imbalances on the steam
generator and feedwater side.

3.2.5.3 Passive Containment Cooling

In case of boiling water in the IRWST the steam in the atmosphere of the inner steel
containment condenses at the inner wall. The resulting water is collected and
flowing back into the IRWST. The heat is transferred by heat conduction through
the wall and removed by the air or water flowing at the outer surface. In this way all
decay heat released in the molten core can be transferred to the outside atmosphere
(Fig. 3.12).
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In case of core melting the IRWST can be drained into the reactor cavity
surrounding the reactor pressure vessel. The reactor pressure vessel is then
surrounded by water. This prevents failure of the wall of the reactor pressure vessel
[2, 10] (see also Chap. 10).

The design pressure of the inner containment is 0.41 MPa. The thickness of the
steel wall of the inner containment is 44 mm. The thickness of the reinforced
concrete wall of the outer shield building is 91.4 cm [11, 12]. The design basis
for seismic events is 0.3 g ground acceleration.

The core coolant inventory in the containment for recirculation cooling and
boration of the core is sufficient to last at least 30 days. Hydrogen igniters and
autocatalytic recombiners shall prevent hydrogen explosions or detonations.

3.2.6 The US-APWR Containment Design

The US-APWR design with 1,700 MW (e) power output (Table 3.2) is based on the
Mitsubishi (Japan) APWR design modified to meet the US-licensing requirements.
It is a four loop design (Fig. 3.14). Its core has 257 fuel elements of 17 x 17 fuel
rods (Fig. 3.14). The core is reloaded every 18 months [3, 5, 13] (Fig. 3.15).

The US-APWR has a single wall concrete containment and an in-containment
refueling water storage tank (IRWST) with large water volume. In case of threat of
core melting the steam/water mixture in the reactor pressure vessel can be released
into the IRWST via drain lines after opening of depressurization valves above the
pressurizer (Fig. 3.16). Water of the IRWST can be pumped into the reactor cavity.
In this way the lower part of the outside pressure vessel is flooded with water to
prevent core melt through to the bottom. The bottom of the reactor cavity is clad by
a steel liner where the core debris shall be spread into a thin melt layer for long term
cooling. In case of boiling water in the IRWST the steam would rise into the upper
part of the containment. It shall be condensed there by water of a containment spray
system. The containment atmosphere can additionally be cooled by an alternative
containment cooling system. Hydrogen formed during a core melt accident by
chemical reaction between steam and the hot zirconium cladding will be monitored
in the upper part of the containment. The hot hydrogen shall be burnt by a number
of igniters.

Water for the containment spray system can be fed from the IRWST by a pump
through a heat exchanger (CS/RHR HX) or by a fire-water pump from an outside
water tank. Similarly a pump can take water from the IRWST and feed it back to the
cylindrical cavity around the reactor pressure vessel. If needed, water can be
pumped to the IRWST from the outside water tank via the fire-water pump.
Emergency feed water for the steam generators can be provided by emergency
feed water pumps from outside water sources.
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Fig. 3.14 Overview of US-APWR design [13]

3.2.7 Control Systems

At nominal power all PWRs have negative feedback coefficients of coolant tem-
perature and power (see Chap. 2). Any reduction in core coolant temperature
therefore will result in an increase in reactivity and power. If higher loads are
demanded by the generator and the turbine, more heat must be extracted from the
primary cooling system through the steam generators. This is done by opening the
turbine governor valve which causes the primary coolant temperature in the reactor
core to drop and subsequently the reactor power to rise; the power automatically
balances out at a slightly higher level. However, in order to prevent the steam
temperature and the steam pressure from dropping too far, the control elements are
also moved up at the same time.

Reactivity changes in the core are balanced by axial movements of the control
elements: slow changes of the kind brought about by fuel burnup and fission
product build up are also controlled by changing the boric acid concentration of
the primary coolant. Also gadolinium is mixed with the UO, fuel as a burnable
poison if very high burnup of the fuel shall be attained.

The coolant pressure is kept at the systems pressure by the pressurizer (Fig. 3.6).
The water level in the pressurizer is controlled by the volume control system. The
addition of feed water to the steam generator must be matched by the feed water
control system as a function of the amount of steam extracted for the turbine.
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Fig. 3.15 Fuel assembly
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3.2.8 PWR Protection System

The PWR protection system (Fig. 3.9) processes the main measured data important
for plant safety, and automatically initiates, among other steps, the following
actions as soon as certain set points are exceeded:

— fast shutdown of the reactor core with turbine trip (reactor scram) and separation
from the electrical grid,

— emergency power supply,

— afterheat removal and emergency water injection,

— closure of reactor containment.
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Fig. 3.16 Containment design and safety systems of US-APWR [13]
3.2.8.1 Reactor Scram

In a reactor scram, the absorber rods of the PWR are dropped into the reactor core
by gravity (Fig. 3.9). The reactor goes subcritical and the reactor power drops to the
level of afterheat generation (Chap. 2).

3.2.8.2 Emergency Power Supply

During normal reactor operation, the plant is connected to the public grid system. In
the case of a breakdown of the public grid, the plant is disconnected from the grid
and the output of the turbogenerator and the power generation of the reactor is
reduced to the level of the plant requirement. The plant generates its own supply in
isolated operation and is maintained operational. If also the isolated mode of
operation fails, only the safety systems will be supplied by emergency power.
Emergency power is supplied in a redundant layout by diesel generators,
gas/combustion turbines and battery systems. If the operation room is endangered
during an accident by fire, poisonous or radioactive gases or aerosols the plant can
be operated from an emergency operation room (Chap. 10).
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3.2.8.3 Emergency Feedwater System

The emergency feed water system (Figs. 3.9 and 3.16) supplies feed water to the
steam generators, if the main feed water pumps can no longer do so. They are
supplied by emergency power in case the main power supply was to fail. The
emergency feed water system is equipped with fourfold redundancy (KWU-PWR,
US-APWR, EPR), having borated water reserves (feed water tank and
demineralized water tank) which allow the removal of afterheat to be maintained
for many hours. Removal of the afterheat from the reactor core is ensured first by
natural convection of the primary cooling water flowing through the core and steam
generators. Natural convection is enforced by installing the steam generators at a
higher level than the reactor core. After the coolant pressure in the reactor cooling
system has dropped to a sufficiently low level the afterheat removal system takes
over this function.

3.2.8.4 Emergency Cooling (Safety Injection) and Afterheat Removal
Systems

The emergency cooling (safety injection) system of PWRs consists of the high
pressure safety feed system, the flooding tank or accumulators and the low pressure
safety injection system. The low pressure safety injection system is combined with
the residual heat or afterheat system which serves for both operational and safety
related purposes (see Figs. 3.8, 3.9, 3.13, and 3.16):

— When the power of the PWR is shut down by the protection system, the
emergency cooling (safety injection) and afterheat removal system are started
up automatically, after the pressure and the temperature in the primary systems
have dropped to sufficiently low levels. These systems then remove the afterheat
and continue to cool the reactor core and coolant circuits.

— In a loss-of-coolant accident the emergency cooling (safety injection) and
afterheat removal system have to maintain the coolant level in the reactor
pressure vessel and ensure cooling of the reactor core. The emergency cooling
(safety injection) and afterheat removal system for AP1000 was described in
Sect. 3.2.5.1. It has fourfold redundancy for the KWU-PWR, US-APWR and
EPR and is supplied by emergency power. It can feed water both into the cold
(inlet) and the hot (outlet) main coolant lines by means of a high pressure feed
system (e.g. 15.5 MPa in case of AP1000, 11 MPa in case of KWU-PWRs,
9.2 MPa in case of EPR). In addition there is the medium pressure injection by
accumulators (e.g. 4.5 MPA for AP1000 and 2.5 MPa for KWU-PWRs) and a
low pressure feed system <1 MPa. Major leaks would cause the pressure in the
reactor cooling system to drop so quickly that the high pressure feed system
would not be started up. In that case, borated water will be injected into the
primary main cooling system directly from the flooding tanks or accumulators
and through the low pressure injection systems at <1 MPa from the flooding
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tanks, e.g. in case of the KWU-PWRs. If the flooding tanks or accumulators have
run dry, the low pressure injection system feeds water from the reactor building
sump into the primary systems in case of KWU-PWR. The building sump can
collect leakage water from the primary system (sump recirculation operation). In
case of AP1000, US-APWR or EPR, water discharged inside the containment is
collected in the in-containment refueling water storage tank (IRWST) located at
the lower part of the containment. The low pressure safety injection and residual
heat removal systems can take water from the IRWST (AP1000, US-APWR,
EPR).

Smaller leaks cause the pressure to drop only gradually, so that initially only the
high pressure feed systems will start to function. However, the pressure and
temperature drop in the main coolant system is supported by a temperature drop
of 100 °C/h on the secondary side.

In case of AP1000, US-APWR and EPR the primary coolant system under high
pressure can also be depressurized automatically via several depressurization valve
lines on top of the pressurizer into the IRWST. After the coolant pressure and
temperature have dropped sufficiently below 1 MPa, the low pressure feed systems
will be started up.

The afterheat is discharged into river, lake or sea water, a cooling pond or special
cooling towers by way of intermediate heat exchangers (secondary parts of the
emergency cooling and afterheat removal system), which are also fourfold redun-
dant (KWU-PWRs, US-APWR, EPR) and driven by emergency power.

3.3 Boiling Water Reactors

The Boiling Water Reactors (BWRs) built today by a number of manufacturers in
the USA, Europe and Japan are characterized by almost identical technical designs.
This section will deal with the standard BWR-1,300 of Kraftwerk Union [14] and
the SWR-1,000 (KERENA) as designed by AREVA [15]. In addition the advanced
boiling water reactor (ABWR) built by General Electric (USA), TOSHIBA and
HITACHI (Japan) will be presented. Figure 3.17 shows the functional design
diagram of a BWR plant. In a BWR steam is directly produced in the reactor core
and dried in upper steam dryer structures of the reactor pressure vessel. The steam
then flows directly to the turbine generator system. The steam condenses in the
condenser of the turbine system. The condenser is cooled by water from a cooling
tower. Condensate water is then pumped back through a feedwater tank to the
reactor core.
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Fig. 3.17 Functional diagram of a boiling water reactor [14]. 1. Reactor core, 2. Main coolant
pump, 3. High pressure part of turbine, 4. Low pressure part of turbine, 5. Generator, 6. Water
separator, 7. Superheater, 8. Condenser, 9. Condensate pump, 10. Pre-heater, 11. Feedwater tank,
12. Feedwater pump, 13. Interconnecting pipe, 14. Cooling water, 15. Cooling-water pump, 16.
Cooling tower

3.3.1 Core, Pressure Vessel and Cooling System of a BWR

The reactor core of BWRs consists of a square array of 784 or 664 so-called
ATRIUM fuel elements, about 3.74 or 3.0 m long for the BWR-1,300 of Kraftwerk
Union and the SWR-1,000 of AREVA, respectively (Table 3.3). Each fuel element
contains either 10 x 10 (ATRIUM 10) or 12 x 12 (ATRIUM 12) fuel rods in a
closed square box of 131 x 131 or 155 x 155 mm, the so-called fuel channel
(Fig. 3.18). The ATRIUM fuel elements have a 3 x3 cm or 4 x4 cm central
water channel to achieve a relatively flat power profile across the fuel element [1,
6,7, 14-16]. The core and fuel element data of the ABWR of TOSHIBA are given
in Sect. 3.4. For moderation of the neutrons and cooling of the core, water flows
through the core and is allowed to boil in the upper part of the core. Cruciform
absorber plates (Fig. 3.19), containing boron carbide or hafnium as absorber
material, are installed in between a set of four square fuel elements. The absorber
plates are moved hydraulically into and out of the reactor core from below.

The fuel rods have claddings of Zircaloy and contain UO, pellets with enrich-
ments of about 4.5 % or 5.4 % U-235. The fuel is unloaded after a maximum burnup
of 55,000 or 65,000 MWd/ton. Roughly one quarter of the fuel elements are
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Table 3.3 Design characteristics of the BWR power plants BWR-1,300 of Kraftwerk Union and

SWR-1,000 of AREVA [15, 16]

BWR-1,300
(Kraftwerk Union)

SWR-1,000 (KERENA)
(AREVA)

Reactor power

Thermal MW (th)
Electrical net MW(e)
Plant efficiency (net) %
Reactor core

Equivalent core diameter m

Active core height m

Specific core power kW(th)/1

Density kW(th)/kg
U

Number of fuel elements

Total amount of fuel kg U

(uranium mass)
Fuel element and control element
Fuel

U-235 fuel enrichment ~ w/%
average
Cladding material
Cladding outer diameter mm
Cladding thickness mm
Av. specific fuel rod W/cm
power
Fuel assembly array
Control/absorber rod
type
Number of control
elements
Heat transfer system
Primary system
Total coolant flow rate  t/s
(core flow)
Coolant pressure MPa
Feedwater temp. °C
Core coolant inlet temp. °C
Steam outlet temp. °C
Steam supply system
Steam generation t/s
Steam pressure MPa
Steam temperature °C
Fuel cycle
Average fuel burn up MWd/ton

Refueling sequence

Average fissile fraction in spent fuel
-U-235 %o

— Pu-fiss. %o

3,840
1,284
35

4.8

3.74
56.8
28.2

784
136,000

U0,
4

Zircaloy
10.28
0.62

129

10 x 10 ATRIUM

Cruciform control element
inserted from the bottom
between a set of 4 fuel
assemblies

193

14.3

7.0

216
278
286

1.94
7.0
286

56,000
1/4 per 18 months

0.8
0.7

3,370
1,254
37.2

53
3.0
51
24.7

664
136,300

U0,
54

Zircaloy (Fe combined)
10.28

0.62

116

12 x 12 ATRIUM

Cruciform control element
inserted from the bottom
between a set of 4 fuel
assemblies

157

13.2

7.5

220
278
289

1.85
7.3
289

65,000
1/4 per 18 months

0.8
0.7
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Fig. 3.18 ATRIUM-10 boiling water reactor fuel element [6]

replaced by fresh fuel elements after 18 months. Fuel elements which have not
attained their maximum burnups at that time are reshuffled (moved to different
radial positions of the core).

The fuel rods contain gadolinium as a burnable neutron poison to compensate for
the burnup of fissile material and the build up of fission products during reactor
operation. The average power density in the core is 57 or 51 kW(th)/l and 28.2 or
24.7 kW(th)/kg uranium for the BWR-1,300 of Kraftwerk Union and SWR-1,000
(KERENA) of AREVA, respectively. The water inlet temperature in the lower part
of the core is 216 °C or 220 °C, the steam outlet temperature is 286 °C or 289 °C,
which corresponds to a saturation steam pressure of roughly 7.0 or 7.5 MPa
(Table 3.3).
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Fig. 3.19 Cruciform
absorber element of a
boiling water reactor core
with a 7 x 7 fuel element
[14]

Steam is generated by water boiling in the upper part of the reactor core. To
provide sufficient core flow for ample heat transfer, BWRs employ internal
recirculation pumps which increase the core flow rate. The core with the absorber
plates is contained in a large steel pressure vessel (Fig. 3.20). Above the core, there
are the steam separators and steam dryers. The reactor vessel head can be removed
for loading and unloading of fuel elements. A BWR pressure vessel has a diameter
of 6.6 or 7.1 m, a wall thickness of roughly 160 mm, and a height of 23 m. The
Kraftwerk Union BWR-1,300 and the AREVA SWR-1,000 (KERENA) pressure
vessels are made of, e.g. 22NiMoCr37 steel, with the inside being plated with
austenitic stainless steel.

The saturated steam flows from the reactor pressure vessel directly to the turbo-
generator system and is pumped back from the condenser and feedwater tank to the
pressure vessel. The condenser is cooled by water from a cooling tower or from a
river (see Fig. 3.17).

A question of particular interest in BWRs with direct cooling systems is the
radioactivity of the cooling water. The amount of radioactivity is determined by the
impurities contained in the water and by an (n,p)-reaction of oxygen producing
nitrogen, N-16, with a half life of 7.2 s. Many years of experience in operating
boiling water reactors have shown that, because of the short half-life of the N-16,
maintenance work on the turbine, the condenser and the feed water pumps is not
impaired significantly by radioactivity.

The water circulation in the reactor pressure vessel and through the core can be
used for changing the reactor power. Reduction of water flow through the core will
result in a higher evaporation rate and in a larger volume of bubble formation.
Increasing the volume of steam in the core reduces the moderation of the neutrons,
and as a consequence, the criticality or effective multiplication factor k. (see
Chap. 2) and the reactor power will be reduced. In this way, changes in the water
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flow can be used to control the reactor power in a broad range without movement of
control rods. BWRs can automatically follow the load requirements of the turbine,
by sensing pressure disturbances at the turbine, transmitting these signals to the
recirculation flow control valve and regulating core flow and therefore reactor
power.

In order to ensure high quality of the reactor feed water, all the feed water
recirculated from the turbine condenser is pumped through filters (demineralizer
units) and cleared of any corrosion products and other impurities.
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Fig. 3.21 Shutdown systems of BWR-1,300 and SWR-1,000 (KERENA) [14-16]
3.3.2 Boiling Water Reactor Safety Systems

If there are perturbations in the criticality or effective multiplication factor, k¢, or
losses of coolant flow, the reactor is shut down in a short time by rapid insertion of
the absorber plates. As a backup shutdown system, the coolant (moderator) can be
poisoned by a neutron absorbing boric acid solution and, in this way, also quench
the nuclear reaction and shut down the reactor (Fig. 3.21).

Ruptures in any pipe in the primary cooling system (e.g., the recirculation
system) cause the main steam pipes and the feed water pipes to be blocked by
two series-connected isolation valves and by two series-connected non-return
valves, respectively. This action isolates the reactor pressure vessel within the
containment from the outer turbine and condenser cycles. When these isolation
valves are closed, or if there is overpressure in the reactor pressure vessel, BWR
safety/relief valves are automatically actuated, allowing a path for steam to be
discharged from the reactor vessel. In this case, the steam is discharged into a large
water pool inside the pressure suppression containment.

In case of the BWR-1,300 of Kraftwerk Union steam is discharged into a large
pressure suppression pool (Fig. 3.22). In case of SWR-1,000 (KERENA) of
AREVA more passive safety systems are installed as compared to BWR-1,300
and the steam is discharged into four core flooding pools. In the following part both
designs are described separately.
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Fig. 3.22 Schematic view of the inner and outer containment of BWR-1,300 (Kraftwerk Union)
[14]

3.3.2.1 Pressure Suppression System of Kraftwerk Union BWR-1,300

Figure 3.22 shows the pressure suppression containment system of the Kraftwerk
Union BWR-1,300. The reactor pressure vessel, the recirculation system and the
pressure relief valves of the main steam pipes are accommodated in the inner
containment, also called drywell, which isolates them from the rest of the reactor
containment. The drywell consists of a reinforced concrete structure with horizontal
vent openings which allow communication between the pool and the drywell. The
drywell is kept dry.

If primary coolant is released through a leak in the primary system pipes, steam
will enter into the drywell and will be channeled into the pressure suppression pool,
where it will condense. An inner containment surrounds the drywell pressure
suppression system and all reactor equipment. It is designed to withstand temper-
atures and pressures that could be caused by a loss-of-coolant accident and to retain
non-gaseous fission products which could potentially be released from the reactor
system during an accident.
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The inner containment is filled with nitrogen. Hydrogen recombiners are located
at certain positions to burn hydrogen in case of a cladding-steam interaction or a
core melt accident.

3.3.2.2 Emergency Core Cooling and Afterheat Removal Systems

If the water level in the reactor pressure vessel drops, or if there is a leak (loss-of-
coolant accident), water is automatically added to the reactor pressure vessel by the
following systems [17]:

— a three train high pressure core water injection system
— athree train low pressure coolant injection system and
— a three train residual core heat removal system.

The pressure pump of the high pressure water injection system initially takes
water from tanks that store condensate water or, if necessary, takes water from the
pressure suppression pool. The water is then directly pumped into the pressure
vessel. Its function is to supply large quantities of water to the core in case of a loss
of coolant accident while the reactor is still in a high pressure condition. It prevents
fuel cladding damage in the event the core becomes partially or fully uncovered.

In case it becomes necessary to use the low pressure system, the reactor pressure
vessel can be depressurized. This is accomplished by opening the safety relief
valves and by discharging steam to the pressure suppression pool for condensation.
After this has happened, the low pressure water injection system can be used by
taking water from the suppression pool and feeding water directly into the inside of
the reactor vessel.

The low pressure coolant injection system is actually one mode of the residual
heat removal system. Two heat exchanger loops can be used to cool the suppression
pool or the heat exchangers can be bypassed and water can be injected at low
pressure directly into the pressure vessel to cool the core.

An additional function of the residual heat removal system is to remove and
condense any steam in the drywell. Water is taken from the pressure suppression
pool and sprayed into the inner containment free volume. Thus over-pressurization
of the containment can be prevented (Fig. 3.23).

3.3.2.3 SWR-1,000 (KERENA) Containment of AREVA and Passive
Cooling Systems

The reactor pressure vessel is housed in an inner prestressed concrete containment
with a steel liner (Fig. 3.24). This inner containment is subdivided into a pressure
suppression chamber, the drywell and four hydraulically connected large core
flooding pools. The core flooding pools serve as a heat sink for passive heat removal
from the reactor pressure vessel by emergency condensers and the safety relief
valves. The drywell houses the reactor pressure vessel with the control rod drive
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Fig. 3.23 BWR-1,300 residual-heat-removal systems of Kraftwerk Union [17]

and the control rod shutdown system, the three steam lines and two feed water lines,
as well as the safety relief valves, the containment isolation valves and the pressure
pulse transmitters. In addition the high pressure part of the water cleanup system
and the flooding lines for passive flooding of the reactor pressure vessel and
flooding of the drywell in case of a drastic loss of coolant are located in the drywell.
During operation the inner containment is inertized by nitrogen, to prevent hydro-
gen explosions or detonations in case of a loss of coolant accident with hydrogen
release. Above the inner containment the water filled shielding pool and the
adjacent fuel element storage pool are located. In case of refueling the reactor
pressure vessel cover is opened and the fuel elements are loaded or unloaded
through the shielding water pool and transferred to the fuel element storage pool.

The main steam lines and the feed water lines are equipped with two contain-
ment isolation valves, one located inside and one outside of the inner containment
wall. The residual heat removal systems are located underneath the pressure
suppression chamber in non-inertized compartments which are accessible for
inspection and repair from the outside [15, 16].
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Fig. 3.24 Inner containment with safety systems of SWR-1,000 (KERENA) [15, 16]

3.3.2.4 Safety Relief Valve System

The safety relief valve system (Fig. 3.25) consists of the safety relief valves, the
relief lines and steam quenchers which are located in the core flooding pools.
They act in case of:

— overpressure to protect the pressure boundaries (pressure relief)

— the water level in the reactor pressure vessel falling below specified limits (loss
of coolant accident, automatic depressurization)

— turbine trip (short term removal of excess steam)

— severe accident mitigation (depressurization).
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Fig. 3.25 Safety relief valve system of SWR-1,000 (KERENA) [15, 16]

The eight main safety relief valves are actuated by solenoid pilot valves or by
diaphragm pilot valves via passive pressure pulse transmitters. Standard spring
loaded valves are also used to initiate the pressure relief function.

3.3.2.5 Emergency Condensers

Each of the four emergency condensers (Fig. 3.26) consists of a steam line (top
connection), the heat exchanger tubes and a condensate return line (lower connec-
tion). Each return line is equipped with an anti-circulation loop and a passive
outflow reducer. The emergency condensers are actuated passively when the
water level in the reactor pressure vessel drops to a certain level. In this case the
emergency condenser tubes fill with steam which condensates. The condensate
returns back to the reactor pressure vessel.

3.3.2.6 Containment Cooling Condensers

The containment cooling condensers (Fig. 3.27) remove residual heat passively
from the containment atmosphere to the shielding storage pool located above the
inner containment. Each containment condenser consists of tubes arranged at a
slight angle to horizontal. The tubes penetrate the upper wall of the inner contain-
ment. They are open to the shielding/storage pool. The containment cooling
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Fig. 3.26 Emergency condenser of SWR-1,000 (KERENA) [15, 16]
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Fig. 3.27 Containment cooling condenser of SWR-1,000 (KERENA) [16, 18]
condensers are passive cooling systems. In case of high temperatures of the upper

containment atmosphere the water in the tubes warms up or evaporates and the heat
is transferred to the shielding/storage pool.

3.3.2.7 Residual Heat Removal and Core Flooding Systems

Two active low pressure core flooding and residual heat removal systems perform
the following tasks:
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— reactor core cooling during operational shutdown as well as under accident
conditions (loss of coolant)

— heat removal from the core flooding pools and the pressure suppression water in
case of pressure relief conditions or loss of the main heat sink

— water transfer operations prior and after core refueling operations.

3.3.2.8 Systems for Control of Severe Accidents

Because of the above described passive cooling systems, high pressure water
injection systems as in other BWRs are no more needed for the SWR-1,000
(KERENA).

Severe core melt accidents could occur if all active and passive injection
functions would fail. This is extremely improbable. In this case a core melt under
high pressure in the reactor pressure vessel can be ruled out by the design of the
depressurization system. If the reactor core melts at low pressure it could be kept in
the lower part of the pressure vessel and be cooled by water from the outside by
thermal conduction through the remaining steel structures in the lower part of the
reactor pressure vessel (Fig. 3.28). A special flooding system can flood water from
the core flooding pools to the lower part of the drywell. A water pool surrounds the
lower part of the pressure vessel. Steam arising from cooling of the reactor pressure
vessel would be condensed at the containment cooling condensers. The heat would
be transferred to the shielding/storage pool above the inner containment.

3.3.2.9 Auxiliary Cooling Systems

The water pool for spent fuel elements is cooled by four heat exchangers operating
in the natural convection mode. Reactor water and spent fuel pool cleanup systems
with filters operate to keep the cooling water always at specified conditions.

3.3.2.10 Emergency Power Supply

An external grid supplies emergency power for all electrical loads which have to
remain available even in the event of a loss of the normal auxiliary power supply
grid. Emergency diesel generators or gasturbine-generators can take over in the
emergency case and provide an independent power supply.

3.3.2.11 Containment System
A reinforced concrete containment (Figs. 3.22 and 3.24) encloses and protects the

inner containment against such external events as they were described for the PWR
in Sect. 3.2.4. The annulus between the outer concrete shield building and the
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Fig. 3.28 Cooling of RPV exterior in the event of core melt of SWR-1,000 [16]

containment is maintained at a pressure lower than atmospheric so that any radio-
active gases leaking into this annulus can be filtered prior to the release to the
environment.

In case of the SWR-1,000 (KERENA), radioactivity releases to the outer envi-
ronment would be extremely low. Even in case of severe core melt down accidents,
evacuation or relocation of the population would not become necessary.

3.4 The Advanced Boiling Water Reactors

The Advanced Boiling Water Reactor (ABWR) was designed and is manufactured
by General Electric (USA) as well as by TOSHIBA and HITACHI (Japan) [18—
21]. ABWR plants are operating in the USA, Japan and Europe. The ABWR has
many similar design features compared to the BWR-1,300 described in Sect. 3.3.
The main design data of the TOSHIBA ABWR and an upgraded ABWR-II design
are given in Table 3.4.

3.4.1 Core and Reactor Pressure Vessel of ABWR

The core with fuel elements and control elements as well as the pressure vessel of
the ABWR are displayed in Fig. 3.29.



70

3 The Design of Light Water Reactors

Table 3.4 Design characteristics of the ABWR (General Electric, HITACHI, TOSHIBA) and
ABWR-II (General Electric, HITACHI, TOSHIBA) [21, 22]

ABWR (General Electric,

HITACHI, TOSHIBA)

ABWR-II (General Electric,
HITACHI, TOSHIBA)

Reactor power

Thermal

Electrical net

Plant efficiency (net) %

Number of main steam
lines

Reactor core

Equivalent core m
diameter

Active core height m

Specific core power

Density

Number of fuel
elements

Total amount of fuel tU
(uranium mass)

Fuel element and control element

Fuel

U-235 fuel enrichment  w/%
average

Cladding material

Cladding outer mm
diameter
Cladding thickness mm

Av. specific fuel rod W/cm
power

Fuel assembly array

Number of control rods

Absorber material

Soluble poison

Number of control
elements

Heat transfer system

Primary system

Total coolant flow rate t/s

(core flow)

Coolant pressure MPa

Feedwater temp. °C

Core coolant °C
inlet temp.

Steam outlet temp. °C

Steam supply system

Steam generation t/s

MW(th)
MW (e)

KW(th)/l
kW(th)/kg U

3,926
1,300
33.1
3

3.81
49.2
25
872

157
Uo0o,
4

Zircaloy (annealed)
10.3

0.66
133

10 x 10 (square lattice)
205

B,4C, Hafnium

Boron

193

14.5
7.07
216
278
288

2.12

4,960
1,718
33

4

541

3.71
58.1
26.1
424

190
uo,
5.2

Zircaloy (annealed)
10.3

0.66
116

8 x 8 x 4" (square lattice)
197

B,4C, Hafnium

Boron

157

15.7
7.17
216
277
288

2.68

(continued)
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Table 3.4 (continued)
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ABWR (General Electric,
HITACHI, TOSHIBA)

ABWR-II (General Electric,
HITACHI, TOSHIBA)

Steam pressure MPa 7.0 7.0
Steam temperature °C 288 288
Fuel cycle
Average fuel burnup  MWd/ton >50,000 >60,000
Refueling sequence 24 Months 18 Months
Average fissile fraction in spent fuel
-U-235 % 0.8 0.8
— Pu-fiss. % 0.7 0.7
“See Fig. 3.33
Fig. 3.29 Core and primary
system of the ABWR [18]
Steam Dryer 2 V Steam Separator

Core Shroud

Reactor Core

Control Rod
Guide Tube
(CRGT)

Control Rod
Drive (CRD)

The steam is generated by water boiling in the upper part of the reactor core. The
core flow is driven by ten internal recirculation pumps. The feedwater coming from
the feedwater tank mixes with the water coming from steam separators and dryers
and flows downward in an annular ring between the reactor pressure vessel and the
core shroud. Then it changes its flow direction and flows upwards through the core.
Steam 1is separated from water droplets in separators and dried in the dryers. It
leaves the reactor pressure vessel via three or four outlet steam pipes. The control
rods are vertically inserted and withdrawn from below the core. The control rod
guide tubes are mounted on the reactor pressure vessel bottom.
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The saturated steam flows from the reactor pressure vessel directly to the turbine
and is pumped back from the condenser and feedwater tank to the pressure vessel.
The condenser is cooled by water from a cooling tower or from a river (Fig. 3.17).

3.4.2 The ABWR Safety and Depressurization Systems

The reactor shutdown systems and the backup shutdown systems are similar to
those described in Sect. 3.3.2 and Fig. 3.21. Instead of boric acid also sodium
pentaborate is used [18].

The depressurization chamber (wet well), the dry well part of the inner contain-
ment and the outer secondary containment of the ABWR are shown in Fig. 3.30.
The inner containment is a prestressed concrete building clad by steel plates and
filled with nitrogen.

Ruptures of any pipe in the primary coolant system cause the main steam pipes
and the main feedwater pipes to be blocked by two series-connected main steam
isolation valves (MSIV) and by series-connected non-return valves. In this way the
reactor pressure vessel within the inner containment is isolated from the turbine-
condenser system. Under accidental conditions with overpressure in the reactor
pressure vessel, the safety relief valves (SRV) are actuated automatically (Auto-
matic depressurization system) (Fig. 3.31). Steam is discharged into the large water
pool in the pressure suppression chamber (wet well) (Figs. 3.30 and 3.31). If in case
of a core melt also fission products and hydrogen are streaming into the pressure
suppression pool, the gaseous fission products and hydrogen will collect in the
upper dry well part of the inner containment. The inner containment is inertized by
nitrogen. This avoids hydrogen detonations. In addition hydrogen recombiners will
decrease the content of hydrogen there.

3.4.3 Emergency Cooling and Afterheat Removal System
of the ABWR

In case the water level in the reactor pressure vessel drops during a loss of coolant
accident, water is automatically fed into the reactor pressure vessel by the following
systems:

— two automatic high pressure core water flooding systems. Their pumps are
motor-driven. The water is taken from the large suppression pool or from the
condensate storage tank (Fig. 3.31).

— one automatic reactor core isolation cooling system. The pump of this system is
driven by a steam turbine, the steam is coming from the reactor pressure vessel.
The flooding water is taken from the suppression pool or from the condensate
storage tank.
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Fig. 3.30  ABWR—Containment structure [22]

three automatic low pressure core flooding systems. These pumps are motor-
driven. The water is taken from the large suppression pool. The three low
pressure core flooding systems are interconnected by valves with the three
residual heat removal systems. In this case the water is cooled in heat
exchangers. The residual reactor heat removal systems are applied for cooling
of the core after reactor shutdown (residual heat conditions).
Suppression pool cooling

The three residual heat removal systems are also used to cool the larger
suppression pool in case its water overheats as a consequence of core melt
accidents.
Containment spray cooling system

Two of the three residual heat removal systems can also supply the water for
spray systems in the wet well and in the dry well part of the inner containment.
This spray water can condense steam in the wet well or in the dry well part of the
inner containment.
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Fig. 3.31 ABWR Emergency core cooling system [19, 22]
3.4.4 Emergency Power Supply of ABWR

In case of loss of power supply for the reactor plant the emergency power gener-
ators will start up automatically. The ABWR is equipped with three safety class
diesel-generators of 7 MW(e) each. In addition there is one combustion turbine
generator installed with a power of 20 MW(e) as an alternate diverse emergency
power source.

The reactor core isolation cooling system is driven by the steam turbine with
high pressure steam from the reactor pressure vessel. Batteries supply electricity for
the plant instrumentation and for other parts of the electrical emergency cooling
equipment.

3.4.5 The ABWR-II Design

The ABWR-II with about 1,700 MW electrical power is an advanced BWR design
of General Electric, HITACHI and TOSHIBA which evolved from the ABWR. The
objective is to further improve the ABWR safety design (Fig. 3.32).
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Fig. 3.32 Main features of Large K-lattice Large sized | | Hydrogen recombiner
ABWR-II Plant-System bundle SRV/MSIV system
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removal system drives

The ABWR-II core has a larger fuel element, a somewhat modified emergency
core cooling system (ECCS) and additional passive heat removal systems for
accidental (beyond design basis) conditions.

3.4.5.1 ABWR-II Core Design and Coolant System

The larger ABWR-II fuel element box consists of four subbundles (Fig. 3.33). Each
of the four subbundles has an 8 x 8 fuel rod arrangement. A so-called K-lattice
control rod concept (Fig. 3.33) allows the number of control rods in the core to be
increased. As a consequence the ABWR-II core has only 424 fuel element boxes
and 197 control elements. The dimensions of the fuel rods and the cladding
materials are equal to those of the ABWR.

The control rod drive system consists of the fine motion control rod drive
mechanisms, the hydraulic control unit and the control rod drive hydraulic sub-
systems. Compared to the ABWR design an improvement was made by introducing
a magnetic coupling which transmits torque between the control rod drive motor
and the control rod drive shaft through the pressure boundary at the bottom of the
reactor pressure vessel.

The ABWR-II has four main steam lines and 14 safety/relief valves in the main
steam lines. The discharge capacity during depressurization was increased by 70 %
compared to the ABWR design.
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Fig. 3.33 Core configuration, fuel element box and K-lattice design for control element arrange-
ment of ABWR-II [22]

3.4.5.2 Active and Passive Safety Systems
Active Emergency Core Cooling Systems

An advanced reactor core isolation cooling system with steam turbine equipped
with a generator has the capacity of long term operation and power supply beyond
battery capacity during a station black out situation. The high pressure coolant
injection system is, therefore, arranged in two trains. The low pressure coolant
injection system and residual heat removal system are operating in four trains. The
emergency power is supplied by two diesel generators and gas turbines.

ABWR-II Passive Heat Removal Systems

In the ABWR-II design the wet well part and the dry well part of the prestressed
inner containment are separated from each other. The passive heat removal system
of ABWR-II consists of
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— a passive reactor core cooling system
— a passive containment cooling system together with a common heat sink pool
above the inner containment.

These passive heat removal systems provide a backup for residual heat removal
(afterheat) and for heat removal during core melt down situations (Fig. 3.32) [23,
24].

The large water pool above the inner containment houses an intermediate heat
exchanger (ultimate condenser) with pipe connections down to the wet well part of
the inner containment, into the steam suppression pool and into the cavity below the
pressure vessel.

In a severe accident situation, when the water in the pressure suppression
chamber (wet well) would start to boil, the steam would flow to the heat exchanger
(ultimate condenser) in the upper water pool and condense there. The condensate
would then flow back to the pressure suppression chamber.

In case of reactor pressure vessel bottom melt through by the molten core, the
debris would fall onto the steel plated cavity underneath the reactor pressure vessel.
Openings with fusible valves in the cavity wall would open, water of the pressure
suppression pool would cover the molten core debris and the steam produced would
flow to the heat exchanger (ultimate condenser), condense there and the water
would flow back in the pressure suppression chamber. This water can also be used
for water spray systems in the inner containment to condense steam.

Hydrogen recombiners will lower the hydrogen concentration after a core melt
accident. This will also lower the pressure in the inner containment. Thus, the need
for containment venting in case of overpressure can be avoided [23, 24].
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Chapter 4
Radioactive Releases from Nuclear Power
Plants During Normal Operation

Abstract This chapter lists the different main radioactive isotopes produced in the
fuel of nuclear plants which are released in very small amounts into the environ-
ment. It then explains the different pathways leading to radioactive exposure of the
human body. Several containment barriers in a nuclear power plant lead to
extremely low leak rates of radioactive substances. This is followed by the defini-
tion of the radiation dose, the radiation weighting factors, the tissue weighting
factors, the equivalent radiation dose and the natural background radiation dose.
Radiation exposure from man-made sources is strictly controlled by governmental
agencies. Permissible radiation dose limits were set by governments for radioactive
releases from nuclear installations for the population and for employees who might
receive enhanced radiation during their occupation. This also holds for rescue
operation teams after a severe nuclear accident. Finally the radioactive effluents
of LWRs and the effective doses to the public for airborne and liquid effluents of
LWRs are presented. This is compared with the release of radioactive nuclides from
coal fired plants.

4.1 Radioactive Releases and Exposure Pathways

During normal operation of nuclear power plants and other facilities of the nuclear
fuel cycle, small amounts of radioactivity are released into the environment at a
monitored and controlled rate. Airborne radioactivity includes the radioisotopes of
the noble gases krypton, xenon, radon, of tritium, C-14, and also of fission products
and fuel aerosols. Liquid effluents released into rivers, large lakes or the ocean
contain tritium, fission products and other radioactive substances [1, 2]. As a
consequence, man may be exposed to ionizing radiation through various exposure
pathways (Fig. 4.1):

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 79
DOI 10.1007/978-3-642-55116-1_4, © Springer-Verlag Berlin Heidelberg 2014
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— external - and y-radiation of the gaseous radioactive nuclides in the atmosphere
(B- and y-submersion) or by immersion in water (swimming),

— radiation from aerosol particles deposited on the ground (soil radiation),

— internal exposure following inhalation of radioactive nuclides (inhalation),

— internal exposure as a result of the intake of contaminated food or water
(ingestion).

The release rate of radioactive nuclides into the environment depends on the
retention mechanisms incorporated in the engineered safety design of a fuel cycle
facility. Series connection of several containment barriers with low leak rates and
other technical measures allow very high retention factors or low release factors to
be attained.

Gaseous nuclides or aerosols escaping from the plant or discharged in a con-
trolled way through a stack are diluted in the ambient atmosphere. Dilution is a
function of the height of the exhaust stack, the turbulence conditions of the
atmosphere, and the distance from the plant. Radionuclides are also deposited on
the ground by dry and wet disposal. Aqueous radioactive discharges are diluted as a
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function of the quantitative relationships between the liquid effluents and the
ambient water volume.

The individual radioactive nuclides can enter the human body on various
pathways, where they again may have different radiological impacts.

4.1.1 Exposure Pathways of Significant Radionuclides

4.1.1.1 Tritium, Carbon-14 and Krypton

Tritium (half-life 12.4 year) is produced in the reactor core mainly by ternary
fission; on the average, about 1 in 10* fissions of U-235 is accompanied by the
formation of tritium. About twice as many tritium nuclei are formed in the fission of
Pu-239. In addition, tritium is generated in the coolant by neutron capture in
deuterium atoms (deuterium has an abundance in natural water of 0.015 at.%),
and by the interaction of neutrons with the boron control material. It is released
from nuclear reactors and reprocessing plants as HT gas or as tritiated water (HTO),
either into the atmosphere or into, e.g., a river or lake or into the ocean. Gaseous
tritium, HT, is very soon oxidized into HTO. Ultimately, any tritium escaping or
being released in a controlled manner thus will be present as tritiated water. Plants
and animals may contain HTO/H,O ratios close to those existing in the environ-
ment. Radioactive exposure of the human body then occurs as a result of the
ingestion of food and drinking water. Moreover, tritiated water (HTO) can be
absorbed by inhalation and through the skin of the human body. In this way, the
B-radiation (maximum energy 18 keV) of tritium causes a whole body exposure.

C-14 (half-life 5,730 year) is built up in the reactor core by (n,p)-reactions with
N-14, (n,o)-reactions with O-17, and (n,y)-reactions with C-13. C-14 emits
B-radiation (maximum energy 156 keV). In plants and animals, '*CO,/'2CO, ratios
may be established which are very close to those in the atmosphere. Radioactive
exposure of the human body then occurs mainly as a result of the ingestion of food
(milk, vegetables, meat). Direct inhalation and exposure from the ambient atmo-
sphere only play minor roles.

Kr-85 (half-life 10.7 year) is a fission product. Kr-85 emissions from a LWR are
diluted in the atmosphere. Approximately 99.6 % of the Kr-85 nuclei decay by
emitting p-particles with a maximum energy of 0.67 MeV. Only 0.4 % of the Kr-85
nuclei decay by emitting a B-particle (maximum energy, 0.16 MeV) and y-radiation
(0.51 MeV). There is no reduction in the airborne concentration as a result of
deposition or washout. Kr-85 is only sparingly soluble in water. Its main radiolog-
ical impact on the human body is due to the exposure to the skin. The inhalation of
Kr-85 plays a smaller role.
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4.1.1.2 Radioisotopes of Iodine

For releases from nuclear reactors the shortlived radioactive isotopes of iodine,
I-131 (half-life 8 days) and I-133 (half-life 20 h), are important fission products.
1-129 (half-life 1.7 x 107 year) remains an important radioisotope. Radioiodines in
the airborne effluents from a nuclear power plant occur partly as elemental iodine
and partly as an organic compound (e.g. methyl iodide). Airborne iodine is depos-
ited on the surfaces of grass or vegetables. If liquid effluents containing radioiodine
are discharged into rivers or lakes etc., a possible major pathway will be their
accumulation in fish or plants. The human body can take up radioiodine with the
inhalation of air, ingestion of vegetables or fish, and by drinking milk. The
radioiodine absorbed by the human body is concentrated mainly in the thyroid.
Radioiodine emits both - and y-radiations.

Iodine aerosols or organic iodine compounds may, in particular under abnormal
operating conditions, deposit on components and concrete walls in the reactor
building. These are usually covered by suitable paintings. Nevertheless this may
impair decommissioning of these parts of the reactor plant [4].

4.1.1.3 Strontium and Cesium

The fission product Sr-90 (half-life 29.1 year) can be released into the atmosphere
as aerosols during severe nuclear accidents or with liquid effluents into rivers
during nuclear accidents. Through the food chain (milk, vegetables, fish, meat
and drinking water), Sr-90 enters the human body. Like calcium, Sr-90 is deposited
preferably in bones, representing a major burden on the blood forming organs
because of the long biological residence times of 18 years and the p-radiation of
2.3 MeV maximum energy of the daughter product, Y-90 (half-life 2.7 days).

Releases of radioactive cesium by way of gaseous and liquid effluents during
severe nuclear accidents also cause radiological exposures of the human body
through the uptake of food, as in the case of strontium. Cs-134 (half-life 2.1 year)
and Cs-137 (half-life 30 year) also emit y-radiation in addition to B-radiation.
Cesium can largely replace potassium in living organisms and, like the latter, is
distributed throughout the body in highly soluble compounds.

4.1.1.4 Plutonium Isotopes

Plutonium isotopes may be discharged into the atmosphere during severe nuclear
accidents with gaseous effluents as aerosols of PuO, or into rivers together with
liquid effluents. The following plutonium isotopes are of main interest: Pu-238
(half-life 87.8 year): Pu-239 (half-life 24,100 year); Pu-240 (half-life 6,450 year);
Pu-241 (half-life 14.4 year); Pu-242 (half-life 3.9 x 10° year). The highest burden
results from inhalation, in which case plutonium is deposited in the lung. Moreover,
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plutonium may be ingested together with vegetables, milk, meat, fish and drinking
water. Plutonium taken up by way of ingestion is deposited preferably in bone
tissue.

4.2 Radiation Dose

The measure of radiation absorbed is the energy dose [1, 5, 6]. Historically the unit
was called rad (radiation absorbed dose). It was originally defined as a radiation
dose that deposits 100 erg of energy per gram of absorbing material:

100 erg/g2 10 Joule /g2 1 rad
To-day, the absorbed dose is measured
1 Gray (Gy) = 100 rad = 10 *Joule/g = 1 Joule/kg

The biological effects of the radiation dose absorbed also depend on the energy
and type of radiation (y-radiation, p-radiation, a-particles, neutrons, protons). To
take these differences into account, an equivalent dose was defined. The unit was
called, historically, rem (roentgen equivalent man) and is Sievert (Sv) now

equivalent dose

1 Sievert (Sv) 2100 rem
The absorbed dose and the equivalent dose are related as follows:

equivalent dose H (Sv) = absorbed energy dose (Gy)
x radiation weighting factor (wg)

The radiation weighting factor, wg, (Table 4.1) is a measure of the relative
effects of the nuclear particles in producing damage for a given energy deposition.
It is defined by the International Commission on Radiation Protection (ICRP). For
most of the y- and p-radiations (photons or electrons) of fission products the
radiation weighting factor can be taken as unity. For neutrons the radiation
weighting factor depends on the neutron kinetic energy and varies between 2.5
and 20. (The radiation weighting factors for neutrons vary slightly between ICRP
60 (1991) [5] (step function) and ICRP 103 (2007) [7] (piecewise linear functions).
For protons with an energy of >2 MeV the radiation weight factor is 5 in ICRP
60 [5] and 2 in ICRP 103 [7]. For alpha-particles entering the body and accumu-
lating in certain tissues the radiation weighting factor is 20 according to both ICRP
Publication 60 (1991) [5] and ICRP 103 (2007) [7].

To express the different sensitivities of organs, so-called tissue weighting fac-
tors, wt, have been introduced (see Table 4.2). This gives rise to the “effective
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Table 4.1 Radiation weighting factor, wg, according to ICRP 60 [5] and ICRP 103 [7]

ICRP 60 [5] ICRP 103 [7]
Radiation weighting factor Radiation weighting factor
Type and energy of radiation (WR) (WR)
Photons (all energies) 1 1
Electrons, Muons (all energies)
Neutrons 1 1
(Multiple step function) (Continuous function)
(See [7])
<10 keV 5
10 keV to 100 eV 10
>100 keV to 2 MeV 20
>2 MeV to 20 MeV 10
>20 MeV 5
Protons >2 MeV 5 2
Alpha particles, fission fragments, 20 20
heavy nuclei

dose”. The “effective dose” is the sum total of the equivalent doses in all organs
(tissues) of the body weighted by the tissue weighting factors,

effective dose = Z wr -Hr
T

where
Ht £ equivalent dose in the organ (tissue),
wr = organ weighting factor for tissue, T.

4.3 Natural Background Radiation

All individuals are exposed to natural background radiation, which consists of
cosmic radiation, external terrestrial radiation from naturally radioactive isotopes
in the soil and rocks or houses and internal radiation after inhalation and ingestion
of naturally radioactive isotopes in the human body.

The mean natural background whole body dose on earth is 2.4 mSv/year.
Accordingly, the average lifetime dose (70 years) is about 170 mSv.

The average background whole body dose in the USA is about 3.7 mSv/year
(medical X-rays excluded). It varies with altitude, geographic location, etc. In
Kerala, India, or in Brazil with large monazite reserves (thorium), the background



4.3 Natural Background Radiation 85

Table 4.2 Tissue weighting
factors wr for determination
of the effective dose

Issue ICRP 60 ICRP 103

Tissue organ weighting factors, wr

according to ICRP 60 (1991) Gonads 0.20 0.08

[5] and ICRP 103 (2007) [7] Breast 0.05 0.12
Red bone marrow 0.12 0.12
Lung 0.12 0.12
Thyroid 0.05 0.04
Bone surfaces 0.01 0.01
Colon 0.12 0.12
Stomach 0.12 0.12
Bladder 0.05 0.04
Oesophagus 0.05 0.04
Liver 0.05 0.04
Brain ++ 0.01
Kidney ++ ++
Salivary glands ++ 0.01
Skin 0.01 0.01
Remainder 0.05* 0.12%

*see ICRP 60, *see ICRP 103, "*included in Remainder

radiation dose is roughly a factor of 8—100 higher than the mean background dose
on earth of 2.4 mSv/year [8—11].

In the Federal Republic of Germany, — given here as an example—, the
corresponding average background whole body dose is 2.1 mSv/year (Table 4.3)
[12, 13].

4.3.1 Natural Background Exposure from Natural Sources
in Germany

A major source of external radiation exposure consists of both cosmic (0.3 mSv/
year) and external terrestrial radiation (0.4 mSv/year) from the natural radionuclide
K-40 (half-life 1.28 x 10° year) together with the radionuclides of the natural decay
chains of U-238 and Th-232. The internal component of radiation exposure is
largely caused by the inhalation of the natural noble gas radon and its daughter
nuclides (1.1 mSv/year), and partially also by the intake of natural radioactive
substances with drinking water and food (0.3 mSv/year).

The annual mean value of the radon activity concentration in occupied spaces is
about 50 Bg/m’, which corresponds to a mean annual effective dose of about
0.9 mSv/year. Outdoors inhalation of radon and its progeny leads to about
0.2 mSv/year [12, 13]. The natural background radiation in Germany is given as
an example in Table 4.3; in other countries the natural background exposure is
similar.
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Table 4.3 Mean effective
radiation dose to the

Mean effective dose

population from natural 1. Radiation exposure from natural sources mSv/year
background radiation in the 1.1 Cosmic radiation (at sea level) ~0.3
Federal Republic of Germany 1.2 External terrestrial radiation ~0.4
during the year 2008 [12, 13] Outdoors (5 h/day) ~0.1
Indoors (19 h/day) ~0.3
1.3 Inhalation of radon and its progeny ~1.1
Outdoors (5 h/day) ~0.2
Indoors (19 h/day) ~0.9
1.4 Ingestion of natural radioactive substances ~0.3
Total natural background radiation ~2.1

4.4 Radiation Exposure from Man-Made Sources

Table 4.4 shows data for the radioactive exposure of man-made radioactivity
sources. These man-made radioactive exposures sum up to 1.9 mSv/year [12, 13].

4.4.1 Nuclear Weapons Tests

Numerous atmospheric nuclear weapons tests were carried out from 1945 to 1980,
but since 1981 only underground tests have been performed. The general level of
environmental radioactivity due to former tests in the atmosphere has steadily
decreased since the Comprehensive Nuclear Test-Ban Treaty from 1964. At present
its contribution to the total of human radiation exposure is less than 0.01 mSv/year
[12, 13].

4.4.2 Chernobyl Reactor Accident

In April 1986, a reactor accident occurred in the Chernobyl nuclear power plant
which has had serious consequences in Europe so far. In the days following that
accident, large amounts of radionuclides were released into the atmosphere and
distributed all over Europe. In 2008, the associated mean effective dose in Germany
was less than, e.g. 0.012 mSv/year. It amounts to less than 1 % of the natural
background radiation exposure. About 90 % of this radiation is caused by Cs-137
deposited on the ground. Locally also higher exposure values were found. In
addition, higher concentrations of radioactive isotopes were found in mushrooms
and wild animals [12, 13].
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Table 4.4 Mean effective radiation dose to the population from man-made radiation sources,
e.g. in the Federal Republic of Germany during the year 2008 [12, 13]

2. Radiation exposure from man-made sources mSv/year

2.1 Fallout from nuclear weapons tests <0.01

2.2 Effects from the accident at Chernobyl 0.012

2.3 Nuclear installations <0.01

2.4 Use of radioactive substances and ionizing radiation in medicine ~1.9
Diagnostic nuclear medicine ~0.1

2.5 Use of radioactive substances and ionizing radiation in research and technology <0.01

Total of man-made radiation exposures ~1.9

4.4.3 Nuclear Installations

The emission of radioactive substances from nuclear power plants, uranium enrich-
ment plants and fuel fabrication plants, e.g. in Germany contributes only insignif-
icantly to the radiation exposure of the population. The upper values for exposures
to individuals, calculated in accordance with the “General Administrative Guide-
line relating to §47 of the German Radiation Protection Ordinance” [14] are clearly
below the required limits (Sect. 4.6.1). The annual contribution from domestic
nuclear installations and other installations located close to the German borders
to the mean effective dose to the population of the Federal Republic of Germany
remained below 0.01 mSv in 2008 and 2009 [12, 13].

Radiation exposures by spent fuel reprocessing plants in Europe are given in [3].

