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Uranium atom

Existing in nature in

several isotopes, some of
them more fissile than the
others
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Uranium element

o U238

e Found as a mixture of U-238 (99.29%) and U-235 (0.71%),
with very small amounts also of U-234.

e Available more or less everywhere on our planet,
Qégff-\., %, both in crystalline rocks (Earth’s crust) and in the ocean.

EKTH$ e About 500 times more common than gold!
e Melting point for pure Uranium: 1132 °C

e Silvery-white metallic appearance

e U-238 has a half-life of 4.51*10° years

e Not particularly radioactive on its own, but a source of
natural radioactivity via its decay products’ chain (e.g. radon)
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Radioactive Decay

Radiation Nucleus of High Energy

an Atom Electron
Two Protons and l l /
Beta

Two Neutrons '

1 Radiation
Alpha
Radiation
‘ _ High Energy
Electromagnetic
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Three types of radioactivity,
through which the unstable Gamma
nuclei release energy and tend Radiation
towards a more stable state
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Beta-minus Decay

Alpha and Beta particles P
&:§ e

& protons 7 protons
8 neutrons 7 neutrons
a-partic]e Beta-plus Decay
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NeUtron & protons 3 protons
4 neutrons > neutrons
Alpha particle is nucleus of helium Beta minus decay
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Radioactive decay product chain

A source of natural radioactivity and background radiation, all around us!
Radon-222 is an intermediary product, but being a gas it easily spreads
with the air and is inhaled by humans
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Natural radioactivity

Annual estimated average effective dose equivalent received by a member of the

population of the United States.

Source | Average annual effective dose equivalent
(uSv) I (mrem)
|Inhaled (Radon and Decay Products) ] 2000 ] 200
Other Internally Deposited Radionuclides ] 390 39
Terrestrial Radiation | 280 28
| Cosmic Radiation I 270 I 27
ICosmogenk Radioactivity ” 10 ” 1 Atmospheric
Rounded total from natural source 3000 300 fallout
{Chernobyl,
Rounded total from artificial Sources 600 60 f‘“de"“i:e:'s’
2 12%

5. - Industrial sources

1. - Cosmic rays
2. - Radon 6. - Medicine application
3. - Radlation from earth crust 7, - Radiation resulting from nuclear

installation operation

4.

- Internal sources

| Total | 3600 |

miscellaneous)

3%

Soil or bedrock = lllI=
I = 1= ="y :_|||I :_II [ :_II

Medical
examinations
and treatments
29%

L ']
Terrestrial 'y '
materials

Cosmic rays
10%

» Human
body
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37%

(natural radioactive gas
emanating from radium,
thorium and actinium)
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Uranium as a nuclear fuel

Mining of Uranium Primary handling Conversion to
and extraction of U "Yellow cake"

UF6 (gas)
ml’_
%)@é@% U235 U23sg (UFe)
FKTHS s ./ e < CUCVACELGEE ( i) o '::, .)
o ... 2 Enrichment
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till 3-4 %

)
Depleted ‘&\Enriched UFg

Conversion to oxide
(solid)

_ Final storage Nuclear reactor Fuel fabrication -




Fission Energy

Kinetic energy of

Beta radiation from fission products, fission products - Gamma radiation from fission products -
long-lived and dangerous converted to heat! long-lived and dangerous

168 MeV 7 MeV
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Kinetic energy of
released neutrons

5 MeV

Gamma-radiation in
the moment of fission Gamma-radiation from

7 MeV neutron absorption

5 MeV

@@ Dept. of Energy Technology, KTH - Stockholm




Fission of Uranium

e U-238 fissile only by fast neutrons
e U-235 fissile only by thermal (slow) neutrons
e U-238 can absorb a neutron and convert to fissile Pu-239

Qég@%g e Typical nuclear fission reactions for U-235:
EKTHE

VETENSKAP
&9 OCH KONST 9%

T 5,U235 + nl > . ,Xel40 + ,.Sr9% + 2nl + ~200 MeV
- 9oU%3> + nt > Bal3d’ + ;(Kr®” + 2nl + ~200 MeV
' 5,U3% + nl > lal?’ + ,.Br87 + 2n! + ~200 MeV
5,U235 + nl > .Cs!40 + __Rb93 + 3n! + ~200 MeV
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Neutron Life