4.4.4 Medical Applications

The major part of the mean effective population dose from man-made radiation
exposure is caused by medical applications of radioactive substances and ionizing
radiation (thyroid and skeletal scintigraphy, X-ray diagnostics, computer tomogra-
phy, positron emission-tomography). It amounted to ~1.9 mSv/year, e.g. in Germany
in 2008 [12, 13].

4.4.5 The Handling of Radioactive Substances in Research
and Technology

The use of ionizing radiation and radioactive substances for technological and
research purposes lead to a mean contribution to the effective population exposure,
e.g. in Germany of less than 0.01 mSv in 2008 [12, 13].
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4.4.6 Occupational Radiation Exposure

All employees who might receive enhanced radiation doses during their occupation
are subject to radiation protection monitoring. These persons are monitored through
personal dosimeters. The average individual dose of 324,000 monitored employees,
e.g. in Germany was 0.14 mSv/year in 2008. Only 57,000 monitored employees out
of these 324,000 employees received an average individual dose of 0.8 mSv/year in
2008 [13].

Aircrews received an average effective dose of at least 2.4 mSv/year from
cosmic radiation during the flight in 2009 [13].

4.5 Radiobiological Effects

When ionizing radiation (a-,p-,y-radiation, neutrons, protons, ions) hits a biological
cell and penetrates it, this gives rise to ionization of the atoms in various molecules
of the cell. This may alter these molecules. Especially alterations (separations) of
the DNA containing the hereditary information produce radiation consequences.
The results may be

— mutation of the cell,
— death of the cell.

Each cell has a high repair potential [9, 11, 15, 16]. As a result, most molecular
alterations will have no consequences. However, it may also happen that a mutant
cell is produced which passes its modified genetic function on. A cell changed in
this way may cause carcinoma or leukemia (somatic effect). When the mutation in a
gonad cell is passed on to a descendant, this is called a genetic effect.

It is commonly assumed, although not unchallenged [9], that there is no radiation
dose threshold for these mutant effects. Under this assumption, the radiation dose/
effect relation begins at the zero point, rises linearly [5, 7], assumes a quadratic
curve shape at higher radiation doses, and then levels off again at very high
radiation doses when cell death occurs.

In the lower radiation dose range, the biological effect of radiation can be
measured only on a statistical basis, and is therefore referred to as a stochastic
effect. When significant numbers of cells are damaged or die in the higher radiation
dose range, this is called a deterministic effect of radiation.
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4.5.1 Stochastic Effect

Assessing the stochastic effect quantitatively is not easy, as it is impossible, at the
present state of knowledge, to recognize whether a tumor developed as a result of an
exposure to ionizing radiation or for some other reason. Epidemiological studies of
large populations (atomic bomb victims of Hiroshima and Nagasaki) have been
used so far in attempts to determine the number of deaths from cancer exceeding the
number of deaths from cancer occurring from natural background radiation. The
results of the evaluation of the data from Hiroshima and Nagasaki can be related to
the dose of the preceding radiation exposure, and result in the dose/effect relation-
ship. However, the data calculated in this way do not constitute an immutable
quantity. For instance, the number of deaths from cancer increases with the age of
the Hiroshima-Nagasaki population under study. The International Commission on
Radiological Protection, in its publication ICRP 60 [5], for the first time took into
account data of the Hiroshima-Nagasaki population more than 40 years after the
atomic bombs were dropped, and extrapolated these data to the entire lifespan [9,
15].

For determination of the risk associated with low doses, the roughly linear
dependence found at high radiation doses is now extrapolated back to the range
of low radiation doses. In this way, the entire cancer risk is rather overestimated in a
conservative sense.

Figure 4.2 reflects the hypotheses which can be extrapolated back from the data
of Nagasaki-Hiroshima. Curve A, which is favored by most scientists, is based on a
threshold level. Curve B, for which also a number of scientists argue, is based even
on positive healing health effects (hormesis) of a low radiation dose [9, 15, 16].

The linear dose-effect relation is recommended in ICRP 60 and ICRP 103 as a
conservative proposal.

4.5.2 Deterministic Effects of Radiation

Deterministic effects of radiation arise when a large number of cells are damaged
considerably by a high radiation dose such that regeneration is not possible or the
cells die. There are various threshold doses of radiation for the deterministic effect
in various organs of the body.

At a radiation dose of less than 1 Gray, most tissues produce no clinical
symptoms of disease (ICRP 60 [7]). However, there are exceptions:

— the male gonads:
>0.15 Gray causes temporary sterility,
permanent sterility results at >3 Gray;
— the bone marrow reacts with disorders of the blood at >0.5 Gray.
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Fig. 4.2 Concept of linear
dose-effect relation [8, 15]
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4.5.3 Acute Radiation Syndrome

Damage to the bone marrow occurs between 1 and 20 Gray. The extent of the
disorder, and the therapy employed, ultimately decide whether the irradiated
accident victim survives.

Gastro-intestinal disorders are produced at >2 Gray (nausea, vomiting,
hyposthenia).

At more than 6-8 Gray, there are practically no chances of survival [9, 17, 18].

4.6 Permissible Exposure Limits for Radiation Exposures

The International Commission on Radiological Protection (ICRP) has published
recommendations about permissible radiation exposures to man from nuclear
installations (ICRP 60 [5] and ICRP 103 [7]). In those recommendations, a distinc-
tion is made between occupationally exposed persons and individual members of

the public. Considerable lower levels for exposure limits of the general population
were set.
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4.6.1 Limits of Effective Radiation Dose from Nuclear
Installations in Normal Operation

At present, the German Radiation Protection Ordinance of 2008 [14] is valid in
Germany. It is based on ICRP 60 [5] and the Euratom directive of 1996 [19]. In the
USA the environmental radiation protection standards of USEPA are to be
obeyed [20].

4.6.2 Radiation Exposure Limit for the Population

According to the German Radiation Protection Ordinance [14], as an example, the
limit for the annual effective radiation dose due to radioactive emissions from
nuclear installations to the population permissible on top of the natural background
radiation is 1 mSv.

Table 4.5 shows a comparison of ICRP 60 [5] with the Euratom directive of 1996
[19] and US NRC 10 CFR 20 [20, 21].

4.6.3 Exposure Limits for Persons Occupationally Exposed
to Radiation

The exposure limit per annum of the effective radiation dose for persons occupa-
tionally exposed to radiation is given in Table 4.6.

The limit for persons occupationally exposed to radiation is 20 mSv/year. This
limit can be increased to 50 mSv/year as long as the sum of exposures does not
exceed 100 mSv over a time period of 5 years. This is over and above background
exposure and excludes medical exposure.

The exposure doses for each organ (tissue) must be determined by special tables
which are not listed here in detail [5, 7, 12, 14, 19].

4.6.4 Exposure Limits for Persons of Rescue Operation
Teams During a Reactor Catastrophe

After severe reactor accidents rescue operation teams working in contaminated
areas inside or outside of the reactor in high radiation fields can receive a radiation
exposure up to a limit of [14, 22, 23]

— 100 mSv per rescue operation and year or
— 250 mSv once in their life
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Table 4.5 Exposure limit for the annual effective radiation dose from nuclear installations to the
population permissible on top of the natural background radiation

Effective dose ICRP 60 (1991) EU (1996) US NRC (10 CFR 20)
Limit (population) per annum 1 mSv/year 1 mSv/year 1 mSv/year

Table 4.6 Limits for persons occupationally exposed to radiation

ICRP German Radiation Prot.
60 (1991) EU (1996) Ord. 2008

Limit for persons occupationally exposed 20 mSv/year 20 mSv®/year 20 mSv/year
to radiation

%100 mSv in 5 consecutive years, but not more than 50 mS/year in 1 year

4.6.5 Life Time Occupational Exposure Limit

According to §56 of the German Radiation Protection Ordinance [14] an occupa-
tionally exposed person can receive a maximum of 400 mSv during its professional
life. This limit can only be exceeded by 10 mSv/year if both, medical authorities
and the person having reached the professional lifetime limit of 400 mSyv,
agree [14].

4.6.6 The ALARA Principle

Above and beyond these standards defined by ICRP and national regulations, the
“as low as reasonably achievable” (ALARA) principle must be applied to all
emissions of nuclear plants. This means that practically all facilities of the fuel
cycle must keep below those standards [5, 7, 12, 19, 20].

4.7 Nuclear Power Plants

Most of the radioactive inventory in Bq of a nuclear power plant is made up of
fission products. Gaseous fission products, such as noble gases (especially krypton
and xenon) and tritium, can enter the coolant through leaks in the claddings of fuel
rods. They are passed through the primary coolant purification system and the
exhaust air system into carbon filter lines and into the exhaust air stack from
where they are released into the environment. Emissions of shortlived isotopes,
such as Kr-88 (half-life 2.8 h), can be minimized by adequate holdup of gaseous
effluents in storage and decay tanks before release.
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The tritium produced in the core migrates along grain boundaries and cracks of
the fuel into gaps between fuel pellets and the cladding and is collected in the fission
product gas plenum of the fuel rod. The zircaloy tubes of LWR fuel rods bind some
60 % of the tritium inventory. Moreover, an oxide layer building up on the outer
wall of the zircaloy cladding tube acts as a diffusion barrier to the tritium. As a
consequence, more than 99.9 % of the tritium formed is retained in the LWR fuel
rod. Only if cladding tube failures occur, releases of tritium into the cooling water
will be increased. Some of the tritium is discharged with the gaseous effluents. In
water cooled reactors most of it remains in the coolant as tritiated water. Some of
the tritiated water is released at a controlled rate. Improved methods under study are
the concentration of tritiated water by evaporation and its prolonged storage in
decay tanks. With a half-life of tritium of about 12 years, some 90 % will have
decayed after 40 years.

Besides the radioactive noble gases and tritium, also such elements as rubidium,
strontium, technetium, ruthenium, silver, tellurium, antimony, iodine, cesium,
barium, rubidium, lanthanum and cerium are radiologically significant. Except for
iodine, cesium and rubidium, these elements have only low volatilities. They may
enter the primary coolant through defective fuel rod claddings. Non-volatile fission
products can enter the liquid effluent only through the primary coolant purification
system.

4.7.1 Radioactive Effluents from PWRs and BWRs

Radioactive effluents from PWRs and BWRs are given here for two countries:
Germany and the USA.

4.7.1.1 Radioactive Effluents from PWRs and BWRs in Germany

Table 4.7 shows emission data of typical German PWRs and BWRs (data are
normalized to 1 GW(e)-year). This set of data was reported in the annual report
for 2008 on radioactive releases and radiation exposure from German nuclear
installations [12, 13]. The data collected for 2009 differ slightly [13]. The PWR
data are given for PWR plants at the site of Neckarwestheim (Germany). The BWR
data are valid for two BWR plants with a total power output of 2.7 GW(e) at the site
of Gundremmingen (Germany). For comparison also the half-lives of the different
emitted isotopes are given.
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Table 4.7 Radioactive emissions (airborne and liquid) from a PWR- and a BWR-plant site with
two reactors [12]

PWR plant, BWR-plant,
Neckarwestheim, Gundremmingen,
Isotope Half-life Germany Germany
Airborne effluents Bq/(GW(e)-year)
Tritium 12.3 year 2.1 x 10" 2.0 x 10"
C-14 5,730 year 0.5 x 10" 3.0x 10"
Ar-41 1.8h 23 x 10" 1.0x 10"
Co-60 5.3 year 2.4 x 10*
Kr-85m 45h 2.5%10°
Kr-85 10.8 year 1.0x 10" 1.5%x 10"
Kr-88 28h 0.7 x 10® 0.8 x 10°
I-131 8.0 day 0.4 x 107
Xe-131m 11.9 day 0.9 x 10" 33x 10"
Xe-133m 2.2 day 0.7 x 10 1.2x 10°
Xe-133 5.2 day 1.8 x 10° 5.19 x 10'°
Xe-135 9.1h 1.1 x 10" 1.07 x 10"
Xe-137 3.8 min 2.2 %107 226 x 10"
Liquid effluents in Bq/(GW(e)-year)
Fission + activation products 0.7 x 10° 3.2 x10%
Tritium 12.3 year 1.2x 10" 1.3 x 10"
o-Emitters Below measurement Below measurement
limit limit

4.7.1.2 Radioactive Effluents from PWRs and BWRs in the US

Data for radioactive effluents from nuclear reactors were collected between 1994
and 2009 in the USA for 104 Light Water Reactors [24]. The gaseous radioactive
effluents of these 69 BWRs and 35 PWRs are about equal to the German data
(previous Section) if compared on a GW(e)-year basis. This also holds for a
comparison of the liquid effluents of PWRs and BWRs on a GW(e)-year basis.
The reason is the very similar safety design of US and German or European PWR
and BWR plants (Sects. 3.1 and 3.2).

Although there are inherent design differences between LWRs and CANDU-
PHWRs or HTGRs also these types of power reactors have similar radioactivity
releases below the radiation limits described in Sect. 4.6. Nuclear power plants are
equipped with instruments to measure continuously the amounts of gaseous and
liquid radioactive effluents. These data must be reported to national environmental
protection agencies or nuclear regulatory commissions. Such reports are made
available to the public.
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4.7.2 Occupational Radiation Exposure of Workers
in Nuclear Power Plants

The average occupational exposure of 30,238 workers in nuclear power plants
(PWRs and BWRs) was 0.5 mSv/year in Germany in 2009. This must be compared
to the admissable exposure limit of 20 mSv/year of Sect. 4.6.3. This 0.5 mSv/year
average radiation exposure is much lower than the occupational exposure of
2.4 mSv/year of aircraft personnel (Sect. 4.4.6) [12, 13].

4.7.3 Radiation Exposures Caused by Radioactive Emission
Jrom Light Water Reactors

Based on the radioactive effluents presented in the previous section the radiation
exposure of the public will be discussed for two countries: Germany and the USA.

4.7.3.1 Radioactive Exposure from PWRs and BWRs in Germany

In calculating radiation exposures in Germany [12] it is assumed that gaseous
effluents are released into the environment from a stack of 100 m height. Moreover,
liquid effluents are introduced into the cooling water of a nuclear power plant and
further diluted in the main canal with a water flow of 250 m?/s. Taking into account
statistical data about the weather conditions and following the different exposure
pathways, it is possible to determine the radiation exposure in the specific environ-
ment of a plant. The exposure results in Fig. 4.3 were obtained on the basis of
German rules and regulations. In this respect, it is assumed conservatively that a
person stays in the same place throughout the year and ingests both drinking water
and food from the immediate environment. Figure 4.3 presents the exposure data of
German PWRs and BWRs for gaseous and liquid radioactive effluents [12].

For PWRs the annual effective dose is well below 1 puSv. For BWRs—due to the
fact that the steam produced in the reactor core goes directly to the steam turbine—
the effective annual dose is somewhat higher in case of airborne radioactive
effluents. However, it is still more than a factor 1,000 lower on a GW(e)/year
basis than the permissible limit of 1 mSv/year given in Sect. 4.6.2. If several plants
operate at one site with several GW(e) power output the radiation exposure is
higher accordingly.
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Fig. 4.3 Effective dose (uSv/(GW(e)-year)) from airborne and liquid radioactive effluents of
German PWRs and BWRs in 2008 [12]

4.7.3.2 Radioactive Exposures from Light Water Reactor Effluents
in the US

The gaseous and liquid radioactive effluents are about equal for PWR and BWR
plants in Europe and the USA. If instead of the very conservative rules described in
the previous section the radioactive effluents are distributed over the whole USA
and if the radiation exposure is averaged over the whole population as described in
[24] then the radiation exposures shown in Fig. 4.3 drop down by orders of
magnitude.

4.7.4 Comparison with Emissions of Radioactive Nuclides
Jrom a Coal Fired Plant

A coal fired power plant for electricity production burns somewhat more than two
million tons of coal per GW(e) and year. This coal contains about 1 ppm of U-238
with its daughter products, about 2 ppm Th-232 with its daughter products as well
as the isotope K-40. These radioactive impurities are emitted together with the
combustion gases of the coal fired plant into the environment [25]. These radioac-
tive emissions (Bq/GW(e)-year) are shown in Table 4.8.

A comparison of the radioactive exposures of these airborne radioactive emis-
sions of coal fired plants (Table 4.8) with those of PWRs or BWRs (Table 4.7) on a
GW(e)-year basis leads to the difficulty that both power generating systems emit
different radioactive nuclides. Each of these radioisotopes has different
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Table 4.8 Radioactive K-40 0.8 x 10°
emissions (airborne) of coal
fired plants (Bq/GW(e)-year)
[25]

U-238 natural radioactive family
(Bq/GW(e)-year)

Rn-222 32x10"
Other daughters 2 x 10°
Th-232 natural radioactive family
(Bg/GW(e)-year)
Rn-220 2.1x 10"
Other daughters 0.6 x 10°

radiotoxicity (Sv/Bq). In addition the whole fuel cycle for nuclear energy must be
included. Therefore a comparison is only possible on the basis of collective dose
equivalents. On this basis it was shown that coal fired plants on a 1 GW(e)-year
basis cause about equal collective doses compared to the whole nuclear fuel cycle
of Light Water Reactors (including uranium mining, uranium fuel fabrication,
uranium enrichment, the nuclear power plant and spent fuel reprocessing) [25].

References

1. Glasstone S et al (1980) Nuclear power and its environmental effects. American Nuclear
Society, LaGrange Park, IL
2. La dispersion des polluants dans 1’atmosphere, CLEFS CEA (1999) No 42, p 2. Commissariat
a I’énergie atomique, Paris
3. Kessler G (2012) Sustainable and safe nuclear fission energy. Springer, Heidelberg
4. Nuclear Energy Agency, Committee on the Safety of Nuclear Installations (2007) State of the
art report on iodine chemistry. NEA/CSNI/R(2007)1
5. International Commission on Radiation Protection (ICRP) (1991) Annals of the ICRP: ICRP
Publication 60 — 1990 recommendations of the international commission on radiological
protection. Pergamon, Oxford
6. Krieger H (2007) Grundlagen der Strahlungsphysik und des Strahlenschutzes. Vieweg
+Teubner Verlag
7. International Commission on Radiation Protection (ICRP) (2007) Annals of the ICRP: ICRP
Publication 103 — The 2007 recommendations of the international commission on radiological
protection. Elsevier, Amsterdam
8. Cohen BL (1983) Before it’s too late. Plenum, New York, NY, p 33
9. Jaworowski Z (1999) Radiation risks and ethics. Phys Today 52:24-29
10. Sohrabi M et al (1990) High levels of natural radiation. International Atomic Energy Agency,
Vienna, p 39
11. Kesavan PL (1996) In: Wie L, Sugahara T, Tao Z (eds) High levels of natural radiation.
Elsevier, Amsterdam, p 111
12. Umweltradioaktivitdt und Strahlenbelastung, Jahresbericht 2008, Bundesministerium fiir
Umwelt, Naturschutz und Reaktorsicherheit (BMU), Bonn, Germany
13. Umweltradioaktivitdt und Strahlenbelastung, Jahresbericht 2009, Bundesministerium fiir
Umwelt, Naturschutz und Reaktorsicherheit (BMU), Bonn, Germany



98

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

4 Radioactive Releases from Nuclear Power Plants During Normal Operation

General Administration Guideline relating to §47 of the Radiation Protection Ordinance
(Strahlenschutzverordnung) (2008) Bundesministerium fiir Umwelt, Naturschutz und
Reaktorsicherheit, Bonn

Les rayonnements, I’ ADN et la cellule (2000) Clefs CEA, No 43, p 6. Commissariat a 1’énergie
atomique, Paris

Zamboglou N et al (1981) Low dose effect of ionizing radiation on incorporation of iododeox-
yuridine into bone marrow cells. Int J Radiat Biol 39:83-93

UNSCEAR (1998) Sources, effects and risks of ionizing radiation. United Nations Scientific
Committee on the effects of Atomic Radiation, Report to the General Assembly, with
Annexes. United Nations Printing Office, Vienna, Austria

United Nations Scientific Committee on the Effects of Atomic Radiation (2001) Report to the
General Assembly, with Scientific Annex. Hereditary effects of radiation. New York

. Directive 96/29 Euratom-Ionizing Radiation (2011) http://osha.europa.eu/en/legislation/direc

tives/exposure-to-physical-hazards/osh-directives/73

USEPA (1977) Environmental radiation protection standards for nuclear power operations.
40 CFR 190, 42 FR 2860, 13 January 1977. GPO, Washington, DC

USNRC (1991) Standards for protection against radiation. 10 CFR 20, 56 FR 23361, 21 May
1991. GPO, Washington, DC

Iter Consult (2011) Independent technical evaluation and review, Fukushima Daiichi nuclear
accident first considerations, preliminary report. http://www.iter-consult.it/ITER_Report_
Fukushima_Accident.pdf

Feuerwehr-Dienstvorschrift FWDW 500 “Einheiten im ABC-Einsatz, Ausgabe August 2004.
http://www.bfs.de/de/bfs/recht/rsh/volltext/4_Relevante_Vorschriften/4_5_fwdv500_erl_2004.pdf
Harris JT (2011) Radiological releases and environmental monitoring at commercial nuclear
power plants, nuclear power — operation, safety and environment. Dr. Pavel Tsvetkov (ed),
ISBN: 978-953-307-507-5, InTech, DOI:10.5772/17668. http://www.intechopen.com/books/
nuclear-power-operation-safety-and-environment/radiological-releases-and-environmental-
monitoring-at-commercial-nuclear-power-plants

Halbritter G et al (1982) Beitrag zu einer vergleichenden Umweltbelastungsanalyse am
Beispiel der Strahlenexposition beim Einsatz von Kohle und Kernenergie zur Stromerzeugung,
Kernforschungszentrum Karlsruhe, KfK 3266


http://osha.europa.eu/en/legislation/directives/exposure-to-physical-hazards/osh-directives/73
http://osha.europa.eu/en/legislation/directives/exposure-to-physical-hazards/osh-directives/73
http://www.iter-consult.it/ITER_Report_Fukushima_Accident.pdf
http://www.iter-consult.it/ITER_Report_Fukushima_Accident.pdf
http://www.bfs.de/de/bfs/recht/rsh/volltext/4_Relevante_Vorschriften/4_5_fwdv500_erl_2004.pdf
http://dx.doi.org/10.5772/17668
http://www.intechopen.com/books/nuclear-power-operation-safety-and-environment/radiological-releases-and-environmental-monitoring-at-commercial-nuclear-power-plants
http://www.intechopen.com/books/nuclear-power-operation-safety-and-environment/radiological-releases-and-environmental-monitoring-at-commercial-nuclear-power-plants
http://www.intechopen.com/books/nuclear-power-operation-safety-and-environment/radiological-releases-and-environmental-monitoring-at-commercial-nuclear-power-plants

Chapter 5
Safety and Risk of Light Water Reactors

Abstract This chapter starts with the goals of protection for LWR plants. These
are: safe shutdown of the LWR plant, assurance of core cooling and safe and intact
containment structures. The safety concept of LWRs is based on multiple contain-
ment structures and engineered safeguard components. The staggered in depth
safety concept relies on accident prevention, accident limitation or accident miti-
gation and severe accident management. LWR plants must be designed and built on
the design basis concept. Sequences of events exceeding the design basis must be
counteracted by beyond design accident management measures. Probabilistic
safety analyses supplements these guidelines and assures frequencies of occur-
rences per year for a severe accident with core melt of 10~ to 107 per year.
Most countries issued an Atomic Energy Act establishing the legal frame for the
peaceful utilization of nuclear power. The chapter continues by describing thermo-
dynamic and neutron physics design of a LWR core as well as the stable behavior of
PWRs when controlled by movement of control elements or of BWRs when
controlled by the speed of the recirculation pumps, and moving control elements.
The mechanical design of the pressure vessel is of high importance. It follows the
guidelines of the ASME Boiler and Pressure Vessel Code. This is accompanied by
quality assurance and in-service inspections. Also the mechanical design of the
reactor containment follows similar guidelines. The chapter ends by discussing the
different design basis accidents which must be analyzed prior to licensing of the
LWR plant.

5.1 Introduction

The purpose of reactor safety is the protection of personnel in nuclear reactors as
well as the protection of the environment of these plants and of the population.
Failures leading to radioactivity releases must be excluded in the design of the

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 99
DOI 10.1007/978-3-642-55116-1_5, © Springer-Verlag Berlin Heidelberg 2014
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nuclear plant as far as possible or, should defects occur nevertheless, their conse-
quences must be limited reliably.

The radioactive inventory of the core of a 1 GW(e) reactor with high burnup fuel
is approx. 10! Bq. It arises mainly from the fission products present in the fuel
elements during reactor operation. Most of the fission products are contained in the
fuel elements (fuel matrix and fuel cladding). This does not apply to some fission
product gases which are accumulated in the fission gas plenum of the fuel rods.

The fuel elements can only be destroyed by overtemperatures, e.g. melting of the
fuel or rupture of the fuel rod cladding due to overpressure. At the beginning of the
accident this causes fission product gases to be released, e.g. tritium, carbon-14,
argon, krypton, xenon, and then also highly volatile fission products, such as I-131,
Cs-137, Sr-90 etc.

Overtemperatures arise from an imbalance between the heat production and the
heat removal in the reactor core during reactor operation.

However, imbalances between the heat produced and the heat removed can arise
also when the reactor is shut down, as the radioactive substances generate heat by
radioactive decay. This decay heat power (afterheat) (Sect. 2.9) is roughly 6 % of
the nominal reactor power shortly after shutdown of the reactor, and 1 % after
approx. 6 h, 0.3 % after 1 week, 0.1 % after 3 months and 0.04 % after 1 year and
0.006 % after 3 years for a burnup of 50 MWd/kg. This decay heat power is slightly
dependent on burnup and increases somewhat with higher burnup for cooling time
periods up to about 100 years [1-3, 37-38].

Against the background of these considerations, the goals of protection listed
below are required which should be ensured in a nuclear reactor under all
conditions.

5.2 Goals of Protection for Nuclear Reactors and Fuel
Cycle Facilities

In case of a disturbance during power operation, controlling, limiting and safety
shut down systems intervene as foreseen in the plant design and reduce the power
level or shut down the nuclear power plant. However, even after shutdown of the
nuclear chain reaction, the reactor core needs to be cooled because of the decay heat
(afterheat) produced. Based on these reactor physics characteristics arise the fol-
lowing basic engineered safeguards requirements (goals of protection) which must
be fulfilled at all times:

— Safe shutdown of the nuclear power plant: It must be possible to shut the reactor
core down safely at any time and hold it in this shut down condition.

— Core cooling: The reactor must be cooled sufficiently at all times during
operation and after shutdown
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— Safe containment structures, i.e. protection from malfunction-induced releases
of radioactivity; limitation of radiation exposure to workers inside the reactor
containment and of the population outside.

5.3 Safety Concept of Nuclear Reactor Plants

The safety concept of nuclear reactor plants is based on multiple containment
structures around the radioactive materials in the reactor core (multi-barrier con-
cept) as well as on engineered safeguards components and measures ensuring such
containment.

5.3.1 Containment by Radioactivity Enclosures

The radioactive substances are enclosed in several radioactivity enclosures (see also
Chap. 3). In a German PWR shown by way of example (Fig. 5.1) these are

— the oxide crystal lattice of the ceramic fuel pellets (UO, or mixed UO,(PuO,)
oxide),

— the zircaloy cladding tubes of the fuel (welded gastight),

— the reactor pressure vessel with the closed cooling system,

— the gastight and pressure resistant steel containment (in other reactor designs a
prestressed concrete containment) enclosing the cooling systems, and the con-
crete structures shielding against radiation,

— the outer shell of steel-reinforced concrete. It has a limited sealing function. It
also protects the plant against external impacts.

5.3.2 Multiple Level Safety Principle

In addition, the safety of a nuclear power plant is ensured by multiple levels of
safety superimposed upon each other (safety concept staggered in depth) (Fig. 5.2).

5.3.2.1 First Safety Level: Reactor Physics Design, Basic Safety,
Quality Assurance

Nuclear reactor plants must be designed to be safe in terms of reactor physics. This
includes, e.g., safety coefficients, such as the negative power coefficient, the
negative Doppler coefficient, the negative coolant temperature or void coefficient,
and the proper setting of the range of the effective multiplication constant kg for
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Fig. 5.2 Schematic representation of the multiple level safety principle providing safety in
nuclear power plants [4]

the shutdown system as a function of the ranges of temperature and power, as well
as the proper setting of the boron or gadolinium poisoning concentrations for the
range of fuel burnup envisaged [3].
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All nuclear components of the reactor core and the components of the cooling
system are designed with high safety margins and must meet stringent requirements
with respect to the choice of materials and the quality of manufacture (e.g., basic
safety, leak-before-break criterion). In-service inspections and, if necessary,
replacement of the components as well as great care in plant operation must ensure
a high standard of technical safety quality throughout the entire operating life. This
is required to make malfunctions extremely unlikely.

Basic rules in technical safety must be applied such as the failsafe principle,
redundant design of cooling systems and safety systems, as well as the principle of
diversity to avoid common-mode failures.

More details are given in Sect. 5.6.

5.3.2.2 Second Safety Level: Measures of Accident Prevention

Measurement and detection systems (instrumentation), control, monitoring and
limiting systems (e.g. for temperatures, power, pump speeds, pressures, etc.)
prevent accidents by early detection of malfunctioning. Limiting and control
systems take credit of inherent safety properties to counteract disturbances in an
adequate way. After correction of the malfunction, continued operation of the
nuclear power plant is easily possible. Even in such cases of malfunction, the
release levels for radioactive substances permitted in normal operation must not
be exceeded.
More details are discussed in Sect. 5.6.3.

5.3.2.3 Third Safety Level: Design Basis and Measures to Limit
Accident Consequences

As the occurrence of an accident cannot be completely excluded, nuclear power
plants are equipped with safety systems. These safety related systems include, e.g.,
the reactor protection and shutdown system, the emergency cooling system and
residual heat removal system, and the containment. After having been initiated by
the reactor protection system, the safety systems operate largely automatically so as
to meet the goals of protection referred to above (Sect. 5.2) and limit the damage
arising from an accident. The design takes into account that one redundancy level of
the safety system may be under repair and another system may not be available
upon request (n+ 2 principle) [4, 5].

The plant must accommodate a number of design basis accidents which must be
proved by analysis during the licensing procedure of the reactor plant (Sect. 5.4).

More details are discussed in Sect. 5.6.6.
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5.3.2.4 Fourth Safety Level: Measures Taken to Reduce Damage
if Design Basis Is Exceeded—Accident Management Measures

On the fourth safety level, accident management measures take credit of existing
design margins up to failure of in-plant systems and of additionally installed
components which will be used in case of failure of the plant protection system.

Accident management measures also take credit of existing in-plant systems
which are not classified as safety systems.

Measures are taken to minimize the potential damage caused by plant-internal
accidents beyond the design basis and external impacts, e.g. airplane crash, chem-
ical explosion or beyond design earthquakes [4].

5.4 Design Basis Accidents

The reactor plant and the protection systems must be designed and built on the basis
of the design basis accident concept. This includes a number of design basis
accidents which must be accommodated safely, even if a fault independent of the
original cause of accident initiation occurs. The safety must be demonstrated by
advance calculation (design basis accident analysis). This analysis must be based on
conservative assumptions wherever uncertainties exist.

Selected design basis accidents require proof to be supplied, that certain limits
(temperatures of the fuel elements, pressures, stresses and strains in components of
the primary cooling systems) are not reached, with the provision that this requires
no manual measures to be taken in the first 30 min. The dose levels listed in the
Radiation Protection Ordinance for accidental radioactivity releases (Sect. 5.6.6)
must not be exceeded.

5.4.1 Events Exceeding the Design Basis

Sequences of events exceeding the design basis and leading to severe accidents—
despite measures taken by severe accident management measures—must have a
probability of occurrence of less than 10~ to 10~° per reactor year [4—6]. This must
be shown by probabilistic safety analysis (Sect. 5.4.2).

5.4.2 Probabilistic Safety Analyses (PSA)

Probabilistic safety analyses are not part of the valid licensing procedures, which
use only deterministic criteria. However, they have proved their value as
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supplements to the deterministic approach. Probabilistic safety analyses begin with
the assessment of initiating events (malfunction and defects in plant components) as
well as external events like earthquakes etc.. Analyzing the sequence of events
requires exact knowledge of all safety systems of a nuclear power plant.

The results of a PSA are frequencies per reactor year for the failure of specific
components of the safety systems and for the occurrence of specific accident
sequences. In this way, weak spots in technical safety can be identified and the
engineered safeguards design of a nuclear power plant can be optimized. When
used in risk analyses, these values also serve for relative comparisons, e.g. between
various others energy systems.

The results of PSA show that the frequency of events gradually decreases from
safety level 1 to safety level 2 to safety level 3 to safety level 4. The calculated
occurrence of core meltdown upon failure of the safety systems lies beyond safety
level 4 in the range of a target of 10~ to 10™° per reactor year to be reached. The
results of probabilistic safety analyses are associated with uncertainties stemming
from uncertainties of the data, assumptions, and methods applied in various ways
[4, 5, 7-9].

5.5 Atomic Energy Act, Ordinances, Regulations

Most countries operating nuclear reactors or fuel cycle facilities issued an Atomic
Energy Act. The “Act on the Peaceful Uses of Nuclear Energy and the Protection
against Its Hazards” (Atomic Energy Act) establishes the legal frame for the
peaceful utilization of nuclear power.

The provisions of the Atomic Energy Act are supplemented by additional
ordinances (in case of Germany as an example), such as

— the Radiation Protection Ordinance,

— the Ordinance on Safety Commission and Reporting Duties under the Atomic
Energy Act,

— the Ordinance on Insurance Cover under the Atomic Energy Act.

In addition, there are regulations about technical safety which serve as a basis in
the licensing practice of the licensing and supervisory authorities, such as

— safety criteria and guidelines for the design of nuclear power plants,
— guidelines, e.g., about the specialized knowledge required for nuclear power
plant personnel.
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5.6 Detailed Design Requirements at Safety Level 1

At safety level 1 (Sect. 5.3.2.1), the key role is played by the thermodynamics,
neutron physics and mechanical design of the nuclear reactor and the properties of
used materials in components, such as the reactor pressure vessel, pumps and pipes.
In addition, training of the operating personnel must be ensured.

5.6.1 Thermodynamic Design of LWRs

For achieving higher redundancy, the plant design is split into several identical
coolant systems for heat removal from the reactor core. Present pressurized and
boiling water reactors have three or four identical cooling circuits with associated
coolant pumps, steam generators, feedwater systems, emergency core cooling
systems etc. connected to the reactor pressure vessel. Figure 5.3 shows the primary
coolant circuit system of a modern PWR as described in Chap. 3. This includes the
pressurizer for coolant pressure control and stabilization. In the pressurizer, electric
heaters increase pressure through evaporation of the pressurized water. A
pressurized-water spray system in the pressurizer condenses the steam, thereby
lowering the pressure. When the pressure becomes too high, relief valves above the
pressurizer can automatically release steam into an expansion vessel in the reactor
containment and thus prevent overpressure failure of the primary cooling system.

The coolant pressure in the cooling circuits and in the pressure vessel of a PWR
is chosen such (15.5 MPa) that nominal power of the fuel rods of the reactor core
cannot give rise to local or subcooled boiling. In addition, there must be a sufficient
margin relative to the critical heat flux. Because of corrosion and embrittlement
problems, the temperature of the zircaloy cladding of a fuel rod should not exceed
350 °C [10-12].

Critical heat flux on the surface of a fuel rod would give rise to departure from
nucleate boiling (DNB). At this critical level of the heat flux a vapor film is
produced on the surface of the fuel rod. This causes the temperature on the surface
of the fuel rod to rise so strongly as to cause failure (break) of the zircaloy cladding.
The Departure from Nucleate-Boiling Ratio (DNBR) is defined as the ratio between
the critical heat flux and the current heat flux on the surface of the fuel rod:

DNBR - ¢ (critical)

”

q" (actual)

where q" is the heat flux [W/cmz] on the surface of the fuel rod.

In the design of the PWR core, this ratio is chosen as DBNR = 1.80. The critical
heat flux is determined on the basis of empirical relations [10, 11].

As a design criterion for the maximum power of a fuel rod, the associated central
fuel rod temperature must not reach the melting point of UO, fuel (2,865 °C) under
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Fig. 5.3 Primary coolant
circuit system of a PWR
(fourfold redundant primary
cooling system) [2]

SG = Steam generator

PR = Pressurizer

MCL = Main primary coolant pipe
MCP = Main primary coolant pumps
RPV = Reactor pressure vessel

any condition. In a loss-of-coolant accident (LOCA), the maximum cladding
temperature of the fuel rod should not exceed 1,200 °C [1, 2, 13].

5.6.2 Neutron Physics Design of LWRs

Preparatory critical experiments must be run to confirm the calculated enrichment
by fissile U-235 in the fuel, the number of fuel elements, and criticality, Keg. This
implies the slight supercriticality necessary at the beginning, which must be com-
pensated by burnable poisons (boron, gadolinium), boric acid, and poisons in partly
inserted control rods. This initial positive excess in k.¢ compensated by burnable
poisons is consumed during reactor operation mainly by the negative contribution
arising from the buildup of fission products and also by the depletion of fissile
material. This is followed by tests confirming the negative contribution of control/
shutdown rods (see also Chap. 2).

The aggregate negative contribution of all shutdown rods to kg must compen-
sate the positive contribution arising between full load (including a positive con-
tribution assumed in accident analysis) and zero power. At zero power, a relatively
low coolant temperature must be assumed.

These are the most important engineered safeguards design parameters of
LWRs:

The negative Doppler fuel temperature coefficient and the negative coolant
temperature coefficient.

For a 1.3 GWe PWR, these are a
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— Doppler coefficient in the range of —25%x 107 (K™
— coolant temperature coefficient in the range of —2x 10 (K™

For a 1.3 GWe BWR, they are a

— Doppler coefficient in the range of —2x 1077 (K™
— coolant void coefficient in the range of —1.3x 10
(per % steam volume increase)

The effective prompt neutron life time l.¢ is about 2.5 X 107> (s) for all LWR
cores. The negative safety coefficients, together with the delayed neutrons (see
Sect. 2.10), guarantee a safety-oriented feedback and control behavior of LWRs.
This will be demonstrated for two examples below.

5.6.2.1 Stable Time Behavior of Power When Absorber (Control) Rods
Are Withdrawn in a PWR

Starting from a constant reactor power level, Py, of a PWR, which is lower than the
nominal power, limited withdrawal of the absorber (control) rods by a few cm
(Fig. 5.4)—as an example—shall produce a positive ramp type increase in Kegr
resulting in a k= 1.002 within an interval of 20 s (Fig. 5.5). Initially, this raises
the relative power, P(t)/Py, and the fuel temperature in the reactor core. After a
delay of several seconds, radial heat conduction in the fuel rods of the reactor core
also increases the cladding tube temperature and, as a consequence, the coolant
temperature Tc as well. An increase in fuel temperature by ATg(t), through the
negative fuel Doppler coefficient, practically instantaneously causes a negative
Doppler reactivity,

App = ATp - (—2.5x 107)

and, after a short delay, through radial heat conduction in the fuel rods, the coolant
temperature increase AT causes a negative coolant temperature reactivity,

Apc = ATc - (=2 x 107%).

Both negative feedback reactivity contributions counteract the positive initial
reactivity produced by withdrawal of the absorber (control) rods until the total
reactivity becomes zero. This stabilizes the reactor power at a slightly higher level
of roughly P(t)/Po=1.17 when
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Fig. 5.4 Fuel element of a

pressurized water reactor ﬁ
with a rod cluster control
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rods of a PWR

Apcg + App + Ape =0

is reached.

Figure 5.5 shows the different time-dependent reactivity contributions, pcr, Pp,
and pc, and the associated time-dependent relative reactor power, P(t)/Py. This
indicates the importance of the negative safety coefficients to power stabilization at
higher relative reactor power levels. If the coefficients of reactivity (Doppler fuel
temperature coefficient and coolant temperature coefficient) were not negative, the
relative reactor power will rise uncontrolled (dotted line).

Conversely, inserting the absorber (control) rods would give rise to a negative
reactivity ramp. The relative reactor power P(t)/P, will drop and, as a consequence,
also the fuel and coolant temperatures would decrease. These negative changes of
temperatures now produce a positive reactivity feedback.

This type of automatic feedback control of a PWR core can be supplemented by
minor movements of the control rods. Such support by the control rods allows the
change in power to occur faster [2, 3].
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5.6.2.2 Self-Regulation Characteristics of a BWR Under Required
Power Changes

BWRs have a negative Doppler coefficient of fuel temperature (Sect. 5.6.2)
of approx. — 2 x 107°K ™!
and a negative coolant void coefficient
of approx. — 1.3 x 10~ >per% steam volume increase.

In this way, BWRs can be controlled directly via the speed of the internal coolant
recirculation pumps (Fig. 5.6). When more power is needed at the turbine-generator
system or more steam is required by the turbine requiring an opening of the steam
valve at the turbine (Fig. 3.17), the speed of the recirculation pumps is raised. This
increases the cooling water throughput, and rises the axial level of the boiling zone
in the reactor core rises. As a result of the decreasing void volume fraction in the
reactor core, a positive reactivity increase (positive contribution to k.g) is initiated
via the negative coolant void coefficient. The power and the fuel temperatures
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increase. The raising fuel temperatures in connection with the negative Doppler
coefficient of fuel temperature cause a negative reactivity feedback which stabilizes
the process at a higher reactor power level. In this way a BWR can be controlled in a
power range above about 60 % of nominal power solely by varying the speed of the
axial coolant pumps located in the annulus between the reactor core and the inner
wall of the reactor pressure vessel [3].

In lower power ranges control by the recirculation pumps is supported by
movements of the absorber (control) rods.

5.6.3 Instrumentation, Control, Reactivity Protection System
(Safety Level 2)

Instrumentation implies monitoring important measured data by

— in-core instrumentation, such as the aeroball system, miniature fission chamber
detectors, continuously measuring self-powered neutron detectors [6, 14—17];

— out-of-core neutron flux measurements covering the whole range of power from
startup to nominal power output; the out-of-core neutron flux instrumentation
furnishes important signals to the reactor protection system; it comprises the
pulse range at zero power, a medium range, and the power range [6];
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— temperatures, pressures, pump speeds, water levels in the reactor pressure vessel,
in the pressurizer, and in the steam generators.

The thermal reactor power is determined by measurement of the inlet and outlet
temperatures and the coolant flow in the four cooling circuits.

Disturbances and off-normal conditions, respectively, initiate countermeasures
by the control systems. The control system is no safety system. Its actions coun-
teract the course of disturbances. In case of power changes, the control system
supports self-regulation of the reactor by control rod movement (PWR) or by
changing the speed of the main coolant pumps and initiate control element move-
ments (BWR). The pressure and the level of water in the pressurizer are regulated
by heating the water or spraying water for condensation of the steam in the
pressurizer. On the whole, the control system keeps a number of important
safety-related measured parameters stable within preset limits, in this way
preventing unnecessary actuation of the reactor protection system.

When limits of normal operating ranges are exceeded, e.g. 112 % of nominal
power, the reactor protection system automatically intervenes to support the control
system (Fig. 5.7). It can shut down the reactor by dropping the absorber rods
(scram) or reduce reactor power specifically by feeding boric acid. In the case of
a reactor scram, the reactor protection system at the same time automatically
initiates emergency core cooling, emergency power supply, and isolation of the
reactor building (containment).

The reactor protection system captures the data necessary for accident detection,
e.g., reactor power too high, water levels too low, pump speed too low, etc.. It has
triple redundancy and operates in a 2-out-of-3 logic, i.e. when the initiation criteria
are exceeded in two out of three redundant lines, the reactor is shut down.

5.6.4 Mechanical Design of a PWR Primary Cooling System

The primary cooling system of a PWR consists of the reactor pressure vessel, steam
generator, pumps, a pressurizer, and the piping connected to the reactor pressure
vessel (Fig. 5.3). In normal operation, this system is under a coolant pressure of
15.5 MPa. The reactor pressure vessel e.g. is made of high-strength 16 MND5 steel
in the EPR (Chap. 3) or 22NiMo37 in a German BWR, with a stainless steel liner on
the inside. Also the pipes, pump casings, pressurizer, and parts of the steam
generators have stainless steel liners.

5.6.4.1 Reactor Pressure Vessel Design

German reactor pressure vessels made by KWU for the PWR-1300 design—as an
example—are made up of forged rings joined by circumferential welds (Fig. 5.8).
The pressure vessel is designed to a pressure of 17.6 MPa, a temperature of 230 °C,
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Fig. 5.7 Reactor protection system of a PWR [1, 4]

and a neutron fluence of 10'® nvt for neutrons with a kinetic energy >0.1 MeV. The
wall of the pressure vessel is 25 cm thick in the cylindrical part [2, 4].
The mechanical stresses in the pressure vessel wall are caused by

— loading as a result of dead weight,
— internal pressure,
— thermal stresses due to temperature gradients.

The mechanical stresses produced must be determined in accordance with the
ASME Boiler and Pressure Vessel Code [18] and the RSK Guidelines [13]. A
distinction must be made between primary and secondary stresses. Primary stresses
are caused by the internal pressure and dead weight and cannot be relieved by
plastic deformation. Secondary stresses are relieved by plastic deformation (ther-
mal stresses). One important criterion in the ASME codes [18] and RSK Guidelines
[13] is that the primary stresses in the undisturbed part, e.g., the cylindrical wall,
must not exceed the value of 0.33-6g or 0.67 o6y, at operating temperatures
(og = compressive stress, 6 o-stress at 0.2 % strain). This must be demonstrated
by stress and fatigue analyses for all load cases occurring.

Compliance with these criteria is able to exclude so-called failure by ductile
fracture or brittle fracture (failure by crack growth with limited leakage) in a reactor
pressure vessel. This conclusion is supported, inter alia, by the fact that higher
internal pressures of approx. 24-26 MPa cause the seal of the top shield to leak as a
result of straining of the top shield screws. The leakage area then would correspond
to up to a 69 cm” leak.

Compliance with the provisions of the ASME code [18] must always be verified
by several independent expert consultant organizations. Those provisions were laid
down internationally between 1970 and 1980 after the basic principles had been
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confirmed in experimental programs (Heavy-Section Steel Technology (HSST)
program in the United States [19-27]).

Unlike the four cooling circuits of a PWR, the reactor pressure vessel cannot be
built redundant (Fig. 5.3). For this reason, the rules valid today were elaborated
with particular care. A special role in this effort was played by brittle fracture
behavior and the changes in brittle fracture characteristics as a result of welding
processes during manufacture, temperature gradients or materials fatigue due to
corrosion and neutron exposure.

The steel of the reactor pressure vessel or the welds could contain minute cracks
or slag inclusions. When certain stresses in the material are exceeded, such minor
cracks could become unstable (continue to grow larger) and cause the vessel or
other components of the cooling circuits to fail. These problems were clarified
through the development of fracture mechanics techniques [25-30] and in many
notch impact tests. The change in the so-called NDT (Nil Ductility Temperature)
for assessing notch impact toughness can be verified by advance specimens in the
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reactor pressure vessel during reactor operation. In this way, it is also possible to
determine in advance the point when the maximum permissible neutron fluence is
reached for the wall of the reactor pressure vessel.

The NDT is influenced, above all, by the existence of small fractions of copper,
phosphorus, and sulfur in the steel alloy. As a consequence, these elements must be
kept below preset concentration levels (Cu <0.1 %, S <0.01 %, P <0.01 %) [2, 30].

Precisely defined notch impact specimens of the base metal of the reactor
pressure vessel must exhibit not less than 68 J notched bar impact work at a
temperature of NDT + 33 K [4, 30]. The prescribed minimum temperature for the
reactor pressure vessel under nominal pressure during reactor operation or under
accident conditions is 50 °C.

5.6.4.2 Quality Assurance and In-Service Inspections (Basis Safety)

In addition to the design conditions and rules referred to above, quality assurance
throughout the manufacturing process must ensure that all components have the
required toughness of the base metal and the welds. For purposes of fracture
mechanics the size of any small cracks must be below critical lengths [2, 4, 28-30].

Non-destructive test methods (such as surface crack inspection and ultrasonic
inspection) are used to determine crack size and crack distribution. Figure 5.9
shows the manipulators for ultrasonic inspection within the reactor pressure vessel
and the manipulators for ultrasonic inspection of the coolant inlet and coolant outlet
nozzles in the upper region of the reactor pressure vessel.

5.6.4.3 Hydrostatic Test of the Reactor Pressure Vessel

As an integral test, a hydrostatic water test is carried out at 1.3 times the design
pressure (22.8 MPa). In this pressure test, the temperature is not more than 55 °C
above the NDT temperature. This is far below the operating temperature. As the
fracture toughness decreases with temperature, such a pressure test is close to the
design limits of the reactor pressure vessel. After this pressure test, the ultrasonic tests
must be repeated. These in-service inspections must be repeated—as an example in
Germany—during plant life time at regular intervals of 8 years [2, 4, 28].

5.6.4.4 Leak-Before-Break Criterion

In accordance with the fracture mechanics findings, small through-cracks far below
the critical crack length already would give rise to leakages of the reactor pressure
vessel (leak-before-break criterion) [4, 29, 30]. These can be detected in reactor
operation.
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Fig. 5.9 Manipulators for ultrasonic inspection in the hemispherical bottom (a) and in the region
of the inlet nozzle (b) of the reactor pressure vessel [2]

5.6.4.5 Experimental Findings About Pressure Vessel Failure

Within the HSST Program of the Oak Ridge National Laboratory in the United
States [2, 19-24], model pressure vessels with large artificial cracks were made to
rupture at high overpressure. However, the vessel material was found to be so tough
in these experiments that major plastic deformation occurred before break. Such
deformations made the cracks applied less sharp-edged, thereby reducing the stress
peaks arising from notch action. Ductile failure without any artificial crack faults
took at least twice the design pressure level.

5.6.5 Reactor Containment

The cooling systems, which carry the high primary coolant pressure of 15.5 MPa,
must be enclosed in an outer containment (Chap. 3) with the following functions
and capabilities (see Figs. 5.7 and 5.10):

— Innormal operation and under accident conditions, keep releases of radioactivity
into the environment within permissible limits;

— accommodate the heat stored in, and released from, the primary cooling system
in a loss-of-coolant accident and remove it through active cooling systems
together with part of the decay heat (afterheat);

— protect the primary system and steam generators against external impacts.

The design pressure of the containment is determined in terms of its ability to
accommodate all the water released and evaporated from the primary system (full-
pressure containment). Moreover, the underlying assumption in PWRs is that a
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Fig. 5.10 EPR double containment with RPV, cooling systems and molten core spreading area [1]

steam generator fails in addition and its secondary-side water content is taken up by
the containment. Finally, also the steam needs to be taken into account which is
produced as a result of the emergency cooling water taking part of the energy stored
in the secondary water of the steam generators [13]. This leads to design values of
approx. 0.6 MPa, depending on the volume of the containment. The design criteria
of the outer containment with respect to primary and secondary stresses are similar
or identical to those applying to the reactor pressure vessel. The required leak rate
of e.g., 0.25 % per day must be verified prior to commissioning and during reactor
operation at prescribed intervals. Pressure tests must be conducted at regular
intervals before startup and afterwards.

5.6.5.1 Different Designs for Reactor Containments

The containments of PWR and BWR plants have some characteristic differences in
design:

— There are containments made of prestressed concrete with an inner steel liner,
and containments made entirely out of steel (see Chap. 3).
For protection against external impacts, the reactor containment is,
e.g. additionally surrounded in Germany by a thick steel reinforced prestressed
concrete shell which sustains

— an impulse-type load associated with, e.g. a postulated airplane crash,
— apressure wave in connection with, e.g. a postulated chemical explosion.

This design also covers other external impacts, such as tornados, hurricanes,
flooding or tsunamis. In more recent plants, the outer concrete shell has a wall
thickness of 1.80 m (Kraftwerk Union PWR or BWR) or about 2.6 m (EPR). It also
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serves as a shield against radiation towards the outside in case the inner contain-
ment was radioactively contaminated in an accident.

The space between the containment and the prestressed outer concrete shell is
held at a slightly negative pressure relative to the internal pressure and the atmo-
spheric pressure of the external environment by means of a blower. This makes
uncontrolled leakages to the outside impossible in normal operation. The air taken
in is discharged from the stack through filters.

5.6.5.2 Safety Systems in the Containment

The safety systems in the containment are summarized schematically in the illus-
tration of Fig. 5.10 for the EPR containment.

— The containment spray system, which cools the atmosphere of the containment
after a loss-of-coolant accident, condenses the steam released and thus acceler-
ates pressure reduction. The water for spraying is taken from the in-containment
refueling water storage tank (IRWST) (see Fig. 5.10 or Sect. 3.1 for PWRs and
Sect. 3.2 for BWRs).

— During the recirculation phase the low pressure emergency core cooling system
takes in the water from the containment sump for cooling (Kraftwerk Union
PWR) or from the IWRST (EPR and AP1000 or US-APWR in Sect. 3.1) or from
the water pool or the pressure/suppression chamber of BWRs (Sect. 3.2).

— A containment heat removal system decreases the temperature and pressure in
the containment over the medium term (Fig. 5.10).

— Two redundant valves are used for containment isolation, one of which is
installed inside, the other one outside the containment. Building isolation is
initiated especially after a loss-of-coolant accident or when higher radioactivity
levels are detected in the containment.

5.6.6 Analyses of Operating Transients (Safety Level
3, Design Basis Accidents)

The course of various operating transients must be studied for the following
accidents with and without failure of the scram system. Transients with failure of
the scram system are also referred to as ATWS (Anticipated Transients without
Scram). The operating transients listed below—as an example—must be studied as
a design basis:

— Failure of the main heat sink, e.g., as a result of closing of the main steam valve
with the off-site (auxiliary) power supply functioning.

— Failure of the main heat sink with the off-site (auxiliary) power supply
unavailable.
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— Faulty opening of the main steam line valves.

— Complete failure of feedwater supply.

— Maximum reactivity increase as a consequence of withdrawal of control ele-
ments or groups of control elements at full power.

— Depressurization as a consequence of inadvertent opening of the pressure vessel
safety valve.

— Maximum reduction of core inlet temperature due to disturbances on the steam
generator secondary side.

In these accidents, the permissible stresses and temperatures of the reactor
pressure vessel and the cooling system must not be exceeded. The boration system
(secondary shutdown system) and the heat removal systems must be designed so
that the reactor core can be shut down safely in these accidents and remains
subcritical (Fig. 5.7).

5.6.6.1 Operating Transients of LWRs with the Reactor Shutdown
System Functioning (Safety Level 3)

Disturbances of steady-state reactor operation arise from imbalances between heat
generation and heat removal. This raises the coolant temperatures and coolant
pressure. In all cases, the reactor protection system will shut down the reactor in
the shortest possible time when limits of power or coolant temperatures have been
exceeded or the pump speed limit of the reactor protection system has been
underrun. For instance, the shut down rods of the reactor scram system, operating
by the failsafe principle, drop into the reactor core from the top under gravity in
about 2 s (PWR) or are pushed into the reactor core under pressure from below
(BWR) in a similar time period. There must be another, diverse shutdown system
(boric acid system) in case the first shutdown system was to fail (Sects. 3.1 and 3.2).

One example is described below for a PWR. The accident sequence for a BWR is
similar.

5.6.6.2 Loss of Off-Site (Auxiliary) Power Supply (Emergency Power
Case) with Scram Functioning

Failure of off-site power supply causes the emergency power diesel systems to start
up and supply the most important components of the PWR with electricity. The
instruments and some smaller electrical components are supplied from batteries.
However, the power of the emergency diesel systems is generally not sufficient to
supply the large main coolant pumps of the primary system, the main feedwater
pumps for the steam generators, and the main cooling water pumps of the turbine
condenser. Figure 5.11 shows the key components of the steam circuit of as, e.g. the
KWU-PWR.
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Fig. 5.11 PWR with the key components for steam production [4]

In this accident, the turbine and the generator are separated first from each other.
The main coolant pumps of the primary cooling circuits, the main feedwater pumps,
and the main cooling water pumps loose speed and coast down. When 93 % of the
design speed of the main coolant pumps is underrun, the absorber-shutdown rods
drop into the core (reactor scram) and the turbine emergency stop valve closes. Also
the valve for the main steam bypass closes, as cooling the turbine condenser fails
when the cooling water pumps coast down. Closure of these valves (turbine,
condenser) and steam production in the steam generators, which is continued for
the time being, cause the main steam pressure to rise. However, this rise of steam
pressure and coupled steam temperature on the secondary side of the steam
generators can be limited by opening the main steam blowdown valves downstream
of the steam generators when 7.0 MPa are exceeded. The escaping steam acts as a
temporary heat sink. Initially, heat conduction in the steam generator pipes slightly
raises the coolant temperatures and coolant pressure on the primary side. The
pressurizer valve opens briefly, limiting the primary pressure. As a result of
scram, the cooling water temperature in the reactor core decreases. Also the
primary coolant pressure drops at the same time. On a medium term, the primary
coolant temperature and the primary coolant pressure rise again slightly because the
main coolant pumps coast down to lower speeds. Over the longer term, however,
the primary coolant temperatures and the coolant pressure drop because the
afterheat heat production decreases and afterheat cooling systems start working
(Fig. 5.7).
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Fig. 5.12 Power,
temperatures and pressures
in the reactor pressure
vessel and cooling circuits
in case of loss of off-site
(auxiliary) power with
scram functioning [2, 3]
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This is shown in Fig. 5.12. At the same time, calculated results are compared
with measured data for power, primary coolant pressure, and primary coolant
temperatures as well as the water level in the pressurizer. The experiments were
performed in a German 1.2 GWe PWR (Biblis) [2, 3].
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5.6.6.3 Computer Codes for Accident Calculations for PWR and BWR

Computer codes, e.g. RELAP [31] or TRAC [32-35] etc. are available to compute
the course of accidents in PWRs and BWRs. The theoretical models underlying
these computer codes were verified repeatedly in out-of-pile test rigs.

5.6.7 Transients with Failure of Scram (Safety Level 3)

Safety level 3 of the safety concept also requires accidents including failure of the
scram system to be considered. This is why, again by way of example, the
emergency power case with failure of the off-site (auxiliary) power supply for the
main pumps etc. and subsequent failure of the scram system will be described
below. Also in this case, accident behavior is similar for BWRs.

In the previous case with an example for the KWU-PWR (Sect. 5.6.6.2) the
reactor scram was supposed to function. As the scram system now is supposed to
fail and the nominal power will remain constant in the beginning of the accident, the
pressure and coolant temperature in the primary cooling system will rise. When the
pressurizer relief valves would not open (lower pressure limit), the primary coolant
pressure is limited to 17.6 MPa by opening of the pressurizer safety valves. As the
primary coolant temperature (Fig. 5.13a) rises strongly together with the primary
pressure (Fig. 5.13b), the negative coolant temperature coefficient takes effect,
initially automatically reducing the reactor power to roughly 25 % of nominal
power (Fig. 5.13c). The high temperature in the primary cooling system also causes
temperatures and pressure on the secondary side in the steam generator to rise. The
main steam blowdown valves do limit the pressure to 7 MPa (escaping steam is the
temporary heat sink), but the emergency feed pumps are unable to supply enough
water as water for heat transfer of about 25 % of nominal power is still needed.
Consequently, the secondary steam temperature continues to rise and the steam
generators gradually run dry. This causes the primary coolant temperature and the
primary pressure to rise again. As a consequence, the reactor is shut down to the
afterheat level via the negative coefficient of coolant temperature after about 450 s.
Afterwards the reactor must be kept shut down by the boric acid (secondary)
shutdown system. In addition the pressure must be further decreased until the low
pressure emergency and afterheat cooling systems provide for further cooling after
about 800 s.

5.6.8 Loss-of-Coolant Accidents (LOCAs)

Loss-of-coolant accidents can arise from breaks or cracks of pipes or from faulty
sticking of valves in the open position. For large pipes, the leak size is assumed in



5.6 Detailed Design Requirements at Safety Level 1

Fig. 5.13 Behavior of
temperature, pressure, and
power as a function of time
(s) in the core and steam
generator (SG) after an
emergency power case
without scram [3] (example
of analysis for a
KWU-PWR)
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accordance with fracture mechanics (Sect. 5.6.4) as 0.1F (F= pipe cross section).
However, for the design of the emergency core cooling system, the larger so-called
2F break (guillotine type rupture of pipe) is analyzed conservatively [13]. This
highly conservative case will be described here by way of example in Fig. 5.14.
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5.6.8.1 Loss-of-Coolant Accident Due to 2F Break of the Main
Coolant Pipe

Large coolant leakages (2F break) do not necessarily require the scram system.
Although the scram signal is initiated when the lower limit of primary pressure is
underrun, void formation starting in the reactor core shuts down the reactor very
quickly automatically via the negative reactivity produced.

When the leak has opened, a pressure relief wave passes through the reactor
pressure vessel and piping system. At the leakage points, the critical outlet velocity
of a two-phase mixture (steam—water) is established. The pressure of the primary
cooling circuit drops to about 0.5 MPa within approx. 17 s. All primary coolant
(water) leaves the primary coolant system within approx. 13—15 s (Fig. 5.14). Film
boiling starts in the cooling channels of the fuel elements, and cladding tempera-
tures rise very sharply to 750-1,000 °C (Fig. 5.15). Afterwards, automatic shut-
down of the reactor power to the level of decay heat power (afterheat level), and
simultaneous cooling by steam, cause a temporary decrease of temperature at the
fuel cladding. However, this temperature again rises slightly until the borated
cooling water of the pressure accumulators (Fig. 5.16) takes over core cooling
after some 50-90 s. These pressure accumulators start feeding borated water when
the primary pressure falls below 2.5 MPa (Phase 2, Fig. 5.16). The water level in the
reactor pressure vessel rises up between 20 s and 170 s (Fig. 5.14) to the upper core
edge again covering the core. It then fills the pressure vessel up to the lower inlet
and outlet nozzle edges. (Height of the rising center level in the pressure vessel
(Fig. 5.8) and the volume on the right scale of Fig. 5.14 are correlated).

This borated water cools the reactor core and keeps the reactor subcritical. After
further decrease of the primary pressure to <1.0 MPa the low pressure emergency
water injection system takes over (Phase 3, Fig. 5.16). When the reservoir of
borated water has been depleted, the water originating from the loss of coolant
and collecting in the reactor building sump is taken in, cooled in the residual heat
exchangers, and returned to the primary system (Phase 4, Fig. 5.16). In this way
cooling by borated water from the pressure accumulators is supported by the
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Fig. 5.15 Cladding temperature of fuel rod during 2F-Break accident (average fuel rod and fuel

rod with highest conservative temperatures) [2—4]
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Fig. 5.16 Leak in hot primary pipe and injection of water into cold primary piping [1]
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Makeup from IRWST

Fig. 5.17 Emergency core cooling systems of AP1000 [36]

low-pressure emergency core cooling systems (Kraftwerk Union PWR) provided
their power supply is available.

As described already in Sect. 3.1 the emergency cooling systems of other
modern PWRs (AP1000, US-APWR, EPR) are slightly different. The collected
sump water in KWU-PWRs is replaced by the large water volume of the IWRST in
AP1000, US-APWR and EPR. This is shown in Fig. 5.17 for the case of AP1000.
The high pressure core flooding system and the accumulators are also installed in
the AP1000. The automatic depressurization system (ADS) allows depressurizing
the primary coolant system directly into the IWRST in AP1000, US-APWR and
EPR (In the older KWU-PWRs this is achieved by accident management
measures).
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5.6.8.2 Loss-of-Coolant Accident Due to Minor Coolant Leakages

Regarding the possible consequences the large 2F break is not necessarily the most
extreme or most severe accident involving leakages. Minor leakage accidents rather
follow a different sequence of events with similar consequences. In a small leak, the
primary coolant pressure will drop, and the filling level in the pressure vessel will
decrease. This initiates scram. When a primary pressure of 11 MPa (Kraftwerk
Union PWR) or 9.2 MPa (EPR) has been reached, the high-pressure safety pumps
feed borated water from the flooding tanks into the primary system. In case of
AP1000 high pressure borated water is fed from the core make-up tanks.

When the water supply in the flooding tanks has been depleted, pressure in the
primary cooling system must be reduced further. This is done by opening the main-
steam-blowdown valves (secondary system depressurization). This decreases pres-
sure and temperature on the secondary side. When the pressure on the primary side
drops below 1 MPa, the low-pressure emergency core cooling systems take over
further cooling. In case of EPR, AP1000 and US-APWR high capacity relief valves
are actuated to depressurize the primary coolant system to <1 MPa within a short
time period.

Depending on the size of the coolant leak, at least (in case of the KWU-PWR as
example)

— one or two out of the four high-pressure feed systems,
— one out of the two pressure accumulator feeds,
— one or two out of the four low-pressure emergency core cooling systems

must be available for feeding or for recirculation operation as a minimum require-
ment for accident control. In that case, the PWR in the long run can be transferred
into the safely coolable mode.

However, serious damage to the reactor core can develop when three or all four
systems of the emergency core cooling and residual heat removal systems or the
emergency power supply fail. In that case, severe core damage will arise and the
core will melt down.
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Chapter 6
Probabilistic Analyses and Risk Studies

Abstract The first comprehensive study to determine the risk of LWRs by prob-
abilistic methods was the US Reactor Safety Study WASH-1400 in 1975. Similar
studies in other countries, e.g. Germany, followed. The methodology starts with the
event tree analysis followed by the probabilistic analysis. This is continued by an
analysis of the radioactivity release for the different accident sequences. Subse-
quently meteorological data and models for atmospheric diffusion and aerosol
deposition are used to determine the radioactivity concentration and radiation
dose to individuals in the areas around the plant. Countermeasures can be taken,
e.g. evacuation or relocation, to lower the radioactive exposure of the population.
Finally the results of event tree and fault tree analysis for different PWRs and
BWRs (presently operating and more recent (future) designs) are presented. In
addition, the results of reactor risk studies in the USA (WASH-1400) and in
Germany are reported and discussed.

Modern Light Water Reactors (LWRs) have up to four redundant cooling systems,
four redundant emergency cooling systems, four redundant emergency power
supplies etc. as well as diverse emergency power supplies (diesel engines, steam
turbines, gas turbines etc.). Severe core damage can occur when, e.g. three out of
four of all four emergency cooling systems fail.

Failure of all of these redundant safety systems ultimately will cause a core
meltdown accident. In probabilistic risk studies, such a failure of all systems is
assumed conservatively, without accounting for the fact that the operating team
could e.g. repair the failed components in due time.

Experience has shown that any component of specific safety systems can fail
within a given period of time. In that case, event tree diagrams (fault tree analyses)
and assignment of individual probabilities of component failure can be employed to
compute the failure of major single systems and the overall probability of an
accident sequence (probabilistic safety analysis, PSA).

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 131
DOI 10.1007/978-3-642-55116-1_6, © Springer-Verlag Berlin Heidelberg 2014
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6.1 General Procedure of a Probabilistic Risk Analysis

The first comprehensive study performed to determine the risk of LWRs by
probabilistic methods, the US Reactor Safety Study WASH-1400 [1], was
published in 1975. Similar studies were performed later also in other countries,
such as Germany [2].

The risk, Ry, ; attributed to a type i accident initiated by a type m event (e.g., leak
in a primary coolant pipe) in a reactor plant can be described in a simplified way by
this relationship:

where

— Fi.i1s the annual frequency of occurrence of a type i reactor accident initiated by
a type m event,

— Ci,i i1s the amount of radioactive material, expressed in Bq, released into the
environment from the reactor outer containment during a type i accident initiated
by a type m event,

— Dis the damage to the population resulting from the release C,, ; of radioactivity.
D depends on a number of other environmental parameters, such as atmospheric
conditions, population distribution, etc. (Figs. 6.1 and 6.2).

The annual frequency, F,,;, of occurrence of an accident is determined in
detailed probabilistic analyses applying event tree and fault tree methods
[1-7]. In those studies, the failure probability of all relevant components of a safety
system is taken into account (Fig. 6.2). In determining the radioactivity release,
Cu.i» the sequence of accident events must be assessed as a function of time in the
reactor core, the pressure vessel, and the surrounding containment. This then results
in the radioactivity, C,;, (fission products, activation products and actinides),
released into the environment from the containment after containment failure.
Subsequently, meteorological data and models of atmospheric diffusion and aerosol
deposition are used to determine the radioactivity concentration and the radiation
dose to which individuals in the environment of the plant are exposed, counter-
measures being taken into account. Finally, health physics data (Chap. 4) are used
to determine the probability of disability or death as a result of the exposure dose.

6.2 Event Tree Method

An accident sequence is started by an initiating event, e.g., a leak in a pipe in the
primary coolant system. The safety system of the reactor reacts to this initiating
event, and the consequences of the sequence of accident events are controlled,
provided that the safety system functions sufficiently well.
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Table 6.1 shows some data for the frequency of initiating events used in the first
risk studies for a KWU-PWR in Germany [8].

Only if components of the safety system fail on a major scale there will be a
release of radioactivity. Figure 6.2 shows a simplified event tree for a loss-of-
coolant accident in a PWR. In this case, the accident is initiated by the break of a
pipe. This pipe rupture is assumed to occur with a frequency of f,,, per reactor year.

The further development of this accident is then mainly determined by the
availability of the electricity power supply. Failure of the electric power supply to
operate the emergency core cooling system (ECCS) is assigned the probability of
p:1- Since electricity is either available or not, the probability of power being
available and the ECCS functioning properly is (1—p;) If there is no electricity
available the ECCS will not work and the core, after having lost its coolant, will
melt down partially or entirely for lack of cooling. In that case, there may well be
major releases of radioactivity into the environment as a result of a failure of the
containment.
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Fig. 6.2 Simplified event tree for a loss-of coolant accident in a water cooled reactor [3]

Table 6.1 Frequencies per year of accident initiating events for a 1.3 GW(e) KWU-PWR at
Neckarwestheim (Germany) [8]

Frequency of initiating event per year

Initiating event (fm)

Loss of electrical auxiliary power supply 25%x 1072

Loss of main heat sink and loss of main feed water 3.8%x1072
supply

Small leak (25-80 cm?) in main primary coolant pipe 1.5x 107

Small leak at pressure vessel (1-6 sz) 25%x1073

If power is available, the next possible event will be a potential failure of the
ECCS, which must be assigned the probability of p,. The availability of the ECCS
is again characterized by (1—p5,).

If fission products are released in the course of an accident, the fission product
removal system mitigates the radioactivity release into the containment. The failure
probability of this system is characterized by ps, its availability (1—p3).

The final barrier against the release of radioactivity is the leak tightness (integ-
rity) of the outer containment. The probability of this containment function failing
is called p4 the availability of that function, (1—py). If the containment integrity is
preserved, releases of radioactivity can only be slight, but if the containment leaks,
radioactivity can escape into the environment, depending on the size of the leak.

From the results of this simplified event tree of Fig. 6.2 it can be seen that
radioactivity releases can vary between very small and very large releases,
depending on the level at which the safety systems fail.
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Since the individual components of the safety system are characterized by their
high availabilities and, consequently, very low failure probabilities (p;, p2, Ps,
p4 < 1), the probability of the availability of (1—p;) etc. of these safety components
can each be assumed to be approximately equal to 1. Consequently, the sequence
frequency at the upper end of the branching of the event tree of Fig. 6.2

Fin,1 =fm (1 =py) (1 =py) (1 =p3) (1 —ps) = fn

The radioactive release caused in this case, Cy, ; is negligible. On the other hand,
the radioactive releases, C, ¢ or Cy,, 7 as a consequence of a failure of the electricity
supply followed by a failure of the ECCS and of the integrity of the outer
containment would be very large, because the core would melt and a large fraction
of the radioactive inventory would be released from the outer containment. The
frequency of occurrence, however, of this maximum accident is extremely low,
amounting to Fr, ¢ =1, «(1 —p1) - p2-p3 =t - p2-p3 and Fyy 7 =1 - p1-

In a detailed event tree analysis, many more details must be considered, such as
the individual functions of the ECCS, etc. Interdependencies of the different events
may lead to systematic consequential failures and to the elimination of branches in
an event tree.

6.3 Fault Tree Analysis

The fault tree analysis approach is used for numerical assessment of the failure
probabilities of larger units of the safety system. It breaks these larger systems
down into single components, concluding about the failure probability of a larger
unit from the failure probabilities of such individual components by taking into
account the way in which the logical functions of the single components are
interrelated. If common mode failures are possible they must be accounted for.
Often, fault trees must be developed to such detail that available data on single
equipment components or human error can be applied from experience. Uncer-
tainties in reliability data are taken into account by entering not only single values,
but distribution functions for the failure probabilities of single components. For
other components, such as emergency power diesel systems, statistical data directly
available from experience are applied. When determining the failure rate of pipings
under pressure, methods of probabilistic fracture mechanics must be used in
addition.
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6.4 Releases of Fission Products from a Reactor Building
Following a Core Meltdown Accident

6.4.1 Initiating Events

Initiating events controlled by the safety system will not contribute to risk. Accord-
ingly, major contributions to the overall risk must be expected to arise only with
large scale failure of fuel rod claddings and from those events in which the reactor
core will melt down partially or completely because of an extensive failure of the
safety systems. Event tree studies show that the occurrence of a major leak in a
main coolant pipe followed by a failure of the respective safety systems (emergency
cooling systems and afterheat removal systems) will cause the reactor core to melt
down; within a few hours the molten core can even penetrate the reactor pressure
vessel. In an early superheated phase of the reactor core, hydrogen will be generated
in a reaction between water and the zirconium in the fuel claddings.

After having penetrated through the reactor pressure vessel, the hot core material
will contact the concrete foundation slab of the reactor building and gradually melt
into the concrete. This will cause water bound in the concrete to be released and
react with the melt, which will generate hydrogen. Depending on the type of
concrete used, also CO, may be released. For the further sequence of accident
events it was assumed in a pessimistic estimate in the US and German risk studies
[1, 2, 7, 9] that the molten core contacts and evaporates the sump water, thus
increasing the pressure in the containment.

6.4.2 Failure of the Containment

A number of penetrations through the containment building for locks, pipes and
cables may develop leaks with a certain failure rate. In this case, radioactivity could
escape to the outside. If, on the other hand, the containment is assumed to remain
tight, i.e., preserve its integrity, the core meltdown accident described above would
generate vapor, Hp, CO and CO,, and raise the pressure in the containment so that
the permissible design pressure of the outer containment could be exceeded. After
failure of the outer containment integrity, radioactivity could be released into the
environment.

In the US Reactor Safety Study, WASH-1400 [1], and the German Risk Study
[2, 9], also the case of large scale hydrogen detonation and of a potential steam
explosion resulting from a contact between molten hot core material and water was
discussed. This was assumed to occur with a certain probability in the bottom part
of the reactor pressure vessel.



6.4 Releases of Fission Products from a Reactor Building Following a Core. . . 137
6.4.3 Releases of Radioactivity

Radioactivity may be released from the reactor core in the following events
[10-13]:

— In cladding tube failures the gaseous and highly volatile fission products are
released.

— As the fuel is heated to melting temperature and melts, fission products as well as
chemical compounds with lower melting points will be released as aerosols.

— During interaction of the melt with the concrete, aerosols are generated.

In a pipe leak of the primary circuit, or if the reactor pressure vessel has been
penetrated by molten core material, the gaseous and volatile fission products will
enter the containment. They can be retained there by active removal (e.g. spray)
systems and by diffusion, coagulation, condensation, sedimentation and
thermophoretic processes of the aerosols. Radioactive decay makes the retention
by the containment more effective, the longer its integrity can be ensured. Studies
(German Risk Study, Phase A [2]) showed that the time after which the maximum
pressure would be exceeded and the containment fails would be like 5-12 days
(depending on the concrete composition). Within such a time period of about 5 days
or more, the concentration of airborne aerosols decreases already by orders of
magnitude [11]. This is shown by Fig. 6.3.

6.4.4 Distribution of the Spread of Radioactivity After
a Reactor Accident in the Environment

In reactor risk studies, releases of radioactivity are determined for various accident
categories and all kinds of meteorological conditions at all the different reactor
sites. This is used to determine a mean value for the consequences of radioactive
exposure (early deaths, late health consequences, soil contamination). However, an
accident at a specific reactor site is determined only by the weather conditions
prevailing at that time.

Computer codes, such as COSYMA [14] and RODOS [15], were written to
describe this situation on the basis of the release of radioactive gases and aerosols
during the accident and further spreading of this radioactivity in the atmosphere as a
function of weather conditions and wind direction (Fig. 6.4). For each point at a
certain distance from the reactor site it is possible in this way to determine the
radioactivity in the atmosphere and contamination of the soil. The radioactive
exposure of the population and the environment is determined on this basis.

The radioactive cloud causes external and internal radiation exposures of per-
sons. The external radiation exposure is the result of

— cloud-borne radiation (radioactive nuclides),
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— ground-borne irradiation after surface contamination following precipitation of
the radionuclides.

Internal exposure to radiation is the consequence of inhalation and ingestion of
contaminated food items.

In Fig. 6.4, the cloud emitted, which is loaded with radioactive gases and
aerosols, extends to the inversion layer h,,;, and then spreads horizontally.
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Fig. 6.5 Example for radioactivity release after a core melt accident with major release of
radioactivity. The different colors indicate areas where the population would have to be evacuated
or remain in shelters [17]

Figure 6.5 shows by way of example the spread of radioactivity released after a
core melt accident into the environment. The release of radioactivity as a function
of time (noble gases, iodine, aerosols), the wind speed and wind directions are
assumed for this example. The different colors indicate areas where evacuation or
sheltering of the population would be required.

See also [18] for more details in this book.

6.5 Protection and Countermeasures

Radioactive exposure of the population can be affected by these protective mea-
sures and countermeasures:

— sheltering in buildings and protective rooms,
— evacuation of the population,
— distribution of iodine tablets,



140 6 Probabilistic Analyses and Risk Studies

Table 6.2 Reference exposure dose values for initiation of protection and countermeasures [16,
19, 20]

Reference value  Integration

Action Reference dose [mSv] time
Remain in house Effective dose through inhalation and 10 7 days
sheltering external radiation
Taking of iodine Children <18 years 50 7 days
tablets Persons 18—45 years 250 7 days
Evacuation Effective dose through inhalation and 100 7 days
external radiation
Temporary External radiation deposition of 30 1 month
relocation radioactivity
Longterm relocation ~ External radiation deposition of 100 1 year
radioactivity
Food ban Effective equivalent dose by ingestion 5 1 year

Table 6.3 Upper limits for adults in Europe for concentration of radioactive materials in food
[16, 19, 20]

Limits of

radioactivity

concentration

nuclide

[Bg/kg] or [Bq/l]

Milk Other
Radioactive nuclide products food
Strontium isotopes especially Sr-90 125 750
Todine isotopes especially 1-131 500 2,000
o-Emitters especially Pu-239, Am-241 20 80
Other nuclides with half-lives more than 10 days especially Cs-134, 1,000 1,250

Cs-137

— ban on consuming contaminated food and water,
— relocation and blocking of areas,
— decontamination of urban areas and agricultural land.

In Europe, decisions by the authorities (Table 6.2) are based on these guiding
values for various protective measures and countermeasures [16, 19, 20]. These are
lower and upper limits—the population would receive during the first week—for
which measures like sheltering, evacuation or relocation (1 month or 1 year) must
be initiated. In addition there are limits for the different isotopes released during a
reactor accident which do collect in the food like milk, vegetables, meat etc.. These
limits are given in Table 6.3 in case these limits are exceeded the food must be
banned.



6.6 Results of Reactor Safety Studies

141

Table 6.4 Expected frequencies for core melt down for a 1.3 GW(e) KWU-PWR at
Neckarwestheim (Germany) [8]

Initiating event

Frequency per
year

Loss of coolant

Operational
transients

Sum total

Medium to large leak (80-200 cm?) in a primary coolant
pipe

Small leak in primary coolant pipe (25-80 cm?)

Very small leak in primary coolant pipe (2-25 cm?®)

Leaks at pressurizer (40 cm?)

Very small leak at reactor pressure vessel (1-6 cm?)

Loss of auxiliary power supply

Loss of main feedwater supply without loss of main heat
sink

Loss of main heat sink without loss of main feedwater
supply

Loss of main feedwater supply and loss of main heat sink

Break of steam line out of outer containment

Break of feedwater line out of outer containment

9.0x 1078

1.6 x 1077
1.3x107°
4.0x%x 1077
1.8x 1077
14x107°
22x107°

1.8x 107

3.0x 1077
13 %1077
29%x 1077
82x107°

6.6 Results of Reactor Safety Studies

6.6.1 Results of Event Tree and Fault Tree Analyses

The methods and analyses described above were applied to both PWRs and BWRs,
e.g. in the US Reactor Safety Study [1] and in the German Risk Studies [2, 8, 9] for
PWRs and for BWRs [7]. The results of recent risk studies for modern PWR- and
BWR-designs built by Kraftwerk Union, as described in Sects. 3.1 (PWRs) and 3.2
(BWRs) will be reported as examples below.

Tables 6.1, 6.4 and 6.5 list the main findings of the event tree and fault tree
analyses in a German risk study for a PWR operating at Neckarwestheim [8]. In
analyzing all possible initiating events, mainly four groups of accident sequences
were identified to result in core damage for the PWR:

— loss-of-coolant accidents initiated by a leak or break in the reactor coolant

system,

— operational transients leading to an imbalance between the heat generated in the
core and the heat removed from the core.

— reactor plant internal initiating events like fire

— reactor plant external events e.g. earthquakes, airplane crash and flooding.

The data in Table 6.4 as well as Table 6.5 result from detailed studies of the
above accident sequences.
The sum total of the frequency per year of all conceivable loss of coolant
accidents and operational transients is 8.2 x 10~° per year.


http://dx.doi.org/10.1007/978-3-642-55116-1_3#Sec1
http://dx.doi.org/10.1007/978-3-642-55116-1_3#Sec2
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Table 6.5 Internal and external initiating events [9]

Frequency per

Initiating event year
Plant Fire 1.7 %1077
internal External flooding <1077
Plant Earthquake with loss of main heat sink and main feedwater 3x107¢
external supply
Airplane crash in reactor containment <107’

The frequency for core melt due to internal fire and flooding is 1.7 x 10~ per
year. The frequency for core melt due to plant external events (earthquake and
airplane crash) was analyzed in an earlier study [9] to be about 3 x 10~ per year.

6.6.2 Severe Accident Management Measures
(Safety Level 4)

The detailed analyses of accident sequences in the German Risk Study Phase B [9]
showed that it is possible, even after the failure of safety systems, to control
accident sequences by introducing so-called severe accident management mea-
sures. These can then prevent core meltdown.

In a first step the following accident management measures were investigated in
the German Risk Study Phase B [9]

— depressurization of the secondary coolant system and feed in of water by mobile
pumps

— depressurization of the primary coolant system by opening the pressurizer valves
to the pressure level such that the high pressure emergency and other emergency
coolant systems, e.g. mobile pumps can feed in water.

A number of accident sequences initiated by loss of coolant or loss of off-site
(auxiliary) power supply are seen to have as their main cause in the failure of
cooling water supply to the steam generators. This failure of steam generator supply
would ultimately lead to core meltdown.

Accident management measures go beyond the automatic safety measures
provided for by the reactor protection system [21, 22] allowing interventions by
the operating personnel. Thus, for instance, the steam generators, in the late
accident phase of running dry can be fed with water from the feed water tank or,
by means of mobile pumps, from water reservoirs inside and outside the reactor.
The decay heat (afterheat) can be removed by blowing off the steam through the
main steam blowdown station (secondary feed and bleed procedure) (Fig. 5.11).

The opening of the pressurizer valves as an accident management measure in
older PWR designs, e.g. KWU-PWR (see above) lowers the pressure in the primary
system within about half an hour. This allows
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— the high-pressure safety feed pumps to be activated at 11 MPa (KWU-DWR),
— the pressure accumulators to start feeding at 2.5 MPa (KWU-DWR),
— and the residual heat removal systems to be activated at about 1.0 MPa.

In this way, for instance, core meltdown under high pressure can be avoided, or
this accident sequence can be changed into core meltdown at low pressure.

Accident management measures include the actuation of pressure relief valves
or the actuation of smaller pumps of auxiliary circuits by means of batteries. For
this reason the internal battery capacity is increased and reinforced accordingly.

German LWRs, in addition, were equipped after these risk studies [2, 8, 9] with a
so-called sheltered control room. It is possible to shut down the reactor to decay
heat (afterheat) level from this completely independent control room in case the
main control room can no longer be used, e.g. because of fire or radioactive gases.
Additional emergency instrumentation, e.g. filling level probes in the reactor
pressure vessel or measurements of radioactivity at various points of the cooling
system, allow more precise knowledge to be obtained about the operating status of
the reactor [9]. Emergency electric power can be supplied by underground cables
from more distant power plants. Cooling water can be supplied by deep wells
situated on plant site [22].

The sum total of the core melt frequency per year applying these severe accident
management measures could thereby be lowered by one order of magnitude [9].

6.6.3 Core Melt Frequencies per Reactor Year
for KWU-PWR-1300, AP1000 and EPR

The core melt frequencies and radioactivity release frequencies for different PWR
designs, e.g. KWU-PWR-1300, AP1000 and EPR are given in Table 6.6. The more
recent PWR-designs have by an order of magnitude lower overall core melt
frequencies per reactor year and so-called large radioactivity release frequencies
per reactor year than the older design of the KWU-PWR-1300. EPR is designed
such that even in case of a core melt accident large radioactivity releases are
excluded (see Chaps. 3 and 10).

6.7 Results of Event Tree and Fault Tree Analyses
for BWRs

Probabilistic risk analyses were carried out also for BWRs. Table 6.7 lists some of
the most important initiating events of accident sequences in the German
BWR-1,300 at Gundremmingen (Sect. 3.2.1) [7].


http://dx.doi.org/10.1007/978-3-642-55116-1_3
http://dx.doi.org/10.1007/978-3-642-55116-1_10
http://dx.doi.org/10.1007/978-3-642-55116-1_3#Sec3
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Table 6.6 Core melt frequencies and large release frequencies per reactor year for KWU-PWR-

1,300, AP1000 and EPR [8, 9, 23, 24]

KWU-
PWR-1,300 AP1000 EPR 1,600
[8,9] [23] [24]

Core melt frequency per Internal events 82x107% 42x1077 84x107®
reactor year External events 3x107° 24x1077  64x1077
Large radioactivity release ~ Core melt down About 1077 1.8 x10™®  No evacuation
frequency per reactor followed by con- No re-housing
year tainment failure No sheltering

4Can be decreased by about one order of magnitude by application of severe accident management

measures

Table 6.7 Frequency of initiating events (BWR-1,300) [7]

Initiating event Frequency of initiating event per year
Loss of electrical power supply from grid 0.04

Loss of main heat sink and loss of main feed-water supply 0.3

Inadvertent opening of turbine valve or by-pass valve 0.2

Failure to close a safety and relief valve 0.1

ATWS with loss of main heat sink <107’

Table 6.8 Expected frequencies for core melt down (German Reactor Risk Study [7]) for the

BWR-1,300 (Gundremmingen) described in Sect. 3.2.1

Initiating event

Frequency per
year

Loss of coolant Small leak (5-150 cm?) in main steam line (outside
containment)
Small leak (5-150 sz) in main steam line (inside
containment)
Small leak (5-150 sz) in feed water line
ATWS Loss of main heat sink, no scram
Operational Loss of electrical power from grid
transients Loss of main feedwater supply

Loss of main heat sink
Loss of main heat sink and loss of main feedwater
Failure to close safety and relief valve

Sum total

2.0x1077
40x 1077

3.0x 1077
107°
32x107°
55x107°
20x107
1.5%x107°
41x%x107°
5%x107°

Table 6.8 lists the frequencies of core melt per year for the most important

accident sequences which can result in core meltdown, such as

— loss-of-coolant accident,
— anticipated transients without scram (ATWS),
— operational transients.
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Table 6.9 Core melt frequencies per reactor year for KWU-BWR-1,300, ABWR, ABWR-II and
SWR-1000 (KERENA) [8, 9, 23, 24]

KWU-BWR- ABWR ABWR-II KERENA
1,300 [7] [25] [25] [26, 27]
Core melt frequen- Internal 5% 1075 1.6x1077  45x107® <1077
cies events
[year] External 10°° Not given in literature
events

Can be decreased to 4.4 x 107° per year by application of accident management measures

While the frequencies of occurrence of loss-of-coolant and ATWS accident
sequences are in the range of 10~ per reactor year, the frequencies of occur-
rence—initiated by operational transients—are in the range of 10~ per reactor
year. The frequencies of occurrence of core melts initiated by fire or earthquake are
of a similar order of magnitude as in a German PWR, i.e. in the range of 10~ per
reactor year. This leads to a total frequency per reactor year of 5 x 10> [7].

Accident management measures can reduce the frequency of occurrence per
reactor year by roughly one order of magnitude to 4.4 x 107° [7].

Such additional accident management measures [21, 22] are e.g.

— primary pressure relief by opening of the pressure relief valves and steam
blowdown to the water pools (condensation pool) of the pressure/suppression
chamber

— additional emergency electrical power and water supply (see Sect. 6.6.2)

6.7.1 Core Melt Frequencies for KWU-BWR-1300, ABWR,
ABWR-II and SWR-1000 (KERENA)

The core melt frequencies per reactor year for other BWRs, e.g. ABWR, ABWR-II
and KERENA are listed in Table 6.9. Again, as in case of more recent
PWR-designs, the more recent BWR-designs, as e.g. ABWR-II and SWR-1000
(KERENA) have lower core melt frequencies per reactor year.

6.8 Release of Radioactivity as a Consequence of Core
Melt Down

The results in Tables 6.4, 6.5 and 6.7 can be combined with results obtained from
accident consequence analyses for assumed core meltdown and subsequent con-
tainment failure. This analysis can be simplified by grouping the results into release
categories for accident sequences with the same containment failure mode. In
addition to the frequencies of occurrence, also the schedule of radioactivity release
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from the outer containment after the onset of an accident and the fractions of fission
products released can be determined. These fission product fractions refer to the
total radioactive inventory of the PWR or BWR core.

In the US Reactor Risk Study [1] and in the German Risk Study Phase A [2, 9] a
very conservative approach was applied, e.g. it was assumed that a core meltdown
accident is followed by a steam explosion with a certain probability of occurrence.
For such a steam explosion it must be assumed that the molten core is mixing with
water and fragmenting into very small particles which transfer heat very quickly to
the water, thus rapidly producing a large amount of steam. This release category
includes the highest radioactivity release which would occur at about 1 h after the
initiating event with subsequent core meltdown. More recent studies described in
Sect. 10.1, however show that after a large scale steam explosions a subsequent
failure of the pressure vessel and of the outer containment can be considered to be
impossible.

Other release categories of e.g. the German Study Phase A [1, 2, 10] did comprise
core meltdown accidents with a subsequent large scale hydrogen-air detonation
and failure of the outer containment (Sect. 10.2) or so-called containment bypass
accidents (Sects. 10.2.2 and 10.2.3). In these cases, openings in the outer contain-
ment of 25-300 mm equivalent diameter were assumed. Lower release categories of
the Risk Studies [1, 2, 10] represented core meltdown with late containment
overpressure failure. The lowest release categories cover loss-of-coolant accidents
controlled by the emergency cooling systems. Since, in these cases, the reactor core
is cooled sufficiently by the emergency core cooling system, the fuel element
claddings will be damaged only partially and the reactor core will not melt.

6.9 Accident Consequences in Reactor Risk Studies

The US Reactor Safety Study, WASH-1400 [1], was performed for 100 reactor
plants (PWRs and BWRs) in the United States. It was published in 1975, thus
preceding the similar German Risk Study [2, 10] which was performed in 1979 for
25 German reactor plants. Compared with the results of the German Risk Study, and
aside from slightly different safety designs of German LWRs, it was mainly the
meteorological data, the population density, the purely linear dose-risk relationship
as well as protective measures and countermeasures, which differed in the two
studies.

It must also be emphasized that in these reactor risk studies the results are
averaged over 68 different sites (WASH-1400 [1]) or 19 different sites (German
Reactor Risk Study, Phase A [2]) with several hundred different weather
conditions.

The frequency of core meltdown accidents was determined to be 5 x 10~ per
reactor year in the US Reactor Safety Study [1]. The largest number of early
fatalities was approx. 3,300, with a probability of occurrence of 10~ per reactor
year. The cases of early illness are 45,000, with a frequency of occurrence of 10~°
per reactor year.


http://dx.doi.org/10.1007/978-3-642-55116-1_10#Sec1
http://dx.doi.org/10.1007/978-3-642-55116-1_10#Sec2
http://dx.doi.org/10.1007/978-3-642-55116-1_10#Sec8
http://dx.doi.org/10.1007/978-3-642-55116-1_10#Sec13

6.9 Accident Consequences in Reactor Risk Studies 147

Fig. 6.6 Results of the 104
US-Risk Study WASH-
1400 [1] for 100 nuclear
reactor plants
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Frequency of occurrence

Source: Wash-1400

Figure 6.6 shows the complementary, cumulative frequency distribution of early
fatalities, determined by the WASH-1400 Risk Study [1], which could be caused by
radiation exposure after accidental radioactivity release. Results of the German
Risk Study, Phase A [2, 10] are similar.

Of course, a large number of early fatalities will occur if major releases are
encountered on sites with high population densities, the wind blows in the direction
of the sector with the highest population density, and rain falls in the immediate
vicinity, thus creating high radioactivity concentration levels on the ground.

In the US and the German Risk Studies [1, 2, 10] late fatalities at all dose levels
are reported since a linear dose rate (Sect. 10.5.1) without threshold value was
assumed according to ICRP (1977). The occurrence of late fatalities is therefore not
restricted to only the immediate vicinity of the reactor plant, as in case of early
fatalities. Also a considerable fraction of the late fatalities determined in the Risk
Studies [1, 2] was due to low radiation exposures of <50 mSv (The average natural
background radiation on earth is about 2.4 mSv per year or 170 mSv over 70 years
life time (Sect. 4.3). Therefore, these results are still discussed controversially.

6.9.1 Use of Results of Reactor Risk Studies

The value of Reactor Risk Studies should not be exaggerated or misinterpreted or
even used for forecasts in which time periods core melt accidents could occur. As
their methodology is based on probabilistic considerations their results can only be
used for

— comparison with the results of risk studies for other energy production systems
(coal, oil, gas etc.) which are based on the same probabilistic methodology

— for the optimization of the design of the different safety systems to reach a well
balanced overall safety concept for that nuclear plant for which the probabilistic
safety analysis was performed.
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6.9.2 Safety Improvements Implemented in Reactor Plants
After the Risk Studies

As mentioned in the previous sections, rather simplified and pessimistic assump-
tions were made in the German Risk Study Phase A and the US Reactor Safety
Study [1, 2] about the sequence of accident events in which the molten core
penetrates the bottom of the reactor pressure vessel leading to subsequent accident
conditions which can lead to a relatively early loss of containment integrity. This
leads to an overestimation of the accident consequences and risks. More recent
theoretical studies and preliminary experimental results indicate that (Chap. 10)

— the assumed large steam explosions leading to early containment failure can be
considered to be impossible

— the assumed early containment failure after core melt through under high
primary coolant pressure can be counteracted by primary coolant depressuriza-
tion or strengthening of the anchorage of the reactor pressure vessel

— the penetration of the molten core into the concrete does not necessarily lead to
contacts with the sump water. However, if it contacts sump water, a loss of
containment integrity would occur only after time periods of approximately 5—
12 days. Water spray systems can lower the internal pressure in the containment.
Exventing filters introduced after the publication of the reactor risk studies
(WASH-1400 and German Risk Study Phase B) can avoid overpressurization
of the outer containment. However, the danger of a hydrogen detonation still
remains. Hydrogen recombiners can decrease the amount of hydrogen released.
The containment can be proven to even withstand to large severe hydrogen
detonations. For reasons of aerosol physics [11], a considerable percentage of
radioactive aerosols will have settled within the containment under fog or
rainlike conditions and shortlived radioisotopes will have decayed away by the
time containment failure was assumed to occur (Fig. 6.3). The release of
radioactivity into the environment then decreases by several orders of
magnitude.

These results were confirmed during the decades after the reactor risk studies
appeared by large scale experiments (Chap. 10).
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Chapter 7
Light Water Reactor Design Against
External Events

Abstract LWRs must be designed against earthquakes, air plane crashes, chemical
explosions, flooding, tsunamis and tornados. The design of LWRs against earth-
quakes must meet certain guidelines required by regulatory authorities. These
distinguish between the design basis earthquake and the safe shut down earthquake.
The design basis earthquake is the highest intensity earthquake which can occur
according to scientific findings at the site of the nuclear power plant. In a safe shut
down earthquake the fundamental safety functions of the LWR must remain
fulfilled. The mechanical loads and stresses acting on nuclear power plants in an
earthquake are determined by horizontal and vertical displacements and accelera-
tions as well as the associated frequencies of vibration and the duration of the
earthquake. Besides the rules recommended by regulatory authorities also two- and
three-dimensional finite-element codes are employed on the mechanical analysis of
the plant. Where horizontal or vertical displacements and the resultant stresses are
too high, pipings and components may be supported by means of damping ele-
ments. Also the entire nuclear plant may be built on thousands of damping elements
located in the foundation bottom concrete slab of the reactor building. LWR plants
are designed against air plane (military or commercial) crashes into the plant.
Impulse models and experiments form the basis for a shock load versus time
curve which has to be applied for the design of the plant.

LWRs must also be designed against a given pressure wave resulting from
chemical explosions in the vicinity of the plant.

The risk of flooding by a maximum-level flood must be taken into account on the
basis of scientific findings about floods for the past 10,000 years. Similar require-
ments exist for tsunamis and for tornados.

Nuclear power plants are designed against the impacts of external events, such as
earthquakes, airplane crashes, chemical explosions, flooding, or tsunamis and
tornados.

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 151
DOI 10.1007/978-3-642-55116-1_7, © Springer-Verlag Berlin Heidelberg 2014
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7.1 Earthquakes

Nuclear power plants, e.g. in Germany and in other countries must be designed
against vibrations caused by earthquakes. The designs must meet specific design
guidelines [1-10]. Internationally, a difference is made between [2, 11, 12]:

» Design basis earthquake:
The nuclear plant must withstand an earthquake undamaged in such a way that it
can be restarted and continue operation after automatic scram. In Germany, for
instance, the probability of this design basis earthquake being exceeded must be
as low as 10> per year (statistically, an earthquake exceeding that level would
have to be expected once in 100,000 years) [6-9].

e Safe shutdown earthquake:
In a safe shutdown earthquake, the fundamental safety functions of the nuclear
power plant must remain fulfilled, i.e. the nuclear power plant must be shut down
safely, and the residual heat must be removed safely. The radioactive materials
must remain safely contained by barrier systems (containment) of the nuclear
power plant.

In Germany, as an example, the guidelines contained in KTA 2201 [6, 7] and the
RSK-LL [10] apply. The design basis conditions for earthquakes are defined by
seismologists on the basis of historical data and the tectonic conditions in the
perimeter of the nuclear power plant.

7.1.1 Definition of the Design Basis Earthquake According
to KTA 2201

The design basis earthquake to be assumed is the earthquake of the highest intensity
on the respective site which can occur according to scientific findings, taking into
account a wider environment of the site (up to approx. 200 km around the site).

Since 1935, earthquake intensities according to Richter have been referred to as
magnitudes, M (deflection of the seismograph) at approx. 100 km distance from the
epicenter of the earthquake as determined by several earthquake measuring stations
and by calculation. This is the applicable formula:

M = log;((A/Ao)

with A as the deflection of the seismograph and Ay as the reference amplitude. An
increase in M by one unit means a tenfold increase in earthquake intensity.
However, the magnitude, M, is not a direct measure of the horizontal and vertical
accelerations and vibration frequencies shaking the nuclear power plant and
subjecting it to mechanical loads and stresses. Moreover, such measurements
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Table 7.1 Intensities (between VI and XII) of the MSK/EMS-98 seismic intensity scale [13, 14]

Intensity Description

VI Minor damage to buildings (fine cracks)

VII People leave houses; cracks and crevices develop in walls and stacks

VIII Walls, monuments, and stacks crumble

IX Buildings are shifted from their foundations, walls and roofs collapse, underground
pipes break, cracks develop in the ground

X Many buildings collapse, gaps up to 1 m wide develop in the ground

XI Many clefts are produced in the ground; landslides occur in the mountains

XII Pronounced changes in the surface of the earth

have been recorded only since 1935. Consequently, following Medvedev-
Sponheuer-Kérnik [1, 5] (MSK-64), an intensity scale of I to XII has been intro-
duced (today referred to as the European Macroseismic Scale 1998 (EMS-98)). The
intensity of an earthquake is a measure of its impact on persons, buildings and their
underground, etc. Intensities between VI and XII in Table 7.1 are listed here as an
example of this intensity scale (EMS-98) [13, 14].

There are semi-empirical formulae showing the correlation between the
magnitude, M, and the different displacements and accelerations from a certain
distance [1, 15]. On the other hand, relations have also been quoted between the
intensity scale and local accelerations [16, 17]. In this way, it is ultimately possible
also to establish correlations between the magnitude and the intensity scale [1,
5]. However, because of the rough classification of the intensity scale, these are
only rough approximations.

The earthquake with the highest intensity reported in Central Europe occurred in
Basel in 1356, causing churches, many houses, sections of the walls around the city,
and even castles in the environment of Basel to collapse. That earthquake in Basel
was assigned the intensity of IX to X [18-20] (Table 7.2). All later earthquakes in
Central Europe are supposed not to have exceeded intensity VIII [18, 19].

The mechanical loads and stresses acting on nuclear power plants in an earth-
quake are determined by the horizontal and vertical displacements and accelera-
tions, the associated frequency scales, and the duration of the earthquake.
Moreover, the qualities of the ground underneath the nuclear power plant play a
major role (Fig. 7.1).

Taking into account many measured seismic data and theoretical considerations,
the technical safety codes define criteria for seismic design in a conservative way.

The U.S. Regulatory Guide in the United States contains definitions of so-called
response spectra for horizontal and vertical displacements and accelerations [2—4,
49]. In Germany, KTA rule 2201 applies [6-8]. In France similar Guidelines
exist [5].

The German, e.g. rule contains these requirements:

» “The design basis earthquake must be defined on the basis of information about
expected maximum accelerations, duration of vibrations, response spectra, etc.
taken from seismological opinions also considering local geological conditions.”



154 7 Light Water Reactor Design Against External Events

Table 7.2 lntensitie.s Earthquake Intensity, EMS  Magnitude, M
(EMS-98) and magnitudes

(Richter scale) of various Tohoku [2011] (Fukushima) =~XI 9.0

earthquakes according to Lisbon [1755] ~XI 9.0

Mohrbach [20] Basel [1356] IX-X 6.9
VIII-IX 6.25*

Diiren [1756] VIII 5.9

Roermond [1992] VII 5.3

#Ahorner [17]

Fig. 7.1 Changes in the
response spectra of a
nuclear power plant in an
earthquake [21]
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» “Horizontal and vertical accelerations must be assumed to act simultaneously.
The maximum vertical acceleration must be assumed to be 50 % of the maxi-
mum horizontal acceleration.”

The seismic waves change amplitude and frequency-vs.-time characteristics
when impacting local ground strata around the building site of a nuclear power
plant. Figure 7.2 shows such a typical ground response spectrum for horizontal
accelerations as a function of frequency and damping levels, D, of the reactor
building vibrating in the soil strata (the frequency, period, and the damping levels,
respectively, correspond to the theoretical description of a damped spring mass
system vibrating under an external force [1]).

Besides the rules proposed (KTA 2201.1 [6, 7]), also two-dimensional and three-
dimensional finite-element models can be employed in mechanical analysis. Mate-
rials in these cases can be modeled either linearly or non-linearly. Various damping
models (viscous or viscous with hysteresis) have been developed. The results
obtained as a function of height in the reactor building are the maximum horizontal
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Fig. 7.2 Typical ground response spectra for a reactor building (damping, D, as a parameter) [22]

displacements and accelerations as well as the seismic forces (loads) and frequen-
cies for the different floors of a reactor building (floor response spectra).

Figure 7.3 shows the example of three-dimensional results (magnified scale) for
the displacements of and in the reactor building caused by horizontal seismic
accelerations [23, 24].

The vibration characteristics and the failure, if any, of components, pipes,
switchgear, and cable ducts (Fig. 7.4) can be derived from this solution (KTA
2201.4 [8]). In addition to the calculations performed, internal components of
reactors also were tested on vibrating tables (in Japan, components weighing up
to 1,000 ton) [21].

As an example German nuclear power plants (pre-konvoy PWR, konvoy-PWR
and BWR-72) on the average have been designed to design basis earthquakes of
intensity levels VI to VIII (Table 7.3) [25]. However, they can withstand at least an
earthquake one intensity level higher, and can be shut down safely under those
conditions [25].

According to KTA 2201.5 [6, 7], nuclear power plants must not only have
sensors for scramming the plant but also seismic instruments recording accelera-
tions in an earthquake and, after the seismic event, allowing a comparison to be
made with the assumptions in the design basis earthquake [9].

7.1.2 Seismic Loads Acting on Components in Nuclear
Power Plants

After calculating and defining the seismic forces acting on the components of a
nuclear power plant (steam generators, pumps, pipes etc.), the mechanical loads in
these components due to earthquakes must be determined. Mechanical stresses
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Fig. 7.4 Various floors with components in a reactor building [22]

must not exceed the upper limits prescribed (RSK-LL [10]). In other countries
similar requirements are valid [2—4].

Where horizontal or vertical displacements and the resultant stresses are too
high, the components may be supported and protected by means of damping
elements.

For nuclear power plants in seismic zones, the entire plant may be built on
thousands of damping elements located in the foundation bottom slab of the reactor
building (Fig. 7.5 [26, 27]).

This type of construction nowadays is considered a mature technology and is
employed in large non-nuclear buildings in seismic areas (Tokyo, Los Angeles
etc.). There are four nuclear power plants at Cruas, France, and two nuclear power
plants at Koeberg, South Africa, as well as the spent fuel pool at the reprocessing
plant La Hague, France, featuring this design [26, 27].
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Table 7.3 Design basis earthquakes of German nuclear power plants as an example [25]

Design Max. horizontal Max. duration
basis Probability acceleration of earthquake
Reactor intensity  Subsoil class of exceeding (m/sz) (s)
Isar II konvoy VI 1/4 Loose sediment 1.1 x 1075/a 0.75 3.5
PWR
KGG B+C VII Loose sedi- 10~%/a 1.0 10
BWR-72 ment/ 0.5 vertical
Gundremmingen sediment
KKP-1I VII 1/2  Thick 10~%/a 2.1 9
Philippsburg sediment
pre-konvoy
PWR
GKN-2 konvoy VIII Rock 1075/a 1.7 8
KKE Emsland VIII 10 %/a 1.3 2.6
konvoy-
PWR
Brokdorf VI Silt, sand, 73%10 % 05 4
pre-konvoy peat
PWR

Fig. 7.5 Damping elements in the foundation of a nuclear power plant [26]

In addition, pipes and other components inside the reactor building can be
supported by restraining and damping measures to prevent excessive oscillatory
movements [28] (Fig. 7.6).

The dampers of rubber or neoprene in the bottom foundation of the reactor
building attenuate both vertical and horizontal accelerations in the reactor building
during an earthquake. Peak accelerations are shifted into a higher frequency range,
which mitigates the risk of damage [26, 27, 29].

These restraining and damping measures applied to pipes and components,
and the use of rubber and neoprene dampers in the bottom foundation of
reactor buildings, allow new nuclear power plants as well as commercial high
risers in big cities to be designed safely against higher seismic intensities of the
kind which may occur in seismic areas.
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Fig. 7.6 Example of a pipe
section equipped with
restraints and damping units
protecting against
dislocations caused by
seismic events [28]

7.1.3 Comparison Between Seismic Design and Seismic
Damage in Existing Nuclear Power Plants

Nuclear power plants are equipped with acceleration sensors which trigger a reactor
scram in earthquakes of sufficiently high intensity levels (below the design basis
earthquake), and then automatically change into the residual heat removal mode.
Nuclear power plants are inspected after an earthquake to compare any damage
with the design features laid down for the design basis earthquake.

In Japan, Armenia, and the United States of America, the reactor scram system
(RESA) of nuclear power plants has always functioned successfully in earthquakes.
The highest seismic loads so far have occurred in the Kashiwazaki-Kariwa nuclear
power plant caused by the Niigata-Chuetsu-Oki earthquake (November 15, 2007)
with a magnitude of M = 6.2. The epicenter was only 16 km away from the nuclear
power plant. The Kashiwazaki-Kariwa nuclear power plant comprised seven boil-
ing water reactors designed for a safe shutdown earthquake with maximum seismic
accelerations of 1.67-2.73 m/s>. In all reactors, scram and transition to the residual
heat removal mode worked according to the rules. The maximum accelerations
measured during the earthquake in the bottom slabs of the seven BWR nuclear
generating units, however, were 3.22—6.80 m/s%, which is roughly twice the level of
the design basis earthquake. Nevertheless, all safety-related components remained
functional. Because of other damage to the building structures, these nuclear power
plants were down for repair for 3 years after the seismic event [21].
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7.2 Design Against Airplane Crash

Since the 1970s, the protection of nuclear power plants against airplane crashes has
been a topic of discussion in Germany. At the same time, also underground designs
were analyzed and discussed [30, 31]. Finally, however, preference was given to
construction above ground with an external concrete containment [31].

The main point of interest was the crash of a high-speed military aircraft and,
implicitly, the demand to protect against intentional impacts by third parties (such
as terrorist attacks) [1]. The probability of a commercial aircraft crashing into a
nuclear power plant was much lower, however. After lengthy debates, the decision
was taken to design the outer steel-reinforced concrete containment (outer contain-
ment) of a nuclear power plant in such a way that it withstood the crash of a
Phantom II military aircraft of the time (in the 1970s, this was the fastest and
heaviest military aircraft) weighing approximately 20 ton and reaching a crashing
speed of approx. 215 m/s or 774 km/h. This at the same time covered crashes of a
smaller aircraft [1, 32-35].

On the basis of an impulse model by Riera [36, 37], and after evaluation of
penetration and shock experiments with bullets fired at steel-reinforced concrete
walls, the shock load-vs.-time curve shown in Fig. 7.7 was defined and laid down
around 1977 for new nuclear power plants to be built [10].

The penetration tests at the time had shown that full protection, i.e. no penetra-
tion of such a military aircraft through the concrete wall, and no spallation of
concrete on the back of the steel-reinforced concrete wall between approx. 105 cm
and approx. 145 cm thick, would be ensured (depending on the stability of steel
reinforced concrete) [32, 35]. Present-day pre-konvoy PWR, konvoy-PWR, and the
SWR-72 BWR line have concrete walls 180 cm thick (outer containment).

The area of impact of the Phantom II aircraft is assumed to be 7 m? in size
(circular). The angle of impact is assumed normal to the tangential plane of the
spherical or cylindrical reactor building. The vibrations caused by the impact of the
aircraft must be taken into account in the design of the nuclear power plant
(building and components) [10].

The shock load-vs.-time curve defined in the RSK-guidelines [10] as shown in
Fig. 7.7 was based on computer models by Riera [36, 37] and Drittler [32-34]. In
1980, Riera showed a comparison of these models and findings. That comparison is
reflected in Fig. 7.8. It is evident that the peak shock loads occurring were smoothed
for the shock load-vs.-time curve in Fig. 7.7 to be assumed in accordance with RSK
guidelines [10]. It is also seen that an aircraft not hitting the concrete wall in a
perpendicular direction (angle of impact 30° off the vertical direction (Fig. 7.8,
right)) causes the shock load to be broken down into a smaller vertical and a still
smaller horizontal shock load.

The shock load-vs.-time curve laid down in Germany for the crash of a Phantom II
aircraft was tested by Sandia National Laboratories in Albuquerque, New Mexico,
USA in April 1988. The test was initiated by a Japanese research institute which had
been required to protect the buildings of the Japanese reprocessing plant of
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Fig. 7.7 Shock load-vs.-time curve for the impact of a Phantom II aircraft on the steel-reinforced
concrete containment of a reactor building [10, 32]
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Fig. 7.8 Shock load-vs.-time-diagrams for a Phantom II aircraft according to models by Riera
[36, 37] and Drittler et al. [32-34]

Rokkasho-mura against crashes of Phantom military aircraft stationed at a
U.S. airfield nearby. The experiment was run to determine the shock load-vs.-time
curve produced by the impact on a rigid concrete block. In addition, the burst
characteristics of the aircraft and the dispersion of its fuel were to be determined
(replaced by water in the test).

The Phantom II, with an impact weight of roughly 20 ton, was accelerated to
215 m/s on a straight path by a two-stage rocket propulsion system. It hit a block of
steel-reinforced concrete (7 x 7 x 3.66 m) which, being supported on air bearings,
was moveable nearly without any friction. Acceleration sensors installed along the
body of the Phantom allowed the speed reduction of the aircraft during the impact
to be determined. Accelerations and displacements were measured on the concrete
block. The behavior of the engine was studied by high-speed photography. Fig-
ure 7.9 shows the Phantom II hitting the target; small parts of the wings were
sheared off while the other parts of the aircraft were destroyed completely (the body
disintegrated). The water simulating fuel was distributed over only a small area.
The surface of the concrete block was damaged very little. Roughly 15 cm of
concrete were broken out of the surface of the concrete block as a result of the
impact of the engine shaft [38—40].
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Fig. 7.9 F-4 Phantom II crash test (Sandia, USA) [38]
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Fig. 7.10 Force-vs.-time curves determined in the Sandia experiments, from [39]

The shock load-vs.-time curve determined in the experiment is shown in
Fig. 7.10. It shows the force-vs.-time curves measured (In the dashed smoothed
Japanese evaluation, more peaks were filtered out of the data determined experi-
mentally than in the GRS curve) [39].

Given the fact that the brief shock load peaks occurring in the Sandia experiment
were covered by the slightly longer curve of the smoothed RSK-LL shock load-vs.-
time relation, relatively good agreement was found between theory, experiment,
and the given shock load-vs.-time diagrams.

The demand to include load assumptions made for airplane crashes in the
construction of nuclear power plants in accordance with the RSK-guidelines [10]
in this strict form so far had existed only in Germany (one exception being the
Japanese reprocessing plant of Rokkasho-Mura). For the EPR, German-French
guidelines were elaborated which roughly correspond to the German
RSK-guidelines [10]. Consequently, the EPR has a wall thickness of the concrete
containment of two times 1.3 m (Chap. 3).

Figures 7.11 and 7.12 show the containment wall thicknesses of the French
N4 PWR and those of the Russian VVER reactors compared with the German
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Fig. 7.13 Wall thickness of AP1000 and of EPR as described in Chap. 3 [41]

konvoy-PWR and the SWR-72 BWR lines currently in operation. Figure 7.13
shows the containment wall thickness of AP1000 and of EPR as described in
Chap. 3.
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Crashes of large commercial airliners were described and treated theoretically in
[42—45]. After thorough analyses, Eibl SMP Engineering Consultants, Karlsruhe
[46], found that the impact of a Boeing 747 jumbo jet at an approach velocity of
175 m/s hitting a convoy-type PWR with 180 cm of concrete of the outer concrete
shell could give rise to cracks in the concrete containment of convoy-type PWR
plants. However, kerosene would not penetrate (no fire). This finding applies to the
180 cm thick concrete containment of the Neckarwestheim-II nuclear power plant
but can be transferred to all German convoy-type PWR, pre-convoy PWR, and
Gundremmingen B + C, each with outer steel-reinforced concrete containments of
180 cm thickness. The European Pressurized Water Reactor, EPR, has a total wall
thickness of the inner and outer containment of 2.6 m (Fig. 7.13).

7.3 Chemical Explosions

Chemical explosion hazards can arise in transports of explosible materials by
barges on rivers and ocean-going vessels or nearby railway lines and roads. In
Germany, nuclear power plants must be designed against a given pressure wave
resulting from such hazards. In this pressure wave, the pressure is supposed to rise
to 0.045 MPa (0.45 bar) overpressure within 0.1 s and then drop to 0.03 MPa
(0.3 bar) within 2 s and remain at that level for another 1 s (Fig. 7.14) [10].

The buildings adjacent to the reactor building should be arranged in such a way
that any focusing arrangements and structures promoting turbulences are avoided.

All these requirements are met in all pre-convoy PWR, convoy-type PWR, and
the Gundremmingen B and C BWR [25].

Toxic gases which could enter the ventilation system can be detected. The
ventilation system can be shut off against the entry of toxic gases.

7.4 Flooding

In German nuclear power plants, the risk of flooding by a maximum-level flood
must be taken into account on the basis of scientific findings about maximum floods
for the past 10,000 years [10, 47]. Flooding by tsunamis must be considered for
nuclear power plants located at the coasts of zones endangered by seismic events
[20, 48]. Table 7.4 shows a list of historically documented tsunamis initiated by
earthquakes along Japanese coasts.

Table 7.4 shows that very high tsunami waves can be produced even by
earthquakes of relatively low magnitudes (Richter scale).
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Table 7.4 List of historically documented tsunamis initiated by earthquakes at Japanese coasts to
the Fukushima accident [48]

Year Region Magnitude Max. level [m] Casualties
1498 Enshunada Sea 8.3 10.0 31,000
1605 Nankaido 7.9 10.0 5,000
1611 Sanriku 8.1 25.0 5,000
1703  Off the Boso peninsula 8.2 10.5 5,233
1707 Enshunada 8.4 11.0 2,000
1771 Ryukuyu Islands 7.4 85.4 13,486
1854 Nankaido 8.3 28.0 3,000
1896 Sanriku 7.6 38.2 27,122
1923 Sagami Bay 7.9 13.0 2,144
1933 Sanriku 8.4 29.0 3,022
1944 Off the south-eastern coast of the Kii peninsula 8.1 10.0 1,223
1983 Noshiro 7.8 14.5 100
1993 Japanese Sea 7.7 54.0 208
2011 Northeastern Honshu 9.0 23.0 >15,000
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Chapter 8
Risk of LWRs

Abstract Chapter 8 compares the risk of LWRs as determined in the US-risk study
WASH-1400 with the risk of other technical systems, e.g. air plane crashes, fires,
dam failures, explosions and chlorine releases in chemical industry. It is shown
that the risk, e.g. of 100 nuclear power plants in the USA is smaller than the risk of
these other technical systems. Natural disasters, e.g. hurricanes, floods including
tsunamis, earthquakes, avalanches and landslides or volcanic eruptions have a
higher frequency of occurrence per year and a much higher number of casualties
i.e. their risk—the product of frequencies and casualties—is much higher than that
of technical systems including nuclear power plants.

8.1 Comparison of the Risk of LWRs with the Risks
of Other Technical Systems

The findings about the risk of LWRs as determined in the Rasmussen Risk Study
(WASH-1400) [1] and the German Risk Study Phase A [2] were compared to the
risks associated with other technical systems. Data from the experience of insurance
companies for major accidents in coal mining, on oil platforms, tanker accidents in
oil and gas transport, large fires in refineries, gas explosions, and risk studies for
large chemical plants in England (Canvey Island) and France were used [3-9].

Figure 8.1 shows the number of deaths fatalities in major accidents as a function
of the frequency of occurrence for dam failures, chlorine releases (chemical indus-
try), explosions and fires as well as airplane crashes. The frequency of occurrence of
major accidents in power generation by nuclear plants (early fatalities and late
fatalities for 100 nuclear power plants in the USA) is seen to be below or in the
vicinity of the figures for other systems of energy generation and for the chemical
industry, respectively [1].
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Fig. 8.1 Comparison of
man caused fatalities of
different technical systems
with the results of WASH-
1400 for 100 nuclear power
plants in the USA [1, 9]

Frequency of occuirence peryear

10

107

107

10°?

10"

107

10

10

8 Risk of LWRs

| |
\(mm MAN CAUSED
l |
\\ AR PL;IE CRASHES TOTAL
N !
DAM FAILURES
4 — EXPLOSIONS
AIR PLANE CRASHES % ' ]
PERSONS ON GROUND \
[ N\, CHLORINE RELEASES
| ‘{‘ e e—— — T—.—
{ \\ :
N \ 100 NUCLEAR
e POWER PLANTS
(LATE FATALITIES)
| 100 NUCLEAR
POWER PLANTS
(EARLY FATALITIES)
10 10? 103 0° 10° 10¢
Fataities

8.2 Major Accidents in the Power Industry

The worst accident in the coal mining industry occurred 1931 in Fushun
(Manchuria, China) killing 3,000 persons. Explosions, e.g. during fertilizer produc-
tion in Oppau (Germany) killed 561 people in 1921 and 207 people in 1948. In the
oil industry, the worst accident with 3,000 casualties occurred in 1987 when an oil
tanker collided with a passenger ferry boat in the Philippines. In the natural gas
industry, the severest accidents were recorded in Ufa, now Azerbaijan, in 1989,
with 600 persons killed, and in Ixhuapetek, Mexico, with 500 casualties [4, 6, 10].

When it comes to large dams for hydroelectric plants, the record shows 459 peo-
ple killed in Fréjus, France, in 1959. In Vajont, Italy, 1914 people were killed in
1967, and 2,500 people were killed at the Indian Machhu II dam in 1979.

The biggest accident in the chemical industry so far occurred in Bhopal, India,
killing 3,400-8,000 persons [4, 8].
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Fig. 8.2 Fatalities (deaths) occurring in natural disasters

In the nuclear industry various accidents occurred with radioactivity releases,
causing either no or—e.g. in case of Chernobyl—a high number of casualties (see
Sect. 9.2). These are the accidents of Windscale England), Tomsk, Lake Karachay,
Chelyabinsk (Russia) and Three-Mile-Island (USA). These reactor accidents are
overshadowed by the severe nuclear accidents of Chernobyl (Ukraine) and
Fukushima (Japan) described in Chap. 9.

8.3 Natural Disasters

It is interesting in this connection to have a look also at the consequences of natural
disasters mankind must suffer as inescapable (Fig. 8.2) [4]. These are

— natural disasters,

— hurricanes,

— floods, including tsunamis
— earthquakes,

— avalanches and landslides,
— volcanic eruptions.

The frequency of occurrence of such natural disasters is far higher than, e.g., that
of major accidents in power generation systems. They can cause up to 10> deaths
[4,6, 11].
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Chapter 9
The Severe Reactor Accidents of Three Mile
Island, Chernobyl, and Fukushima

Abstract Three major severe accidents with core meltdown/core disruption
occurred at Three Mile Island (USA) in 1979, Chernobyl (Ukraine) in 1986 and
Fukushima (Japan) in 2011.

The LWR of Three Mile Island was a two loop PWR with 880 MW(e) output.
The accident started with technical problem in the feedwater loop for the steam
generators. As the steam generators were not able to remove the heat, the pressure
in the primary system increased and the safety valve of the pressurizer opened
thereby releasing steam. The reactor was shut down because of too high pressure.
When the pressure in the primary system dropped the safety valve did not shut again
and remained open. The operators were given the opposite information by the
instruments in the control room. The high pressure emergency core cooling systems
started to feed water in the reactor pressure vessel. But the water in the pressure
vessel rose too high and the operators throttled the emergency cooling systems. As
the primary pumps started to vibrate the operators also shut down both primary
pumps. As a consequence the cooling water in the pressure vessel started to boil.
The zirconium claddings started to chemically react with water: hydrogen was
formed. The reactor core began to melt down. The silver-indium-cadmium control
rods did melt. Part of the molten core collected at the bottom of the pressure vessel.
A hydrogen explosion occurred in the reactor building. Only the radioactive noble
gases and a small part of the fission products iodine and cesium were able to
penetrate the filters of the reactor building. The radioactive exposure of the popu-
lation was therefore very small. Cost for decontamination of the plant and disposal
of the destroyed core were very high. The Three Mile Island accident was classified
a level 5 accident on the International Nuclear Event Scale (INES).

The Chernobyl accident occurred in one of four RBMK1000 reactors at the
Chernobyl site 100 miles north of Kiev. The operators were preparing an experi-
ment in which the energy of rotation of the turbine during shut down should
produce emergency electrical power for the support of the diesel generators.
Unexpectedly the experiment had to be interrupted for some time to comply with
electricity supply which led to the buildup of the fission product Xe-135 (neutron
poison). When the experiment could be continued the power level dropped to about

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 173
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30 MW(th) because of operator error. This led to additional buildup of Xe-135
(neutron poison). As a consequence the operators had to withdraw the control rods
manually to their upper limits after they had shut off the automatic control system.
The RBMK1000 was known to have a positive coolant temperature coefficient.
This gave rise to instabilities in power production, coolant flow and temperatures in
the low power range.

Then the experiment began at the power level of 200 MW(th). Steam to the
turbine was shut off. The diesel generators started and picked up loads. The primary
coolant pumps also run down. However this led to increased steam formation as the
coolant temperature was close to its boiling temperature. With its positive coolant
temperature coefficient the RBMK1000 reactor now was on its way to power
runaway. When the SCRAM button was pushed the control elements started to
run down into the reactor core. However, due to a wrong design of the lower part of
the control elements (graphite sections) the displacement of the water by graphite
led to an increase of criticality. A steep power increase occurred, the core over-
heated causing the fuel rods to burst, leading to a large scale steam explosion and
hydrogen formation. The reactor core was destroyed and the top shield cover and
the fuel refueling machine were lifted up. Fuel elements and graphite blocks were
dispersed outside the reactor core. The reactor core was now open to the atmo-
sphere. Fission products and fuel aerosols were distributed over the Ukraine,
Belarus, Russia and Europe. Very high radiation doses were received by fire
fighters, operators, helicopter pilots and members of the emergency team. Approx-
imately 800,000 military people were involved in rescue teams receiving various
levels of high radiation doses. About 135,000 people were evacuated rather late. In
total about 3,000 km? of land were contaminated with more than 1,500 Bq/mz,
roughly 7,200 km? with 600—1,500 Bq/m? and about 103,000 km? with 40-200 Bq/
m” of Cs-137. The Chernobyl accident was classified a level 7 accident on the
International Nuclear Event Scale (INES).

The severe reactor accidents at Fukushima occurred in 2011 after a severe
earthquake with intensity 9 (Richter scale) close to the northeastern coast of
Japan. The earthquake was followed by a tsunami wave which hit the six BWRs
of the Fukushima-Daiichi plant with a water level up to 14 m. Unfortunately the
Fukushima-Daiichi plant was only protected up to a tsunami wave level of 5.7 m.
Only three BWRs of the six BWRs of the Fukushima-Daiichi plant were in
operation when the earthquake and the tsunami wave hit the reactor site. All
BWRs were duly shut down by the seismic instrumentation and changed into the
residual heat removal mode. However, the tsunami wave flooded the two diesel
generators of each of the three reactor units 1-3, located in the lowest part of the
turbine building. The diesel generators and the battery systems failed. The external
grid power and heat exchangers transferring afterheat to the ocean water had
already been destroyed by the earthquake. In unit 1 due to the lack of electrical
power the high pressure coolant injection system did not work. The steam driven
isolation condenser system worked only partly in time and failed. The primary
coolant system could not be depressurized due to lack of electrical power and
pressurized nitrogen. Low pressure emergency pumps, therefore, could not feed
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water in the primary coolant system. The primary coolant system heated up and
exceeded its design pressure. The core became uncovered, the zirconium claddings
of the coolant system chemically reacted with water and formed hydrogen. The core
melted down. The pressure in the pressure vessel was relieved into the primary
containment because core melt penetrated the lower bottom wall. The pressure in
the primary containment led to release of hydrogen and fission product gases into
the upper reactor building, where a hydrogen explosion occurred destroying the
upper building structures.

In units 2 and 3 the accident developed in a similar pattern, though with a larger
shift in time. However a hydrogen explosion only occurred in unit 3 (BWR) not in
unit 2 (BWR). However, a hydrogen explosion also occurred in unit 4 (BWR) due
to a backflow through the common gas treating system. The hydrogen explosion
destroyed the upper structures of the reactor building. The spent fuel pools of unit
1, 3 and 4 had to be cooled part time by concrete pumping trucks, water cannons or
helicopters dropping water, but no damage occurred to the fuel in the spent fuel
pools. After detailed measurements of the radioactivity released into the environ-
ment the Japanese government evacuated about 200,000 people. Four persons of the
operating crew were killed by the earthquake and the tsunami wave. Some 20 staff
members were injured by the hydrogen explosions. Out of the about 23,000
emergency workers 12 received effective radiation doses up to 700 mSv and
75 workers received <200 mSv. The radiation dose of all others was <10 mSv.
The contamination of land was measured. About 2,200 persons would not be
allowed to return to a no-entry zone because of too high radiation exposure. The
Fukushima severe reactor accident was classified level 7 on the International
Nuclear Event Scale (INES).

Three major reactor accidents with core meltdown/core disruption occurred at
Three Mile Island (TMI), USA, on March 28, 1979; at Chernobyl, Ukraine, on
April 26, 1986, and at Fukushima, Japan, on March 11, 2011. The three reactor
accidents at Three Miles Island, Chernobyl and Fukushima will be discussed and
described briefly below. Prior to the most severe accident at Chernobyl, Ukraine,
the reactor accident at Windscale (United Kingdom) in a plutonium production
reactor for military purposes in 1957 had been considered the worst nuclear
accident with radioactivity release to the environment. It will not be discussed here.

9.1 The Accident at Three Mile Island

On March 28, 1979, a sequence of accidents occurred in unit 2 of the Three Mile
Island reactor facility in the United States of America which ultimately resulted in
partial meltdown of the reactor core. The pressurized water reactor had been built
by Babcock & Wilcox (Fig. 9.1) [1, 2].
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Fig. 9.1 Simplified schematic diagram of unit 2 [1]

It had a reactor power of 880 MW (e) and only two cooling circuits, A and B. The
sequence of accidents began with technical problems in the feed water loop for the
steam generator. This caused a turbine trip and triggered the startup of the emer-
gency feed water systems. However, the valves in the emergency feed water system
were closed by mistake. As the steam generators did not get enough feed water and,
for this reason, were not able to remove enough heat, also the temperatures and
pressures in the primary cooling circuit started to rise. When an excessively high
primary pressure had been reached, the pilot-operated relief valve (PORYV) of the
pressurizer opened, and the steam was released into the pressure relief tank in the
containment. The “primary pressure too high” signal caused the reactor to be shut
down. The reactor power dropped to the residual heat level. As a consequence, also
the primary pressure dropped. Apart from the mistake mentioned above the events
vent on in accordance with the measures planned for that incident condition.

However, the PORYV did not shut again at the lower pressure, but remained open.
The operators, though, were given the opposite information by the instruments in
the control room, namely the indication that the PORV had closed again. The open
PORYV continued to discharge more steam, and the primary pressure continued to
drop. When the primary pressure reached the level at which the high-pressure
emergency cooling pumps start to feed, these pumps were activated automatically
in order to compensate for the loss of primary coolant. The pressure relief tank was
overfilled by the steam released, the water spilled over and collected in the sump of
the reactor building. From here it was automatically pumped into storage tanks for
radioactive water in the auxiliary systems building (not shown in Fig. 9.1).

The operating crew, who had become confused by the wrong readings of the
instruments and did not know precisely the status of the plant, now throttled the
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high-pressure safety feed system because the water level in the pressure vessel
became too high, and opened the valve to a dump pipe. As a consequence of these
steps, the water level in the reactor pressure vessel dropped so far that the water
coolant began to boil. Although the operating team now succeeded in opening the
valves in the feed water line, which had been shut at the beginning of the sequence
of accidents, this changed nothing in the further course of the accident.

Roughly 15-30 min after the start of the accident, also the storage tanks filled
with radioactive water in the auxiliary systems building started to spill over.
Radioactive gases and aerosols entered the atmosphere of the auxiliary systems
building. The filters of the auxiliary systems building were able to retain some
99.9 % of the aerosols. But the radioactive noble gases, escaped through to filters to
the environment.

As the primary pumps began to vibrate under the impact of steam in the cooling
water, the operators first shut down the primary pump of primary cooling circuit B
and, slightly later, also that of cooling circuit A. As a consequence, the cooling
water in the core began to boil even more violently. The fuel elements, in particular
the fuel rod claddings, heated up. At temperatures of the fuel rod claddings above
1,200 °C, steam began to react chemically with the zirconium of the zircaloy
cladding, and hydrogen was produced.

ZI’+2H20 — ZI’02+2H2.

This situation changed only gradually after the operators had created a feed-and-
bleed procedure by again feeding water through the high-pressure safety feed
systems and bleeding the steam through the open pressure relief system. As late
as 15 h after the start of the accident it became possible to restart a primary pump
and transfer the reactor into a stable residual heat cooling mode.

The hydrogen produced in the reactor core during the accident entered the
reactor building together with the steam, initiating an explosion as a result of
self-ignition. As iodine and cesium combined chemically to produce, e.g., Csl,
and occurred as aerosols, they were largely retained by the filters in the auxiliary
systems building.

The small amounts of aerosols, the shortlived radioactive noble gases, and the
gaseous I-131 (halflife 8 days) gave rise to only a relatively low mean radioactive
exposure of the population of 0.015 mSv [2] (The world wide annual effective dose
caused by natural radiation is about 2.4 mSv/year with a typical range of 1-10 mSv/
year in various regions of the world (Chap. 4)). The “Kemeny Committee”
appointed by the U.S. President to investigate the Three Mile Island accident
arrived at this finding: “The Three Mile Island accident would cause so few cases
of cancer, if any, that they would not be detectable statistically” [3].

Analysis of the accident (Fig. 9.2) indicated that roughly one third of the zircaloy
fuel rods had reacted with steam and produced hydrogen. When the water of the
emergency cooling feed systems contacted the hot fuel rods, this resulted in
fragmentation of the zircaloy fuel rod claddings and the UO, pellets. The silver-
indium-cadmium control rods had molten almost completely. Nearly the entire
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Fig. 9.2 Molten reactor core of the Three Mile Island accident [1, 2]

fission gas plena of the fuel rods had been destroyed, and gaseous fission products
had been released. Parts of the reactor core had molten through at the edge of the
grid plate and collected at the bottom of the reactor pressure vessel. However, the
hemispherical bottom of the pressure vessel did not melt through.

The reactor plant was decontaminated in many years of work, and the reactor top
lid was opened. The partly molten reactor core had to be disposed of. Costs
amounted to approximately $1 billion [2].

Lessons Learned The non-availability of the emergency feed system, the errone-
ous signals produced by the instrumentation with regard to the “open’ valves of the
pressure vessel, and the lack of knowledge of the real status of the plant as well as
the shutdown of the primary pumps led to a partial core meltdown.

Present-day pressurized water reactors have better instruments in the reactor
pressure vessel and displays in the control room. In addition they have fourfold
redundancy of primary cooling and emergency cooling systems, and the possibility
to reduce primary and secondary pressures with subsequent possibilities to feed
water.

9.2 The Chernobyl Accident

The Chernobyl accident occurred on April 26, 1986 in unit 4 of the reactor plant of
four units of 1,000 W(e) or 3,200 MW(th) power each. The four reactor plants had
been build some 130 km north of Kiev and comprised four Russian graphite-
moderated, boiling-water cooled so-called RBMK1000 reactors. The UO, fuel
was enriched with 2 % U-235. The core of these RBMK1000 reactors is about
7 m high and about 12 m in diameter. The RBMK 1000 has two coolant loops with
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four circulation pumps each. One pump is always on standby. The reactor core is
controlled by raising and lowering 211 control rods. This combination of
low-enriched fuel, graphite as the moderator, and boiling water as the coolant
resulted in a positive coefficient of coolant temperature (see also Chap. 2) [4-7].

The operators were preparing an experiment in which—after shut down of the
reactor- the energy of rotation of the turbine during coastdown was to be used to
produce emergency electrical power. This was considered necessary in case of
reactor shut down with subsequent failure of the external electrical grid (station
black out). The three emergency diesel generators needed about 1 min after their
start up to reach full speed and power to feed one primary coolant pump required for
cooling of the afterheat generated in the core. This existing lack of emergency
power during roughly 1 min was to be provided by the energy of rotation of the
turbine during its cast down. Three such experiments had already been carried out
4,2 and 1 year before the accident, but they had been unsuccessful. They had shown
that the excitation voltage of the turbine- generator system was too low. This had
been modified in the meantime and the new experiment was to test the new voltage
regulation system The experiment was set to begin at a power level at a power level
of about 700 MW(th).

The experimental procedures began with a power reduction from full reactor
power. However, this had to be interrupted at 1,000 MW(th) because the electrical
grid coordinator (load dispatcher) suddenly requested power again. At this point in
time, the emergency core cooling systems had already been shut down in prepara-
tion of the test. When the load dispatcher permitted again a further drop in power,
the envisaged power level was not reached by the operators. During the period of
power production at reduced power level the production of the fission products
Xe-135 (neutron absorber) had began. It decreased the effective neutron multipli-
cation factor keff and caused the power level to drop to about 500 MW(th). A
following operator error (control rods were inserted too far) led to a further drop of
power level to about 30 MW(th) [8]. As a consequence, there was additional
buildup of the xenon-135 fission product (neutron absorber) with the associated
decrease of the effective multiplication factor, ke¢. (The amount of Xenon poison-
ing and its influence on the effective multiplication factor k. was not known to the
operators at that point in time.)

At this very low power level of 30 MW(th) the operators made the decision to
restore power by shutting off the automatic control system and to extract the
majority of the control rods by manual control to their upper limits. The power
started to rise and could be increased to about 200 MW(th), a value smaller than the
planned 700 MW(th).

The positive coefficient of coolant temperature of the RBMK1000 reactors was
known to cause instabilities in this low power range. When the eight primary
coolant pumps were activated during startup, this gave rise to instabilities in
power production, coolant flow and temperatures. Various alarms started going
off at this time. The operators received emergency signals regarding the levels in
the steam/water drums and large variations in the feed water flow as well as from
the neutron flux or power monitors, respectively (Fig. 9.3).
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Fig. 9.3 Schematic design of the Chernobyl reactor [4, 5]

After the more or less stable power level at 200 MW(th) had been reached,
preparations of the experiment continued by activating extra water pumps. This led
again to coolant temperature variations and the operators responded by turning off
two of the circulating pumps. All these actions led to an extremely unstable reactor
state before the experiment began.

Almost all control rods had been removed manually to their upper limit. The
automatic control system together with other automated safety features had been
disabled. The reactor coolant temperature was close to its boiling temperature.

The reactor was already outside of the safe operating envelope established
by the designers.

The experiment began by shutting off the steam to the turbine. The turbine
generators began to run down. The diesel generators started and picked up loads.
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Within the time period of about 1 min until the diesel generators reached full power,
the running down turbine generators systems was to support the diesel generators.
As the coolant flow rate decreased (the four coolant pumps were also running down;
only one coolant pump was to obtain its power supply from the diesel generator and
the turbine generator) this lead to increased steam formation (coolant near boiling
temperature) in the core. With its positive coolant temperature coefficient and
increasing steam formation the reactor theoretically, was now on its way to
power runaway.

At this point in time the emergency shut down (SCRAM) bottom was pressed
manually. All control rods started immediately to be fully inserted. The control rods
moved with a speed of 0.4 m/s into the 7 m high core. The control rods contained a
graphite section in their bottom parts followed by absorber sections with boron
carbide. During insertion into the upper core neutron-absorbing water was
displaced by non-neutron absorbing graphite. This led to an additional increase of
the effective neutron multiplication factor k.s. A steep power increase occurred
causing the core to overheat. The fuel rods ruptured under the pressure of over-
heated fuel and fission product gases. The finely dispersed fuel abruptly mixed with
the cooling water causing of steam explosion (Sect. 10.2.1). According to theoret-
ical analysis the reactor power jumped to about 30,000 MW(th), ten times the
normal operational output. The last reading on the control panel showed
33,000 MW(th). The steam generated caused the destruction of the steam boiler
and of core structures and lifted the 2,000 tons top shield together with the refueling
machine upwards. Fuel elements and red glowing (not burning) graphite parts were
ejected from the core. The reactor building was heavily damaged [8]. A second
explosion occurred some seconds later terminating the nuclear reaction and
destroying the reactor core and building structures even more, dispersing damaged
fuel elements and red glowing graphite parts. There are hypotheses that this second
explosion was a second steam explosion or a hydrogen explosion (hydrogen
generated from a chemical reaction between the zirconium fuel rod cladding [8]).
As bitumen had been used for the construction of the reactor building floor and the
turbine hall ejected material ignited fires. The remains of the overheated reactor
core were now open to the atmosphere. The fission product gases as well as fission
product aerosols and fuel aerosols released were driven by the heat release to an
altitude of roughly 2,000 m, in some cases even 10,000 m. Strong winds at these
altitude distributed the aerosols over the Ukraine, Belarus, western parts of Russia
and Europe. The damaged RBMK1000 (unit 4 of the Chernobyl reactor plant) is
shown by Fig. 9.4.

Shortly after the accident firemen arrived to extinguish the fires. Many firemen
received very high doses of radiation. The fire was finally extinguished by a
combined effort with helicopters dropping 5,000 tons of sand, lead, clay and
boron carbide onto the burning reactor. However none of the neutron absorbing
boron carbide reached the core [8]. Remotely controlled cranes and bulldozers were
used to push back the radioactive material into the reactor. Radioactive debris was
shoveled by liquidators wearing heavy protective gears. These workers could only
spend a maximum of 40 s working because of the high radioactive doses [9]. There
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Fig. 9.4 The destroyed Chernobyl reactor after the accident [8]

was fear that the core could melt through the concrete structures. But finally the
core mixed with sand, lead etc. and remained within the reactor building.

9.2.1 Radiation Exposure of the Operators, Rescue
Personnel, and the Population

Very high, lethal radiation doses and burns in the first phase of the accident were
suffered by the firemen, some members of the operating crew, and helicopter pilots
dropping, among other things, sand, lead, and boron carbide (31 casualties). Some
1,400 members of the operating crew, scientists, and members of the emergency
team (some 200,000 liquidators) were exposed to varying high radiation doses
resulting in radiation sickness and radiation injuries.

Different figures are quoted in the literature of up to several thousand additional
deaths to be expected in future [6, 7, 9]. According to IAEA data 2011 [6, 7],
another 20 persons died afterwards from excessive radiation doses. This number
includes roughly five children who died from cancer of the thyroid.

The inhabitants of the nearby cities of Prypjat and Chernobyl were evacuated as
late as 30 h after the accident. Their radiation exposure was estimated to be 0.25—
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0.5 Sv. On the whole, 135,000 persons were evacuated over the first few days
[5]. As a result of varying weather conditions, radioactivity was carried as far as
Germany (Chap. 4) and other countries in Western Europe, including Scandinavia.

9.2.2 Chernobyl Accident Management

Hundreds of specialists and approximately 800,000 military men were involved in
pushing back the fuel elements into the reactor in “shortest-time activities,” piling
up sand, lead, boron carbide, and concrete, building a provisional concrete shield,
and decontaminating plant compartments. The maximum radiation exposure of
these members of emergency teams had been set at 350 mSv [5-9] (see also
Chap. 4).

Approximately from 2012 on, the destroyed reactor unit 4 is being enclosed in a
new arched sarcophagus [10, 11].

9.2.3 Contaminated Land

As a result of the prevailing weather conditions with precipitation, a number of
areas in Ukraine, Belarus and in the western part of Russia were very highly
contaminated over the first 10 days. While iodine-131, with a halflife of 8 days,
had decayed already after roughly 1 month, cesium-134 (halflife 2 years) for the
first 10 years or so and, above all, cesium-137 (halflife roughly 30 years) over
approximately 100 years will determine the radiation exposure of the population
due to ground-borne exposure and food ingestion [4, 5]. The regions with the
highest exposure levels are shown in Figs. 9.5 and 9.6.

Depositions in excess of 40 kBq/m? cover large areas in northern Ukraine and
southern Belarus. The most highly contaminated zone in Ukraine is the 30-km zone
around the RBMK-1000 reactor of Chernobyl with more than 1,500 kBq/m?.

In the region of Bryansk, Belarus, the highest soil contamination in some
villages was measured to be up to 5,000 kBq/m?. In the Kaluga-Tula-Orel region,
contamination of 600 kBg/m? was found.

In summary, 3,000 km? were contaminated with more than 1,500 kBq/m2 of
Cs-137,' roughly 7,200 km? with 600-1,500 kBg/m? of Cs-137, and roughly
103,000 km? with 40-200 kBg/m? of Cs-137.

Dose exposures for people living in these areas can be estimated from similar
dates given in Sect. 9.3.4 for the Fukushima reactor accident.

! No upper limit or higher level ranges as in case of Fukushima (Sect. 9.3.4) were published for
Chernobyl.
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Fig. 9.5 Cs-137 contamination caused by the Chernobyl accident in various regions of Ukraine,
Belarus, and Russia [4, 5]

Fig. 9.6 Cs-137 contamination caused by the Chernobyl accident in Ukraine [4, 5]



9.3 The Reactor Accident of Fukushima, Japan 185

Lessons Learned The main reasons for the Chernobyl reactor disaster were the
wrong design of the RBMK reactors with a positive coefficient of coolant temper-
ature, and also of the control/shutdown systems containing zones of graphite.
Moreover, shutting down the automatic protection system and other safety devices
by the operators in the course of the test was inadmissible and banned, respectively.

Western light water reactors may be built and operated only with a sufficiently
high negative coefficient of coolant temperature.

9.3 The Reactor Accident of Fukushima, Japan

On March 11, 2011, an earthquake of the intensity M =9 (Richter scale) hit the
northeastern coast of Japan east of the city of Sendai (Fig. 9.7). This intensity
corresponds to intensity XI on the European MSK/EMS-98 seismic intensity scale
[12-21].

Roughly 1 h later, a tsunami wave hit the coast, flooding the Fukushima nuclear
power plant up to a water level of 14 m. The earthquake was number four on the list
of the severest earthquakes so far registered worldwide; its intensity had not been
foreseen by Japanese seismologists when the reactor was designed [15]. Tsunami
waves of much greater heights (up to 38 m) had impacted the Japanese coast in the
past in the course of earthquakes of lower intensity (Richter scale) (Table 7.14,
Sect. 7.4). However, the Fukushima-Daiichi nuclear power plant had been designed
only against tsunami waves up to 5.7 m high (Fig. 9.8) [12].

Four nuclear power plants with an aggregate 14 BWRs in the environment of the
city of Sendai were hit by the earthquake (with a number of subsequent seismic
events) and the tsunami wave on March 11, 2011. These were (Fig. 9.7) the nuclear
power plants of Onagawa with three BWRs, Fukushima-Daiichi with six BWRs,
Fukushima-Daini with four BWRs, and the Tokai Research Center with one BWR
and one research reactor. At that time, only three BWRs were in operation in the
Fukushima-Daiichi plant, while the fourth BWR was down (with all fuel elements
removed and located in the spent fuel pool), and BWRs 5 and 6 had been shut down
for inspection and repair. The eleven BWRs in operation were duly shut down
automatically by the earthquake instrumentation and changed into the resid-
ual heat removal mode.

The seismic waves hitting the Fukushima-Daiichi nuclear power plant from the
epicenter caused a horizontal acceleration of 507 cm/s” of the most highly loaded
reactor of the three units (unit 1). This plant had been designed to 449 cm/s>.
Nevertheless, the BWR was duly shut down. The reactor cooling system and the
reactor core were not damaged. In units 2 and 3, horizontal acceleration had not
exceeded the design basis levels (Fig. 9.9) [12, 13, 16, 18].

The operating crew immediately started accident management measures in each
of the three reactors of the Fukushima plant. First, core cooling was maintained in
each of the three reactors by means of the battery power available and a small steam
turbine pump system fed by steam from the reactor pressure vessel.
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Fig. 9.7 Nuclear power plants operated in Japan (Honshu Island) when the earthquake and
tsunami hit the coast [12, 13]
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Fig. 9.8 Fukushima-Daiichi reactor plant with countermeasures installed against tsunami waves
[12, 13]

However, when the tsunami wave flooded the plants 56 min later, the two diesel
generators per reactor of the Fukushima-Daiichi plant units 1-3, installed in the
lowest part of the turbine building (Fig. 9.8), were submerged and failed. Also the
fuel supply to the diesel generators was partly torn off by the wave. All external grid
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Fig. 9.9 Schematic design of the General Electric BWR-3 boiling water reactor of Fukushima-
Daiichi [12, 13]

power supplies to the nuclear power plant had been destroyed already by the
earthquake. Also the heat exchangers transferring residual heat to the ocean water
outside failed. In addition the direct current batteries which were also located in the
basement of the plant were flooded and lost.

In unit 1 due to the loss of all direct current batteries (after flooding) all
instrumentation required to control the accident became unavailable. The operator
crew had to work in the dark. The high pressure coolant injection system did not
work, because of loss of power from the submerged diesel power generators
(emergency power supply). The isolation condenser system (steam driven pumps)
worked only partially. The primary coolant system with the reactor pressure vessel
was not depressurized, because of lack of electrical power or pressurized nitrogen
and lack of knowledge about the actual state in the various vessels due to the lost
instrumentation. Therefore, low pressure emergency pumps could not feed water
into the primary system for core cooling. The primary coolant system heated up and
soon exceeded its design pressure, the core became uncovered by coolant and the
fuel rods started to melt down. Hydrogen was produced because the fuel rod
claddings (Zirconium) exceeded temperatures of 1,200 °C and reacted with steam.

Zr + 2 H,O — ZrO, 4+ 2 H;.

The pressure in the reactor pressure vessel was soon relieved into the primary
containment because core melt penetrated the lower bottom wall by small holes or
by a break of a low elevation pipe of the pressure vessel or by opening of a safety/
relief valve. The radioactive noble gases and the volatile fission products such as
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Cs-134, Cs-137, Sr-90 etc. were released into the pressure vessel and into the
primary containment. The water in the primary containment with pressure suppres-
sion chamber heated up and its design pressure was soon exceeded (Fig. 9.9).
Leakage paths within the primary containment vessel led to hydrogen release into
the upper part of the reactor building (Fig. 9.10). About 1 day after the earthquake
and the impact of the tsunami wave on unit 1 a hydrogen detonation occurred in the
upper part of the reactor building. It destroyed the upper structures of the reactor
building. Four technicians were injured [20, 21].

The records did not show any deliberate attempt by the operation crew to
depressurize the reactor pressure vessel during the accident course. This would
have been necessary to add water by emergency pumps. Only about 2 h after the
hydrogen detonation, when the primary coolant system had depressurized itself, the
operators could begin feeding in fresh water using fire pumps [21]. However, the
longer term water level in the reactor pressure vessel did not recover to more than
midplane, regardless of the make-up water quantity being added. This indicates a
low elevation leak in the pressure boundary of the reactor pressure vessel.

The accident developed in an almost similar pattern in units 2 and 3, though with
a larger shift in time. The reactor core isolation cooling system worked longer (for
70 h in unit 2 and 20 h in unit 3). When this emergency cooling system failed in
units 2 and 3 the operators tried to depressurize the reactor pressure vessel in order
to inject water using the fire extinguisher lines. Problems occurred, however, due to
the lack of electricity for the solenoid valves and lack of pressurized nitrogen to
open the safety/relief valves. Therefore, water could not be injected for about 6.5 h
in unit 2 and for about 7 h in unit 3. The core fuel became uncovered in both units.
The fuel heated up, was significantly damaged, hydrogen was produced and volatile
fission products and radioactive noble gases were released into the primary con-
tainment. A longer term water level in the reactor pressure vessel could not be
restored to higher than about midplane in both units 2 and 3, indicating also a low
elevation leak in the pressure boundary of the reactor pressure vessel. The primary
containment pressure increased. Hydrogen was released probably through leakage
paths as the containment vent lines could not be opened. This was due to not high
enough pressure to break a rupture disk. As a consequence a hydrogen detonation
occurred also in unit 3. In unit 2 no hydrogen detonation happened [21].

Also in unit 4 the total emergency electricity supply (diesel generators and
batteries) was lost. This lead to an increase of the coolant water temperature in
the fuel storage pool of unit 4. At 6 aM on March 15 a hydrogen explosion also
occurred in this reactor building (unit 4), severely damaging its upper structures. At
first it was thought to be due to hydrogen production from fuel heat up and coolant
uncovery in the spent fuel pool. Later, photographs indicated that there was no
overheat damage of that fuel in the spent fuel pool. The source of hydrogen was
traced to be a backflow through the standby gas treating system shared as common
piping with unit 3 [21].
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Fig. 9.10 Hydrogen explosions within the reactor auxiliary systems building destroyed the upper
steel structure and the roof [12, 13]

9.3.1 Spent Fuel Pools of the Fukushima Daiichi Units 1-6

9.3.1.1 Unit1

When the hydrogen detonation occurred and damaged the upper building structure,
material might have been falling into the spent fuel pool. There is, however, no
evidence that the fuel was damaged. A concrete pumping truck was used to provide
makeup water inventory. An alternative cooling water system was put in service
soon afterwards. The cooling water temperature has been maintained <35 °C [21].

9.3.1.2 Unit 2

Using existing piping water addition to the unit 2 spent fuel pool was possible. No
fuel was damaged. A dedicated system using a heat exchanger was put in service
afterwards. The cooling water temperature has been maintained <35 °C [21].

9.3.1.3 Unit3

After the upper building structure had been destroyed by the hydrogen detonation
water cannons were used for spraying water and helicopters dropped water into the
spent fuel pool of unit 3. Then concrete pumps provided water addition to the spent
fuel pool. The use of existing piping to restore water cooling started soon after-
wards. Photographs showed that parts of the building structures had fallen into the
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pool. It is likely that no damage has occurred to the spent fuel. The cooling water
temperature had been maintained <35 °C [21].

9.3.14 Unit4

After the upper building structure had been destroyed by the hydrogen detonation,
initially, water was sprayed by water cannons and concrete pumps. The structures
supporting the spent fuel pool of unit 4 were improved by steel support pillars to
provide protection against damage that might result from additional seismic events.
Photographs showed that the fuel racks of the spent fuel pool of unit 4 were intact.
A cooling system for the spent fuel pool was put in service. The coolant temperature
of the spent fuel pool had been maintained <40 °C [21].

9.3.1.5 UnitsSand 6

No damage occurred to the fuel in the spent fuel storage pools 5 and 6. One Diesel
generator of the units 5 and 6 could be restored soon enough such that emergency
electric power was available for the cooling of the spent fuel [21].

9.3.2 Measurement of the Radioactivity Released

Large parts of the radioactivity released were initially carried out to the sea by the
prevailing winds. Measurements of the radioactivity released over land (radioactive
noble gases, radioactive I-131 (halflife 8 days) and radioactive aerosols, such as
Cs-134 (halflife 2 years) and Cs-137 (halflife 30 years)), were carried out by
specially equipped aircraft of the American National Nuclear Security Agency
(NNSA). These measurements (Fig. 9.11) showed a particularly pronounced dis-
tribution of radioactivity towards the northwest of Fukushima. The measurements
were evaluated in order to determine the radioactive exposure, which must be
known for decisions about evacuation of the public. The Japanese government
then evacuated the population (roughly 200,000 persons) in the vicinity of the
nuclear power plants. The initial evacuation zone was soon expanded to a radius
of 20 km. Afterwards, also some places situated beyond the zone of 20 km were
evacuated because the annual dose to the population there had been estimated to run
up too high [18, 19].



9.3 The Reactor Accident of Fukushima, Japan 191

First-Year Dose Estimate FUKUSHIMA DAIICHI
Dose Commencing March 16, 2011 for 365 Days JAPAN
Estimated First Year Dose
{mrem)
® >2000
1000 - 2000
500 - 1000
100 - 500
LT
7% 100
T Kill
Miles
40 80

Fig. 9.11 Measured radioactivity and calculated dose levels from radioactive exposure within the
first year after the accident of March 11, 2011 [16-19, 21]

9.3.3 Damage to Health Caused by Ionizing Radiation

Three months after the accident, the IAEA in Vienna found that the population had
not suffered any measurable damage to health as a result of ionizing radiation [16].

The lifetime baseline risk (probability of having a specific cancer over the
lifetime of 89 years of a person) was reported by the World Health Organization
(WHO) [19] in a detailed analysis for children and adults.

Four members of the operating crew were killed by the earthquake and the
following tsunami wave. Some 20 staff members were injured by the hydrogen
explosions. There were in total 23,172 emergency and mitigation workers working
at the Fukushima Daiichi reactor plants. According to a report of the World Health
Organization (WHO) [19] most of them received <10 mSv total effective radiation
dose. 75 workers received up to <200 mSv and 12 workers received up to 700 mSv
total effective radiation dose (two of them had sustained ™ -radiation exposures of
the legs from contaminated water). The level laid down by the Japanese govern-
ment was a maximum radiation exposure of rescue workers of 250 mSv [16-19, 21]
(see also Sect. 4.4.3).
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Fig. 9.12 Areas of Cs-134 and Cs-137 deposits in kBg/m? as well as estimates for radiation

exposure of the Japanese public in certain locations during the first year after the Fukushima-
Daiichi accident [18, 21]

9.3.4 Contamination by Cs-134 and Cs-137

While iodine-131, with a halflife of 8 days, had decayed within a month, deposi-
tions of Cs-134 stay on the ground for about 10 years, and depositions of Cs-137

remain for roughly 100 years. Japanese, French, and American measurements of
ground depositions of cesium are shown in Fig. 9.12.
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The results indicate the most highly exposed zone due to Cs-134 and Cs-137
with 6 x 10° to 30 x 10° Bg/m? to be in the northwestern direction from the
Fukushima-Daiichi plant. Other zones show lower soil contamination levels due
to cesium. Evaluations indicated regions in which persons, if they lived there and
consumed only food available locally, would suffer a radiation exposure of 5 mSv/
year and 10 mSv/year or 20 mSv/year, respectively, within the first year after the
accident (This must be compared with the world wide effective annual radiation
dose 2.4 mSv/year) [19] and the 8-100 times higher annual natural radiation
exposure in Kerala, India or Brazil (Sect. 4.3). In the regions more highly exposed
to radioactive cesium, 3,100 persons, if they were to return there, would suffer
50 mSv/year, and 2,200 persons would not be allowed to enter the “no-entry” zone.
They would be exposed there to 100500 mSv/year [17].

The Fukushima accident was classified in top category 7 of the international
event scale of reactor accidents drafted by IAEA.

9.3.5 Lessons Learned

Despite the earthquake of Richter scale 9, the reactor units of Fukushima-
Daiichi were shut down automatically as planned. The emergency power diesel
generators supplied the internal grid as planned for almost 1 h until the tsunami hit.

The disaster occurred because the reactor facility had been designed only
against a tsunami wave of 5.7 m height. The tsunami wave of 14 m height
caused the emergency power diesel generators and direct current batteries to
fail. Unfortunately, they had been installed at the lowest point (the basement of
the turbine hall). The compartments of this turbine building could not be shut
watertight.

Due to the failure of the diesel generators and the loss of the direct current
batteries the reactor pressure vessel could not be depressurized (safety/relief valves
could not be opened). The high pressure water injection system failed. The isolation
condenser system worked only partially.

The efforts of the operators to start emergency core cooling by means of low
pressure fire pumps failed. Water could not be injected because of the high pressure
in the reactor. This caused the water level in the reactor pressure vessel to drop, the
temperature of the fuel claddings to rise, hydrogen to be produced, the fuel elements
to melt down, and fission products to be released into the pressure suppression
chamber. The absence of hydrogen recombiners in the inner containment, and the
non-availability of means for the depressurization of the hydrogen mixed with
steam and fission products to be passed through aerosol filters in the stack of the
plant, led after leaks out of the inner containment to hydrogen explosions and
destruction of the relatively lightweight roof structure. The fuel element storage
pool was uncovered. Radioactive iodine and, above all, radioactive cesium were
released into the atmosphere.
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9.3.5.1 Comparison with the Safety Design of Other Nuclear Power
Reactors

The question whether the Fukushima-Daiichi accident scenario is also representa-
tive for other nuclear power plants in the world can be answered as follows:

Tsunami waves must only be expected for nuclear power reactors built near the
ocean. LWRs in Europe and the USA are designed against floods occurring once in
about 10,000 years, including waves, hurricanes, failure of dams, etc. (Chap. 7).

Most of the presently operating nuclear power reactors in Europe and the USA
have similar safety design characteristics as pressurized water reactors and the
boiling water reactors described in Chap. 3. These have a second emergency diesel
power grid system protected against airplane crash and other external events, which
ensures both cooling of the reactor core by way of the steam generators and cooling
of the fuel element pools. The emergency power building, like the regular emer-
gency power diesel buildings, is protected against flooding. The air intake open-
ings of the diesel generators are located in the upper region of the building
[20]. German pressurized and boiling water reactors—as an example—are
equipped with hydrogen recombiners (backfitting) which recombine the hydrogen
produced in accident situations within the inner containment. Boiling water reactors
have inner containments which are inertized by nitrogen. The containments of
pressurized water reactors in Germany—as an example—will resist to large scale
hydrogen detonations (Chap. 10).

Boiling water reactors have the appropriate emergency buildings with the same
functions as pressurized water reactors [20]. First of all, steam-driven turbopumps
are available for emergency core cooling. Then pressure relief is initiated, and the
inventory of the feed water tank—as an example in Germany—is passively fed into
the reactor pressure vessel. The reactor core can be cooled by means of mobile
pumps kept in the emergency building. There are several possibilities of feeding the
reactor core with water by mobile pumps up to and including pumps of the
firefighting system. The feed water reservoirs available include the demineralized
water tanks (tanks for water of very high purity), the drinking water system, internal
wells, and river water (severe accident management measures (Chap. 10)).

9.3.6 Recommendations Drawn from the Fukushima
Accident

9.3.6.1 Recommendations of the American Nuclear Society Special
Committee on Fukushima

A committee of the American Nuclear Society with safety experts from the USA
and Japan made the following recommendations after thorough analysis of the
Fukushima accidents [21].
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— Flooding protection of diesel generators and direct current batteries is essential.
Independent direct current connection should be provided for critical instrumen-
tation, critical valve operation and control functions

— Ensure adequate dike heights against flooding of the emergency diesel genera-
tors and the direct current batteries. Provide diversity for both alternate and
direct emergency power supply

— Provide robustness of the reactor core isolation cooling system (steam driven
pumps and generators) in Boiling Water Reactors

— Improve the reliability to depressurize the reactor pressure vessel and maintain it
depressurized during station black out (loss of all electrical power)

— Improve the reliability to vent the primary containment in Boiling Water
Reactors

— Improve the instrumentation in the reactor pressure vessel to provide the oper-
ator with more knowledge about the course of a core accident.

— Provide the inner containment of Boiling Water Reactors with hydrogen
recombiners

— The possibility of an earthquake damaging the wall of the liner of the spent fuel
pool causing cooling water to be lost should be considered. A hardened strong
pipe—as already realized in US reactor plants—should be installed which
allows water to be fed to the spent fuel pool from the outside.

9.3.6.2 Additional Recommendations Drawn from the Fukushima
Accident

The emergency power supplies (diesel generators, gas turbines, fuel cells direct
current batteries) should be arranged in a building protected against tsunamis,
flooding, earthquakes, hurricanes etc. An emergency operation room with the
essential instrumentation power supply and the ability to operate the plant in case
it cannot be operated from the main operator room should be available.

9.4 Comparison of Severe Reactor Accident
on the International Nuclear Event Scale

The International Atomic Energy Agency (IAEA) introduced in 1990 the Interna-
tional Nuclear and Radiological Event Scale (INES) as a measure to compare
severe nuclear accidents and their radiological impact on international scale. It
represents seven increasing levels. Each level about a factor more severe than the
previous level [22]. Figure 9.13 shows the INES scale in form of a pyramid.
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Fig. 9.13 International nuclear event scale [22]

Level 0: Deviation
— Classifies: Deviations of no safety significance, e.g. leakage from a primary
coolant circuit

Level 1: Anomaly
— Classifies: impact on the defense in-depth, e.g. damaging of a fuel element
during unloading process

Level 2: Incident
— Classifies: impact on radiological barriers, on people or environment,
e.g. radiation levels in an operating area of more than 50 mSv.

Level 3: Serious incident
— Classifies impact on radiological barriers, on people or environment,
e.g. radiation levels in an operating area of more than 1 Sv/h.

Level 4: Accident with local consequences

— Classifies: impact on radiological barriers, on people or environment, e.g. SL-1
accident (USA). Experimental reaction SL-1 reached prompt criticality killing
three operators.

Level 5: Accident with wider consequences

— Classified: impact on radiological barriers, on people or environment,
e.g. Windscale accident in the United Kingdom in 1957, Three Mile Island
Accident near Harrisburg (USA) in 1979.
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Table 9.1 INES classification of the most severe nuclear reactor accidents

Reactor Windscale Three Mile Island Chernobyl Fukushima Daiichi
INES-classification Level 5 Level 5 Level 7 Level 7

Level 6: Serious accident

— Classified: impact on people and environment, significant release of radioactiv-
ity to require planned countermeasures, e.g. Kyshtym disaster at Mayak, Russia.
A failed cooling system at a military nuclear waste reprocessing facility caused a
steam explosion which led to release of 70-80 tons of highly radioactive
material into the environment.

Level 7: Major accident
— Classified: impact on people and environment
Major release of radioactive material with wide spread health and environ-
mental effects requiring planned and extended countermeasures.
Examples are:
— The Chernobyl disaster in 1986, Ukraine,
— The Fukuschima Daiichi nuclear disaster in 2011, Japan

Following this classifications of the Instrumental Nuclear and Radiological
Event Scale (INES) the severe accidents of Windscale, Three Mile Island,
Chenobyl and Fukushima are listed in Table 9.1.
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Chapter 10
Assessment of Risk Studies and Severe
Nuclear Accidents

Abstract In Chaps. 7 and 9 the results of the risk studies for LWRs and the facts
and consequences of the severe nuclear accidents of Chernobyl and Fukushima
were assessed. The severe nuclear accidents of Chernobyl and Fukushima resulted
in contamination of large areas and in the evacuation of the population of large
areas.

It is concluded that LWRs in Europe are built and operated in densely populated
areas with cities of several 100,000 inhabitants. It is impossible to evacuate cities of
that size in due time and their contamination is beyond anybody’s imagination.
Therefore, the KHE safety concept was proposed around 1990 to build future
LWRs such that the main accident path of the risk studies leading to the high
number of deaths and to the large contamination of land should be eliminated by the
safety design concept of the plant. The probabilistic safety studies leading to low
frequencies of core melt in the range of 10° per year should be retained. However,
the present risk concept should not be applicable any more to LWR plants built in
future in Europe. It was concluded that the consequences of the most severe
accidents in risk studies should be managed by the inner and outer containment
of the reactor plant. A severe accident research program of the Research Center
Karlsruhe, Germany, lasting for about two decades showed that it is possible to
fulfill the requirements of the KHE concept. The KHE concept was essentially
accepted by the German and French Safety Commissions and also incorporated in
the German Atomic Law in 1994.

The main findings of the Karlsruhe research program for severe accidents were
as follows:

— A large scale steam explosion in the reactor pressure vessel of a PWR would not
jeopardize the mechanical integrity of the reactor pressure vessel. Consequently
a steam explosion followed by failure of the integrity of the reactor pressure
vessel and of the containment as assumed in WASH-1400 and the German Risk
study can be considered impossible.

— Alarge scale hydrogen detonation after core melt in the spherical containment of
a KWU PWR-1300 reactor plant cannot jeopardize the integrity of the steel

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 199
DOI 10.1007/978-3-642-55116-1_10, © Springer-Verlag Berlin Heidelberg 2014
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containment. Nevertheless hydrogen recombiners in the containment are useful
for preventing or mitigating some accident sequences.

— Core melt down after a break of a pipe of the residual heat removal system in the
annulus of the containment system or core melt down after an uncontrolled large
scale steam generator tube break can be avoided by proper design.

— Containment failure after core melt down under high primary coolant pressure,
as assumed in WASH-1400 and the German risk study, can be avoided by
manual or automatic opening of pressure relief valves (ADS systems of
Chap. 3) or—as a limiting case—reinforced anchorage of the pressure vessel
cover.

— Core melting through the bottom part of the reactor pressure vessel can be
counteracted by flooding the reactor pressure vessel on the outside with water
(severe accident measure). Similar results can be obtained by installing a molten
core spreading and cooling device (core catcher). Appropriate core catcher
designs were developed after research.

— Avrising steam pressure in the inner containment after a core melt can be avoided
by water spray systems.

— A mechanically intact double containment, where the inner containment is either
a steel containment or a concrete containment with an inner steel liner, having a
leak rate of 0.3—1 % per day after a core melt accident and where the leaking
radioactive gases and aerosols are passed from the annulus through aerosol
filters to a stack can fulfill the requirements of the KHE safety concept. In this
case the contamination by radioactive fission products is essentially limited to
the site of the reactor plant. No evacuation of the population is necessary.

In summary all most severe accident consequences found in the WASH-1400 or
the German risk study can be either controlled or eliminated or managed in future
LWRs by appropriate design measures. Examples for such designs are EPR and
KERENA (SWR-1000). Concluding remarks compare the KHE safety concept with
the safety concept of presently operating reactors and more recent designs
for LWRs.

10.1 Introduction

The findings reported in Chaps. 6 and 8 show nuclear power generation (for the
operating about 370 nuclear reactors in 2012) in the range of damage (deaths) of
similar magnitude as other technical or power generation systems. Yet, the severe
reactor accidents of Chernobyl and Fukushima (Chap. 9) have shown that

— large areas were contaminated with Cs-134 and Cs-137 such that food produc-
tion either had to be restricted for long periods of time (the half-life of Cs-134 is
~2 years and of Cs-137 is ~30 years) or, where contamination was lower, must
be monitored for radioactivity over long time;

— the population of large areas had to be evacuated or even to be resettled.
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While the economic losses arising, e.g., from major tanker accidents or oil
drilling platforms were estimated to run up to several billion dollars, the economic
consequences of the Chernobyl and Fukushima accidents are higher by about two
orders of magnitude. Besides the damage to health resulting from the radioactivity
to which workers and the population were exposed it is the contamination of land by
Cs-137 as well as the ban on food over prolonged periods of time which are a
problem very specific to the use of nuclear power [1-4].

In discussions about the risk of technical systems or especially by nuclear
energy the following argument is often stressed:

The large damage, caused by severe nuclear accidents, is associated with
extremely low probabilities of occurrence per year. Therefore the risk as the
product of damage times probability of occurrence is small.

Around 1989, Kessler-Hennies-Eibl (KHE) [5-8] raised the question whether
this risk argumentation and the associated findings of the risk studies had to be
accepted as unavoidable for future LWR safety concepts or whether they could be
improved upon.

European light water reactors are often located by large rivers passing through
densely populated regions with cities of more than 100,000 inhabitants and large
industrial plants. Cities of that size are impossible to evacuate fast enough in
Europe. Radioactive contamination of such cities and surrounding densely popu-
lated areas is beyond anybody’s imagination.

From 1990 on, this thinking led to deeper research into the sequence and
consequences of severe core meltdown accidents in LWRs and to the proposal of
an extended safety concept in Europe.

10.2 Principles of the KHE Safety Concept
for Future LWRs

The safety concept for future LWRs as proposed by KHE at the Research Center
and Technical University of Karlsruhe, Germany, is based on these considerations
[5-8]:

— The major consequences of accidents as determined in WASH-1400 [9] and the
German Reactor Risk Study Phase A [10] assume that

» a steam explosion also called fuel coolant interaction (FCI) after core melt-
down or

 core melt-through under high primary pressure or

e amajor hydrogen detonation
damage the outer reactor containment such that a large leak will release
considerable amounts of airborne radioactivity (100 % radioactive noble
gases, 50-90 % of the radioiodine, Cs, and Tc), roughly within 1 h after
core melt down;
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— aleak in the annulus between the outer containment and the concrete shell, or an
uncontrolled steam generator accident with steam blowdown valves getting
stuck in the open position, release only somewhat smaller amounts of airborne
radioactivity;

The different contributions of these most severe accident sequences to the
overall damage consequences, i.e. early deaths (fatalities), are shown in Fig. 10.1
as the result of the German Safety Study, Phase A [10-12]. The results are
normalized to a 1.2 GW(e) PWR plant. These results are similar in terms of early
deaths to the results of the US Reactor Safety Study WASH 1400 [9] as shown in
Fig. 6.6 for 100 LWRs in the USA.

Figure 10.2 shows the areas which would have to be evacuated as a function of
the different release categories during a severe core melt accident with subsequent
containment failure. The abscissa of Fig. 10.2 shows the fraction of radioactive
aerosols released and also the probability of occurrence for the radioactivity release
categories (steam explosion, high pressure core melt through, hydrogen detonations
etc.) as already presented in Chap. 6. On the ordinate the areas for evacuation are
given, which become necessary as a function of the different weather conditions
which are possible in the surroundings of the nuclear plant. The curves shown
account for 50 % (dotted line) and 95 % (full line) of all weather conditions
occurring [11-14].

The reasoning of the KHE safety concept is as follows:

If it can be demonstrated that the above accident phenomena (and their conse-
quences detailed in Figs. 10.1 and 10.2) occurring after a severe core meltdown
accident result in neither early nor late failure of the outer containment i.e. the outer
containment retains its integrity, then the

— radiological consequences to the population,
— need for evacuation and resettlement of the population,
— hazard of contamination of large areas

are reduced to a minimum, i.e. limited to about the area of reactor plant itself. The
curves shown by Fig. 10.1 are shifted to the left (close to the ordinate) [8].

If in addition the reactor core can be prevented from melting through the
concrete baseplate into the ground below the reactor containment, there would be
no danger of contamination of the groundwater over long periods of time.

The safety requirements of the outer reactor containment as outlined in the
Karlsruhe KHE safety concept then are as follows:

— The consequences of severe core meltdown accidents must be managed by the
structures of the inner and outer reactor containments. The inner reactor con-
tainment should retain the leaktightness of smaller than 0.3—1 % leakage rate
even after a severe core meltdown accident. The molten reactor core must not
melt through the bottom of the outer containment.
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tions of those accident sequences resulting in the highest damage consequences normalized to a
1.2 GW(e) plant [10-12]
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— The frequency of occurrence of core meltdown is determined by the diversity
and number of redundancies of the cooling circuits, safety systems, emergency
core cooling systems, emergency power supply systems. The overall frequency
of occurrence for a core meltdown should be around 10~° per reactor year. It can
hardly be reduced below this level for practical reasons (common mode failures
etc.).

— Probabilistic safety analyses only can serve for the optimization of safety
systems and for demonstrating that the overall frequency of occurrence is in
the range of 10~° per reactor year. However, probabilistic safety analyses no
longer shall support the argument that risk—as a product of frequency of
occurrence multiplied by amount of damage—is so low that it can be accepted.

The results of the research program conducted at the Karlsruhe Research Center
on the basis of this KHE safety concept are presented in the following sections of
this chapter.

This KHE safety concept was essentially accepted by the German and the French
Reactor Safety Commissions for future LWRs after thorough discussions [15, 16].

10.3 New Findings in Safety Research

This section will contain the new findings of safety research into the accident
phenomena, described in the section above, which, in WASH-1400 [9] and the
German Reactor Risk Study Phase A [10], still resulted in major accident
consequences.

10.3.1 Steam Explosion (Molten Fuel/Water Interaction)

A steam explosion is the explosion-like evaporation of a cool liquid, such as water,
in contact with very hot liquid fuel [17, 18]. This contact must allow a very fast heat
input from the molten fuel to the coolant (water) in a very short time. Peak pressures
may be in excess of 10 MPa. Steam explosions can also occur due to interaction of
other liquids, e.g. contacts between

— hot oil and water,

— molten aluminum and water,

— water and liquefied gas at cryogenic temperatures,
— hot lava (volcanic eruption) and water.

In an LWR, an accident sequence can include mainly two contact modes for a
steam explosion:



10.3 New Findings in Safety Research 205

| MOLTEN FUEL

_\\
1

Fig. 10.3 Molten fuel pouring near the edge of a core (/eft) and molten fuel pouring through the
lower grid plate [17, 18]

— During a very fast superprompt critical power transient leading far beyond the
nominal reactor power, the fuel rods may burst and the molten fuel will be
injected as very finely dispersed fuel (with very large heat transfer area) into the
cooling channel under high pressure and mixed with the cooling water. This
happened, e.g., to a certain extent in the so-called SL-1 accident (water-cooled
experimental reactor in USA) [19-21] and in the Chernobyl accident, Ukraine,
(Chap. 9);

— in the second mode of contact, molten fuel of the reactor core after a core
meltdown accident can come into contact with remaining water (Fig. 10.3) either
within the reactor pressure vessel, after melting through the grid plate, or outside
the reactor pressure vessel, after melting through the bottom hemispherical head
of the reactor pressure vessel [17, 18].

10.3.1.1 Mechanically Released Energy in a Steam Explosion

The maximum mechanical energy which can be converted from the thermal energy
of the molten fuel in a steam explosion is obtained in the case of heat transfer at
constant volume and rising pressure and ensuing isentropic expansion of the steam
[22]. Heat transfer from the fuel melt to the water must occur roughly within 1 ms.
The ratio of volumes of the fuel melt and water in that case should be around
1. Theoretically, this would allow an efficiency of roughly 40 % to be attained for
the conversion of thermal into mechanical energy [23-25]. However, the efficiency
measured in experiments with a simulated core melt (corium) on average nearly
always is below about 1 %. The maximum efficiency of conversion in some
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Fig. 10.4 Melt jet injected
into water with different
zones for premixing and
fragmentation [17, 18]
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experiments was 2-3 % [22, 26, 27]. Only experiments with iron—aluminum—
thermite and water resulted in efficiencies roughly a factor of 2 higher.

Estimates of the damage resulting in the SL-1 accident led to an efficiency of
10-15 % [19]. However, the SL-1 accident is to a certain extent in the category of
the first mode of contact between the molten fuel and water, which is initiated by a
(superprompt critical) power transient with the fuel rods rupturing.

10.3.1.2 Description of a Steam Explosion Sequence

One of the most important preconditions of a steam explosion is fragmentation of
the melt into many particles of about 0.1 mm size to create the area necessary for
fast heat transfer.

Estimates show that this kind of fragmentation from a large molten core mass
into many particles of roughly 0.1 mm in size is not possible in one single step, as
the energy input would be too large. The melt first can be split up only into larger
droplets of cm in size (premixing). In this process, Rayleigh-Taylor or Kelvin-
Helmbholtz instabilities play a major role when the molten jet flows into the water
(Fig. 10.4). These larger melt droplets roughly cm in size are surrounded by a vapor
film.

A pressure pulse is required as the trigger initiating a steam explosion. The
pressure pulse causes the vapor film to break down and very fine melt particles
(Fig. 10.5) to be produced in a process of fine fragmentation. As a consequence,
there is very fast evaporation and a steam explosion, respectively [17, 18, 23,
24, 28].
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Fig. 10.5 Theoretical model for steam explosion with premixing, fragmentation (trigger pulse)
and spontaneous evaporation (expansion zone) [17, 22]

However, this ideal concept of the theoretical chain of events in a steam
explosion will only occur in a random process in experiments including dissipation
effects. Moreover, the core melt will never contact water as a bulk substance
because melt-through processes will always proceed in an incoherent manner in
terms of time and location [27].

10.3.1.3 Steam Explosion in the Reactor Pressure Vessel

Accounting for the above described discrepancies between experimental results and
the ideal theoretical models, it is now postulated that the molten reactor core
melting through the gridplate and falling as a molten jet into the water-filled region
below the gridplate would give rise to a steam explosion producing a maximum
amount of stress acting on the reactor head and its bolts. WASH-1400 [8] had
assumed that a steam explosion would cause the head of the reactor vessel to be
blown off and penetrate the outer reactor containment as a bullet (x-mode failure).
This maximum accident was the subject of many research programs between 1980
and 2010.

These are the most important findings of the associated Karlsruhe Safety
Research Program [22, 29]:

— Studies of an assumed core meltdown accident by means of the SCADP/RELAP
[30, 31] or MELCOR [32] computer codes led to a molten core mass of 110 ton
at a temperature of approx. 3,000 K and a pressure of 0.25 MPa above the
baseplate (the 110 ton corresponding to 85 % of the core mass of a KWU-1300
PWR). Additional studies using the MC3D [33, 34] and MATTINA [35] com-
puter codes, which had been verified against experiments, showed that the core
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melt, after having molten through the gridplate (Fig. 10.3), would flow out in a
molten jet of about 0.2 m? cross section. There would be premixing with a water
volume fraction of 0.5-0.6. The maximum content of thermal energy in the
larger melt droplet as premixing zone amounts to roughly 3 GJ. (On the average
of all possible cases, the thermal energy content would be only 0.5-2.0 GJ with
the corresponding water volume fractions of 0.2-0.5.)

In the further course of the analysis it was postulated that fine fragmentation to
0.2-0.3 mm, size as measured in experiments, would occur and a steam explosion
would be initiated. After careful inspection and assessment of all experimental
findings and theoretical analyses against theoretical models available internation-
ally, a conservative value of 15 % was selected as the efficiency of conversion of
thermal into mechanical energy. This results in a maximum mechanical energy
release by the steam explosion of

3G x0.15=045GJ

(as the average of all possible cases, the result would only be 0.075-0.3 GJ).

10.3.1.4 Dynamic Mechanical Analysis of the Pressure Vessel

These results about the release of mechanical energy in the course of a steam
explosion in the lower plenum (bottom hemispherical head) of the reactor pressure
vessel were used to conduct dynamic mechanical stability analyses accompanied by
1:10 scale experiments (BERDA experiments) [36—39]. Theoretical models of
similarity theory and accompanying strength analyses allowed the results of the
1:10 scale experiments to be transferred to the dimensions of the reactor pressure
vessel.

As the steam explosion is initiated already while the melt jet is discharged, some
80 ton of core melt would still be present on the baseplate. After rupture of the
mechanical anchorage (break) of the gridplate, this volume must be accelerated
upward together in the reactor pressure vessel. The upper part of the reactor
pressure vessel of a PWR contains the internal structures with the guide tubes for
the control and shutdown rods and for the in-core instrumentation (Fig. 10.6). These
must be compressed by the core melt, accelerated upward so as to be able to transfer
the dynamic forces of the core melt to the head structures and head bolts. These
internal structures and the head structures were simulated in great detail in the 1:10-
scale experiments (BERDA) [37, 40].

This is the overall finding of all Karlsruhe BERDA experiments and theoretical
analyses:

— Acceleration of the gridplate, with the remaining core melt resting on it, up to the
top internal structures of the head requires at least approx. 2 GJ.

— Another 0.8 GJ would be necessary to compress the internal structures and
elongate the head bolts by a few mm. The compression of the upper internal
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Fig. 10.6 BERDA experiments for melt slug impact on head of the reactor pressure vessel
(without and with internal structures) [37, 40]

structures results in a decrease of the impact forces and an extension of the time
period for action of these impact forces (Fig. 10.6). The reactor head would
remain intact in this process.

— On the whole, at least 2.8 GJ of mechanical energy would have to be released in
the steam explosion to accelerate the core melt plus the gridplate upward,
compress the internal head structures of the reactor pressure vessel, and expand
the head bolts by a few mm.

This 2.8 GJ must be compared to the 0.45 GJ occurring in the steam explosion at
conservatively assumed efficiency of 15 % for the conversion of thermal into
mechanical energy. Even an efficiency of 40 %, i.e. 1.2 GJ, for the conversion of
thermal into mechanical energy in a steam explosion could not jeopardize the
mechanical integrity of the reactor pressure vessel [40—44].

Consequently, the steam explosion with failure of the reactor pressure
vessel and outer containment (a-mode failure) as assumed in WASH-1400 [9]
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and in the German Risk Study Phase A [10] can be considered impossible on
grounds of physics.

A demonstration originally proposed in USA [45, 46] of the non-existence of the
a-mode failure of the reactor containment was brought to a scientifically successful
conclusion by these detailed Karlsruhe experiments and theoretical analyses.

10.3.2 Hydrogen Detonation

WASH-1400 [9] and the German Risk Study Phase A [10] postulated conserva-
tively, with little detailed scientific and technical analysis, that a large-volume
hydrogen detonation in the outer reactor containment would cause the containment
to rupture and radioactivity to be released to the environment. This was doubted
after some first theoretical estimates by KHE [5-7]. Appropriate containment
design concepts were proposed which would be able to withstand a very conserva-
tively assumed large-volume hydrogen detonation [7, 47]. This demonstrated that
containment design concepts can be conceived which can resist to such large-
volume hydrogen detonations.

These considerations were followed by many years of theoretical code develop-
ment, such as GASFLOW [48], DET-3D [49], and COM3D [50] and experimental
investigations, such as the RUT experiments in Russia [51-55]. The conclusion can
be drawn from these theoretical and experimental efforts that a large-volume
hydrogen detonation following a core meltdown accident can be managed by the
reactor containment of existing modern PWRs, like the Konvoi-PWRs of Kraftwerk
Union [56].

As a first severe accident management measure, PWRs were equipped with
so-called passive autocatalytic recombiners [57] able to reduce slow release-rates
of hydrogen release of approx. 0.5 kg Hy/s during core meltdown accidents.
However, also core meltdown accidents must be accounted for with higher rates
of hydrogen release of up to 7 kg H,/s. The related H,-steam-air mixtures produced
are capable of detonating [55, 56].

10.3.2.1 Load Carrying Capacity of a KWU-1,300 PWR Containment
in a Hydrogen Detonation

Analysis of the release of hydrogen in a core meltdown accident initiated by a small
leak in the primary system will be described here as an example of the kind of
analysis performed [56]. A small leak in the primary system with a delayed pressure
drop in the secondary steam system results in water/steam and hydrogen release
into the containment with a maximum release rate of 7 kg H,/s over a certain period
of time during the accident sequence [56]. The hydrogen is produced during the
accident sequence by overheating of the Zircaloy claddings above 1,300 °C and
their chemical reaction with steam according to
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Fig. 10.7 Hydrogen-Steam-air mixtures in the outer containment (two different side views) of a
German PWR after an assumed core melt accident at the time of 7,950 s after begin of the accident
sequence [56]

Zr + 2H20 — ZI'OZ + 2H2

This hydrogen release is accompanied by steam release. The aggregate volume
of hydrogen released eventually into the outer containment then corresponds
roughly 855 kg H, [56]. In the further course of the accident sequence, the hydrogen
concentration in the air and steam mixture exceeds 15 vol% in parts of the reactor
containment. The spatial hydrogen distribution and the hydrogen concentration
within the mixture of air, steam, and hydrogen within the outer containment is
shown for the time of 7,950 s after begin of the accident sequence in Fig. 10.7. This
mixture of air and steam with 550 kg of H,, which is able to detonate, can be
ignited, e.g., by an overloaded hydrogen recombiner. This was demonstrated in the
RUT experiments [55, 56]. The calculations with the three-dimensional-time-
dependent detonation code DET3D [49], which also takes into account shock
wave reflections within the reactor containment, resulted in short time pressure
peaks of 2—5 MPa and impulse-type loads of 10-30 kPa-s. When the transient phase
of the detonation is over, there remains a quasi-steady-state pressure of approx.
0.58 MPa and temperatures around 1,064 K over hours. This does not jeopardize
containment integrity of the Konvoi-PWRs of Kraftwerk Union in Germany.

10.3.2.2 Structural Dynamics Response of the Spherical Steel
Containment

The results of the detonation with respect to the impulse and pressures acting on the
containment wall were used for analyses with the ABAQUS [58] and PLEXUS [59]
codes. Figure 10.8 shows the deformations arising in the spherical outer steel
containment of the reactor in the steel shell (magnified by a factor of 5) [56]. The
largest plastic strains of approx. 4.6 % occur in the vicinity of the materials transfer
lock and close to the upper pole (2.4 %). None of these plastic strains will cause the
steel shell of the spherical reactor containment to fail [60—62].
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deformation magnified

Fig. 10.8 Deformations (magnified) in the outer containment walls of a Kraftwerk Union
PWR-1200 during a hydrogen detonation [56]
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Fig. 10.9 Enveloping conservative pressure time curve determined from space- and time-
dependent hydrogen detonation calculations for EPR [63]

10.3.2.3 Load Carrying Requirements of the EPR Containment in Case
of Large Scale Hydrogen Detonations

Similar analyses as for the KWU-1,300 PWR containment were also performed for
the EPR containment. Figure 10.9 displays the respective pressure-time curve [63]
covering all results of the hydrogen detonation analyses for EPR. On the basis of
this pressure-time curve similar structure dynamics response calculations can be
done for the prestressed concrete containment of EPR.
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10.3.2.4 Hydrogen Release in BWRs

The inner containments of modern BWRs (Chap. 3) are inertized by nitrogen in
order to avoid hydrogen ignition. Hydrogen recombiners decrease the released
hydrogen concentration and spray systems or steam condensers can decrease
steam pressure buildup [102]. The inner containment of BWRs must also be
equipped at key locations with instrumentation for the measurement of the hydro-
gen concentration and gamma radiation.

10.3.3 Break of a Pipe of the Residual Heat Removal System
in the Annulus of the Containment by Steam

The reference case for loss-of-coolant accidents with leaks in primary pipes in the
annulus outside the containment as referred to in the German Risk Studies Phase A
[10] and Phase B [64] was the assumed break of a pipe or the failure of valves of the
residual heat removal system. This can ultimately cause core meltdown at low
primary pressure. The radioactivity from the core melt in this case would bypass the
leaktightness function of the outer containment and escape directly into the annulus
and, through filters, on into the environment.

This weak spot in the design of existing early pressurized water reactors must be
avoided in future PWRs by appropriate design measures, according to the KHE
Safety Concept. To avoid such possible bypasses, the function of the multiple
barrier system (containment) of retaining the radioactivity must be maintained for
all pipes connected to the primary cooling system (double containment function) [8,
64, 65]. This is technically feasible.

10.3.4 Core Meltdown After an Uncontrolled Large Scale
Steam Generator Tube Break

In the highly unlikely case of a large scale steam generator tube break, primary
coolant can flow to the secondary side. The loss of primary coolant causes the
primary pressure to drop and the high-pressure safety feed system to be automat-
ically initiated. Should the necessary shutdown of the high pressure safety feed
systems fail, this would ultimately cause overfeeding of the steam generators, and
the main steam relief valves would open. When these main steam relief valves do
not close again, primary coolant will flow straight into the environment. In the
further course of the accident, there could be core meltdown, and the radioactivity
released would escape directly into the environment.

Also this very rare core meltdown accident, which could become possible as a
result of the present design of steam generators and main steam pipes, must be
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solved technically as a requirement of the KHE Safety Concept by appropriate
routing of the steam pipes, use of the proper valves, which can close during such
accidental situations, and by accident management measures such that it will no
longer be of importance in modern PWRs, e.g. KWU PWR-1,300 and EPR
(Chap. 3) as it was the case in the early risk studies e.g. the German Risk Studies
Phase A and B [10, 64].

10.3.5 Core Meltdown Under High Primary Coolant
Pressure

WASH-1400 [9] and the German Risk Study Phase A [10] had assumed core
meltdown under high primary coolant pressure to lead to failure of the outer
containment, followed by a major early radioactivity release, as a result of the
reactor pressure vessel acting as a bullet. Core meltdown under high primary
pressure could occur in an uncontrolled emergency power case (station blackout)
or uncontrolled failure of the main feedwater supply [9, 10, 64]. In both cases, the
ultimate consequence is heating of the primary coolant plus primary pressure
increase, thus causing the pressurizer relief valves to open. The reactor pressure
vessel will be voided. The water level in the reactor core will drop, the fuel rods will
heat up, and there will be a zirconium—steam reaction at the fuel rod claddings.
This heats the reactor core still further, causing it to start melting. After roughly 1 h,
the core will have molten more than 80 %. After 3 h, the core will melt through the
grid-plate in the reactor pressure vessel.

Molten fuel flows into the water contained in the bottom hemispherical head of
the reactor pressure vessel. This water evaporates quickly. However, the coolant
cannot be removed fast enough through the pressurizer relief valves, which causes
the coolant pressure to rise. After approximately 3.5 h, the core will melt through
the bottom of the reactor pressure vessel at a high primary pressure.

Very high buoyancy forces will arise which can accelerate the reactor pressure
vessel upward.

In the German Risk Study Phase B [64] there had already been estimates of
mechanical resistance offered by the anchorage of the reactor pressure vessel and
the primary piping. The outcome had been that a primary internal pressure of
>3 MPa during melt-through would cause the anchorage of the reactor pressure
vessel to fail. However, the integrity of the outer reactor containment would be
jeopardized by the reactor pressure vessel accelerated upward only above a primary
internal pressure of 8—10 MPa.

As a conclusion drawn from all these findings, it was proposed for existing
PWRs to reduce the primary pressure in the reactor pressure vessel by timely
pressure relief by opening of a pressurizer relief valve (accident management
measure), thus allowing the core to melt through at a low pressure as in a loss-of-
coolant accident (LOCA). Failure of this accident management measure results in a
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Fig. 10.10 Buoyancy force on pressure vessel lower head because of core melt through under
operational pressure of 15.5 MPa [66]

frequency of occurrence roughly one order of magnitude lower per reactor year than
for core meltdown under high pressure [64].

Within the framework of the KHE Safety Concept, the RELAP-MOD-3 code
[30, 31] was used to determine the buoyancy forces arising from failure of the
bottom hemispherical head at the full primary pressure of 15.5 MPa in the
RPV [66].

This buoyancy force is shown in Fig. 10.10 as a function of time. It starts with
300 MN and decreases down within about 250 ms. A technical concept was
proposed for reinforced anchorage of the reactor pressure vessel [5—7]. This stron-
ger mechanical anchorage of the reactor pressure vessel—as an ultimate technical
safety solution—would prevent the vessel from moving upwards even in the case of
the failure of depressurization of the primary coolant system (opening of the
pressure relief valves). The integrity of the containment would be preserved even
in this hypothetical accident (core meltdown under high primary pressure). In this
way it provides high flexibility in safety design to avoid the core melt down under
high primary pressure.

In the EPR or AP1000 safety concepts (Chap. 3), the possibility was chosen to
install two or three blowdown valves, with very high discharge capacities of
900 ton/h (EPR) which is to ensure depressurization to at least 2 MPa (EPR) with
a high reliability within a short time period. These blowdown valves can be
actuated, e.g. from the control room (EPR) when the coolant outlet temperature
exceeds 650 °C. Depressurization to <2 MPa avoids significant melt dispersal
(direct containment heating Sect. 10.3.8) in case of core melt break through the

bottom of the reactor pressure vessel [67, 68]. The three tandem pressure relief and
safety valves as well as the two blowdown valves (depressurization devices) for
EPR are shown in Fig. 10.11. For AP1000 and US-APWR the depressurization

systems were described in Sects. 3.2.5.2 and 3.2.6 and displayed in Figs. 3.13 and
3.16.
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3 tandem safety valves Dedicated severe accident
depressurization device

Fig. 10.11 Safety valves and dedicated depressurization devices of EPR [67]

This changes the core meltdown accident sequence under high pressure into a
core meltdown under low pressure [67, 68].

10.3.6 Core Melt Down Under Low Coolant Pressure

Even if no steam explosion occurs at low pressure in the bottom hemispherical head
of the reactor pressure vessel (Sect. 10.3.1.3) during the influx of molten fuel, the
residual water remaining there will evaporate very quickly and the core will melt
down. There are then two possibilities for the progress of the accident evolution and
two safety design options:

— Cooling the reactor pressure vessel by flooding with water from the outside as an
accident management measure [69—73],

— No cooling of the reactor vessel by flooding with water from the outside because
of the hazard of a steam explosion when the molten core would melt through.
Instead installation of a molten core fuel retention and cooling device (core
catcher), accommodating and retaining the core melt after core meltdown [68].

The molten core will always remain subcritical. This was explained by Fig.
2.10 in Sect. 2.10.2. As the water in the core is evaporated and the lattice
structure of the fuel elements is destroyed the molten core becomes subcritical
to a Kegr of less than 0.9. Even the meltdown and displacement of the absorber
material of the control and shutdown rods (silver, indium, cadmium or boron
carbide) cannot jeopardize this subcriticality of the molten core.
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Fig. 10.12 Cooling of AP-1000 vessel from the outside in case of core melting by flooding with
water [73]

10.3.6.1 Possibility of Cooling the Molten Reactor Core by Flooding
the Reactor Pressure Vessel with Water from the Outside

In this variant applied, e.g. for AP600 and AP1000 the reactor pressure vessel is to
be flooded with water from the outside (Fig. 10.12) as the reactor core is melting
[69-73]. There are a number of theoretical and experimental investigations in the
wake of the Three Mile Island accident in the USA which make this accident
management measure appear successful. The heat fluxes from the melt to the wall
of the bottom hemispherical head, heat conduction through the wall of the pressure
vessel, the temperatures in the wall of the pressure vessel, and the stability of steel
as a function of the wall temperature are taken into account.

These research investigations in the USA demonstrated that the molten core will
not melt through the wall when the reactor pressure vessel is flooded with water
from the outside. This is valid also for the case that the thermal insulation of the
pressure vessel remains intact on the outside of the reactor pressure vessel. How-
ever, for PWR’s with a power output of 1,400 MW(e) or more this variant of
flooding the reactor pressure vessel with water from the outside needs more
research efforts [74].

Molten core cooling by flooding the reactor pressure vessel from the outside is
also proposed for the SWR-1000 (KERENA) design (Fig. 10.13) [75]. The
SWR-1000 bottom head of the pressure vessel has many penetrations (welded
tubes for control rods etc.). Therefore, BWRs have a higher surface to volume
ratio in this bottom part than PWRs. In addition, BWRs have a lower power density
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Fig. 10.13 Cooling of
molten core by flooding the
reactor pressure vessel with
water on the outside [75]
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in the core melt than PWRs (see e.g. Tables 3.1 and 3.3) [76]. The reactor pressure
vessel of SWR-1000 can be flooded passively by water from the flooding pools. In
addition to cooling of the molten core in the lower head by outside flooding of the
pressure vessel, there exists the backup possibility of retaining molten fuel (if it
would melt through the bottom of the reactor pressure vessel) by a special steel
support plate underneath. This support plate fixes the control rod drives in the
bottom hemispherical head of the reactor pressure vessel. It can act as a back-up
core catcher in case parts of the core would melt through the bottom head [75, 77].

The decay heat (afterheat) of the core melt can be transferred by evaporating
water. The resulting steam can be cooled and condensed by the containment cooling
condenser [75, 77] (Fig. 10.14).

10.3.6.2 Penetration of the Core Melt Through the Bottom Head
of the Reactor Pressure Vessel

The second safety design option e.g. realized in EPR, is to keep the reactor cavity
dry (no flooding with water) and to install a molten core fuel retention and cooling
device (core catcher) outside of the reactor pressure vessel [67, 68]. This design will
be described for EPR in Sect. 10.3.7.

Core Melt Through in Case of Presently Operating LWRs

For presently operating LWRs, having no molten core retention device core catcher
the situation will be different. This will described e.g. for the PWR1,300 design.
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Fig. 10.14 Steel support
plate acting as a back-up
core catcher [75]
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In most presently, operating PWRs the reactor pressure vessel is not flooded with
water from the outside. Then this would be the further course of accident events:

The molten mass of the reactor core will melt through the bottom of the reactor
pressure vessel and drop into the dry reactor cavity. This is where the molten fuel
will react with the concrete and its water of crystallization, giving rise to water
vapor, hydrogen, carbon monoxide, and carbon dioxide. While these gases flow into
the compartments above the reactor cavity, fuel melt moves downward into the
concrete foundation (Figs. 10.15 and 10.16). The fuel melt also spreads in radial
direction and is able (as in the containment design of the Konvoi-PWR of
Kraftwerk Union) to melt through the lateral biological shield. In this process, the
core melt can contact the water of the building sump (Fig. 10.16). The sump water
will then evaporate. This will cause the pressure in the outer reactor containment to
rise gradually. After roughly 5-6 days, the fuel melt can eventually penetrate the
concrete foundation of approximately 6 m [64, 78—80]. These theoretical predic-
tions are supported by experiments and theoretical analyses (WECHSL code
[79, 80, 103-105]). After several days, the steam pressure can reach the design
pressure of the outer reactor containment of 0.6 MPa [9, 10, 64].

In the German Risk Study, Phase A [10] it is concluded that the outer contain-
ment would develop a leak when exceeding this design pressure of 0.6 MPa. The
radioactive aerosols and radioactive gases would escape into the environment.

More recent investigations [81, 82] showed, however, that the outer containment
of KWU-1,300 PWRs would develop a leak at the materials transfer lock not below
some 1.2 MPa. In addition it was shown that dangerous overpressures in the reactor
containment cannot be reached if a pressure reduction by a so-called ex-venting
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Fig. 10.16 Penetration of core melt into the concrete of the base-mat of the reactor building
(calculational results of the WECHSL-code) [64, 79]
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Filter

Fig. 10.17 Exventing filter of a German PWR for pressure relief in the outer containment [78]

filter is achieved. Therefore, all German LWRs were equipped after the German
Reactor Safety Study Phase B [64] with so-called aerosol ex-venting filters having a
filter efficiency of 99.9 % [78, 83, 84]. The pressure will be relieved by opening a
valve to this exventing filter and radioactive gases and radioactive aerosols are
emitted through this filter (Fig. 10.17).

During pressure buildup over several days, however, most of the radioactive
aerosols will have deposited already in the outer reactor containment by sedimen-
tation and thermophoresis etc.. This decreases the amount of radioactive aerosols
released to the environment by orders of magnitude [78].

The Role of Exventing Filters and of Double Containment with Low
Leak Rate

The efficiency of exventing filters can be demonstrated in Fig. 10.18. In this case
the exventing filter would be opened 84 h after the initiation of the core melt
accident sequence [85]. The radioactive aerosols would be retained with a certain
filter efficiency within the filter. Radioactivity passing through would be released
through a 120 m high stack into the environment. Figure 10.18 shows the 70 year
committed effective dose in mSv for individuals living in certain distances from the
nuclear plant. The results include 95 % of the possible weather conditions in the
surroundings of the reactor plant. The effective doses are calculated from all
exposure pathways (inhalation, ingestion, skyshine, groundshine) (Chap. 4).
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A pure aerosol filter causes only relatively small dose reductions. Therefore the
combination of aerosol filters with elemental and organic iodine filters (both with
99 % filter efficiency) is much more efficient.

A much higher quality of the containment function against radioactivity release
after a severe core melt accident can be achieved if a double containment with an
inner steel containment or inner concrete containment with steel liner is designed. If
the inner containment has a leak rate of 0.3—1 % during or after the severe core melt
accident, then the leak rate from the inner containment into the annulus between
inner containment and outer concrete containment can be only 0.3—-1 % of the
radioactivity released in the annulus, i.e. 0.3—1 % of the noble gases and 0.3—1 % of
the radioactive aerosols (iodine, cesium, strontium etc.). This leaking radioactivity
is collected in the annulus and can be released only through the exventing filters and
filters for elemental and organic iodine into a stack and from there into the
environment. This is shown in Fig. 10.19 by the double containment of the EPR.
In this case the effective radioactive doses in the environment around the plant are
decreased by at least a factor of 100 compared to the case described above
(exventing filters for presently operating plants (Figs. 10.17 and 10.18) [85]. Such
a double containment fulfills the requirement of KHE safety concept. No evacua-
tion is necessary outside the reactor plant.

In this way the objective of the KHE safety concept defined in Sect. 10.2 is
achieved.

In the EPR and other LWRs (Chap. 3) safety concepts a dome spray system can
spray water from the dome of the containment and condense vapor in the contain-
ment. In this way a decrease of the containment pressure is possible from 0.65 MPa
to about 0.2 MPa within 1 day. The water for the spray system is taken from the
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Fig. 10.19 EPR double containment system with reactor pressure vessel, cooling systems and
core catchers [86]

in-containment refueling water storage tank IRWST) and be pumped through a
heat exchanger to the spray system (Chap. 3) [86].

The Core Melt of Present LWRs Penetrating into the Subsoil Underneath
the Reactor Building

Further penetration of the core melt into the ground below the outer reactor
containment was neither studied in the WASH-1400 [9] nor in the German Risk
Studies [10, 64]. In the Three Mile Island accident the core melt did not penetrate
through the bottom head of the reactor vessel, probably due to the fact that enough
water was available timely enough for cooling. In the Chernobyl accident, dropping
sand and lead from helicopters on the destroyed reactor core created a molten mass
which ultimately did not melt through the bottom foundation of the reactor building
despite fears that this might happen. In the Fukushima accident the core melt caused
some small holes in the lower part of the reactor pressure vessel but the core melt
did probably not penetrate further, because cooling could be provided early enough.

All experimental and theoretical investigations culminate in the conclusion that,
in a PWR for instance, the core melt—after having molten through the bottom head
of the reactor vessel and through the concrete base plate—would move further into
the subsoil below the foundation of the reactor building [79, 87, 88]. In a matter of
roughly 200 days, it would expand to a radius of approx. 12 m (Fig. 10.20). It would
comprise a volume of 1,000 m? and consist of UO,, ZrO,, CrO,, FeO,, SiO,, Al,O3
and CaO. The SiO, fraction would amount to roughly 75 %. Ground-water would
cool this enlarged molten mass and slow down and stop eventually its further
penetration into the subsoil [87].
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Fig. 10.20 Core melt penetrating into the subsoil below the foundation of the reactor building
[87]

Slowly, the groundwater could dissolve fission products out of this originally
molten and subsequently solidified mass. In a study [88] leaching rates roughly a
factor of 100 higher than those applied for vitrified HLW in a deep geological
repository waste were assumed. The leaching rate from the porous mass of the melt
is determined by processes such as molecular diffusion, adsorption, desorption, ion
exchange and colloid buildup. Further transport of the key radionuclides, Sr-90,
Tc-99, and Cs-137, requires consideration of the hydrodynamic transport equations
for advection and dispersion in the groundwater [87, 88]. The radionuclides could
be carried through the groundwater to a well or into a river and then would move
downriver.

Radiation exposure of the public mainly from Sr-90 and Cs-137 would then be
possible through the intake of drinking water from the groundwater in the environ-
ment and downriver of the location of the core melt. Moreover, flooding by the river
could cause the flooded regions to be contaminated as a consequence of sedimen-
tation of radionuclides and drying up of the flooded regions.

10.3.6.3 Possible Countermeasures Against Core Melt into Subsoil

Countermeasures against the spreading of radionuclides would be possible [87] by

— installing sealing walls extending deep down to the contaminated groundwater,
— sinking wells to pump off radioactively contaminated groundwater.

If no such countermeasures would be taken, the groundwater of a relatively large
area, and over long periods of time, would not be fit for use as drinking water or for
irrigation of agricultural areas.
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10.3.7 Molten Core Retention and Cooling Device (Core
Catcher)

The countermeasures listed above for the period after melting of the reactor core
through the concrete baseplate of the reactor containment, and the radioactive
contamination of the groundwater and rivers in the vicinity, can be rendered
superfluous by

— flooding the reactor pressure vessel on the outside vessel with water in case the
core is going to melt down (accident management measures Sect. 10.3.6.1)

— amolten core cooling and retention device (core catcher) underneath the reactor
pressure vessel. This cooling device for molten core masses is part of the EPR
concept (Fig. 10.21), but not of any other PWR safety design concepts known up
to now.

In the EPR design, the core melt is first kept in the reactor cavity for a short
period of time so that core masses dropping slightly later than the initial bulk of
molten fuel can also be collected. After penetrating a melt plug (steel plate covered
by a layer of concrete), the core melt flows through an inclined canal onto a
dispersion area of approx. 170 m?. The core melt is allowed to spread there evenly
to a thickness of roughly 30 cm. Then flooding of the melt with water is initiated
passively by water flow from the IRWST. In this way, the melt is cooled from the
top and solidifies in part. From the bottom, the melt is cooled by active bottom
cooling and stabilized in this way (Fig. 10.21).

10.3.7.1 Other Core Catcher Designs

As a result of research programs, a number of other concepts were developed to
cool core melts [89—94]. At this point, only the COMET concept developed at
Karlsruhe will be explained briefly [90, 93-95]. In the COMET concept, the melt is
to be flooded with water from below after erosion of a sacrificial layer. The rapidly
evaporating water disrupts the melt, cooling its interior as a water-steam mix.
Figure 10.22 shows the COMET concept. The melt is collected below the reactor
pressure vessel and then first erodes a dry sacrificial layer of concrete 15 cm high.
Afterwards the melt can spread completely and melt any cooling channels in the
concrete layer from the top. This allows water to enter under the pressure of an
overflow tank located high up. This is followed by an effective phase of melt
cooling and fragmentation. The melt solidifies within a short period of time and
can be flooded fully and cooled. The steam produced is cooled in a heat exchanger
and condensed.

Both the EPR core catcher and the COMET concept were tested at Karlsruhe
and developed in many years of pilot experiments (KAPOOL, KATS, COMET)
[93-96].
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10.3.8 Direct Heating Problem

As the reactor core is melting through the bottom hemispherical head of the reactor
pressure vessel under high pressure, the core melt, in the form of a water vapor—
melt spray, is driven into other compartments and into the outer reactor contain-
ment, respectively. Depending on the design of the inner and outer containments of
a pressurized water reactor, this makes it possible for fine particles of the core melt
to be distributed over large volumes of the reactor containment. As the droplets and
particles of the melt at the same time carry the residual heat, this accident sequence
in present PWRs is also referred to as direct containment heating. The Zr-particles
can interact with steam and generate hydrogen. The hot fuel particles heat the
containment atmosphere and increase the pressure.

These phenomena were studied in experimental programs which, in turn, allow
the appropriate design proposals to be made for the reactor cavity and compart-
ments below the reactor pressure vessel [97, 98].

In this way, problems of direct containment heating can be excluded for future
reactors, such as the EPR, by a properly enforced flow of water vapor and melt
spray into specific compartments.

10.3.9 Summary of Safety Research Findings About
the KHE Safety Concept

The findings of recent safety research as outlined in this chapter differ decisively
from the results of the early WASH-1400 [9] and German Reactor Risk Study
[10]. The accident phenomena,

— steam explosion,

— hydrogen detonation,

— high-pressure core meltdown,

— containment bypass in the annulus and uncontrolled steam generator tube failure
associated with radioactivity release through the main steam relief valves

which had the most severe accident consequences (Figs. 10.1 and 10.2), are either
partially controlled in present PWR designs (KWU PWR-1,300) or can be elimi-
nated or managed in future LWRs by appropriate design measures. Examples of
such future LWRs are the EPR and the SWR-1,000 (KERENA) (Chap. 3). Both
reactor lines were designed on the basis of the research findings reported in this
chapter and along safety recommendations laid down by the French and German
reactor safety commissions [16, 99, 100]. They still need to undergo the licensing
procedures required in those countries in which they will be built and operated.
The results of the German Risk Study Phase A [10] for earlier German pressur-
ized water reactors, which findings are outlined individually in Fig. 10.1, are not
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valid anymore for future LWR designs following the KHE safety concept, e.g. EPR
and SWR-1000 (KERENA).

With the above new research results the curves of Fig. 10.1 shrink to very
small damage consequences close to the ordinate [8]. Core melt down accidents
will no longer lead to large scale contamination of areas outside the reactor
plant. Figure 10.2 shrinks to areas which belong to the vicinity of the nuclear
plant containment only.

While these statements apply to the safety concept of future LWRs, e.g. EPR or
SWR-1,000 (KERENA), they also will apply to a very large extent to the new LWR
designs in the USA (AP1000) and Japan (ABWR-II) described in Chap. 3.

The above statements, however, apply only partially to the majority of LWRs
operating around 2013 in the world. Many of these LWRs were built from 1970 on
and are constructed on safety design concepts and principles as they were analyzed
in WASH-1400 [9] and the German Safety Studies Phase A [10] and Phase B [64].

10.3.9.1 Applicability of the Above New Research Results to Presently
Operating LWRs and Future

The research results of Sect. 10.3.1 (steam explosion) can—after thorough exam-
ination—also be applicable to other PWR pressure vessels, if their design is similar
to the design of KWU-1,300 pressure vessels (experiments described in
Sects. 10.3.1.3 and 10.3.1.4 were only performed for the KWU-1,300 pressure
vessels). Results for hydrogen detonations (Sect. 10.3.2) were only reported for
the KWU-1,300 PWR containment design up to now (spherical steel containment
56 m inner diameter and 5.8 cm thickness). Similar conclusions can certainly also
be drawn after appropriate analysis for the EPR containment during still ongoing
licensing processes.

However, most of the new PWR designs—described in Chap. 3—and of pres-
ently operating PWRs appear to rely on the installation of hydrogen recombiners
only. This is not sufficient as reported in Sect. 10.3.2 for the KWU-PWR. There
exist accident sequences, where despite the installation of hydrogen recombiners,
large scale hydrogen detonations can occur, because the hydrogen production rate is
too high. Therefore, this case must be examined for each PWR design separately.

Most of the presently operating BWRs have inner containments which are
inertized by nitrogen to avoid hydrogen ignition. They are also equipped with
hydrogen recombiners to avoid pressure build up by hydrogen. In case of pressure
buildup above the limiting pressure of the inner containment exventing filters could
relieve the containment pressure.

If the reactor cavity of PWRs, e.g. AP600 or AP1000 can be flooded in case of
threatening core melting then a core catcher can be avoided. If the flooding of the
reactor pressure vessel with water on the outside is not considered sufficient and the
decision is taken to equip a new PWR with a core catcher, then research is necessary
for such a new core catcher design [95, 96].
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10.4 Severe Accident Management Measures

The publication of the US Reactor Safety Study [9] and the German Reactor Safety
Studies A and B [10, 64] as well as the occurrence of the severe reactor accidents of
Chernobyl and Fukushima prompted the introduction of a number of severe acci-
dent management measures which can be applied by the operation team during the
course of a severe accident. This improves the safety of presently operating LWRs.
Many of these accident management measures—described below—will also be
applied to the new LWR designs described in Chap. 3.

10.5 Plant Internal Severe Accident Management
Measures

The safety concept of plant internal severe accident management measures was
introduced around 1990. It has been elaborated by safety experts with the assistance
of the operational staff of LWR plants [64, 83, 84]. They will be applied in the case
of accident events which lead to beyond design basis accidents, i.e. when essential
safety systems failed to act and core melt is to occur.

The planned procedures of internal severe accident management measures are
described, e.g. in Germany, in a severe accident management handbook which
complements the operational handbook.

The procedures laid down in the operation and in the severe accident manage-
ment handbook are trained by operators, e.g. in Germany, in special reactor
simulation centers.

Severe accident management procedures enable the use of especially prepared
components and systems of the reactor plant. The main objectives to be accom-
plished by the severe accident management procedures are to ensure the required
protection goals as described in Sect. 5.2 (shut down and subcriticality of the core,
long term cooling of the core, no release of radioactivity).

10.6 Examples for Severe Accident Management Measures
for LWRs

10.6.1 Examples for Severe Accident Management Measures
for PWRs

10.6.1.1 Securing the Emergency Electrical Power in PWRs

In addition to the regular emergency diesel generators the following systems can be
applied: gas turbines, mobile motor engines with generators or pumps, especially
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equipped fuel cells and batteries. Also underground electrical cables to other power
plants can be applied. It is important that the required connections are prepared at
special locations in advance for all voltage levels and AC or DC current needed in
the reactor plant. The required emergency electrical power for a 1,300 MW(e) plant
is in the range of 700 kW(e) [84].

10.6.1.2 Securing the Feedwater Supply for the Steam Generators
in PWRs

In the KWU-PWR, as an example, the feedwater tank contains about 300—400 m?> of
water and after the depressurization of the steam generators about 350 m® of water
is available also in the feedwater lines. The preheaters contain about 150 m® of
water. In the demineralized water tanks there are about 1,440 m> available.

In modern PWRs, e.g. AP1000, US-APWR, EPR the IWRST contains a very
large amount of water (Chap. 3).

In addition, water can be supplied—as described above—by independently
powered pumps from deep wells on the site of the reactor plant. Water can also
be taken from a river, a lake or the ocean.

The transfer of the afterheat in a 1,300 MW(e) plant by boiling the coolant water
and steam release needs a supply of about 20 kg/s of water [84].

10.6.1.3 Securing Core Cooling in PWRs

The most important part of severe accident management measures in PWRs is the
depressurization of the steam generators and of the primary cooling system.
Present PWRs, e.g. in Germany, were equipped with large cross section safety/
relief valves. The safety/relief valves can be opened by the operator staff from the
operation room—if needed. For future reactor designs e.g. AP1000 and EPR the
automatic depressurization system (ADS) were described in Chap. 3. The electrical
energy supply or the supply of pressurized nitrogen or air for the safety relief valves
must be secured redundantly or even diversely in advance. It is important that the
safety/relief valves can be closed again (see Three Mile Island accident).

10.6.2 Examples for Severe Accident Management Measures
Jor BWRs

Core melting under high system pressure must be avoided by rapid depressurization
through a number of parallel safety/relief valves into the pressure suppression
chambers (Chap. 3). It is important that the supply of electrical energy and
pressurized nitrogen or air—as described for PWRs Sect. 10.6.1.3 above-is always
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available in redundant and diverse ways for the action of the safety/relief
valves [101].

10.6.2.1 Securing the Emergency Electrical Power Supply for BWRs

In BWRs, in addition to the options described above for PWRs, there is the
possibility to use the steam generated by the afterheat in the core in order to drive
small steam turbines combined with water pumps or generators. The water can be
taken from the condensation chamber or other water supplies. This option repre-
sents a diverse and redundant possibility to the diesel generators, or combustion
turbines etc. Cooling the control rod guide tubes by applying additional diverse
emergency power and diverse coolant water supply appears to be promising [76].

10.6.2.2 Securing the Feedwater Supply in BWRs

In case of complete failure of the feedwater supply in BWRs, water can be taken
from deep wells located on the site of the plant or it can be supplied by mobile
pumps from water sources like a lake, river or the ocean. The power supply of these
pumps must be secured as described above.

Similar possibilities can be used for the cooling of the pressure suppression
chamber.

10.6.2.3 Overpressure in the Inner Containment of BWRs

In case of rising pressure in the nitrogen inerted inner containment of BWRs the
hydrogen can be consumed by catalytic hydrogen recombiners and steam can be
condensed by water spray cooling or special containment coolers (Chap. 3).

10.7 Emergency Control Rooms

German LWR plants, e.g. are equipped with a special emergency control room,
sheltered against external events and poisonous or radioactive gases. The emer-
gency control room is equipped with the critical instrumentation and control
mechanisms to control the plant during the course of a severe accident. It is
important that independent emergency power supply is available for critical instru-
mentation and control mechanisms in the emergency control room.
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10.8 Flooding of the Reactor Cavity Outside of the Reactor
Pressure Vessel

For all presently operating LWRs it must be investigated whether flooding of the
reactor pressure vessel is feasible as an accident management measure. This is
extremely important for the case that accident progression cannot be stopped and
core cooling is endangered.

If the above described severe accident management measures are success-
fully applied, the safety concept of presently already operating LWRs can
approach to a certain extent the safety concept of new reactor designs
described in Chap. 3. It is important that these severe accident management
measures are well planned in advance and trained by the operational staff.

10.9 Mobile Rescue Teams

For the case of a severe accident in an LWR plant mobile rescue teams must be
available which can reach the plant in short time. They must be able to provide:

— mobile radiation measurement and decontamination equipment,

— remotely controlled dredging machines or cranes,

— mobile robotic machines with radiation instruments and tools to enter the
internal rooms of the containment,

— mobile emergency power generators.

10.10 Concluding Remarks

Almost all safety concepts and licensing requirements for the operation of present
LWRs in the world are still based on the probabilistic approach described in
Chaps. 5 and 6.

The new research results described in Sect. 10.3 show that the deterministic
approach, e.g. applied for EPR and SWR-1,000 (KERENA), is feasible in parallel
to the application of the probabilistic approach (for optimizing the internal plant
systems). Future LWRSs can be built such that their containment can withstand large
scale steam explosions and hydrogen detonations. High pressure core melt through
the bottom part of the reactor pressure vessel or core melt through the concrete
basement of the containment can be avoided by design. Leakages into the annulus
between inner and outer containment as well as leakages after steam generator tube
failures followed by stuck open steam relief valves can be avoided by proper
design.
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In BWRs, hydrogen detonations can be avoided by inertization of the inner
containment with nitrogen, by equipment of the inner containment with hydrogen
recombiners and cooling of the inner atmosphere by spray cooling with steam
condensation.

The outer concrete part of the outer double containment can be designed against
the impact of large commercial airplanes. As described in Chap. 7 LWR plants can
also be designed against relatively high intensity earthquakes and against high level
tsunamis or floods and hurricanes.

However, the LWR plants must be designed following such requirements from
the very beginning. (For already operating reactor plants the buildup of dikes with
adequate height for protection against tsunamis or floods is feasible.)

New reactor designs aim at an operation time of 60 years for LWR plants. Many
of the presently operating reactors, e.g. in the USA and France, — originally
designed for about 35-40 years—have obtained a license for an operation time of
60 years after additional amendments. While this prolongation of operation time is
helpful for the economics of these plants, it also prevents new LWR plants with
improved safety concepts (Chaps. 3 and 10) to be built in time.

The KHE safety concept described in Sect. 10.2 (no evacuation, no relocation
etc. in case of a severe core melt accident) which is applied, e.g. to EPR and
SWR-1,000 (KERENA), was required mainly in Europe until now by licensing
organizations and safety advisory commissions [15, 16]. These requirements had
been incorporated already in an amendment of the German Atomic Law for future
nuclear power reactors [100].
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Safety of German Light-Water Reactors
in the Event of a Postulated Aircraft Impact
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Chapter 11
Introduction

Abstract The safety of German nuclear power plants in the event of a postulated
aircraft impact is addressed. The related requirements increased during the last
decades and led to adequate constructive design measures.

The safety of nuclear power plants in the event of a postulated aircraft impact
has been discussed by the general public and experts in Germany for many years
(see [1]). This led to the design and implementation of safety measures for such
incidents beginning in the 1970s of the previous century. The basis for initial
considerations was the accidental crash of a fast flying military aircraft. Due to
the special situation in West Germany with the stationing of NATO partners, a high
number of low-flying military aircraft movement could be observed, fraught with
numerous crashes. Since 1977 new nuclear power plants and comparable facilities
in Germany have been required to comply with design standards to take into
account the possibility of an airplane crash (see [2] to [4]). Load assumptions
were defined by the German Reactor Safety Commission guidelines (RSK-Guide-
lines) in 1981 based on the impact of a Phantom with a mass of 20 ton and a speed
of 215 m/s. A design according to these requirements aimed simultaneously to the
protection against the hazard of third party actions.

The attacks on the World Trade Center in New York on September 11, 2001
were cause for the evaluation of the safety standards of German nuclear power
plants in the case of a comparable terrorist attack. The question arises whether the
power plants are adequately protected against a deliberate forced crash with large
commercial aircraft and what dangers this may pose to the general public. The
decision to turn off the eight oldest reactors after the events in Fukushima in 2011
was also significantly influenced by the factor of a possible airplane crash. For this
reason, a special contribution in this book deals with this issue. An emphasis is
placed on possible crash scenarios and the determination of the load approaches.

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 241
DOI 10.1007/978-3-642-55116-1_11, © Springer-Verlag Berlin Heidelberg 2014
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While the enveloping structures of the first nuclear power plants served only as
weather protection and the load-bearing framework for the technical components,
in course of time they also had to take the function of a barrier, especially from
external events. The requirements were developed further to what is referred as
inherent protection, which means that the outer shell of a containment must be
capable of preventing the penetration of a military aircraft according to the RSK
guidelines such that no relevant concrete spalling occurs on the interior side of the
structure. In addition to this, all resultant consequences such as induced vibrations
and fuel fires must be mastered with respect of the safety objective: the save
enclosure of the radioactive material. The constructive design of the outer reactor
containment is of great importance to achieve this.
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Chapter 12
Overview of Requirements and Current
Design

Abstract The possible actions on nuclear power plants caused by different aircraft
crash scenarios are described. To reduce the remaining risks of a possible crash on
the safety-relevant buildings special requirements have to be taken into account
during the design. Three groups of German nuclear power plants can be distin-
guished with respect to their resistance against the external event of an airplane
crash according to the corresponding start of construction. The development of the
structural design is described, from the first generation up to the current design.

12.1 Possible Actions

A differentiation must be made between an accidental and a deliberate forced
impact when considering a postulated aircraft impact. The impact scenarios asso-
ciated therewith have to be viewed in a differentiated way. This is considered in
more detail in Chap. 13.

Before the requirements for the design are specified, the possible actions against
which the facility must be protected are described.

Special emphasis lies on the mechanical actions. The impact of an aircraft or
wreckage on the outer shell of the building creates an impact force of a very short
duration. In the first load phase the hit structure is only locally loaded. Depending
on the size, mass and speed of the projectile in comparison to the mass and strength
of the hit structure, the structural element will be subjected to shear, be penetrated
or even perforated. To prevent the penetration of the projectile into the structure, the
local resistance to punching shear is decisive. In this phase concrete fragments can
spall off (scabbing) the rearward side of the wall, which can act as projectiles,
endangering the mechanical components behind it.

In a second phase, the structure is globally involved in the load transfer and
excited to vibration. The structural elements of the building deform and experience
stress. Depending on the design, this can result in permanent deformations and
cracking.

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 243
DOI 10.1007/978-3-642-55116-1_12, © Springer-Verlag Berlin Heidelberg 2014
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As a result of the structural vibrations, the mechanical components and systems
are excited to vibration according to the coupling with the structure of the building,
similar as in case of an earthquake. These induced vibrations can influence the
integrity and functionality of the facility.

A consequence of an aircraft impact can also be the load due to flying wreckage
or falling debris. In the case that a structure is not designed to withstand an airplane
crash, the structure can collapse and endanger safety-related facility components.
An example of this is the exhaust air chimney, which could fall on the reactor
structure. Internal structures can also collapse and create debris loads.

Further resultant consequences are fuel fires (kerosene) or explosions. Fire, great
heat, smoke and/or pressure waves can compromise important safety-related facility
components.

12.2 Design Requirements

To reduce the remaining risks of a possible airplane crash on the reactor building of
a power plant as well as on buildings which have to be protected with respect to the
safe residual heat removal (referred to as safety-relevant buildings), the following
requirements have to be taken into account during the design:

» Protection against penetration of the outer shell

e Assurance of the global structural stability

» Protection against the effects of vibrations

« Protection against the effects of wreckage and debris

« Protection against kerosene fires and their consequences

Explicit requirements were already specified in the RSK-Guidelines [1] (referred
to as RSK-LL in the following) in 1981. Among other things, a load-time function
is described for the impact of an airplane upon which the design must be based. The
global structural stability of the safety-related buildings must be assured, taking into
account the possible protective effect of the other surrounding building structures.
Perforation has to be avoided to prevent consequential damages. In addition to this,
no concrete fragments can be allowed to spall from the rear side of a target
structure, so long as safety-relevant mechanical components could be compromised
and their failure cannot be assured through the principle of spatial separation. This
case is called inherent protection. The effects of wreckage and debris, as well as
those of kerosene fires and the induced vibrations caused by an aircraft impact must
be considered during the design process according to the RSK-LL. Neither the
simultaneous occurrence of a single error and an airplane crash nor the simulta-
neous maintenance case must be postulated in the design.

Within the framework of consultations for the revision of the nuclear regulations,
a defense-in-depth concept was suggested by the RSK in 2005 (cf. [2]). The load
case of an airplane crash is not a classical design load case for incident management
even after the attacks on the World Trade Center on September 11, 2001, but is
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rather — comparable to the requirements according to the RSK-LL—allocated to
security level 4. These are very rare events which the design of the facility must
account for to limit the effects of accidents. Considerable releases to the environ-
ment are to be avoided. The protection goal of the enclosure of radioactive materials
is to be ensured by maintenance of the integrity of the reactor coolant pressure
systems and the inner steel containment. All systems necessary to control the event
sequences must be appropriately designed.

All structures of the buildings must meet the minimum requirement for load
bearing capacity. Unlike with security level 3 (e.g. earthquakes), the building is not
required to be fully functional after an aircraft impact. Cracking and irreversible
deformation are permitted, so long as safety-relevant issues are not affected. For
reasons of structural stability or functional capability of facility components,
additional requirements which go beyond the minimum requirements for loading
bearing capacity (e.g. limitation of deformation and width of cracks) might be
necessary at defined points.

According to the BMU safety criteria (cf. [3]), the effects of debris, kerosene
fires, kerosene explosions and additional consequences are to be respected when
considering a postulated airplane crash. In particular, this includes:

» Kerosene fire on the facility compound

« Explosion of the kerosene inventory (partially or entirely) outside of buildings

 Fire or explosion of kerosene (liquid or vaporized) which has entered buildings
due to permanent existing openings or those caused by the crash

¢ Entry of combustion products and supply air with reduced oxygen content as a
consequence of combustion processes into the ventilation system with respect to
human actions, electrical equipment and supply air for diesel generators.

The requirements correspond to the BMU safety requirements [4] and are
compiled in the “Handbook for reactor safety and radiation protection”
(RS-Handbook) ([1] of Chap. 11) which is continuously updated.

12.3 Development of the Design in Germany

Dependent on the chronological order of their construction German nuclear power
plants were, with the exception of the very first ones, designed with increasing
higher standards with respect to an accidental “random” airplane crash of a certain
type. Specific aircraft models were chosen to represent the particular effects and
were the basis of the design standards for structures and components.

Three groups of German nuclear power plants can be distinguished with respect
to their resistance against the external event of an airplane crash according to the
corresponding start of construction:

e a first group, which does not feature a systematically planned resistance to
airplane crashes
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Table 12.1 Design of German nuclear power plants in power operation against military aircraft

crash
Generation/ First Military aircraft
Power plant Type building line criticality crash design

1 Grafenrheinfeld (KKG) PWR 3 09.12.1981 Phantom
2 Gundremmingen B (KRB B) BWR 72 09.03.1984 Phantom
3 Grohnde (KWG) PWR 3 01.09.1984 Phantom
4 Gundremmingen C (KRB C) BWR 72 26.10.1984 Phantom
5 Philippsburg 2 (KKP 2) PWR 3 13.12.1984  Phantom
6 Brokdorf (KBR) PWR 3 08.10.1986 Phantom
7 Isar 2 (KKI 2) PWR 4 (convoy) 15.01.1988 Phantom
8 Emsland (KKE) PWR 4 (convoy) 14.04.1988 Phantom
9  Neckarwestheim 2 (GKN 2) PWR 4 (convoy) 29.12.1988 Phantom

Table 12.2 Design of nuclear power plants in post-operational phase against

military aircraft

crash
Generation/ First Military aircraft

Power plant Type building line criticality crash design
1 Biblis A (KWB A) PWR 2 16.07.1974 Not explicit
2 Biblis B (KWB B) PWR 2 25.03.1976 Starfighter
3 Neckarwestheim 1 (GKN 1) PWR 2 26.05.1976 Starfighter
4 Brunsbiittel (KKB) BWR 69 23.06.1976 Not explicit
5 Isar 1 (KKI 1) BWR 69 20.11.1977 Not explicit
6 Unterweser (KKU) PWR 2 16.09.1978 Starfighter
7  Philippsburg 1 (KKP 1) BWR 69 09.03.1979  Not explicit
8 Kriimmel (KKK) BWR 69 14.09.1983 Phantom

e a second group, which is protected against the accidental crash of a military
aircraft of model “Starfighter”
 and finally a third group, which is designed to resist the accidental crash of a fast
flying military aircraft of type ‘“Phantom” with the worldwide highest protection

in this regard.

After the shutdown of the eight older nuclear power plants in 2011 in Germany,
only facilities of the third group remain in operation (cf. Table 12.1). The eight
disconnected facilities, which are in what is called a post-operational phase, belong
to the first and the second group (cf. Table 12.2). A large amount of radioactive
inventory remains in the fuel assembly storage pools and as the case may be in the
reactor vessels, even in the disconnected facilities, which must be reliably cooled
for several years. The risk of an aircraft impact is therefore still relevant for these
power plants as well, until all inventory has been loaded into the Castor containers

after the decay time.
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The crash of a large commercial aircraft, whether accidental or deliberate, is not
part of the regular design plan of any German nuclear power plant. Nevertheless,
due to the design of the enclosure, especially for the third group of power plants
however, a high degree of protection is expected.

In the Tables 12.1 and 12.2 the design of German nuclear power plants with
respect to an airplane crash is summarized.
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Chapter 13
Impact Scenarios

Abstract The possible impact scenarios are considered from accidental aircraft
impacts to deliberate forced impacts. The different relevant aircraft models and
crash scenarios are discussed, including possible approach speed and angle.

13.1 General

To determine the specific effects resulting from an aircraft impact, the possible
scenarios must be considered: which aircraft under which conditions are relevant
for an impact. Beginning in the early 1970s, safety measures were introduced in the
design of nuclear power plants in Germany to take into account the crash of an
aircraft. Before September 11, 2001 it was assumed, however, that the threat of an
airplane crash could only come about accidentally. A deliberate act was not
considered in the design. Only after the attacks on the World Trade Center a
scenario of a deliberate crash of large passenger airplane was considered and its
consequences were examined.

13.2 Accidental Aircraft Impact

An accidental aircraft impact can be put down to an accident resp. a technical or
human error. The probability of such an impact can be seen as very low and is
determined by the quantity of aircraft movement close to the nuclear power plant.
With respect to the effects and the frequency, fast flying military aircraft must be
predominately considered in this case.

The territory of the Federal Republic of Germany is characterized by a dense net
of civil flight routes. On top of this there was a very high density of air traffic due to
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German and allied military aircraft until reunification in 1989 and the improvement
of relationships between east and west. In the 1970s and 1980s many crashes
occurred during military training flights, especially during low-level flights. In
this time frame 15-25 accidental crashes occurred per year, excluding those that
occurred during takeoff and landing manoeuvres close to airports (radius approx.
5 km). The possible scenarios and crash frequencies were discussed in detail in
context of the German risk study of nuclear power plants [1,2]. Fast flying military
aircraft often with free flight paths and flying at low levels where considered a
potential for danger.

The number of crashes, their spatial distribution, impact speed, impact angle and
the different types of aircraft with their specific mass distributions were analyzed
and probabilistically evaluated in the threat investigation. The possible armament
of the military aircraft was not considered. Figure 13.1 shows cumulative frequency
curves of different parameters.

The distribution curve of the mass shows that only few crashed military aircraft had
a takeoff weight higher than 20 t. A further focal point of the distribution curve are
aircraft around 10 t. This is the result of the large number of Starfighters, weighing
about 10 t, and Phantom F4, weighing about 20 t, used in the 1970s and 1980s.

The cumulative frequency curve of the impact speed v shows that crashed
military aircraft with a speed higher than 225 m/s barely contribute to the sum.
The impact angle 9 is nearly equally distributed between 0° and 90°.

The endangering due to accidentally crashing large commercial aircraft is
significantly lower than with military aircraft. This is explained by the fact that
large commercial aircraft follow predetermined flight paths and do not operate in
free air traffic, in addition to not performing low-level flying with the exception of
takeoff and landing. The crash probability is much lower than with fast flying
military aircraft. The pilot of a military aircraft will in the case of a major fault leave
the plane by an ejector seat, leaving the aircraft to itself. Due to their high operating
altitude of large commercial aircraft usually maneuverability options are available
in case of a fault. The pilot and co-pilot cannot leave the aircraft and will usually
attempt a controlled emergency landing. The accidental crash of a large commercial
aircraft is seen as very unlikely and is not considered for the design of nuclear
power plants.

Civilian light aircraft are not bound to a flight path and fly at low altitudes much
like military aircraft. In comparison to large commercial aircraft they have a
considerably higher crash frequency. However, the mass and speeds are lower
than those of the military aircraft mentioned above, and the effects are therefore
covered within the scope of the military aircraft. Falling wreckage of a possible
explosion of large commercial aircraft in flight are also covered by this case.

Starting with a uniform distribution of the crash frequency over the area of the
Federal Republic of Germany of 10~ '° crashes/m?/year yields the value of 10~°
crashes/year over the area of a nuclear power plant. This value is a conservative
estimate and means that a power plant can be hit by an accidentally crashing
military aircraft with a probability 10~%/year, independent of the possible damages.
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Fig. 13.1 Cumulative frequency distribution (Summenhéufigkeit) of the mass m (Masse), the
impact speed v (Absturzgeschwindigkeit) and impact angle & (Absturzwinkel) of crashed military
aircraft (according to [2])

Hits that result in relevant damages to safety-related buildings have an even smaller
probability of occurrence.

Numerous studies were performed with regards to possible scenarios of an
accidental airplane crash in the beginning of the 1970s. The result for the design
of a nuclear power plant was the crash first of a Starfighter and later of a Phantom,
representing many possible events (Table 13.1).

For the older nuclear power plants in Germany (cf. Table 12.2) the crash of a
military aircraft of the model Starfighter (Fig. 13.2) with a mass of 13 t and an
impact velocity of mach 0.30 (=102 m/s or 367 km/h) was used as a design basis.

For newer nuclear power plants and nuclear facilities in Germany
(cf. Tables 12.1 and 12.2) the crash of a military aircraft of the type Phantom
(cf. Fig. 13.3) with a mass of 20 t and an impact velocity of mach 0.65 (=215 m/s or
774 km/h) was assumed as covering event. A load function was established for this
case in 1973 (cf. [12]), which was finally included in the RSK-LL in 1981 [6]. The
possible impact angles are assumed between 0 and 90°. Normally the worst load
case perpendicular to the impact surface is assumed for design.

An analysis shows that the load parameters (mass, speed) of over 90 % of the
observed accidental crashes lie beneath the load assumptions (Phantom) of the
newer German nuclear power plant design requirements.


http://dx.doi.org/10.1007/978-3-642-55116-1_12#Tab2
http://dx.doi.org/10.1007/978-3-642-55116-1_12#Tab1
http://dx.doi.org/10.1007/978-3-642-55116-1_12#Tab2

252 13 Impact Scenarios

Table 13.1 Major impact data for the military aircraft Starfighter and Phantom

Dimension Unit Starfighter Phantom
1 Mass, m t 13 20
2 Speed, v m/s 102 215
3 Max. impact force, Fpax MN 17 110
4 Impact period ms ~120 70
5 Impact area m? 2.1 7.0
6 Momentum kg (m/s) 1,326 x 10° 4,300 x 10°
7 Kinetic energy kg (m?/s%) 67,626 x 10° 462,250 x 10°

Fig. 13.2 Fast flying military aircraft of type Starfighter F-104G; until withdrawal from the
German armed forces in 1991 a number of 292 aircraft of this type crashed (from [3,4])

Fig. 13.3 Fast flying military aircraft of the model Phantom F-4 (Boeing [5])

13.3 Deliberate Forced Aircraft Impact

After the terrorist attack in the USA on September 11, 2001 the question arose to
what extent nuclear power plants would withstand an impact of a large commercial
airplane or rather which damage scenarios are to be expected. As a result many
national and international studies were conducted, in which possible scenarios for a
deliberate forced crash were considered and the load functions for the crash of a
large commercial airplane under consideration of the spatial load distribution were
developed. Among others, the author was involved in several of these studies. Since
most of these studies are confidential and therefore not open to the general public,
however, only general references and information can be discussed here.
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13.3.1 Relevant Airplane Models

Civil and military aviation consists of a multitude of different aircraft models
which pose very different threats with respect to the case of a deliberate forced
crash into a nuclear facility. With regard to this problem the first step is to collect
the necessary data for the different aircraft types. An emphasis was put on passen-
ger aircraft which are currently in service in large numbers. In addition, military
aircraft are not considered for the case of a deliberate crash.

Even though many aircraft models are used in civilian aviation it is possible to
limit the types with respect to their threat potential to a few which are considered
relevant. Due to the similarities between the aircraft it is possible to concentrate the
analysis on the representative large manufacturers Airbus and Boeing. Several
examples of typical aircraft models are presented below.

13.3.1.1 Boeing 747

The Boeing 747, also known as the “Jumbo Jet,” was for years the largest passenger
aircraft used in commercial aviation (cf. Fig. 13.4). Since its first flight in 1969 over
1,400 airplanes of this model have been produced, many of them are still in service
worldwide to this day. With a carrying capacity of 300-500 passengers it has to be
considered as a possible instrument of terrorist activity. The B747 exists in different
configurations. The maximum take-off weight of the version B747-400 is approx.
395 t. The length is approx. 71 m and the wingspan 64.5 m. The Boeing 747 has
approx. 170 t of kerosene on board at take-off, of which one third each is stored in
the two wing tanks and in the center tank. This corresponds to a volume of about
220,000 1. Due to the prevalence and the fact that the dimensions and weight
represent the upper boundaries of commercial aircraft, the Boeing 747 is considered
a relevant aircraft model with threat potential.

13.3.1.2 Boeing 777

The Boeing 777 is a long-range aircraft with a length between 64 and 74 m and a
wingspan between 61 and 65 m. The maximum take-off weight amounts to 250—
340 t. The weight share of kerosine amounts to a maximum of just under 150 t.
Commissioned in 1995, the Boeing 777 was developed to accommodate the wish
for an aircraft with a capacity between the Boeing 767 and 747. It possesses a
seating capacity of between 300 and 550 passengers.

The Boeing 777 is constructed as an aircraft with only two jet engines. To be
licensed for transatlantic flights, it had to comply with higher reliability require-
ments. In the case of the failure of one engine, the continuation of the flight has to be
assured for 3 h. The engines used are therefore some of the strongest that have ever
been used in aircraft. In comparison, the outer diameter of the engines is nearly as
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Fig. 13.4 Boeing 747-400 with a take-off weight of 395 t (Photographs [5])

large as the diameter of the body of a Boeing 737. Although the differences to the
Boeing 747 with respect to mass and dimensions are not considered relevant to the
threat, the engines are interesting for a separate examination due to their size and
dimensions.

13.3.1.3 Airbus A380

The Airbus A380 is currently the largest civilian commercial aircraft that has
entered serial production. It is a four-engined wide-body aircraft with two contin-
uous decks with a capacity for approx. 525 passengers and is in use since 2007.
Approximately 320 aircraft have been commissioned to date. The length of the
aircraft is 72.30 m and the wingspan 79.80 m. It has an elliptical cross section of the
fuselage of 7.15 m in width and 8.40 m in height. The maximum take-off weight is
close to 560 t including 320,000 1 (=256 t) of kerosene.

This aircraft model was not considered in detail in the examinations directly
after September 11, 2001 because the aircraft was not in use and no specific details
were available neither from the manufacturer nor from the airline companies at the
time. The first examples of this aircraft have only been in use since 2007 (Fig. 13.5).

13.3.1.4 Airbus A340

The aircraft A340, built by Airbus, has a capacity of 260-340 passengers. The
length of the aircraft is between 60 and 64 m, the wingspan approx. 60 m and the
maximum take-off weight 270 t including 120 t of kerosene. A larger model with a
fuselage that is elongated by 25 ribs has a capacity of 420 passengers. The
maximum take-off weight of this larger variant increases to approx. 380 t, of
which approx. 150 t are kerosene (Fig. 13.6).

The A340-600 corresponds roughly to the Boeing 747 with respect to total
weight and its dimensions. The greater wing angle and the slightly lower weight
result in a higher mass concentration in the middle of the aircraft where the wings
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Fig. 13.5 Airbus A380
with maximum take-off
weight of approx. 560 t, in
use since 2007 (Photograph
[7D

Fig. 13.6 Airbus A340-600
with a maximum take-off
weight of 370 t (Photograph
8D

and therefore the kerosene tanks are located. Higher loads on the target structure are
therefore to be expected.

13.3.1.5 Airbus A320

The Airbus A320 is a typical representative of two-engined narrow-body aircraft
with more than 1,000 units sold. It transports 150180 passengers. The length is
37.57 m, the wingspan 34.10 m. The maximum take-off weight is 78 t with approx.
19 t kerosene. This aircraft model is comparable to the Boeing 737 or the
McDonnell Douglas MD-80. This model of aircraft can be seen as representative
for this most widespread category of aircraft (Fig. 13.7).

Several specifications of the relevant passenger aircraft are summarized in
Table 13.2.
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Fig. 13.7 Airbus A320
with maximum take-off
weight of 75 t (Photograph
[81)

Table 13.2 Specifications of several relevant passenger aircraft

Parameter Unit A380 B747 A340-600 A320
1 Max. take-off weight t 560 395 380 78
2 Kerosene weight t 256 170 150 19
3 Length m 72.30 70.60 75.30 37.57
4 Wingspan m 79.80 64.50 63.45 34.10
5 Height of fuselage m 8.40 7.85 5.64 3.96
6 Engines Quantity 4 4 4 2

13.3.2 Approach Angle and Approach Speed

To determine the decisive load of a structure such as the outer containment of a
reactor building it is crucial to know at which angle and with which speed an
attacker could reach a target.

For the definition of possible and realistic flight approaches intense discussions
and studies were conducted after the attacks in the USA on September 11, 2001
(cf. e.g. [9]). A diverse number of aviation institutions, airline companies and
experienced pilots were involved. Furthermore, possible approach scenarios were
tested in flight simulators. A summary of the first examination results are described
in [10], but the basic report is classified confidential as “VS-Vertraulich” and is
therefore not freely available.

To determine the aeronautical parameters varying conditions such as altitude,
wind and visibility conditions were considered under different approach angles for
target approaches to similar objects. It is generally known that the approach angle
for a planned landing is usually approx. 3° with respect to the horizontal plane.
Under these ideal conditions it is not a great problem for a reasonably experienced
pilot to hit a target the size of a reactor building very precisely. The accuracy
decreases slowly as the pitch increases, at higher values it decreases drastically. The
probability of a hit is markedly reduced for angles greater than approx. 10°. An
important aspect with respect to the probability of a hit is that in comparison to the
almost horizontal approach with optimal maneuverability to the over 400 m tall
World Trade Center in New York, a reactor building must be hit with pinpoint
accuracy in the horizontal and vertical direction, taking into account the loss of
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Fig. 13.8 The Pentagon in Washington in a perspective view and as a satellite image after the
attack (from [11]). The building complex is over 280 m wide and is therefore a “linear”
construction

maneuverability due to descent. An approach that is too low might hit the ground in
front of the reactor building or surrounding buildings, which results in a much lower
threat potential. An approach that is too high would either graze the dome area and
possibly be deflected, which leads to a significant reduction of the resulting load and
therefore a reduction of the threat, or miss the reactor building completely. Similar
considerations are valid for a sideways flyby.

The Pentagon was also hit during the attacks in the USA on September 11, 2001,
which is a low building in comparison to the World Trade Center. This linear
complex of buildings (cf. Fig. 13.8) with an edge length of approximately 280 m is a
much easier target to hit, however, in comparison to a punctual reactor building
with an outer diameter of approx. 66 m. For clarification, Fig. 14.1 shows the size
comparison between the dimensions of a reactor building and the aircraft models
Boeing 747, Airbus A320 and Phantom in a horizontal section as an example.

In addition to the possible approach angles the question of the possible impact
speeds has to be addressed. The acceptable speeds set by aircraft manufacturers are
about 900 km/h (= 250 m/s) for relevant aircraft models. This is a value for the
optimal flight altitude however. Close to the ground these values are significantly
reduced to about 650 km/h (=180 m/s). In the case of a deliberate forced crash the
possibility has to be taken into account that the attacker will attempt to reach speeds
above those that are permitted for “normal” flight. Modern aircraft have electronic
measures, however, to prevent such an extreme flight situation. It is also important
to note that at speeds that are significantly higher than the normal speed range the
reaction time for course correction is decreased and the aircraft also becomes more
difficult to steer. The attacker has a conflict of objectives: on one hand to achieve a
speed as high as possible to maximize damage, on the other hand to maximize the
accuracy by reducing the speed.

As shown in the summary of the German Federal Environment Ministry [10], an
upper speed limit of v=175 m/s (=630 km/h) was established for the determina-
tion of the mechanical load-time function (cf. Chap. 14) which is used in the further
analysis under consideration of the available information and the considerations
with respect to the accuracy above.
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Fig. 13.9 Approach to a nuclear power plant with the three aircraft models Phantom, Airbus A320
and Boeing 747 in a size comparison

Fig. 13.10 Possible approach zone to the cylindrical part of a convoy containment; situation with
a true to scale model of a Boeing 747

The special structural situations of nuclear power plant facilities also have to be
taken into account for the target accessibility considerations. In order to clarify the
relationships and to review the possible scenarios from the “bird’s eye view,”
models of power plant facilities were manufactured among other thing. For exam-
ple it was examined whether it is possible to approach the unprotected regions of the
reactor building in realistic scenarios even with the encircling buildings. In the
areas of a containment with buildings in front the resulting impact force is consid-
erably reduced.

Figure 13.9 shows the reactor building of a convoy plant in a size comparison
with three aircraft models in a possible approach situation for clarification. It shows
that even with apparently advantageous terrain and buildings, an approach in the
scenarios above is still possible (Fig. 13.10).

In summary with respect to the approach scenarios it is initially to be assumed
that it is possible for a large commercial aircraft to hit the reactor building in the
unprotected area in the case of a deliberate forced crash. A detailed examination
could be carried out for all sites.
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Chapter 14
Determination of a Load Approaches
for Aircraft Impacts

Abstract As basis for the analysis and verification of building and mechanical
components adequate load approaches for aircraft impacts have to be developed.
Different approaches and mathematical models to derive load-time-functions for
the contact force between airplane and hit structure are presented. Finally the shown
impact load-time functions of the different types of aircraft are compiled for
comparison.

14.1 General Information

The crash of an aircraft on a target is physically an impact problem with largely
non-linear processes. The kinetic energy of a projectile, determined by its mass and
speed, is changed into other forms of energy during impact. For the design of a
structure the contact force between the striking and hit bodies are important. In
principle this is dependent on the ductility of the participating structural elements.

In the case of an aircraft impact a so called soft impact takes place. This is
characterized by the fact that the projectile is very ductile. The kinetic energy is
largely absorbed by the striking body itself in the form of plastic deformation, such
that only a fraction of the energy is introduced into the impacted body. Due to the
large deformations of the projectile on impact the size of the resulting contact force
is practically independent of the behaviour of the impacted structure. This allows a
decoupled examination. In a first step the impact force-time function can be
determined using only the characteristics of the projectile. The impacted structure
can then be loaded with this load function in a dynamic analysis in a second
independent step. The spatial distribution of the load over the whole impact area
with respect to the time sequence is of special interest.

It is necessary to establish the load functions for the aircraft models and
approach scenarios discussed in the previous chapter in order to continue the
analysis of the problem. The first functions were created in the early 1970s: first

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 261
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B747

Phantom

Fig. 14.1 Comparison of the geometric dimensions in a horizontal section: Phantom—Airbus
A320-Boeing 747 on impact of a convoy containment with diameter of 66 m

the load function based on the “accidental” crash of a Starfighter, then of a
Phantom. As previously mentioned, the latter became a part of the
RSK-Guidelines of 1981. Furthermore, the document establishes that the load can
be assumed to be equally distributed over an area of 7 m”.

After the attacks on September 11, 2001 the deliberate crash of a large commer-
cial aircraft was also considered. Different conditions apply in the case of such a
crash compared to the load function of a Phantom. Figures 14.1 and 14.2 clarify the
geometric relationships. While the impact of a phantom can be assumed to be
almost punctiform, this assumption only serves as a rough estimate for the impact of
a B747 when considering the relationship of the dimensions sketched here. While
the wingspan of a Phantom only measures 11.77 m, that of a Boeing 747 is almost
65 m which roughly corresponds to the diameter of a convoy reactor building.

14.2 Mathematical Models to Determine an Impact
Load-Time Function

An experimental determination of the load function for different aircraft models
through real tests is not feasible with justifiable means. The determination was
therefore carried out on the basis of theoretical models with support of limited
experimentation.
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Fig. 14.2 Comparison of geometric dimensions in a vertical section: Phantom—Airbus A320—
Boeing 747

To calculate the time-dependent contact force during the impact between two
bodies, two different approaches are available, both of which have their roots in
Newton’s second law of motion (force =mass X acceleration) in addition to
respecting the conservation of energy and momentum. Riera developed a compar-
atively simple method for the process of an aircraft impact in the late 1960s [1],
which yields adequately applicable results. It is still used today amongst complex
numerical simulations for crash situations and has been verified in numerous
experiments. The so-called Riera-Model is a one dimensional mathematical
model in the form of a thin walled tube with specific mass and bursting load
distributions. The load on the rigid target body is therefore dependent on the
mass M and the deformation speed v of the impacting body. As a matter of
principle, the impact force is calculated as the change of momentum M - v in the
region of the impact zone:

0 oM ov

This simple relationship used for the impact of an aircraft shows the influence of
different effects. The first term on the right is determined by the change in mass of
the projectile within a fixed control volume at the impact point. The second term
corresponds to the force in the impact zone that is transmitted to the rest of the
projectile, which is assumed to be rigid, and must be equal to the crushing load of
the structure in front of the impact zone for reasons of equilibrium. For high impact
speeds (>150 m/s), the first term and therefore the mass distribution of the aircraft
is the dominant factor in determining the impact load-time function, whereas for
lower speeds the bursting load has a significant influence. It is important to note that
the mass distribution of an airplane is usually very well known, but that the bursting
load distribution of an aircraft fuselage can only be stated within a wide range. This
shows that the Riera-Model calculates the load function for high speeds relatively
reliably, however only with larger uncertainties for smaller speeds.

Different conditions apply to the impact of a large commercial plane than to that
of a military aircraft. Taking into consideration the geometric relationships the
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one-dimensional Riera-Model can only be seen as a rough approximation although
this approximation should give a result on the safe side. In the examinations after
September 11, 2001 the mathematical models were refined, in particular to take into
account the time dependent spatial distribution on the target. In addition to modified
Riera-Models complex computer simulations such as those used in the automobile
industry to analyze crashes were used. While the complex analyses are verified by
crash tests in the automobile industry such analyses are almost impossible to realize
in the case of an airplane crash and have therefore not taken place.

Within the frame of the examinations to the consequences of an impact of large
commercial aircraft, an enhanced mathematical model for the realistic compilation
of the existing conditions was also applied by the author. In this model, the aircraft
is broken down into discrete masses which are spatial distributed according to the
geometry. In particular the masses are assumed to be distributed along the fuselage
and main wings. The individual masses are connected by springs that are able to
transmit axial forces, bending moments and shear forces using a special non-linear
approach to the spring characteristics.

Figure 14.3 shows the basic layout of the mathematical model. The airplane is
treated as a plane model in the x—y plane. The third axis can be neglected for the
given problem. A row of nodes with assigned masses M; are assumed in the flight
direction in the axis of the fuselage (x-axis). These are connected via axial force
springs R; which describe the force-deformation relationship during the deforma-
tion. At the same time the masses are connected by special elements that describe
the flexural behaviour of the fuselage in the x—y-axis. The two main wings are
coupled to the fuselage as rigid elements at a certain angle to the longitudinal axis.
Again different rows of individual masses with axial force springs are attached to
these in the direction of flight. The jet engines are also represented by a group of
springs and masses which are connected to the wings through special coupling
springs.

The axial force springs used in the simulation have in principal a characteristic
curve as shown in Fig. 14.4. Starting with an initial stiffness k, a maximum force
Rp can be carried in relation to the displacement u. This corresponds to the bursting
load of the fuselage or the wing element. Beginning at a value uy a hardening with a
parabolic gradient takes place until a specified force R is reached at uc. The
unloading and reloading takes place with a stiffness of kz. These parameters must
be determined for each section i of the aircraft model. Once deformation of the
normal force spring reaches the value uc, the masses are considered to be rigidly
coupled. At this point in time a balancing of momentum of the two concerned
masses take place by calculating a new resulting speed.

The method of calculation consists of an integration in time of a coupled spring-
mass system. In principle it is based on the finite element method. All masses are
assigned a starting speed as an initial condition. This corresponds to the approach
speed being considered. Upon impact with a rigid target this speed is gradually
decreased though the effect of the springs. To determine the impact load-time
function the forces in the respectively first facing spring is evaluated (cf. Fig. 14.3)
and the spring force is plotted over time. Specifically these are the springs in the
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Fig. 14.3 Discrete spring-mass model for the calculation of the impact load-time function
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Fig. 14.4 Non-linear characteristic of normal force spring to describe the deformation

extension of the fuselage axis and the wing and jet engine masses. With this method
the loads can be determined in the time dependent order of reaching the different
impact locations. The sum of all that impact springs provides the integral impact
load-time function in the examined case.

With the help of the mathematical model the different approach situations can be
analyzed. The chronological order of the failure of individual components such as
fuselage, wings and jet engines can be determined. The obstacle can be modelled as
a planar, curved or offset structure. The accuracy of the results is decisively
dependent on how realistic the parameters of the individual aircraft models are.
In addition to the geometry and mass distribution the rigidity and bursting loads
must be available for the different sections of the fuselage.
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Table 14.1 Load approach Starfighter F 104
for Starfighter F 104

1 Mass 13t

2 Impact speed 102 m/s (= mach 0.3)
3 Max. impact force 17 MN

4 Impact period 120 ms

5 Time response Half sine

6 Impact area 2.1 m?

14.3 Load Approach for Fast Flying Military Aircraft

14.3.1 Load Approach for Starfighter

Due to the number of observed crashes of military aircraft of the model Starfighter
load functions were first derived at the end of the 1960s and the beginning of the
1970s. After the examinations had been carried out under the assumption of a fully
plastic impact the load approach detailed in Table 14.1 was established. For the
design of the structures a static load of 17 MN was used as a substitute for the
maximum impact force. The assumed impact area was 2.1 m?. Using this procedure
a minimal protection was to be ensure for similar effects.

14.3.2 Load Approach for Phantom

In the further development an intensive investigation of the danger of an accidental
airplane crash was conducted in the beginning of the 1970s. A representative load
approach was to be defined for the design that covered all relevant aircraft types.
Starting with the Riera-Model of a deformable projectile Drittler, Gruner, and
Siitterlin continued the development of a mathematical model in 1973 and
suggested an impact load-time function for the accidental crash of a Phantom
onto a rigid concrete wall. This load function is shown in Fig. 14.5 and corresponds
to the function later adopted in the RSK-Guidelines in 1981. It was used for the
design of all new nuclear power plants in Germany.

In the years after, i.e. the end of the 1970s and the beginning of the 1980s,
numerous additional studies were conducted regarding the impact problem of
deformable and rigid projectiles on rigid and deformable targets. The effects of
wreckage and debris were given special consideration. Aside from the theoretical
development extensive experiments were simultaneously carried out in different
scales to verify the mathematical models. Especially worthy of mention are the
so-called Meppen experiments (cf. [6]). Ballistic tests where deformable steel pipes
were shot at thick reinforced concrete slabs were carried out on the exercise area of
the German armed forces in Meppen within the frame of a research project
supported by the German Federal Ministry of Research and Technology and with



14.3  Load Approach for Fast Flying Military Aircraft 267

1 50 L L L 1 1 1 1 1 1
Phantom:
120 - - v =215m/s i
. Masse 20 t
= o Impuls 4400 MNs
= Auftrefffiache 7 m?
-
a
9 60 - -
h o
30 4 -
O v T L) T L T ’ T d T ¥ T ¥ I T T

000 001 002 003 004 005 006 007 008 009 010

Zeit Imsl

Fig. 14.5 Impact load-time function according to the RSK-LL for a fast flying military aircraft
based on a Phantom with an impact velocity v =215 m/s

the involvement of different institutions. Impact speeds of up to 215 m/s were
reached. Extensive knowledge was gained about the impact load-time curve and the
behaviour of impacted structures. Among other researchers the author also exam-
ined the findings of the Meppen tests in the frame of his dissertation [13].

Figure 14.6 shows the experimental setup in Meppen. Using a special acceler-
ating device the approx. 6 m long steel pipes were shot at reinforced concrete slabs.
After the impact the deformed projectiles typically looked like the one shown in
Fig. 14.7. Figure 14.8 schematically shows the failure pattern of a reinforced
concrete slab after an impact.

In a spectacular large scale test carried out in the USA in 1988 by the SANDIA
National Laboratories on behalf of Japanese institutions (cf. [13]) a full scale
verification of the theoretically determined load function for a Phantom was
realized for the first time. In the experiment a Phantom with a mass of nearly 20 t
and a speed of 215 m/s in accordance with the assumptions made in the RSK-LL
function was launched against a rigid target (3 m thick concrete slab), which was
suspended almost friction-free on an air cushion. During the experiment many
measurement signals were taken on the aircraft fuselage as well as on the target
body, which were then evaluated by Japanese and American teams. In addition, the
data were reevaluated by the German side in a joint research project lead by the
GRS and with the involvement of the author (cf. [15-20]). Through this many
valuable insights were gained about the processes of an airplane crash. The
resulting load function of the experimental data concurred relatively well with the
function according to the RSK-LL. Figure 14.9 shows a sequence of pictures during
the impact.

In addition to the test under realistic conditions performed with the Phantom
within the framework of the Sandia tests experimental studies were also performed
concerning the impact of jet engines and load functions determined accordingly.
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Fig. 14.8 Schematic representation of the failure pattern of a reinforced concrete slab after an
impact (soft impact, experiments in Meppen)

The spectacular large scale experiment with the Phantom verified that the theoret-
ically determined load approach according to the RSK-LL describes the loads upon
impact relatively well. The design parameters used in Germany were therefore
verified.

Using the tests carried out at the SANDIA National Laboratories other mathe-
matical models to determine the load function could also be verified. Amongst
others the author was able to verify the mathematical models using the discrete
masses and springs described above. The modeling of fuselage of the approx.
17.6 m long military aircraft was carried out with 176 individual masses and
springs. The bursting load and mass distributions were assumed analog to the
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Fig. 14.9 Pictures of the large scale experiment with a Phantom at the Sandia National Labora-
tories in the USA in 1988; the target body after the impact on the right

Sandia experimental data according to Fig. 14.10. While the mass distribution can
be determined relatively well, there is a large degree of uncertainty concerning the
bursting load. It is determined by the strength and rigidity of the materials with
simultaneous consideration to the complex processes due to the crushing such as
stability, imperfections, the geometric non-linearity and the non-linearity of the
materials, temperature, etc. It turns out that the contribution of the bursting load to
the impact force is relatively low. The final result can therefore still be considered
reliable even with the uncertainties in the bursting load.

Figure 14.11 shows the resulting deformation of the nodes at specific points in
time as a result of the calculations. The deformation process is visible as a
compression of the nodal masses. At t =70 ms the fuselage is almost completely
compressed in the impact zone. The temporal development of the contact force is
shown in Fig. 14.12 and is compared with the impact load-time function according
to the RSK-LL. Due to a slightly lower gradient the maximum value of the impact
force of approx. 135 MN is slightly larger than the RSK-LL value. The analysis of
the Sandia experiments also resulted in slightly higher values (cf. [13]). It can be
seen that there is a fairly good agreement to the experimental results which shows
the applicability of the used mathematical model.

14.4 Load Approaches for Large Commercial Aircraft

Load approaches for large commercial aircraft are not included in the general
nuclear facility technical guidelines. Only after the attacks on September
11, 2011 studies were carried out worldwide and load functions were determined
for various commercial aircraft classes. For the most part the information is not
publicly available and can therefore not be discussed in detail here. Contributions
to the determination of load approaches were presented in recent years, for example
at the SMIRT conferences, cf. e.g. [21, 22]. The topic was also treated from
different perspectives within the framework of general scientific research amongst



270 14 Determination of a Load Approaches for Aircraft Impacts

0 3000
1. 2600
= -

: £
g o 1800
% F
= o
= 8 w1200 4
- o
[+3] =
L 500
o o

o -} & 5 8 1© 2 1@ % 1 20 o 2 [3 & 8 0 12 1@ 16 18 20

Distanz (m] Distanz [m]

Fig. 14.10 Idealized bursting load and mass distributions of a Phantom (data corresponding to the
Sandia test)

TME 0.00100 ¥

o—e—a—o—6—0—0—6—606—60—0—0—0—0—06—0—43>a

F —ae [ ligtdirection

TME  0.0300

Is o 0 0 0 00 0 0 0 0 0

TME 0.0700

F o—0—0

Fig. 14.11 Sequence of nodal deformation (buckling) along the fuselage axis at t=1 ms,
t=30 ms and t="70 ms

others to examine the influence of impact projectiles filled with liquids
(cf. e.g. [23]). Using two aircraft models with chosen parameters as examples the
general behaviour is shown below, once using the long-range aircraft Boeing
747 and once using the typical medium-range aircraft Airbus 320.

For a description of the process the deformation of the aircraft on impact or
rather its step-by-step destruction is of interest. It is only in this matter that the
surface loading of an impacted structure with temporally fluctuating load distribu-
tions as well as the temporal difference of the impact of different aircraft compo-
nents can be determined. A computational analysis of the impact will be shown with
a two-dimensional aircraft model which takes into consideration the spatial distri-
bution of rigidity and mass as well as the destruction due to non-linear material
behaviour.
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Fig. 14.12 Load-time function of the Phantom, mass 20 t, v =215 m/s. Comparison calculation
and idealized function according to RSK-LL

14.4.1 Load Approach for a Long-Range Aircraft of the Type
Boeing 747

Based on the explanations of the previous chapter the analysis of a passenger
aircraft of the type Boeing 747 is shown as an example. To create a realistic
mathematical model a considerable amount of information about the layout of the
particular aircraft is needed. This information is partially available in subject-
specific publications. Additional specifications were made available in extracts by
the manufacturers and airline companies due to growing demands after the attacks
on September 11, 2011. In order to make use of the mathematical models that are
based on the approach presented by Riera the compilation of the masses for
individual structural and machine components, such as the landing gear and the
engines, for permitted payload in the cargo compartment and the cabin and for the
aviation fuel distribution over the individual tanks as well as information on
the bursting load of the load-bearing fuselage structure are important.

A further important source of information to aid the development of a mathe-
matical model was discovered by the author by chance. Lufthansa donated a
discharged but still functioning Boeing 747 to the technical museum in Speyer
(town in Germany) for the purposes of exhibition. This aircraft was flown to the
regional airport Baden-Airpark close to Karlsruhe and then partially disassembled
so that it could be transported on the Rhine to Speyer. As a result it was possible to
follow the disassembly over the course of several weeks and to collect additional
information on the design of the aircraft with respect to the necessary data on the
mass and rigidity distributions. Extracts of the collected information are presented
below.

Figure 14.13 shows the fuselage of the Boeing 747 before and after the disas-
sembly of the wings. This illustrates how large this type of aircraft truly is.
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Fig. 14.13 The Boeing 747 during disassembly (with and without wings)

The important elements of the fuselage of the aircraft are the outer shell, the
longitudinal beams, the pilasters and the cross bracings, so-called structural ribs.
The cabin floor consists of a lightweight girder grill construction with panelling. In
the mathematical models the theoretical maximum of the mass of the cabin and the
cargo compartment are reduced and assumed to be distributed over the length of the
aircraft. In this regard it is important to account for the fact that the Boeing 747 uses
a double deck configuration at the front of the airplane. The front section up to
about the middle of the wings must therefore be more strongly weighted. Regarding
the fuselage the additional cabin floor and the slightly larger cross-section have to
be considered, with respect to the mass of the cabin the increased live load due to
the second deck. The mass of fuselage increases slightly towards the rear part due
to the horizontal and vertical tail and the additional rear turbine.

The masses of the two cargo compartments can be conservatively assumed to be
approx. 80 % of their maximum live load. Directly under the cargo compartment
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the center tank is situated which has a capacity of up to 52 t of aviation fuel. The
terrorists responsible for the attacks on September 11, 2001 specifically chose long
routes airplanes to maximize the damage caused by the largest possible amount of
aviation fuel. The center and stabilizing tanks are only filled when necessary, i.e. for
long distances. The reason for this is the significantly better relationship between
the buoyancy and the dead weight of the wings. Due to this the center tank is usually
the first to be emptied. This means that for a long-distance flight it might be
assumed that the center tank is initially full when considering the mass distribution.
Take-off and the approach to the target can be assumed to require approx. 20 t of
aviation fuel. The “Jumbo-Jet” uses about 8 t of fuel per hour and about 10 t are
required for take-off and climbing flight. Since only some airplanes have a tank in
the rear only a partially filled rear tank can be assumed with respect to the mass
distribution.

The wings are connected to the fuselage in the central part of the aircraft laterally
to the center tank. Due to the necessity of transporting the above mentioned airplane
to Speyer via the Rhine the wings had to be separated from the fuselage. As a result
a relatively detailed inspection of the design of the wing including the internal
structure was possible (cf. Fig. 14.14). The main load carrying action of the wing
occurs in the central section where the tanks are also located. This section is
reinforced with numerous longitudinal and transverse girders.

The connection between the wing and the fuselage, called the wing root, consists
of a two-celled box girder cross section and is only connected to the fuselage as a
load-bearing cross section around the tank. The rear edges of the wings show a bent
close to the fuselage at which point the wing widens towards the fuselage. A solid
girder is installed here to decrease the force on the outer landing gear and to stiffen
the wing. In addition to the outer shell longitudinal girders are arranged on the
upper and lower surfaces of the wing. When considering the distribution of the wing
mass it is important to keep in mind that the structural and fuel distributions need to
be known not only in the direction of the wing, but also the longitudinal direction of
the airplane. The jet engines connected to the wings also contribute significantly to
the distribution of the mass of the wings.

The landing gears represent fairly large individual masses. The nose landing
gear (cf. Figs. 14.15 and 14.16) has a width of approx. 1.20 m when measuring the
wheels and is connected to a hydraulic cylinder of approx. 2 m in length which
points in the direction of flight when retracted. When viewing the landing gear the
important additional function of damper for the landing process also becomes clear.
The vertical hydraulic cylinder has a diameter of around 30 cm and a length of
about 2 m. Since the landing gear has to be assumed to be retracted in the case of a
deliberate forced crash, its mass has to be distributed over a length of just over 2 m.
In addition to the wheels and the axle the mass of the suspension assembly in the
aircraft fuselage must be taken into account.

The main landing gear consists of four landing gear groups, one pair of which is
arranged slightly behind the other directly in the fuselage. These inner landing gears
are retracted forward such that the approx. 2.5 m long hydraulic cylinder faces in
the direction of flight.
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Fig. 14.14 View of the contact section of the wing to the fuselage; only the central third is
designed as a load-bearing cross section and is simultaneously designed as a tank

Fig. 14.15 Nose landing gear; on the left in the extended position, on the right in the retracted
position; the hydraulic cylinder points forward in the direction of flight
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Fig. 14.17 Inner and outer landing gear groups with cylinder and struts

The outer landing gears which are located slightly in front are outwardly
suspended from the wing. They retract inward such that the wheels, axle and
longitudinal axle lay in the fuselage directly in front of the inner landing gears.
The approx. 4.5 m hydraulic cylinder comes to rest perpendicular to the longitudi-
nal axis of the plane in the rear section of the wings. About half of the mass can be
assigned to the fuselage and the inner wing section each (Fig. 14.17).

Figure 14.18 shows a simplified plot of a possible total mass distribution along
the aircraft axis. There is an abrupt rise in the mass distribution curve at around
22 m from the nose of the aircraft due to the beginning of the wings and tanks.

To determine the impact load-time function the distribution of the bursting loads
for the individual aircraft sections is needed in addition to the mass distribution. As
mentioned above this determination is relatively difficult and brings with it a degree
of uncertainty. The integral bursting load distribution over the longitudinal axis
must be derived from the respective structural dimensions and rough estimates
concerning the rigidity of individual cross sections. As a reminder it should be
noted that the bursting load distribution only has a secondary influence on the
results of the calculations at higher speeds which are of interest, such that the
uncertainty of the assumptions seems acceptable.
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Fig. 14.18 Schematic representation of the total mass distribution along the longitudinal aircraft
axis for a Boeing 747
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Fig. 14.19 Computational model for a Boeing 747 impacting on a rigid straight target

To determine an impact load-time function the two-dimensional mathematical
model presented in Sect. 14.2 can be used among others in conjunction with the
gathered data for a Boeing 747. Figure 14.19 shows a top view of the spring-mass
system. A straight rigid target is located on the left side. Upon impact of the
respective components of the aircraft structure they are deaccelerated due to the
contact springs. A speed of 175 m/s is assigned to all masses as an initial condition.

During the impact initially only the fuselage hits the target and is compressed.
Subsequently the wing sections are included in the process and make contact with
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Fig. 14.20 Example of a load function for a Boeing 747, mass 380 t, v =175 m/s, comparison
between calculation results and idealized function

the target. After t =400 ms all masses of the fuselage are compressed except those
in the rear section. The aircraft has come to rest. An examination of the contact
forces to the target over time shows that initially only the spring extending along the
fuselage axis transmits a force. Only after approx. 130 ms the wings hit the obstacle,
at which point the springs located there take part of the load. The sum of all contact
spring forces is the integral impact force that acts upon the target or structure.

For the Boeing 747 with an initial speed of 175 m/s the impact duration is
approx. 400 ms. Within the framework of the investigation the mass and bursting
load distributions were varied with respect to magnitude and distribution in differ-
ent computational runs. A variation of the bursting load showed only insignificant
differences in the end result: the impact load-time function. Within the scope of the
overall uncertainties of the model and the assumptions these can be ignored. The
mass distribution therefore plays the deciding role at speeds of about 175 m/s.

Figure 14.20 presents the impact load-time function as the result of a calculation
for a given set of conditions (mass and bursting load distributions). It shall be noted
here that the function shown is only to be considered as an example. With different
boundary conditions and other mathematical models different load function curves
can be determined. An impact load-time function that is calculated in this way is
badly suited for use in further calculations of the structural behaviour. It would have
to be specified as a polygon with many nodes. It also includes many high frequency
oscillation which are completely irrelevant for the loading of a massive structure.
Therefore the loading function can be well described by an idealized function with
only a few nodes. The peak value of the load, the duration and the momentum as an
integral over the time of the impact load-time function should largely agree. With
these considerations in mind, Fig. 14.20 also shows an idealized function. The
momentum of the idealized function shown is equal to I =66.75 MNs.

Within the scope of parameter studies taking into account the site-specific
factors different impact situations can be simulated. For example, the straight
target can be replaced by one with a cylindrical geometry to correspond to the
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Fig. 14.21 Impact with an offset cylindrical target

impact on a convoy reactor building. In such a simulation the aircraft has been
almost entirely compressed to the contour of the cylindrical target after approx.
350 ms. The load function only changes slightly in comparison to the straight target,
however. The wing sections hit the obstacle a little later in the case of a cylindrical
obstacle than in the case of a straight one. The mass density of the outer wing
sections is relatively small compared to the fuselage and the middle wing sections
with the integrated tanks, however such that the impact load-time function only
shows small differences in comparison to the rigid straight target and is covered by
this case.

In additional studies the rigid cylindrical target was offset to the flight direction.
Figure 14.21 shows the initial state. The load on the target is decreased compared to
the central impact. This raises the question of whether the aircraft could be diverted
and deflected by the impact surface that is tilted with respect to the fuselage axis.

14.4.2 Impact Areas Boeing 747

To calculate the structural behaviour it is necessary to analyze and define the
possible impact areas in addition to the temporal progression of the impact force.
Using the geometric data of the B747 and the knowledge gained through the
calculations of the load function the following areas can be used for example:

Agr =39 m”: Substitute area for the fuselage only: circle with a diameter of 7 m.

Ag =64 m”: Substitute area for the entire aircraft including wing components:
ellipse with the semi-diameters 17.00 m and 5.00 m or alternatively a circle with
a diameter of 9 m.
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Fig. 14.22 Effective impact areas for a B747—complete aircraft

For illustration the effective impact areas above are shown in Fig. 14.22.

14.4.3 Load Approach for the Medium-Range Aircraft
of the Type Airbus A320

In the same manner as for the long-range aircraft Boeing 747 the impact load-time
function for an Airbus A320 as a typical medium-range aircraft will be shown here
for comparison. Exemplary results for the impact with a straight target are shown in
Fig. 14.23 in the form of an integral load function. The impact duration is 165 ms,
the peak value of the impact force reaches approx. 165 MN after 115 ms. As a
substitute for a calculated function with many polygon nodes an idealized impact
load-time function is shown. The effective impact surface for the entire aircraft can
be described by a circle with a diameter 6.50 m. The fuselage diameter of an A320
of 4.50 m is smaller than that of a B747 of 7 m.
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Fig. 14.23 Example of a load function for a medium-range aircraft A320; mass 74.5t, v=175 m/
s; comparison between calculation results and idealized functional

14.5 Compilation of the Load Approaches

In the following figures the impact load-time functions of the different types of
aircraft mentioned above are compiled for comparison. The load functions are
plotted once as absolute force values, once taken over the particular effective
impact area and once over the perimeter of the impact area. It shall be noted that
the values presented here for the Boeing 747 and the Airbus A320 are only to be
treated as examples. Using different boundary conditions and other mathematical
models deviating functions can be determined (Figs. 14.24, 14.25, and 14.26).

This compilation clearly shows that the loads are very different with respect to
the absolute force values. In comparison to the design standards of the newer
nuclear power plants that use the Phantom, the B747 has an impact force that is
four times higher and a momentum that is 15 times higher. These values can be
relevant with respect to the global structural stability and the induced vibrations.

For the local load concentration on the impact area the scaled quantities are more
meaningful. A comparison of the loads divided by the impact area shows that the
Phantom is the most unfavorable case. The quantities scaled to the perimeter
describe the sectional load of a hit structure in a first approximation. The integrated
load of the impact area has to be distributed to the perimeter and transferred to the
remaining structure. This results in values that are only 30 % higher for the B747
than for the Phantom.
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Fig. 14.24 Comparison of load functions according to RSK-LL, Boeing B747 and Airbus A320—

resulting total force

20
— RSK-LL
1 - - AJ20
=== Booing 747
=
g 12
Z
=
% 8
E = oy
/! 3
ramh ’ M
4 7 \ 'l L%
-------- =X ‘\-------——-—4-
Pt ok \ ) s
0 -
0.00 0.04 0.08 0.12 0.16 020 024 028 032 0.36 0.40
Zeit [s]

Fig.14.25 Comparison of load functions according to RSK-LL, Boeing B747 and Airbus A320—
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Fig. 14.26 Comparison of load functions according to RSK-LL, Boeing B747 and Airbus A320 —
resulting total force divided by the particular perimeter
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Chapter 15
Verification of the Structural Behaviour
in the Event of an Airplane Impact

Abstract The structural behaviour in the event of an airplane impact has to be
analysed. The local resistance as well as the global stability has to be verified. The
integrity and functional reliability of all safety related structures and components
has to be guaranteed, including the effects of induced vibrations.

15.1 General

The mechanical actions of an airplane crash on a building can be divided into three
categories:

(a) local loads (resistance to penetration),

(b) global loads (structural and position stability) and

(c) loads of assemblies and components due to induced vibrations (integrity and
functional reliability).

In practice different computational models are used for all three categories in
order to be able to include all the relevant influences and boundary conditions for
the specific verification. It is not possible to discuss all verification procedures as
part of this contribution. Rather only a broad overview will be given here.

The first regulations in Germany for the design of building structures against an
airplane crash were published by the Institut fiir Bautechnik in 1974 (cf. [1]).
Further rules were to be established by the Nuclear Safety Standards Commission
(KTA). Drafts were proposed (cf. [2, 3]) but never adopted as final KTA rules.
Because there have been no plans for new construction projects since the 80s work
was not continued. There are several references to airplane crashes in the current
version of DIN 25449 (cf. [4]) such as specifications for the resistance to punching
for impact loads.

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 285
DOI 10.1007/978-3-642-55116-1_15, © Springer-Verlag Berlin Heidelberg 2014
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The structural behaviour and the resistance of safety enclosures of a nuclear
power plant in the case of an aircraft impact shall be examined here using the
example of the containment of a pressurized water reactor of the convoy type. The
outer form of the containment consists of a cylindrical shell with a superimposed
dome with an outer diameter of 66.8 m. This rotationally symmetric form is only
disrupted by the materials lock, its front building and the fresh steam and feed water
armature chambers. The wall thickness of the reinforced concrete construction is
1.80 m. The internal structures such as the inner steel containment etc. are only
connected to the outer structure via the foundation.

Figure 15.1 schematically shows the design of a reactor building of the convoy
type. In the sectional cut the 1.80 m thick reinforced concrete shell is clearly visible.
The structural design of the outer shell is not uniform for all locations. The
spectrum of the flexural reinforcement of the high-strength reinforcing steel BSt
1100 ranges from approx. 26 cm?*/m to 60 cm?/m per side and flexural direction,
depending on the impact location (cylinder or sphere) and the location of the
nuclear power plant. The shear reinforcement of the ductile stell BSt 420/500 varies
between 44 and 66 cm?/m>. For illustration of the geometric dimensions of an
aircraft impact see Fig. 14.2.

15.2 Local Structural Behaviour: Resistance to Penetration

The impact load of an aircraft is a dynamic effect with a very short duration. For
military aircraft this effect lasts approx. 70 ms, for commercial aircraft up to
approx. 400 ms. Due to inertia effects only the directly impacted areas are initially
affected, the rest of a large building does not “experience” anything as a result of
the impact in this phase. The entire building only responds after a certain time lag.
This applies especially to the internal structures, which are separated from the
impacted outer shell and only coupled to it by the foundation. It is therefore possible
to analyze the local behaviour independent of the overall structure.

Figure 15.2 shows how a steel reinforced concrete structure behaves in principle
in the case of an impact. In the case of a soft impact, which can be assumed for an
aircraft impact, local shear failure (punching) or flexural failure is possible. In the
case of a hard impact on the other hand, such as in the case of a massive engine
component, penetration or perforation can occur depending on the ratio of the plate
thickness to the diameter of the impacting body in addition to spalling on the front
and rear side of the target. The term “inherent protection” is used when no spalling
occurs on the reverse side of the impact area.

To determine the resistance of the safety enclosures against the penetration of an
aircraft different models are available ranging from simple equivalent static
approaches against punching to complex non-linear finite element analyses.

In the design praxis for the impact of a military aircraft a simplified static method
was predominately used to examine the local resistance. Figure 15.3 shows the
assumptions of the model used to examine punching according to DIN 25449 [4].


http://dx.doi.org/10.1007/978-3-642-55116-1_14#Fig2
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Fig. 15.1 Schematic illustration of the design of a reactor building of the convoy type: outer
reinforced concrete containment with a wall thickness of 1.80 m, steel safety structure (sphere);
internal structures are only coupled with the outer containment through the foundation
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Fig. 15.2 Soft and hard impact
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Fig. 15.3 Local transverse force measurements in the impact area according to DIN 25449 [4]

A punching cone is assumed which starts at the edge of the impacted area and has a
determined punching angle which was derived from dynamic punching tests. The
stirrup reinforcement within the area of influence of the cone must be able to take
the maximum impact load of the impact load-time function. Requirements for the
plastic straining are not explicitly stated.

More complex models take into account the masses, stiffnesses and plastic
deformation characteristics of the structures which are directly affected. Figure 15.4
shows in principal the functionality of such a model. To determine the loads on the
concrete and rebars in the impact zone the adequate vibration characteristics and the
beneficial effects of inertia are taken into consideration.

The author has derived a simplified design model in [5]. The characteristic
curves of the resistance in the punching zone are shown in Fig. 15.5. In this
model of a double mass oscillator the inertia, the resistance of the concrete and
the contribution of the shear reinforcement as well as the flexural reinforcement
including energy dissipation due to elastoplastic material behaviour is taken into
account. The model was published amongst others in [6]. This model was used by
one of the teams participating in the IRIS project (cf. [7, 8]) in Finland as a
pre-calculation method for ballistic tests and correlated fairly well with the results
of the experiments, even in comparison to other complex numerical models.

In addition to the simplified models the use of complex FE models is possible.
To determine the local loads it is often sufficient to use a rotationally symmetric
model with appropriate boundary conditions. For a convoy reactor building a
section from a sphere or rather from a hemisphere can be used as a model as
shown in Fig. 15.6. An average radius of 32.50 m and a thickness of the steel
reinforced concrete of 1.80 m were chosen for the sectional model shown. The
reinforcements are also considered in detail in the model. When realistic material
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Fig. 15.5 Replacement model to determine the local load on the impact area as proof of resistance
to punching (from [5])

laws for steel and concrete with non-linear stress-strain behaviour in the compres-
sion regime and cracking above the tensile strength are taken into consideration, the
local structural behaviour can be very accurately predicted with such models.

In the past numerous studies on the local behaviour of the relevant structures of
German nuclear power plants were carried out using the computational models
described above. A detailed description of the calculations and results would go
beyond the scope of this contribution. Only a general summary with respect to the
necessary wall thickness is presented here.

Depending on the strength of concrete and level of reinforcement a wall thick-
ness of between 1.50 and 1.80 m is necessary to prevent punching, i.e. the entry of
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Fig. 15.6 Basic representation of the discretization of a rotationally symmetric model as a section
of a spherical shell

the aircraft into the interior of the building when considering the impact of a fast
flying military aircraft according to the approach detailed in the RSK-LL (Phan-
tom). A small amount of spalling on the reverse side cannot be ruled out, however.
All enclosing walls of the safety-relevant constructions of the convoy complex are
designed for this eventuality and have walls that are either sufficiently thick or are
equipped with a redundant design with spatial partitioning. Thinner walls cannot
absorb the load according to the RSK-LL without significant local destruction or
can only absorb an impact with a lower impact speed than 215 m/s. The latter can be
assumed if there are structures in front of the wall that would decelerate the aircraft.

Assuming an increased amount of reinforcement, a wall thickness of at least
60 cm is necessary for the impact of a Starfighter, in the case of normal reinforce-
ment this increases to close to 80 cm. All facilities of a nuclear power plant with a
lower wall thickness only offer marginal or no constructive protection in the case of
an aircraft impact. Due to this the boiling water reactors of the series 69 that were
built in the 1970s are to be viewed critically, even after they were shut down in 2011
because radioactive inventory remains in these plants.

After the attacks on September 11, 2001 the computational models and load
approaches described in the previous chapter were used to determine whether a
large commercial aircraft, such as a Boeing 747 or an Airbus A320, could penetrate
the enclosure walls of the reactor building. These analyses were originally limited
to the reactor building of convoy facilities with a wall thickness of 1.80 m. Using
refined mathematical models it was shown that penetration could be prevent with a
high degree of confidence. In the impact zone the deformations of the wall can be
up to 50 cm, including intensive cracking but without rupture of the reinforcement.
These examinations were not carried out for every individual facility, but rather
generalized models were considered with reinforcement grades towards the lower
end of the scattering range presented at the beginning of this chapter. With respect
to the load-bearing capacity of the concrete it was taken into consideration that the
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real concrete used in the construction has a higher strength than originally planned.
This can be explained by the fact that, with the goal of achieving low stripping
times, often a higher strength concrete is installed and additionally over the course
of years a further increase of the concrete strength can be expected. Extensive
experience with concrete samples from existing structures proves this phenomenon.

In the case of thin walls and low reinforcement grades the probability that a large
commercial aircraft will cause heavy damages on the structures increases. When
appropriate verifications with lower impact speeds, i.e. smaller than 175 m/s, can be
carried out. In some publicly available studies from pertinent conference papers,
e.g. SMIRT, speeds of 150 m/s or even 100 m/s are assumed. At these speeds even
walls with a thickness of 1.50 m may still be sufficiently sound.

15.3 Global Structural Behaviour: Structural Stability

It must be demonstrated that the global structural stability of a building is assured in
the case of a postulated aircraft impact. To be on the safe side, dynamic analyses are
carried out with a global model without taking into account the local effects but
including the mounting in the foundation. The global structural stability of a large
structure such as a reactor building with a very large mass in comparison to the
impacting aircraft does not pose a large problem from a structural engineering
standpoint. For the disadvantageous impact directions and locations the appropriate
verifications of the load-bearing capacity and position stability can be carried out on
a convoy reactor building for a fast flying military aircraft as well as for a large
commercial aircraft. Due to the fact that the outer enclosing walls are designed to
withstand the local effects of a random impact position they are usually sufficiently
reinforced to ensure the global structural stability. Figure 15.7 shows an example of
such a global mathematical model.

Small buildings whose mass is small in comparison to the impacting aircraft
constitute an exception. In these cases it can become necessary to secure the
building against tipping and possibly to reinforce the connection to the foundation.
This could become difficult to achieve with respect to the load due to the impact of a
large commercial aircraft.

15.4 Induced Vibrations

In addition to the evaluation of the resistance of the outer structure the effects of
vibrations due to a crash onto the structure must be considered in the design of the
interior assemblies and components. Although the regulations do not explicitly
cover the case of an airplane crash the analyses and verifications used for the design
case earthquakes can be adapted. In combination with appropriate engineer-like
adaptations, KTA 2201, Parts 3 and 4 ([9, 10]) can be used as a regulatory reference.
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Fig. 15.7 Global model of
a reactor building—
deformed structure due to
an aircraft impact

For some convoy facilities the 0.5 g concept was used for the verification of the
integrity of the primary circuit and other components after an aircraft impact
according to RSK-LL due to induced vibrations. The loads of the components
were replaced by static loads consisting of masses and accelerations of 0.5 g in
all directions. This represents a simplified approach.

Furthermore floor response spectra can be determined to account for the
dynamic processes for the load case airplane crash in the design. Using complex
models which calculate the vibration characteristics of the entire construction as
realistically as possible, the system responses from all possible impact directions
and impact locations are calculated. The foundation and the masses and stiffnesses
of the actual construction play an important role in this. To account for the
inevitable variations in e.g. the foundation parameters the relevant parameters of
the model are varied according to engineering best estimate and covering response
spectra are developed. Comparable to the design case earthquakes a close cooper-
ation between civil and mechanical engineering is necessary. The impact action
effects are transferred to the components via the structure including the ground
where they induce vibrations. The resulting forces from the reaction of the com-
ponents must be reintroduced into the structure and dissipated via the ground.

For those facilities that were explicitly designed in accordance with the RSK-LL
against an aircraft impact the induced vibrations of the components were either
calculated and designed accordingly or the 0.5 g concept was applied. The necessary
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Fig. 15.8 Schematic diagram for the determination of response spectra from dynamic systems
with different eigenfrequencies

integrity and functionality verifications for all convoy facilities in the case of an
impact of a military aircraft have been performed.

This raises the question of whether these facilities could also dissipate the
induced vibrations caused by the impact of a heavy commercial aircraft. To the
knowledge of the author, only preliminary examinations have been carried out for
certain examples.

To identify the principle influences and tendencies the following simplified
examinations are carried out. First of all a linear response spectrum of the load
function for a commercial aircraft is determined and compared to the response
spectrum of the load function according to the RSK-LL. The time-dependent load is
transformed into the frequency domain. This shows which systems are excited in
particular and to which loads they are exposed.

Figure 15.8 illustrates this principle. To determine the response spectra a time
variant load is applied to a multitude of single mass systems, characterized by their
respective eigenfrequency, and the maximum dynamic system response is regis-
tered and plotted over the eigenfrequency.

The results of the comparison between the load function according to Fig. 14.20
a Boeing 747 and the function according to the RSK-LL as given in Fig. 14.5 are
shown in the diagram in Fig. 15.9. For the function according to the RSK-LL the
resulting effective load as an equivalent static load is approx. 200 MN at a
frequency of 32 Hz. The load function of the Boeing therefore particularly excites
structures in the low frequency domain. For frequencies between 5 and 10 Hz this
load yields values approx. 5 times higher. This can be a deciding factor with regard
to induced vibrations and the consequences on the integrity and functionality of
components and assemblies.


http://dx.doi.org/10.1007/978-3-642-55116-1_14#Fig20
http://dx.doi.org/10.1007/978-3-642-55116-1_14#Fig5
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Fig. 15.9 Comparison of the undamped response spectra of the load function: Idealized load
functions for B747 versus Phantom RSK-LL

The statements made above are universally valid and not specific to one specific
system. It remains to be clarified whether the comparison of the results are as clear
for real structures. To answer this question, a simplified 3D computational model of
a convoy containment in accordance with Fig. 15.10 is loaded with the load
function for the Boeing 747 and also with the function according to RSK-LL.
Then the time response of the accelerations at different locations within the
secondary shielding is calculated. Subsequently floor response spectra are
established for different damping ratios using these time responses.

As an example Fig. 15.11 compares a chosen spectrum for a typical damping
ratio of 4 %, which describes the situation for the interior at a height of approx.
20 m. Depending on the frequency range the design accelerations are up to four
times higher for an excitation due to a commercial aircraft than for the Phantom
according to the RSK-LL, in extreme cases up to eight times higher. In order to
make a reliable statement about the protection status of German nuclear power
plants, especially of convoy facilities, continued research is necessary on the effects
on component integrity, an important element in the chain of evidence. It should be
noted however that the first approximations made here lies on the safe side. The
calculations are based on a simplified model and assume a linear system. Due to
the local destruction (formation of cracks) in the impact area, however, a significant
portion of the energy is consumed and not transferred into the building, such that
with respect to the induced vibrations in a realistic non-linear examination of the
impact area a reduction of the floor response spectra is to be expected.
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Fig. 15.10 Symbolic representation of a simple computational model for a typical convoy
containment for the calculation of induced vibrations caused by an airplane crash
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Chapter 16
Special Cases

Abstract Special cases like engine impacts, the effects of flying wreckage or small
aircraft and debris have to be considered in the design. Jet fuel fire may also cause
damage and must be regarded.

16.1 Engine Impact

The impact of an individual jet engine as a side effect of an airplane crash represents
a special case and must be considered separately. However, the effect of the
impacting engine is already an integral part of the respective impact load-time
function of a specified aircraft and is therefore included in the calculations of
the local and structural behaviour.

In addition to the local and global structural behaviour due to an aircraft impact
the question must be asked whether an engine can penetrate the reinforced concrete
shell of the reactor building locally. Aspects such as vibrations do not play a role in
connection to this. The topic of the possibility of perforation has already been
extensively examined by a variety of sources in the past (cf. e.g. [1-5]), in large part
using information gained from military expertise.

A turbojet engine of the type GE-J79 built by General Electric (cf. Fig. 16.1) is
installed in the Phantom and many other military aircraft. Within the framework of
the experiments carried out at Sandia the effects of this engine were analyzed in
detail. For example an impact load-time function as shown in Fig. 16.2 was
developed. In addition appropriate perforation formulas were tested and evaluated.
Figure 16.3 for example shows the results of the necessary penetration thickness
that the author has compiled in conjunction with other projects. The results of the
examinations show that a 1.80 m thick steel reinforced concrete wall cannot be
penetrated by an engine.

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 297
DOI 10.1007/978-3-642-55116-1_16, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 16.2 Impact load-time function of a GE-J79 engine; function measured and calculated within
the framework of the examinations at Sandia (cf. [14] of Chap. 14)

Commercial aircraft use a diverse variety of jet engines. However a comparison
shows that jet engines currently in use have a much lower mass-to-volume and
mass-to-sectional-area ratio than the GE-J79, the jet engine used in the Phantom. As
an example Fig. 16.4 shows the jet engine of a Boeing 747. Using the established
sources it was determined that these engines are also not able to penetrate a 1.80 m
thick steel reinforced concrete such as those used in convoy containment. This case
is not seen as a particular threat potential for the containment but there is danger of
penetration in the case of thinner walls.
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Fig. 16.3 Perforation protection thickness for a deformable projectile (e.g. engine impact)

Fig. 16.4 Jet engine of a Boeing 747

16.2 Wreckage, Small Aircraft and Debris

In principle the same assertions are relevant for wreckage and small aircraft as for
the impact of a jet engine. Convoy facilities, built with relatively thick enclosure
walls, are able to cope with the effects of impacting wreckage. Penetration is
prevented by the massive enclosure. Thinner walls, i.e. smaller than 1.50 m, result
in higher penetration probabilities.

The effects of debris loads due to the collapse of structures that do not withstand
an aircraft crash and topple over (cf. e.g. Fig. 16.5) are considered in the design of
the convoy facilities and therefore do not present a relevant threat potential.
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Fig. 16.5 Example of
debris loads due to the
toppling of a chimney :
(Sketch by Hochtief IKS)

This statement also holds true for the crash scenarios of heavy commercial aircraft,
because it is irrelevant if the debris is created by the crash of a military aircraft or a
passenger aircraft.

16.3 Jet Fuel Fire

Military aircraft only carry a comparatively small amount of kerosene that can
ignite and combust in a fireball in the case of an impact. The consequences in this
case are relatively minor, however. The concrete structures, so long as they are not
penetrated, can withstand such a fire without any problem. Precautionary measures
are planned for secondary effects. Standards are set forth in the rules and regula-
tions for these measures.

The situation is different in the case of a deliberate forced crash of a large
commercial aircraft. The amount of carried jet fuel is considerable. On impact, a
large part is atomized and directly combusted. A further part is spread over the site.
There is a danger that kerosene pools with significant depths are formed. Depending
on the rate of combustion the effects of the fire can last for a significant amount of
time up to half an hour. So long as no kerosene enters the interior of a building that
is to be protected, however, the concrete structures are able to withstand the effects
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of the fire. Even if spalling of parts of the concrete structure occurs due to the effects
of the fire, the structural stability is not endangered.

The topic of jet fuel fires and their consequences were examined in detail after
September 11, 2001. Details cannot be reproduced here. To the knowledge of the
author, however, the statement can be made that the physical structures of a convoy
system are sufficiently robust and that appropriate measures have been taken for
secondary effects such as smoke, etc.
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Chapter 17
Evaluation of the Security Status of German
and Foreign Facilities

Abstract The security status of German and foreign nuclear facilities is discussed.
For the actual operating German reactors of type convoy it is not expected that an
impacting aircraft—even under the assumption of a large commercial aircraft—
would penetrate the shell of the building or that a significant amount of kerosene
would enter the interior of the building.

17.1 Security Status of German Reactors

Those facilities that are currently still in service in Germany are designed to
withstand the crash of a fast flying military aircraft according to the specifications
set forth in the RSK-LL. This results in large wall thicknesses of the enclosure walls
of >1.80 m and very high levels of shear and bending reinforcement in order to
ensure local protection against penetration. For example Fig. 17.1 shows the roof of
the recently completed vitrification facility in Karlsruhe, which is also designed
according to the RSK-LL with regards to aircraft crashes. This example illustrates
the high reinforcement density, especially of the shear reinforcement to prevent
local punching.

Due to this design of the convoy facilities (cf. Table 12.1) there is a large
potential for resistance to the impact of a large commercial aircraft without major
damage. Even though the structural design of convoy reactor buildings in Germany
is not homogeneous—there are differences in the amount of reinforcement
according to the location—the examinations carried out to date show that the
reinforced concrete shell, consisting of a dome built on a cylindrical shell, would
most likely withstand the impact of a large commercial aircraft in the scenarios
presented in this contribution. This also holds true when considering the impact of a
jet engine and the effects of debris. Despite cracking and spalling on the front and
back as well as plastic deformation of the bending and shear reinforcements the
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Fig. 17.1 Reinforcement of the roof of the Vitrification Facility Karlsruhe (Ger.: VEK)—the load
case airplane crash is the design basis for the massive reinforcement

integrity is guaranteed. It is not expected that an impacting aircraft would penetrate
the shell of the building or that a significant amount of kerosene would enter the
interior of the building. The global structural stability of the reactor building, which
is designed to withstand earthquakes and the pressure waves of explosions, also
seems to be assured according to the hitherto existing examinations.

In addition to the local and global mechanical robustness the induced vibrations
must also be examined. The above given examples of the calculations of the
response spectra show that their effects can be considerable. The accelerations for
the loading of components are expected to be up to four times as high for the impact
of a commercial aircraft than for a Phantom. Because the safety of a facility
depends on the weakest link in the chain of evidence, a differentiated examination
and possibly additional investigations are necessary to address this problem. For the
facilities that use the so-called 0.5 g concept, the applicability of the process for a
postulated impact of a heavy passenger aircraft should be verified.

The situation is judged to be more critical for the older nuclear power facilities
(cf. Table 12.2). The physical structures of the enclosure were not designed for the
crash of a Phantom. The thicknesses of the reinforced concrete walls of these
facilities are relatively small. Even without detailed investigations it can be said
from experience in the design and robustness of such structures that these facilities
are not able to withstand the impact of an aircraft without additional measures.
Until the end of the decay phase and the transfer of the radioactive inventory into
Castor containers there is a threat from an aircraft impact. By installing a supple-
mentary protective superstructure it would however be possible from a technical
viewpoint to realize an effective safeguard against an airplane crash in older
facilities as well.
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Few nuclear facilities in Europe and worldwide are designed for the impact of a fast
flying military aircraft. The European pressurized water reactor (EPR) Olkiluoto
3 currently under construction in Finland is designed for the crash of a large
commercial aircraft. Official specifications and details are not common available,
however. Switzerland and Belgium adopted the German design standards in the
1980s. In France, where a large amount of nuclear power plants are operating,
the design only incorporates small civilian aircraft such as the Lear Jet 23 or the
Cesna 210. However now in the design of the EPR-Reactor currently under
construction in Flamanville, Normandy, the crash of a military aircraft and a
large commercial aircraft are included in the design specifications. The effects of
an aircraft impact have only recently been regarded in the construction of new
projects around the world. It is not known to the author whether or not induced
vibrations are also considered in the design of these facilities. For these reasons,
even the nuclear power plants that were shut down last year in Germany have a
standard of safety that is comparable or superior to the majority of facilities
operating around the world.



Chapter 18
Summary

The presented contribution deals with the design of nuclear power plants in
Germany in the case of a postulated aircraft impact. Both the accidental crash of
a fast flying military aircraft and the deliberate forced crash of a large commercial
aircraft are considered. Requirements, effect types and crash scenarios are
discussed. Using examples the development of load approaches are explained.
Subsequently the basic procedure for the verification of the structural integrity of
the building as well as the determination of induced vibrations is shown. Also
briefly discussed are special considerations such as the effect of debris and jet fuel
fires. An opinion is delivered to what extent the containments of German nuclear
power plants are able to withstand a terrorist attack using a commercial aircraft.
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Chapter 19
Introduction

Abstract The introduction outlines the field of application and the historical
evolution of decision support systems for use in nuclear or radiological
emergencies.

When in the course of some nuclear or radiological emergency or threat radioactive
material is being released, or a release can be expected or has already occurred,
radiation protection measures can become necessary or at least seem indicated.
These measures aim at preventing deterministic radiation effects and minimizing
stochastic effects to a reasonably achievable extent. In this context, decision
support systems shall offer a sound knowledge and facts base on which rational,
reasonable and verifiable decisions can be taken in a given situation. A further field
of application lies in assisting in the preparedness for such situations by allowing
the identification and elaboration of appropriate countermeasure strategies in
advance, and by providing research and training scenarios.

Assessing the radiological situation in a real emergency requires firstly a diag-
nosis of the prevailing radiological conditions, and secondly, a forecast of their
potential future development, both as fast and reliable as possible under the given
circumstances. Formerly, only manual methods were available in terms of blank
forms, data tables, diagrams, and computation rules, allowing relevant radiological
quantities to be estimated by manual calculations. The necessary material was
compiled in textbooks, in Germany for example in a “Compendium for Radiation
Protection Consultants” [1] and a “Catalog of Measures” [2]. With the emerging era
of computing, the manual calculations were supplemented or replaced by computer
codes; however, the latter represented mainly a computer-suited transformation of
the manual methods and not a new methodology.
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Nowadays there exist advanced model- and data-based computer systems for
assisting decision makers. They differ from those basing on the manual methodol-
ogy not only in the use of more complex models for assessing all relevant phenom-
ena and quantities, but in particular in their possibility to couple up to emission and
pollution measurements from monitoring networks or stationary or mobile local
stations. Some systems are devoted only to specific topics and tasks. In Germany,
for example, the fields of emergency management and radiation protection are
covered by distinct systems, the remote surveillance systems for nuclear reactors
operated by the German federal states (KFUs) [3], and the integrated measurement
and information system (IMIS) [4] of the federal government, respectively. There
are also comprehensive systems that cover all radiological protection and recovery
aspects following a nuclear accident, for example the European systems RODOS
[5] and ARGOS [6], or the American emergency response consequence assessment
tool RASCAL of the U.S. Nuclear Regulatory Commission [7].

Our article presents the Real-time On-line Decision Support System RODOS
which was developed as consequence of the Chernobyl disaster in 1986 for off-site
emergency management after nuclear accidents for use in national emergency
centers in Europe. In this context the article also gives insight into the importance
and application of computer-based decision support systems in general and into
concepts and recent developments in German and European radiological emer-
gency management.

Knowledge of basic radiological concepts such as radioactivity, radiation and
dose, is assumed. To facilitate the understanding for readers not familiar with the
subject, the following chapter summarizes relevant radiological phenomena,
the fundamentals of radiological emergency management, and the modeling of the
radiological situation in computer programs. Topics as the data requirements of the
models and the actual availability of data in the different phases of an accident and
the respective uncertainties are also addressed.

All descriptions in the article refer to the assumption of some hypothetical
accidental release of radioactive material. Statements about the probability of
releases from a given facility or specific types of facilities are not made and not
intended.
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Chapter 20

Relevant Radiological Phenomena,
Fundamentals of Radiological Emergency
Management, Modeling of Radiological
Situation

Abstract The chapter summarizes relevant radiological phenomena, the funda-
mentals of radiological emergency management, and the modeling of the radiolog-
ical situation in computer programs. Topics as the data requirements of the models
and the actual availability of data in the different phases of an accident and the
respective uncertainties are also addressed. The chapter is mainly intended for
readers without deeper familiarity with the respective scientific field.

For the emergency management in case of a nuclear or radiological accident,
radioactive releases into the atmosphere are the primary point of interest as they
can jeopardize the population quickly by external exposure and by inhalation, and
also may lead to a rapid contamination of food products. Subject of the present
chapter are the “terrestrial exposure pathways”, namely the exposure of people by
airborne radioactive substances or those deposited on the ground or on other
surfaces. The “aquatic pathways” resulting from direct or indirect contamination
of rivers, lakes, and coastal waters are described in the chapter on “The Hydrolog-
ical Model Chain.”

The descriptions of the relevant radiological phenomena and of the fundamen-
tals of radiological emergency management are oriented on the German “Radio-
logical Principles of Decisions about Measures Protecting the Population against
Accidental Releases of Radionuclides” [1] that contain also many further details
and references to other literature.

On the internet, searching e.g. for “Dictionary of Radiation Terms” yields
several sites that provide reliable and understandable information and links to
other sites related to the topics described in the current chapter, for example from
the U.S. Department of Health and Human Services."

! http://www.remm.nlm.gov/dictionary.htm
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Fig. 20.1 Release, atmospheric dispersion and deposition, and resulting contamination

20.1 From Atmospheric Radioactivity Releases to Human
Radiation Exposure

Atmospheric dispersion begins with the release of gaseous and aerosol-type radio-
active fission products from a reactor. Figure 20.1 illustrates the processes leading
to a radioactive contamination of the air and of surfaces, and Fig. 20.2 the resulting
radiation exposure from terrestrial exposure pathways. The term ‘“radiological
situation” comprises the contamination of air and surfaces as well as the resulting
radiation fields and doses.

Depending on the type of accident, there may be controlled releases through
monitored openings that are designed for such purpose and typically equipped with
filters, or uncontrolled releases from other parts of a building. In any case, the
released volumes come under the influence of external atmospheric processes: they
follow the mean wind flow (advection) and get mixed with the outside air by
turbulent diffusion. The final outcome is an increasing expansion of the cloud
during the transport, and a corresponding dilution of the nuclide concentration in
the cloud. The vertical spreading and mixing of the cloud is limited by the inversion
layer that sets a limit to the mixing layer. If the released volumes have high
temperature, the cloud will rise until equilibrium with the surrounding air has
been achieved.

Unlike the concentration of chemical tracers in air, which is quantified as
“microgram per cubic meter”, the concentration of radionuclides in air is specified
as “decays per second per cubic meter,” Bg/m?, because the biological effect of
radiation is caused by the nuclear disintegrations. The total number of
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Fig. 20.2 Radiation exposure of humans, animals, and vegetation, by terrestrial exposure
pathways

disintegrations as the radioactive cloud passes through a specific volume element
for a given time period is referred to as the time-integrated nuclide concentration,
Bq s/m>.

The time-integrated concentration in air close to the ground determines the
contamination of surfaces by dry deposition and the inhalation of radioactive
material from the cloud by humans and animals; cf. Figs. 20.1 and 20.2. However,
it is in particular the wet deposition resulting from the cloud being washed out by
precipitation that can considerably increase the contamination of surfaces and thus
lead to a much higher longer-term external y-radiation exposure from the ground
and contamination of food and feed stuffs; cf. Figs. 20.1 and 20.2. Deposition
processes are specific to nuclide groups: noble gases are not deposited at all while
aerosols and iodine gas (elemental or bound organically) are subject both to dry and
wet deposition.

External y-radiation from the cloud and from contaminated surfaces is partly
absorbed by the human body, and results in organ doses.

Skin contamination of humans arises from radionuclide deposition onto the
uncovered (bare) skin. Especially wet deposition of beta emitters on the skin can
cause significant doses to the skin itself. Contamination of both skin and clothes
causes y-exposure of the skin and the whole body. a-particles, however, have such a
short depth of penetration that they will not reach the radiation-sensitive layer of the
skin, thus not giving rise to a relevant skin or organ dose.

Inhalation of iodine and aerosols from the air leads to an uptake of radionuclides
into the body and subsequently to organ doses by internal a-, -, and y-radiation. A
well-known example is the internal -exposure of the thyroid by inhaled radioactive
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iodine nuclides. Internal o-, -, and y-exposures and subsequent organ doses also
follows the ingestion of contaminated food and drinking water.

Inhalation of deposited and then resuspended nuclides plays a secondary role in
moderate climate zones, such as Central Europe, unless the released material
consists mainly of a-emitters.

Once radioactive substances have entered the body, they become excreted or
stay in the blood stream or organs or tissues for different periods of time. As long as
they remain in the body they give rise to the so called “committed dose” which is
defined as the dose for adults and children resulting from internal exposure over a
period of 50 and 70 years, respectively.

Doses evaluated without taking into account any shielding effects or actions for
avoiding or mitigating exposure are referred to as a “potential doses.” For instance,
the dose calculated from external y-radiation, inhalation, and contamination of
clothes under the assumption of permanent unprotected residence in the open air
is a “potential dose” (also called “open air dose)”. Actual doses may differ from the
potential ones; this depends on the surroundings and thus on the lifestyle habits of
the considered individuals. Doses derived by assuming some representative average
lifestyle are called “normal living doses”.

The total dose rate that results from y-exposure from the cloud and from the
ground or other contaminated surfaces is referred to as the “local (y-)dose rate”; it
is mostly expressed in terms of micro Sievert or nano Sievert per hour
(uSv/h= 107® Sv/h and nSv/h=10"° Sv/h, respectively). The German Federal
Office for Radiation Protection operates an automatic local y-dose rate measuring
network as part of the German IMIS system with approximately 2,000 measuring
points. According to this measuring network, the average natural local y-dose rate
in Germany is about 0.1 pSv/h, roughly corresponding to an annual dose of 1 mSv.

Significant deviation from the average natural background level may be the first
indicator that a nuclear accident is going on. In case of a real accident, a comparison
of readings from stationary networks or mobile monitors with computed local
y-dose rate values allows conclusions about the source term and the real atmo-
spheric transport situation.

20.2 Effects on Health from Radiation Exposure

This chapter briefly recapitulates the phenomena and terms in connection with the
possible effects on health from radiation exposure. Information about radiation
damage also for non-experts can be found for example on web sites of national
health offices.”

2In German see e.g. the web site of the German Federal Office for Radiation Protection, http://
www.bfs.de/. In English see e.g. the web site of the American CDC Centers for Disease Control
and Prevention, http://www.bt.cdc.gov/radiation/glossary.asp
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The energy of ionizing radiation impacting on living creatures can be absorbed
partly or completely inside the cells. It is primarily the absorption by ionization
processes in the cell’s molecules, especially in the deoxyribonucleic acid (DNA)
that causes biological radiation effects. Many DNA defects are fully repaired by
endogenous repair mechanisms. If the repair turns out to be faulty, however, there
may be permanent changes in the DNA (mutations) which can lead to health
detriments after a latency period of years or even decades. If cell regeneration is
impossible at all or takes too long because the damage is too severe or too extended,
there may be cell death either right after exposure or somewhat later.

DNA mutations in cells of the body can cause somatic (physical) effects, such as
leukemia, tumors or cancer; they affect the individual exposed. Mutations in germ
cells cause genetic (hereditary) effects; they affect potential progeny of an exposed
individual. With respect to all radiation-induced detriment caused by DNA muta-
tions it is assumed that there is no threshold dose” for the manifestation and that the
severity does not depend on the dose—an increase in radiation dose will add to the
probability of occurrence but not change the type of effect. This type is thus referred
to as a “stochastic radiation effect”. The risk of damage is expressed as the
probability of occurrence per unit dose, with the risk numbers taken from epide-
miological studies of larger populations exposed to radiation and dependent on a
multitude of parameters, such as gender and age of the individuals.

Acute radiation detriments occur either immediately or within days or weeks"
after the exposure to high radiation doses; the manifestation can be temporary or
permanent. Unlike stochastic radiation effects, such damage can be related to the
radiation exposure of the affected individual, and is therefore referred to as a
“deterministic radiation effect”. As a rule, these effects are the consequences of a
massive killing of cells in an organ or tissue; if this exceeds a certain level, the
affected organ or tissue will lose its functionality. Once a threshold dose has been
exceeded, the severity of the injury increases with the dose, and the injury occurs
earlier as the dose increases. According to ICRP-103 [2], (Sect. 3.1), no clinically
relevant loss of function as a result of radiation exposure is expected below an
absorbed dose of approx. 100 mGy.” A survey of deterministic effects and their
threshold levels can be found, e.g., in ICRP-103 in Annex A.

3 Very low threshold levels are under discussion, too. Not finally clarified, this discussion plays no
fundamental role in emergency management.

4 Radiation-induced cataracts manifest only after some years.

5 The absorbed dose [Gy] is to be used for assessing deterministic effects, and the dose equivalent
[Sv] for determining stochastic effects. For loosely ionizing radiation, the numerical values are
the same.
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20.3 Emergency Management and Emergency Measures

20.3.1 Basics of Emergency Management

Emergency management in case of nuclear or radiological events associated with
radionuclide releases comprises acute disaster management as well as preventive
and long-term rehabilitation management. Depending on national regulations, both
areas can be organized strictly separated or closely connected; however, they are
united by two fundamental safety goals:

1. Prevention of severe deterministic health effects in the population, emergency
crews and auxiliary teams

2. Minimization of collective and individual risks of stochastic health effects on the
basis of the principle of proportionality

Because scientifically supported “hard” threshold levels for stochastic effects are
lacking, especially the second objective has been the subject of various consider-
ations and interpretations. For this reason, there are different concepts for planning
and implementing emergency management measures in the international literature
that have developed historically and are being in use in different countries.

The principles of radiation protection currently being valid require compliance
with the following regulations, pertaining to each individual event and to the
planned measures, as individual measures and in totality:

» Justification—AlIl positive and negative aspects must be taken into account,
i.e. the reduction of the radiation-induced health risk aimed at on the one
hand, and on the other hand further health and societal aspects, such as health
risks potentially caused by the measures, direct and indirect costs of a measure,
public acceptance of a measure, etc.

» Optimization—Taking account of the safety goals as well as the prevailing
constraints, such as the availability of resources

» Proportionality—The radiation risk after the measures should be kept “as low as
reasonably achievable” (ALARA), accounting also for the impact of the inter-
vention on personal life

20.3.2 Distinction of Accident Phases from the Emergency
Management Point of View

Precondition for decisions about emergency measures is the diagnosis of the
existing and the prognosis of the future development of the radiological situation.
In case of accidental releases of radioactivity into the air, both are essentially
determined by the type and quantity of the released radionuclides and the
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atmospheric dispersion and deposition conditions. From the emergency manage-
ment point of view, three situations can be distinguished.

* An accident is taking place, but no radioactive substances have been released yet
(pre-release phase)

» There are releases going on that influence the acute emergency management in
the affected area (acute release phase)

¢ A release takes or took place, but the atmospheric dispersion and deposition
processes are over or no longer significant or relevant (later phase)

Occasionally, the term “early phase” is used for designating the pre-release
phase and the acute release phase together.

The pre-release phase begins when the possibility of a relevant release is
recognized, and terminates either when the event is brought under control or with
the onset of a major release. By definition there have not yet been any releases, thus,
estimates of a potential future radiological situation can only base on forecasts of
the source term and the meteorological conditions. With respect to the latter, the
meteorological data measured at the facility can be used for the near future and the
nearby surroundings; otherwise, numerical weather prognosis data are to be
employed. In the pre-release phase, preventive measures against an expected
release can be carried out in order to exclude any subsequent radiation exposure.

In the acute release phase, the available information are meteorological data
measured on site and in the surroundings, prognoses from numerical weather
forecast models, and maybe measured source term data from the plant instrumen-
tation (mostly, however, only source term estimates). Moreover, increasingly
more measurements of the local y-dose rate and of soil and food contamination
levels will become available as time goes on. In the acute phase, preventive
measures should be carried out preferably in areas not situated in the current or
predicted transport directions or those not yet reached by the radioactive cloud.
Unforeseen changes in the release pattern or in the meteorological conditions can
necessitate changes in, or additions to, the measures already initiated. Also,
special attention must be given to the radiation protection of emergency crews
and auxiliary teams.

The later phase, when the external radiation and inhalation of radioactive
material from the cloud and also the deposition processes are over or no longer
relevant in the area under consideration, can be divided into a transitional phase and
a long-term phase.

At the beginning of the transitional phase, there will be still the necessity for
continuing the analyses of the radiological situation that were already started during
the release phase but likely not finished because this requires a sufficient number
and quality of measurements of the contamination levels in food, drinking water,
surfaces, soils, plants, and water bodies. At the end, the necessary data, resources
and time will be available for deciding upon the event-related justification and
optimization of measures for controlling the exposure of the general population, of
subgroups of the population with higher risks, and of the executing radiation
protection and rehabilitation workers. It is now the time to decide about changes
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with regard to measures already undertaken, or about measures that become
required in addition (e.g. resettlement), and also about the stepwise cancellation
of existing measures. The transitional phase can last from days to several weeks.
The long-term post-accident phase can last up to several years or even decades.
It is characterized by a long-term contamination and an associated low but long-
lasting radiation exposure of people that can be regarded as an existing exposure
situation in the sense of ICRP 103 and ICRP 111 [3]. The question is then how
individual, social and economic life can be shaped in the affected areas. This
requires a culture of treating radiation protection issues that needs to be communi-
cated with the affected population and economic agents, and the further optimiza-
tion of measures has to be realized in a social consensus. In most cases, medical
surveillance of the population in the contaminated areas is also necessary.

20.3.3 Off-Site Radiation Protection Measures and Their
Initiation

Measures for avoiding or reducing radiation doses can take effect only on antici-
pated doses; once a dose has been received it cannot be undone. This means that the
doses underlying the decisions about future measures can only come from prog-
nostic assessments, including extrapolations from existing contamination patterns
and exposure histories; they cannot be measured in advance.

At present, a given measure is initiated when the estimated value of a dose
quantity, calculated with rules specific for the measure, exceeds a given limit (the
“intervention level”) or is within a given limiting interval, respectively, also
specific for the measure. There are significant international differences in the
rules for determining the dose quantity, i.e. in the exposure pathways and time
periods to be taken into account, and whether the “projected dose” or the “avertable
dose” shall be used. But even if the same concept is in operation, the dose limits
may differ between different countries.

Since a couple of years, the International Commission on Radiological Protec-
tion has developed a new concept and published it in ICRP-103 which implies that
the individual dose in the population, expected from all exposure pathways—food
ingestion included and typically integrated over 1 year—should not exceed a given
dose level, the so called reference level. Strategies of countermeasures have to be
defined and optimized in the planning stage to assure that in an acute event this
reference level will not be exceeded. The advantages and disadvantages of this
concept and the practical implementation are currently being debated both on
national and international levels.

The next two chapters outline the measures which can be taken for avoiding or
mitigating off-site radiation exposure of the population in the early and late phases
of an accident.
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20.3.3.1 Maeasures in the Early Phase

In the early phase, sheltering and evacuation are measures for protecting the
population partially or completely against external irradiation from the passing
cloud, against external irradiation from activity deposited onto the ground, and
against internal irradiation following inhalation of radioactive material from the
cloud. The intake of stable iodine tablets is a measure for blocking the thyroid
against inhaled radioactive iodine in cases where the inhalation itself can or could
not be prevented e.g. by evacuation before cloud arrival. Various measures
addressing the ingestion pathways should also be taken early, for instance, public
recommendations not to consume locally produced milk or vegetables in order to
prevent the uptake of radioactive substances by ingestion of these food stuffs.

If possible, evacuation, or the distribution and intake of iodine tablets, should be
ordered and carried out as a preemptive measure in the pre-release phase. While a
release is going on, it may become impossible to carry them out at all, or makes
little sense due to uncertainties about the future development of the accident and the
weather. The request for staying indoors (with windows closed and ventilation
systems turned off) is meaningful as a preventive measure even when a release has
already begun.

In Germany, the intervention level for evacuation is 100 mSv, to be applied to
the projected effective dose resulting from external cloud gamma exposure during
the cloud passage, ground gamma exposure over the first seven days plus the
projected effective committed dose from inhalation during cloud passage. The
intervention level for sheltering is the projected effective dose of 10 mSv, consid-
ering the same exposure pathways and integration times as for evacuation.

Timely evacuation can entirely avoid any radiation exposure of the population.
On the other hand, evacuation constitutes a major disruption of normal life, and the
risks associated with this measure must not be disregarded in decision making.

For indoor locations, the achievable shielding against external exposure depends
on the type of building and the construction materials. As an example, Table 20.1
shows the mean shielding factors derived for open air without surrounding struc-
tures and for various types of buildings that are used in the RODOS decision
support system; a value of 1 means no shielding effect. Contaminated surfaces in-
and outside buildings and of vegetation—in particular trees—in the vicinity of a
given location can increase the exposure in comparison with the open-air irradia-
tion, thus giving rise to shielding factors greater than 1.

In Germany, the intervention level for the distribution of iodine tablets is 50 mSv
for children under the age of 18 and pregnant women, and 250 mSv for adults, to be
compared with the committed dose to the thyroid resulting from the inhalation of
radioactive iodine nuclides. Preemptive intake before the inhalation takes place
offers 100 % protection; a slightly delayed intake, e.g. 3 h later, still reduces the
thyroid dose commitment by 50 %. In iodine deficiency areas, however, this
measure can lead to health problems in particular for the elderly, therefore, in



324 20 Relevant Radiological Phenomena, Fundamentals of Radiological Emergency. ..

Table 20.1 Mean shielding factors in use in RODOS

Semi-detached ~ Multi-storey

Shielding factor Open air (without trees or Lightweight flat or terraced block
against buildings in the vicinity) module building houses building
Ground 1.0 0.5 0.1 0.01
y-irradiation
Cloud 1.0 0.8 0.5 0.2
y-irradiation
Inhalation from 1.0 0.5 0.5 0.5
the cloud

many countries there are age limits for the application of this measure; e.g. in
Germany where tablets are not distributed if the age exceeds 45 years.

Measures associated with the ingestion pathways can be issued either as
non-binding precautionary warnings and recommendations irrespective of any
threshold levels, for example, warnings against the intake of locally produced
freshly harvested food, or the requests to put grazing cattle off pasture and on
uncontaminated feed if possible. Such measures can be taken already in the early
phase.

Binding interventions into the supply of food and feed stuffs, however, must be
issued on the basis of maximum permitted activity levels, and play a major role only
in the later phase after an accident.

20.3.3.2 Late-Phase Measures in Urban and Rural Areas

The primary measure for protecting the general public against external irradiation
from activity deposited onto the ground and other surfaces in the post-release phase
is relocating the people from the area, either temporarily for weeks or months, or
permanently for an indefinite period of time. In general, relocation will be initiated
only when measured data for the entire area are available.

Aside from relocation, in the post-release phase there are on the one hand
agricultural measures with the aim of mitigating the uptake of radioactivity via
contaminated food and drinking water, and on the other hand decontamination and
other measures in urban environments with the aim of reducing daily life exposure
of the general public.

After the Chernobyl accident in 1986, Europe undertook the effort of systemat-
ically identifying and cataloguing all decontamination and rehabilitation measures
which could reasonably be applied in Europe following a nuclear or a radiological
event [4]. The survey yielded in roughly 100 measures, and a range of typical
criteria that allow selecting the most appropriate ones from the list:

< Extension of the contamination in space and time
¢ Effectiveness of a measure
¢ Amount and treatment of generated waste
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» Radiation exposure of the involved workers

» Damage to the environment

» Costs

* Social and ethical aspects

e Communication with and expectations from the public

For many of the late phase measures other than relocation identified in [4], there
is only a limited time window in the order of days or weeks after the accident where
they stay efficient, so that the effectiveness of a given measure in general will
depend on the delay until carrying-out becomes possible by radiological, logistical
or other reasons. Moreover, agricultural measures also depend very much on the
time of year when the accident takes place, the types of radionuclides released, the
local soil types, and the given food item.

The aim of agricultural measures is to reduce the activity concentration in a
given foodstuff below a given limit so that the product can be marketed. Typical
limits in the European Union are in the range of a few hundred to several thousand
Bg/kg fresh weight; they were introduced after the Chernobyl accident [5, 6] and
are under discussion again after the Fukushima accident in 2011.

Measures against the contamination of milk by iodine or cesium, which are
typical fission products present in accidental releases from reactors, have to be
initiated at a very early stage. When milk cows are grazing outside, the peak
contamination of iodine in the milk, for example, occurs already after a few days
after the deposition on pasture grass. Apart from banning the consumption, mea-
sures can also be taken for reducing the transfer of the contamination from the cows
into the milk (by feeding sorbents), or for reducing the contamination of the
end-product by processing the milk to cheese or milk powder.

Another important fact with respect to the timing is that it is the effect of direct
deposition of activity on existing vegetation that causes high activities in food stuffs
and feed stuffs, so consumption bans are mostly needed only in the 1st year. In the
following years, the activity is transmitted to the plants only by means of root
uptake, which reduces the effectiveness of uptake by at least one or two orders of
magnitude [7].

Decontamination measures in urban areas can be subdivided into two categories:

¢ Measures shielding the population from the contamination
* Measures removing contamination from the area as far as possible

Measures applied in Chernobyl, now under discussion also for Fukushima,
include in particular the removal of top soil and the cleaning of paved or solid
surfaces, such as roads, sidewalks, walls, and roofs. However, decontamination in
urban environments clearly requires always aggregates of measures for the variety
of surfaces present in a given area. Depending on the level of urbanization, specific
surfaces will contribute most to the dose. In low-density areas and especially in
suburbs, for example, the doses of the local population can be dominated by
contributions from plants in the surroundings, such as trees, shrubs, and lawns [8].
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Decontamination measures in urban areas almost always involve waste prob-
lems or a carry-over of contamination. The actually very effective measure of top
layer removal, be it lawn or road pavement or roof, for instance, always gives rise to
large volumes of waste that must be stored under controlled conditions
(i.e. protected from the weather). These measures are very costly, too. Hosing
down paved surfaces, on the other hand, is less effective but relatively inexpensive
and applicable for large areas. However, it often causes activity to be flushed into
the sewer system, thus shifting removed contamination over to sewage treatment
plants.

Last but not least, all these actions will not eliminate entirely the contamination
from an affected area, as their effectiveness is limited, if not the entire surface
together with all buildings is removed. Hence, there is always the necessity to
weigh measures which can still be carried out without affecting the quality of life
too much towards the extent to which the goals of protecting the population by
reducing the dose can be attained.

20.4 Modeling the Radiological Situation (Terrestrial
Pathways)

20.4.1 Atmospheric Dispersion Models

The mathematically simplest atmospheric dispersion model is the Gaussian plume
model [9]. It can be applied in plain topographies within a range of approximately
20 km under steady state conditions, i.e. a uniform release with a constant rate,
geometry, and altitude, and constant atmospheric conditions.

In the Gaussian plume model, the horizontal and vertical concentration profiles
of the dispersing plume are modeled by Gaussian distributions, cf. Fig. 20.3. The
widths of these distributions are sensitive quantities in the dispersion calculation,
because they describe the dilution of radioactive material during transport in the air,
with direct consequence for the resulting doses. The widths are described by
diffusion parameters that depend on the distance from the origin and on the
turbulent state of the atmosphere. There are numerous field experiments in which
diffusion parameters were determined [10, 11]. The Gaussian plume model is for
example used in the manual methodology for assessing the radiological situation.

Dispersion calculations for variable conditions require models able to take into
account the variability in space and time of both release and atmosphere. Mathe-
matical realizations are the so-called “puff models” which decompose the release
into time steps, i.e. a continuous release is replaced by a sequence of puff emissions,
and describe the nuclide concentrations within the puffs by three-dimensional
Gaussian distributions. Each puff is passed on a trajectory step by step through a
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Fig. 20.3 Schematic representation of a Gaussian plume model

spatial 3D grid of time-dependent meteorological data (wind vectors, turbulence).
All puffs will be superimposed, thus forming an aggregate plume.

In a Gaussian puff model, the horizontal and vertical concentration profiles of
the puffs are modeled by Gaussian distributions. As in the Gaussian plume model,
the widths of these distributions are described by distance and turbulence dependent
diffusion parameters, cf. Fig. 20.4.

For both Gaussian plume and Gaussian puff models, the thermal rise of a plume
or puff, respectively, in releases with thermal energy can be modeled by plume rise
formulae, see [12].

In case of rather complex meteorological conditions, such as wind directions
highly variable in space, spatially extended puffs can no longer be considered
because they will lose spatial resolution. Here, so-called particle models offer a
solution: They describe the releases of gases and aerosols by a “mathematical”
particle cloud. Each particle is propagated in time steps in accordance with the local
wind vector. Additionally a stochastic motion component is added that corresponds
to the turbulence (random walk model), cf. Fig. 20.5. In principle, a particle model
can deliver highly detailed simulations of dispersion processes in the atmosphere.
However, high resolutions in space and time will be achieved only when the
calculations are carried out with large numbers of particles and small time steps.
This, in turn, requires long computation times. In addition, the quality of the
dispersion calculation cannot be any better than that of the input data required,
here, the computed three-dimensional time-dependent wind vector and the turbu-
lence and precipitation fields from meteorological prediction models.

The German Weather Service for example operates a Lagrange particle disper-
sion model, LPDM [13], for dispersion calculations of radioactive substances over
long distances.

A fundamentally different approach to calculating atmospheric transport and
dispersion is used in Eulerian grid models. They are based on a general equation for
the transport of matter in turbulent fluids, the advection—diffusion differential
equation. The wind vector fields contained in meteorological data correspond to
advection while the turbulence fields correspond to diffusion. Solutions of these
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Fig. 20.4 Schematic representation of a Gaussian puff model

Fig. 20.5 Schematic representation of a particle model

differential equations are time-dependent distributions of concentration in the
atmospheric boundary layer. They are computed by codes in time steps on a
space grid; the resolution corresponds to the size of the grid cells. Figure 20.6
illustrates the outcome of a computation of this type. Eulerian grid models are
frequently used for long distance dispersion calculations (scale 100-2000 km).

20.4.2 Modeling Radionuclide Deposition onto Surfaces

20.4.2.1 Dry Deposition

Dry deposition of airborne aerosols and gases on surfaces is characterized by a
deposition velocity v4. The deposition velocity is the increase of surface contam-
ination over a given time interval divided by the concentration in the air above the
surface element. The value of v4 depends on the turbulent transport capacity of the
air layers above the surface and on the adhesion properties of the involved mate-
rials. For instance, v4 is low for stable atmospheric stratification, smooth surfaces,
and aerosols with low binding capacity. On the other hand, v4 is high for pro-
nounced vertical mixing, vegetation surfaces with high roughness lengths, and
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Fig. 20.6 Result of an Eulerian grid model calculation (JRodos screen shot)

gaseous elemental iodine with high binding capacity. For modeling vq4, the
prevailing meteorological and flow conditions and data about the land use (urban,
agricultural, forestry areas, vegetation, types of plants, leaf sizes, etc.) is taken into
account.

Dry deposition on a given plant type is calculated with the time-integrated air
concentration close to the plant surface and a deposition rate that depends on plant
type and the seasonal development of the plant, making the resulting deposition
velocity clearly dependent on the season. The seasonal plant status is described by
the current leaf surface index that is defined as the aggregate leaf area per unit area
of soil.

The radionuclides are grouped with respect to their deposition properties: noble
gases (not depositing), aerosols (including iodine in aerosol form), and gaseous
iodine (elemental, organically bound).

20.4.2.2 Wet Deposition

Wet deposition is described by a wash-out model, which assumes that the entire
vertical volume of the radioactive cloud is washed out in the area covered by the
rain, whereby the radionuclide content gets deposited partly on the ground and
partly on vegetation or on other surfaces. The intensity of wash-out is determined
by the rain duration and intensity and by the wet deposition characteristics of the
nuclides.

When modeling wet deposition on leaf surfaces, account must be taken of the
fact that incipient rain initially increases the leaf contamination, but parts of that
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contamination gets washed off with continuing rain. This process depends on the
rain intensity and is modeled by using data describing the retention capacity of
leaves for different precipitation classes.

20.4.2.3 Cloud Depletion

Due to mass conservation, deposition of radionuclides from the cloud leads to a
depletion of the concentration in the cloud—the material deposited on surfaces is
no longer present in the cloud.

20.4.3 Processes and Models for the Transport of Activity
Through the Human Food Chain

Airborne activity is deposited onto the ground and onto vegetation parts above
ground by dry and wet deposition processes; the latter causing the external con-
tamination of plants, to begin with. A fraction of the deposited activity gets carried
into the interior of the plant and transported to other parts of the plant (transloca-
tion), also to those underground, while the activity remaining on the above-ground
plant surfaces gets removed by weathering processes as time goes on, and will end
up finally on the topmost soil layer. The direct deposition onto plants and the
processes following afterwards depend significantly on the seasonal development
of the plant. This is the reason why the date of an accident plays a crucial role for
the ingestion pathways in regions with pronounced seasonal variations of the
climate.

Because direct deposition can occur only during the passage of the radioactive
cloud, all respective processes act only in the affected plants of the current
vegetation and harvesting cycles, respectively, that is, typically within the first
year after the deposition event. On the other hand, there are the processes of root
uptake (the transport of activity from the soil into the plant via the roots) and
resuspension (the repeated external pollution by raised-up radioactive soil particles)
that lead to a longer term contamination of plants. As a rule of thumb one may say
that the contamination by direct deposition will exceed the contamination by root
uptake by one or more orders of magnitude, provided there are any plant parts
above ground at the time of the accident.

For the human consumption of plant products, only the contamination of the
edible parts plays a role—leaves (salad, vegetables, herbs); fruit and fruit vegeta-
bles; roots (e.g. potatoes, carrots); and cereals.

An uptake of activity by animals followed by biological transport and excretion
processes leads to a contamination of animal food stuffs—milk and dairy products,
meat, and eggs. Activity uptake via feed stuffs is the most important pathway for
animal contamination. However, also inhalation from the cloud may play a role for
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a short period of time, in particular in winter, or on the long-term the inadvertent
ingestion of contaminated soil during the grazing period. The processes leading to a
contamination of plants in general have already been described, but for forage
plants, other plants are relevant (such as grass) or other parts of plants (such as
entire corn plants, not only the cobs). Again, the time of accident is very important,
on the one hand with respect to the forage plants, and on the other hand, because
feeding practices may vary with the season (such as grazing on pasture in summer
and keeping the animals indoors on stored feed in winter).

All processes described so far do not only depend on the time of an accident, but
also on the food item itself and the type of radionuclides causing the contamination,
and on regional climatic and soil conditions and agricultural practices.

Before culinary use, vegetable products for human consumption are washed or
peeled (salad, vegetables, herbs, potatoes) and, possibly, converted into a secondary
form of product (such as flour from grain) or stored (potatoes, flour, frozen
vegetables, herbs). Animal food stuffs also get stored, usually for at least a couple
of days prior to consumption, or are converted into secondary products with longer
shelf life (e.g. cheese from milk). During storage there is radioactive decay, and the
food processing can also influence the contamination levels; therefore, the contam-
ination of a product ready for consumption in general differs from that of the raw
initial animal or plant product.

The modeling of terrestrial ingestion pathways may pursue two aims:

1. Estimating the aggregate activity intake of humans resulting from the consump-
tion of specific food items or a representative food basket

2. Estimating the time-dependent contamination in food and feed stuffs as a
function of the time of accident

On the whole, models for estimating the aggregate activity supply are less
sophisticated. They mainly provide factors for manual calculations that are appli-
cable for stationary or quasi-stationary conditions (e.g. in normal operation of
nuclear power plants), or for rough estimates of the activity intake following
accidental releases; here, usually two sets of factors are provided, one each for
assumed accidents during and outside the vegetation period. Ingestion models of
this type are included for example in the RESRAD Family of Codes (http://web.
ead.anl.gov/resrad/home2/resrad.cfm) and in the American WASH-1400 Risk
Study [14].

Knowledge of the contamination of food and feed stuffs as a function of the time
after an accident is required for detailed planning and preparation of agricultural
measures as well as for the analysis of the possible effectiveness of the measures.
Models developed for such purposes must take into account the dynamic processes
described in this chapter. Dynamic approaches decompose the food chain into
transport-related components, or “compartments,” and describe the seasonal devel-
opment stage of plants and animals at the time of the accident analytically or by
datasets. The transport between the compartments, and their development over
time, is calculated on the basis of transfer factors derived from measurements,
and biological half-lives. The German model ECOSYS [7] is an example of a
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dynamic food chain transport model. For obtaining realistic results for a given
locale, dynamic models need a region-specific data base containing information
about soil types, vegetation periods, agricultural production habits and production
rates, and food consumption rates.

20.5 Calculation of Doses for the Terrestrial Exposure
Pathways

For deriving pathway-specific doses on the basis of the concentration and contam-
ination fields determined with the atmospheric dispersion models, further steps are
necessary for covering the different terrestrial exposure pathways:

e Calculation of the cloud gamma irradiation field and of the resulting dose

e Calculation of the gamma irradiation from the radionuclides deposited by dry
and wet deposition processes on urban and agricultural areas (summarily
referred to as ground irradiation) and of the resulting dose

* Determining the internal exposure from inhalation of contaminated air from the
cloud and of activity resuspended from the ground, and the resulting dose

¢ Determining the internal exposure from ingestion of contaminated food, and the
resulting dose

The different exposure pathways require different model approaches which are
described below, separately for “Doses from the Cloud and from Contaminated
Surfaces” and “Doses from the Food Chains”.

20.5.1 Doses from the Cloud and from Contaminated
Surfaces

Figure 20.7 illustrates the different steps for calculating gamma dose rates and
doses from the cloud and from the contaminated ground.

An analytical calculation of the gamma-radiation field from the cloud requires
sophisticated mathematical solutions of complicated integral equations and is
therefore often replaced by approximations or interpolations between data tables.

Calculating gamma-irradiation from the ground is easier; most models assume
“(ideal) lawn” as a reference surface and the geometry of a plane and infinite
contaminated surface. Any contaminated structures (trees, buildings) deviating
from the plane surface are taken into account by local factors.

The transit from radiation fields to absorbed doses (unit: Gray = Gy = Joule/kg)
and to biological equivalent doses (unit: Sievert = Sv) requires the modeling of the
physical absorption processes and the biological effects in the organs of the human
body for the nuclides involved. The results of such model calculations are then
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Fig. 20.7 Scheme for calculating dose rates and doses (as function of space and time, specific for
organs and nuclides)

summarized as so-called “dose factors” and are available from various radiation
protection institutions. With such dose factors, the ground gamma dose rate for
example can be obtained with the following simple equation:

Dose rate (Sv/h) = Dose rate factor (Sv/h)/(Bgq/m?)

x soil contamination (Bq/ mz).

If the soil contamination is known, the dose rate factor allows direct calculation
of the dose rate. The dose rate factor for cesium-137, e.g., is approximately
2.5 x 107'% (Sv/h)/(Bg/m?). A soil contamination of 10° Bg/m? of Cs-137 then
results in an exposure rate of 2.5 pSv/h.

The local dose rate is calculated as the sum of the dose rate from the soil and the
dose rate from the cloud near to the ground.

Besides the dose rate factors, there are also dose factors for ground irradiation.
They are used for calculating doses over longer exposure times, i.e. the time spent
on the contaminated ground surface. Ground dose rate and dose factors are nuclide-
specific and include radioactive decay, ground dose factors also the absorption
resulting from radioactive nuclides penetrating into the soil.

The uptake of radionuclides by inhalation of air from the cloud near ground or
from resuspension depends on the breathing rate and the inhalation time period.
Once in the lungs, the complex transport of the radionuclides within the body, the
effects of the internal irradiation in the body organs, and the resulting dose
commitment is calculated with complicated models and summarized as nuclide-
and organ dependent dose factors for various age groups. The organ doses are then
obtained by multiplying the activity intake (Bq) by inhalation with the organ-
specific dose inhalation dose factor (Sv/Bq).
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20.5.2 Doses from the Food Chain

The activity that enters the human body as a result of consuming a given food stuff
over a given period of time depends on the food consumption rate (e.g. in the unit of
gram/day), the specific activity in the food stuff (e.g. Bq/g) as a function of time,
and the ingestion time period (e.g. days). As for inhalation, the resulting dose
commitment is calculated with complicated models and summarized as nuclide-
and organ dependent dose factors for various age groups. The organ doses are then
obtained by multiplying the activity intake (Bq) by ingestion with the organ-
specific ingestion dose factor (Sv/Bq).

The basic problem in determining a realistic ingestion dose for a specific
individual in industrialized societies lies in the ever-changing distribution pattern
between the food production origin and the consumer—consuming food produced
locally is the exception rather than the rule. This implies that a realistic calculation
of the aggregate individual ingestion dose on the basis of a representative food
basket makes sense only for locally autonomous self-suppliers.

For these reasons, individual ingestion doses are usually calculated only for
selected food stuffs on the assumption of local production and consumption, and
doses for an individual representing the average population are usually not
quantified.

The aggregate collective dose from ingestion is determined usually on the
assumption that all food produced somewhere is also consumed somewhere else.
Then, the collective dose for a given food stuff can be calculated by multiplying the
local production rate for the foodstuff taken from a database and the contamination
level in the food stuff calculated by a food chain transport model, and summing up
over all locations and time periods considered.
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Chapter 21
The Decision Support System RODOS

Abstract The chapter begins with an outline of the historical development from
the first UNIX-based RODOS system until the most recent Java-based version
JRodos. This is followed by an overview of the models contained in RODOS,
and a description of the RODOS Center in Germany, where RODOS operates since
2005 at a central location for use by the federal government and the federal states.

21.1 History

The Chernobyl reactor accident on April 26, 1986, showed how badly European
countries were prepared for an emergency like this. Assessments of the radiological
situation and decision-making about actions for protecting the public were partly
determined by actionism or inadequate, often simply due to a lack of standardized
and reliable information. Furthermore, there was no cross-border coordination of
emergency measures. These reasons finally led to the development of the decision
support system RODOS' that combines all relevant data, produces diagnoses and
prognoses, and compares the efficiencies of various measures. In addition to the
objective of assisting decision makers and consultants in case of an emergency with
often tremendous time pressure and great psychological stress, the system also was
to be used for training and education in radiological and emergency-related issues.

In 1988, the development started at the former Institute of Neutron Physics and
Reactor Engineering of the Karlsruhe Research Center, which is now the Institute
of Nuclear Technology and Energy Technology of the Karlsruhe Institute of
Technology. Until late 1998, the German Federal Ministry for Environment, Nature
Conservation and Nuclear Safety funded the RODOS/RESY subsystem, whose
functionality was restricted to emergency measures in the vicinity of nuclear

'RODOS: Real-time On-line Decision Support.

G. Kessler et al., The Risks of Nuclear Energy Technology, Science Policy Reports, 337
DOI 10.1007/978-3-642-55116-1_21, © Springer-Verlag Berlin Heidelberg 2014
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facilities. The first operational version, RODOS/RESY PV3.0, became available in
1997 [1].

Since 1990 and in parallel the development of the comprehensive RODOS real-
time on-line decision support system was advancing, promoted by the European
Commission. This system contains RODOS/RESY as an integral component and
has additionally been designed for large-area consequences and later accident
phases [2]. The first fully functional operational version, PV4.0F, was issued in
late 2000 [3].

One focal point of the EURANOS? project as part of the European Commis-
sion’s 6th Framework Programme in 2003-2008 [4] consisted in improving
RODOS with respect to contents, user-friendliness and facilitated maintenance,
including the adaptation to national conditions, and in creating the possibility to
operate the system under modern information technology platforms. Suggestions
and requests from users became increasingly more important. The new demands
resulted first in a novel user interface® and then in a complete redesign of the entire
operating software,* which took shape in 2009 with the first Java-based JRodos
version. JRodos [5] was accepted very well in the RODOS community. Since late
2010 it is the basis for all further developments and the final version RODOS PV7.0
for HP-UX and Linux is only maintained. At present, JRodos can run under
Microsoft Windows, Linux, and Mac OS.

In Germany, RODOS operates since 2005 at a central location for use by the
federal government and the federal states; see chapter “The RODOS Center in
Germany.” Moreover, it is currently (date 2013) operational in several national
emergency centers (Bulgaria, Croatia, Czech Republic, Finland, Poland, Portugal,
Slovakia, Slovenia, Spain, Russia); it will soon become operational in the Nether-
lands, Switzerland, and Ukraine. In addition, institutions like universities and local
municipal organizations are applying the system on their own initiative in Europe
and overseas. The adaptation of the system to local conditions is described in the
chapter on “Adapting to National Conditions”.

21.2 Overview of the Models Contained in RODOS

Besides the core models referred to in the text, the system also contains further
models for specific applications not described in this article. When in the text
explicit reference is made to “JRodos,” and not to “RODOS,” this means that the
mentioned models are contained exclusively in the developing JRodos version and
no longer in the HP-UX and Linux versions.

2EURANOS: European Approach to Nuclear and Radiological Emergency Management and
Rehabilitation Strategies.

3¢f. [4], pp. 171-179.

“cf. [4], pp. 181-189.
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Fig. 21.1 The terrestrial model chain of JRodos

21.2.1 The Terrestrial Model Chain

Figure 21.1 illustrates the components of the terrestrial model chain of JRodos.

21.2.1.1 The Source Term Preprocessor

The source term preprocessor prepares in each calculation time step the amount of
released radionuclides for the atmospheric dispersion models. Accepted as input are
source term data put in by hand, or measurements from the German remote
surveillance systems for nuclear reactors, or archived source terms from the sys-
tem’s data base. The activity release may be specified in terms of nuclide-specific
data or aggregated activities of nuclide groups; if necessary this becomes converted
into the release rates of individual nuclides required by the models, taking into
account the type of reactor and the type of accident.

21.2.1.2 Meteorological Preprocessor and Diffusion Models
The meteorological preprocessor [6] prepares in each calculation time step a three-

dimensional wind vector and turbulence field as well as a precipitation field in a
format suitable for the atmospheric dispersion and deposition models.
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Meteorological input of varying quantity and quality is possible, ranging from
meteorological data applying for a given location entered by hand, over data
measured at a nuclear power plant by means of a meteorological tower or sound/
sonic detecting and ranging (SODAR) equipment, to extensive data fields from
numerical weather forecast models. The preprocessor converts the input data into
meteorological fields on the entire computation grid, applying a diagnostic (mass-
consistent) flow model for refining the resolution and taking into account topo-
graphic factors.

The models available for atmospheric dispersion and deposition calculations
over a range of up to about a few hundred km are the Gaussian puff models
ATSTEP [7] and RIMPUFF [8] as well as the particle models DIPCOT [6] and
LASAT [9]. For larger distances, Germany applies the Lagrange particle dispersion
model, LPDM [10] of the German Weather Service, and other countries the
Eulerian grid model, MATCH [11].

The multitude of diffusion models in RODOS results on the one side from the
historic development of the system as a joint European effort, and on the other side
from the different levels of performance and ranges of application of the models.
The model properties were verified in comparative and validation studies [12]. For
the future, it is considered to cover all requirements (especially a sufficiently short
computation time) with one single short-range model, if possible.

21.2.1.3 The Model for Early Countermeasures, EmerSim

With the EmerSim model [13], the need and the extent of early countermeasures
and the effects of such actions on doses are determined, aiming at the optimization
of early countermeasure strategies. A strategy scenario in EmerSim consists of a
combination of three specific actions: Staying indoors; evacuation; taking iodine
tablets. In a first step, those areas are estimated where the potential doses—that is,
the doses without consideration of actions for avoiding or reducing exposure—
exceed the respective intervention levels. In a second step, the dose reduction by the
actions is simulated in these areas by applying location- and time-dependent
shielding factors for the respective actions. The calculations result in time series
of modified organ doses for all cells of the calculation grid that can be compared
with the potential doses. Comparing the numbers of people in given dose ranges
without any action and with different countermeasure strategies provides a measure
for the radiological effectiveness, thus helping to discern between the strategies.

EmerSim can be applied in many countries, as the database includes
corresponding country-specific intervention levels and dose criteria for early
countermeasures.
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21.2.1.4 The Terrestrial Food Chain and Dose Model, FDMT

The Terrestrial Food Chain and Dose Model, FDMT, calculates the activity trans-
port through the terrestrial food chains into the human body. It further estimates
shorter term and lifetime doses for various age groups that result from food
consumption and from all other exposure pathways.

The transport model in FDMT is based on the dynamic model ECOSYS, see
chapter “Processes and Models of Activity Propagation in the Human Food Chain”.
The results are maps showing the specific activity concentrations in food and
feedstuffs at the time of the peak concentration and the development of the
concentrations with time. FDMT offers results for 17 vegetable and 16 animal-
based human food stuffs as well as for 21 feed stuffs for animals.

An additional module, DepoM, is situated between the atmospheric dispersion
and deposition models and FDMT (not shown in Fig. 21.1) and determines con-
tamination of the soil and plant surfaces by dry and wet deposition processes as a
function of the season.

21.2.2 The Models for Radiological Consequences
in Contaminated Inhabited and Agricultural Areas,
ERMIN and AGRICP

One task of the European EURANOS project was the development and implemen-
tation of a new kind of flexible and consistent methodology for a dynamic assess-
ment of the radiological consequences in contaminated inhabited and agricultural
areas and their mitigation by appropriate actions. This resulted in two models:
ERMIN (“EuRopean Model for INhabited Areas”) for inhabited areas and AGRICP
(“AGRIcultural Countermeasure Program’) for agricultural areas that became
implemented in JRodos and in the ARGOS decision support system [14].

Both models contain dynamic activity transport models as an integral part,
thereby differing significantly from previous methodologies that employ
pre-calculated—hence static—datasets. Embedding dynamic transport models
into the simulation codes enables dynamical calculations and thus achieves
unmatched flexibility in the simulation of the effects of late-phase actions on
contamination and dose levels and the associated waste and costs. Taking account
of measurements and the coupling to data assimilation models is foreseen but not
yet realized to a sufficient extent.

The two models and the EURANOS manuals mentioned below are covered in
reference [4] in several contributions; therefore, no individual references are
given here.

ERMIN contains a transport model describing weathering, retention, and
re-suspension processes on inner and outer surfaces, taking into account soil and
grassland, trees, other vegetation, horizontal paved surfaces, and outer and inner
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surfaces of buildings. Basing on the results of a preceding calculation with one of
the atmospheric dispersion and deposition models, a start-up step determines time-
dependent contamination levels of surfaces and the resulting doses due to external
exposure and inhalation without assuming any actions. In a second step, practically
any combination of measures described in the “EURANOS Inhabited Area Hand-
book” can be considered. The effect of the selected actions on the development of
the contamination and the doses are then recalculated by the transport model.

AGRICP contains an adapted version of the food chain and dose model
described in the chapter “The Terrestrial Food Chain and Dose Model, FDMT"".
The agricultural measures that can be considered base on the “EURANOS Hand-
book for Assisting the Management of Contaminated Food Production Systems”.
As ERMIN, also AGRICP calculates dynamically the development of contamina-
tion without and with actions and the resulting doses in the respective transport and
dose model.

21.2.3 The Hydrological Model Chain

Simulation models for the aquatic pathways are described in [15]; however, the
reference is limited to fresh water systems. Generally one can say that any such
model needs two components. On the one hand, the hydrological component with
the transport and diffusion of radionuclides must be simulated and on the other hand
exchange processes among different phases must be taken into account: dissolved
radionuclides, those bound to particles, and radionuclides deposited in the sediment
(see, e.g. [16]).

The JRodos system contains a complete hydrological model chain [17], whose
components are illustrated in Fig. 21.2.

Starting from surface runoff, the RETRACE box model simulates how radionu-
clides are washed out of the top soil and carried into rivers or lakes. Then, the one-
dimensional model RIVTOX computes the distribution and transport in the rivers
by means of pre-calculated information about hydrodynamic and sediment-specific
characteristics of the rivers [16]. Radionuclide transport on flooded areas, in
reservoirs, lakes and coastal waters is described with the two-dimensional model
COASTOX, or with the three-dimensional model THREETOX for more complex
geometries. For applications to oceans there is the compartment model Poseidon.

The resulting contamination of water and fish is used in the aquatic food chain
and dose module, FDMA (Food chain and Dose Module Aquatic), for simulating
the radiation exposure of people by intake of contaminated drinking water and fish.
Hereby the use of contaminated water for animals as well as irrigating agricultural
areas is taken into account.
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Fig. 21.2 Hydrological model chain in JRodos

21.3 Representation of Location-Dependent Results
in RODOS

Location-dependent results in RODOS are calculated in the centre points of the
cells of a square Cartesian grid; results that develop with time are available for each
time step. The computational grid is centered at the point of the release; and around
the latter lie the cells with the finest resolution, where users can choose between
various sizes. The cell sizes then increase step by step as a function of the radial
distance from the location of the source.

By default, results are represented as color-coded grid cells superimposed on
maps. Map-type results can be displayed on the screen and also stored as image or
data files.

A visible picture in JRodos is made up of a variety of layers consisting of results
and maps that can be combined arbitrarily. On delivery the system contains a
default set of maps; in addition, user-customized maps or map layers from the
Internet” can be used.

Figure 21.3a shows a screen shot of such a map-type result in JRodos with the
system’s default layers used for the background. The computation grid with the
coarser cells as the distance from the source increases can be discerned. The result

5 At present, “ESRI shapefile” and “geotiff” geographic data formats is supported. Alternatively,
one may use geodata from a PostGIS database or from the Web Map Service (WMS) server. The
use of Google Maps (hybrid view) or OpenStreetMaps layers is also possible.
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Fig. 21.3 Result representation in JRodos (a) map (b) time functions at selectable grid points

visible in Fig. 21.3a is the total gamma dose rate at a given time point; the upper
menu band contains the time slider for displaying this result for each time step. For
time-dependent results, the time function at user-selectable locations can be
displayed in graphical form, as shown in Fig. 21.3b, or saved as Microsoft Excel
or plain text files.

21.4 The RODOS Center in Germany

21.4.1 Data and User Concept

In 1997 the German Federal Ministry for the Environment took a fundamental
decision about setting up a decision support system for radiation protection in
Germany with the federal government and the federal states governments at a
central location and using RODOS as system—the so-called “RODOS Center.”
The necessary activities were coordinated and carried out by the Accident Conse-
quence Group at the Institute for Nuclear Technology and Energy Technology of
the then Karlsruhe Research Center. After the concept had been worked out [18],
the RODOS Center initially was established at the Federal Office for Radiation
Protection in Bonn in 2001. In 2003 it was moved to Neuherberg near Munich
where it is fully operational since 2005 using the Linux-based RODOS system.
After a successful test phase with JRodos under operating conditions transition to
the Java-based system is foreseen for the end of 2013.

Figure 21.4 illustrates the conceptual structure and the external data flow of the
RODOS Center.

The RODOS Center couples to the German integrated measurement and infor-
mation system of the federal government (IMIS) and to the remote surveillance
systems for nuclear reactors operated by the German federal states (KFUs), and
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additionally to the German Weather Service (DWD). The KFU data come in every
10 min, also in routine operation. In case of a real emergency, measurements from
the IMIS system are transmitted automatically in real time. The German Weather
Service automatically supplies the latest meteorological forecasts twice a day, and
far-range dispersion calculations on demand.

The incoming data together with information from the internal databases of
RODOS are used for running diagnoses and prognoses of the radiological situation
which is the basis for estimating the potential for protective actions. In addition,
health consequences and other quantities are assessed without and with actions
being taken into account. All this information assists the decision making team in
evaluating potential measures in a way that the most suitable ones can be
implemented.

In case of a real emergency, according to German legislation, only a so-called
“lead user” has the right to initiate the emergency operation mode of the RODOS
Center and to enter a set of standard information into the electronic situation
description system (ELAN). In case of a reactor accident in Germany, the lead
user is the government of the federal state in which the respective plant is situated.
For foreign reactors the lead user is the German Federal Ministry for the Environ-
ment, except for some facilities close to the border where special arrangements are
in effect. All other users are then entitled either to run interactive calculations with
RODOS on their own or let run by the Center (A- and B-users), or to look at results
of RODOS calculations released by the lead user for access for this purpose
(C-users); different user interfaces are available for this purpose. The RODOS
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Center is on alert around the clock which is put to trial once a week. A-users
exercise with the system roughly once or twice per week. National exercises are
conducted approximately once or twice a year, and there is also participation in
international exercises.

21.4.2 Modes of Operation in the RODOS Center

In the pre-release phase, interactive prognosis calculations are carried out on the
basis of meteorological forecast data provided by the German Weather Service and
assumed source terms.

In the release phase, RODOS performs the following functions:

* Progressing diagnosis calculations are carried out automatically in ten-minutes
cycles, based on measurement data from the German KFU surveillance system

¢ Prognoses calculations are issued automatically every 60 min, based on current
meteorological forecast data from the Germany Weather Service and assump-
tions about the source term

* Supplementary interactive calculations are carried out on demand

In the case that new information about the source term is received during an
ongoing accident, RODOS repeats the diagnostic calculations from the beginning
of the accident until the current “now time”, using the new source term together
with existing weather data. When this is finished all calculations proceed in real
time in the usual way.

The post-release phase is the domain of repeated interactive calculations with
RODOS using the results calculated for the release phase, measurements from the
IMIS system and from other sources as they become available.

21.5 Adaptation to National Conditions

Comprehensive computer-based decision support systems can provide realistic
results only if the data required for the calculation sufficiently reflect the situation
in the area under consideration. The default data outfit provided with the standard
release of JRodos consists of a geo-referenced database covering the whole world®
in a relatively coarse resolution, a comprehensive data base about nuclear power
plants and other facilities of the nuclear fuel cycle, country-specific intervention
levels for emergency measures, and the possibility to switch between several
languages.’

$New feature in 2013; until then the default data base covered Europe only.
7 Available in 2011 in English, Russian, Ukrainian.
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Furthermore, JRodos includes possibilities and tools for facilitating the adapta-
tion to regional or national conditions. The extent of adaptation can be very
different, depending on the demands on the system. For instance, when automatic
diagnostic calculations belong to the task list, a connection to local measurement
systems is necessary. Prognostic calculations require the connection to national
weather forecasting data for the near-range, and, if necessary, also for the far range.

In general, local maps can be added in JRodos without major problems. Whether
or not the geo-referenced computation data base (elevation, land use, population
number, soil type and agricultural production) needs refinement depends on the
degree in which local data differ from the data contained in the default database,
and also on the availability of region-specific data. It can turn out to be quite
difficult to obtain data especially about soil types, agricultural production and
consumption habits, as became apparent, for instance, during the customization
for Russia.

Incorporating a new language into JRodos is straightforward. However, inte-
grating a new language can be demanding when not only the user interface but also
all result trees and manuals are to be translated.

References

1. Benz G, Ehrhardt J, Fischer F, Pisler-Sauer J, Rafat M, Schichtel T, Schiile O, Steinhauer C
(1994) Inhalte und Funktionen der Pilotversion I von RODOS/RESY. Bericht KfK 5259

2. Ehrhardt J, Pasler-Sauer J, Schiile O, Rafat M, Richter J (1993) Development of RODOS, a
comprehensive decision support system for nuclear emergencies in Europe - an Overview.
Radiat Prot Dosimetry 50:195-203

3. Ehrhardt J, Weis A (eds) (2000) RODOS: Decision support system for off-site nuclear
emergency management in Europe, Final report of the RODOS project, European Commis-
sion, Brussels. Report EUR 19144, ISBN No. 92-828-9773-7, inclusive. 2 CDs with all
technical documents of the RODOS system

4. Raskob W, Hugon M (eds) (2010) Enhancing nuclear and radiological emergency manage-
ment and rehabilitation: Key Results of the EURANOS Project. Radioprotection 45(5 Supplé-
ment) (© EDP Sciences)

5. Ievdin I, Trybushnyi D, Zheleznyak M, Raskob W (2010) RODOS re-engineering: aims and
implementation details. In Raskob W, Hugon M (eds) Enhancing nuclear and radiological
emergency management and rehabilitation: key results of the EURANOS European project.
Radioprotection 45(5 Supplément): S181-S189

6. Andronopoulos S, Davakis E, Bartzis J G, Kovalets I (2010) RODOS meteorological pre-
processor and atmospheric dispersion model DIPCOT: a model suite for radionuclide disper-
sion in complex terrain. In Raskob W, Hugon M (eds) Enhancing nuclear and radiological
emergency management and rehabilitation: key results of the EURANOS European project.
Radioprotection 45(5 Supplément): S77-S84

7. Pésler-Sauer J (2007) Description of the atmospheric dispersion model ATSTEP,
Forschungszentrum Karlsruhe GmbH, on Wikipedia, including a link to the model description
report: http://en.wikipedia.org/wiki/ATSTEP, or directly at: http://www.rodos.fzk.de/Docu
ments/Public/Handbook V6f/Volume3/ATSTEPfinal20.pdf

8. Mikkelsen T, Larsen S E und Thykier-Nielsen S (1984) Description of the Risg puff diffusion
model “RIMPUFF”. Nucl Technol 67: 56-65


http://en.wikipedia.org/wiki/ATSTEP
http://www.rodos.fzk.de/Documents/Public/HandbookV6f/Volume3/ATSTEPfinal20.pdf
http://www.rodos.fzk.de/Documents/Public/HandbookV6f/Volume3/ATSTEPfinal20.pdf

348 21 The Decision Support System RODOS

9.(2011) LASAT - Ein Programmsystem zur Berechnung von Schadstoffausbreitung in der
Atmosphire. http://www.janicke.de/de/lasat.html

10. Glaab H, Fay B, Jacobsen I (1998) Evaluation of the emergency dispersion model at the
Deutscher Wetterdienst using ETEX data. Atmos Environ 32(24):4359-4366

11. Robertson L, Langner J, Engardt M (1999) An Eulerian limited-area atmospheric model.
J Appl Meteorol 38:190-210

12. Pasler-Sauer J (2007) Validation studies with RODOS/Atstep. In Proceedings of the 11th
international conference on harmonization within atmospheric dispersion modelling for reg-
ulatory purposes, Cambridge

13. Pésler-Sauer J (1993) Evaluation of early countermeasures and consequences in RODOS/
RESY. Radiat Prot Dosimetry 50:219-226

14. Hoe S, Miiller H, Gering F, Thykier-Nielsen S, Havskov Sorensen J (2002) ARGOS 2001
A decision support system for nuclear emergencies. Am Nucl Soc Trans 87:574-579 (Winter
Meeting)

15. Hofman D et al (2011) Computerised decision support systems for the management of
freshwater radioecological emergencies: assessment of the state-of-the-art with respect to
the experiences and needs of end-users. J Environ Radioact 102:119-127

16. Onishi Y, Voitsekhovich O, Zheleznyak M (eds) (2007) Chernobyl — what have we learned?:
the successes and failures to mitigate water contamination over 20 years. Springer, Heidelberg.
ISBN 978-1-4020-5348-1 (Environ Pollut 12)

17. Zheleznyak M et al (2010) Hydrological dispersion module of JRODOS: development and
pilot implementation — the vistula river basin. In Raskob W, Hugon M (eds) Enhancing nuclear
and radiological emergency management and rehabilitation: key results of the EURANOS
European project. Radioprotection 45(5 Supplément): S113-S122

18. Ehrhardt J, Rafat M, Raskob W (2002) Errichtung und Betrieb des RODOS Systems an
zentraler Stelle (RODOS Zentrale). Forschungszentrum Karlsruhe GmbH, Karlsruhe, Bericht
FZKA 6765


http://www.janicke.de/de/lasat.html
http://www.springer.com/series/5929

Chapter 22
RODOS and the Fukushima Accident

Abstract The chapter describes the contribution of the JRodos Accident Conse-
quence Group of the Institute of Nuclear Technology and Energy Technology
(IKET) as part of the activities of the Karlsruhe Institute of Technology (KIT),
Germany, in frame of the Fukushima reactor accident.

As soon as the Fukushima reactor accident became known, the Karlsruhe Institute
of Technology (KIT) started collecting information and making it available to
public authorities, the media, and the interested public. The Accident Consequence
Group of the Institute of Nuclear Technology and Energy Technology (IKET)'
participated in these activities by means of the JRodos system.

To begin with, the general purpose of the work was the generation and supply of
information about the situation in Japan and in particular around Fukushima on the
basis of the very sparse data initially available. As the IKET Accident Consequence
Group coordinates all RODOS specific activities and supports the operational
emergency centers using the system by means of maintenance contracts, the most
pressing task was upgrading the JAVA-based JRodos—a system originally devel-
oped for Europe—for usage as a forecast instrument for detecting potentially
threatening situations in Fukushima. The successful setting-up of JRodos for
Fukushima within only a few days provided the basis that enabled all other users
to conduct own investigations with JRodos about the situation there.

In a first step, necessary basic data were collected for northern Japan and
processed for JRodos, such as topography, land use, type of soil, and population
distribution. In a second step, the KIT Institute of Meteorology and Climatology in
cooperation with the Weather Center” established the meteorological forecast

'IKET Homepage: http://www.iket.kit.edu/english/index.php (in English).
2 Homepage: http://ww.wetterzentrale.de (in German).
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model, WRE,? in a way that it generated JRodos-usable local meteorological fields
for Japan on the basis of global prognostic and re-analysis meteorological predic-
tion data publically available from the American NOMAD server.* Since March
17,2011, the meteorological data field generation became operational and was used
for carrying out prognostic calculations with JRodos for different points in time.
The third step consisted in obtaining radiological source terms from the German
Gesellschaft fiir Reaktorsicherheit® (GRS) and integrating them into JRodos. In all,
GRS provided two source terms, one for a release from a few destroyed fuel
elements (“gap release”) and one for a core melt scenario, respectively.

The IKET Accident Consequence Group used the upgraded JRodos system for
performing own dose assessments for potential releases from the Fukushima-
Daiichi nuclear power plant. Only the first 300 km around the site were taken
into account because emergency measures are limited to the vicinity of a site. The
first assessments were devoted mainly to find out whether Tokyo was endangered
and up to which distance from the facility a potential for emergency measures
existed. Both questions were covered by calculations using the above-mentioned
GRS source terms or in-house source term assumptions and a number of weather
variations. The only reference values available consisted of dose rate measurements
close to the facility that were provided by GRS and placed on publically accessible
web pages.’

By middle/end of the first week local dose rates measurements (in micro-Sievert/
h) for more locations became published. This allowed for the first time at least a
rough estimate of the releases from the reactors and from the spent fuel storage
pool. The source term estimated in this way was clearly higher than the GRS fuel
element source term, but still considerably below the GRS core melt source term,
indicating a release of a few parts per million of the initial core inventory of
Fukushima-Daiichi Unit 2.

The measurements had shown that the source term was dominated by iodine and
cesium,’ and further estimates concentrated on these two radionuclides. Moreover,
the releases decreased markedly after March 17, thus putting the emphasis on
recalculations of the prior release period. Assuming a release of roughly
1.0 x 10'® Bq over four days (March 12, 2011-March 16, 2011) the re-analysis
data of the meteorological WRF model were used to estimate the soil contamination
by cesium 137 (Fig. 22.1).

The values calculated are comparable with data measured by U.S. and Japanese
institutions published under http://energy.gov/articles/us-department-energy-
releases-radiation-monitoring-data-fukushima-area, cf. Fig. 22.2.

3 WRE stands for Weather Research and Forecasting, cf. http://www.wrf-model.org/index.php
4 Data from the Global Forecast Systems (GFS), cf. http://www.emc.ncep.noaa.gov/FGS/

s http://www.grs.de/

S http://fukushima.grs.de/

7 http://fukushima.grs.de/ and http://mext.go.jp/english/incident/
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Fig. 22.1 Contamination of cesium 137 in Bq/m2 (JRodos screen shot), realistic estimate
encompassing 4 days of release beginning on March 12, 2011, 15:00 UTC (radii of circles:
20 km, 30 km, 60 km)

The maximum estimated soil contamination by cesium 137 was reflected rela-
tively well in the prognostic calculations with JRodos. It also became obvious that
the soil contamination by cesium amounts to some million Becquerel per m?, an
order of magnitude that is also measured in the highly contaminated areas of Russia,
Belorussia and Ukraine after the Chernobyl accident. The model calculations
overestimated the extension of the contaminated area in the northwesterly direction.
This is due to the impossibility to determine precisely the release times and release
quantities, but also to the meteorological data that were used.

Finally, estimates were made of the contamination of food, in particular of leafy
vegetables (in Japan, spinach) and milk. Especially for a region northwest of the
Fukushima-Daiichi nuclear power plant, levels clearly above Japanese and also
European limits were calculated. It should be noted that milk is likely to be
contaminated over a long period of time, as evident from Fig. 22.3. In particular
with the Japanese limits for Cs-137 of 50 Bqg/l in milk and baby food, the milk can
hardly marketed in the highly contaminated areas for decades.
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Aerial Measuring Results
Joint US/Japan Surv

FUKUSHIMA. DAIICHI
ey Data JAPAN

s

Y

Fig. 22.2 Contamination of Cesium 134 and 137 in Bq/m® (U.S. and Japanese estimates)
normalized to the end of April (red indicates a value of more than three million Becquerel per
square meter) Source: http://energy.gov/articles/us-department-energy-releases-radiation-monitor
ing-data-fukushima-area
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Fig. 22.3 Cesium 137 contamination in milk, based on a soil contamination of one million Bq/m2
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Chapter 23

Recent Developments in Nuclear

and Radiological Emergency Management
in Europe

Abstract The chapter outlines the Developments in Nuclear and Radiological
Emergency Management from the 4th to the present 7th European Framework
Program of the European Union.

Between 1994 and 2002, major progress was made with respect to the development
of new methods and information technology (IT) tools for nuclear and radiological
emergency management within the 4th and 5th Research Framework Programs of
the European Union. However, by the end of the research period, the tools were not
fully operational or to some extent difficult to distribute within the community.

For this reason, the European EURANOS project that started 2004 under the 6th
Research Framework Program aimed at improving the coherence and effectiveness
of European emergency management; furthermore, the long-term rehabilitation of
contaminated areas was to be given increased consideration. A total of 17 national
emergency organizations and 33 research institutions were involved in elaborating
an improved common basis of European emergency management and testing the
usefulness in demonstration projects. Particular emphasis was laid on the opera-
tional aspects of the methods and IT systems, and wishes and feedback of potential
end users were taken into account more strongly than before. Key results of the
project [1] were—among others—the development of European manuals for pro-
tective measures and countermeasures in urban and agricultural environments, the
development of the two innovative simulation models ERMIN and AGRICP for
coping with persistent problems in radioactively contaminated areas, and the
development of the JAVA-based system JRodos that nowadays widely replaces
the previous Unix/Linux-based RODOS system.
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The present 7th European Framework Program pursues further developments in
this field within the NERIS-TP project'; in particular by the research and develop-
ment efforts described below.

¢ Planning and establishment of a model for simulating the new concept of the
International Commission on Radiological Protection, ICRP-103, as part of the
European JRodos and ARGOS systems.

A so-called screening model will serve for the detection of contaminated areas
that require attention, and for proposing some suitable sequence of possible
actions. Optimization of long-term measures will be subject for the existing
ERMIN and AGRICP models that will be upgraded accordingly. Scenario prep-
aration tools shall support the planning of possible radiological action scenarios.

« Improving radiological emergency management on a global scale

The key element here is the development of a tool for processing publically
available global meteorological forecast data so that they can be used by
atmospheric dispersion and deposition models in e.g. JRodos and ARGOS, for
calculations at any point on the globe.

¢ Coupling of the European decision support systems JRodos and ARGOS to early
warning systems, such as the ECURIE system of the IAEA.?
» Strengthen the preparedness in Europe at the local/national level.

The usage of the products developed under NERIS-TP will be main subject of
the training course on “Preparedness for Nuclear and Radiological Emergency
Response and Recovery”, to be held in October 2013 in Trnava, Slovak Republic.

Finally, NERIS-TP aims at the establishment of a platform for exchanging
information, tools, and experience, among users and developers in nuclear and
radiological emergency protection and long-term rehabilitation. The platform shall
also serve for identifying and defining future necessary research and development
topics and conducting the respective work with internal or European resources. This
will introduce a self-sustaining institution and organization which, in the long run,
will become a home to representatives of users, scientists, and victims alike, sharing
the common vision to further improve the preparedness for nuclear or radiological
emergencies in Europe (http://www.eu-neris.net/).

Reference

1. Raskob W, Hugon M (eds) (2010) Enhancing nuclear and radiological emergency management
and rehabilitation — Key Results of the EURANOS Project. Radioprotection 45(5 Supplément)
(© EDP Sciences)

! The full designation of the project is “Towards a self-sustaining European Technology Platform
(NERIS-TP) on Preparedness for Nuclear and Radiological Emergency Response and Recovery.”
2 Council Decision 87/600/EURATOM on urgent information exchange in case of a radiological

emergency (ECURIE), see for example http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?
uri=CELEX:31987D0600:DE:HTML
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