Possible events for a neutron in a fission reactor:

e Initiates fission when hitting a fissile nucleus
e Be absorbed by a nucleus without fission

e Collides with a nucleus and loses energy (slows down)
WOH et Manngeirent e Leaves the reactor zone (leaks out)
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Chain Reactions & Critical Mass

Uranium: Plutonium:
The statistical probability
for a neutron to “find and
hit” a fissile nucleus 51 kg

decreases quickly with the
decreased space occupied
by the nuclei (higher
probability to leak out)
and with the decreased
number of fissile nuclei in
that confined space.
Below a certain minimum 95 % U-235 95 % Pu-239
volume or confined mass,
a chain reaction is not
possible, thus the concept
of "critical mass”.

17 kg

28 kg

@@ ckholm
50 % U-235 50 % Pu-239




Nuclear Fission Reactors

Performing a sustained and contained (controlled)
chain-reaction delivering a steady and continuous
release of energy (heat).

&

V%?KTH%%.» For that purpose, the following main reactor components are necessary:
,g‘é{.?:ﬁé@, e The fuel with enough fissile nuclei for sustained operation (U-235);
TEEHES® e The means to control neutron life and alter neutron energy level so that
KTH Industrial Engineering continuous fission reactions would be possible - the containment to

prevent leakage, and the moderator;

e The means to quickly shut down the fission reaction - the inhibitor in
the form of neutron absorbing elements;

e The heat sink, that is the reactor cooling medium.
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Moderator

It is necessary to slow down the fast neutrons in order
to make sure that they meet a U-235 nucleus and
initiate a controllable fission reaction.

Achieved by using a moderator. The neutrons collide with
moderator’s nuclei and lose energy.

The moderator shouldn’t enter fission reactions or
absorb the neutrons, but only slow them down.

Good moderators are:
Light water (H, nucleus)
Heavy water (D, nucleus)
Beryllium

Graphite (carbon)
Oxygen

@@ Dept. of Energy Technology, KTH - Stockholm



Fission Inhibitors

e Nuclear reactions can be stopped (or flex-controlled)
by absorbing all neutrons, thus safely decreasing the
possibility to initiate new fission reactions.

e Good neutron absorber materials are:

@% - Boron B

ST _
FKTHS - Silver Ag
e (;CHKONS;’ oF - Ind'um In
a%x%‘b .
- Cadmium Cd

KTH Industrial Engineering
and Management

e (Certain fission products are also good neutron absorbers
(Xe, Sm), which act as undesired inhibitors by “poisoning”
the nuclear reactor.
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Neutron Generations
(continuous operation)

Some neutrons are absorbed by the moderator
or by inhibitors, and therefore lost

@ﬁb c Thermal neutrons collide

igg - S&J% The remaining neutrons are with fuel atoms and

LBWUNSER  iowed down by the moderator initiate fission
VETENSKAP 1000 st

38, OCH KONST ¢ and become thermal neutrons @, - %

e

Average of 1.8 neutrons are
o) produced per one fission

C& O 1800 st

1350 st [
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400 st
®Q.j S A small number of fast
: ;O{ gﬁ neutrons manage to initiate
Some neutrons are captured by U-238 ® L @’ / / fission of U-238
which transforms into Pu-239@ \ S //
\ 1850st  ©
1750 st

==

100 sto4 6 Some neutrons leak out and leave the fuel space




The BWR as an example

Fuel rods (black) and
regulation rods (white)
situated in the reactor core
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Branslet avger varmeenergi
till kylmedlet sa att anga

bildas Styrstavarna absorberar neu-
troner och begransar darmed
effektutvecklingen

7

L Detektorerna for lag effekt

mater effektutvecklingen i
hardens ovre del. Dessa man-
ovreras ut nar hogeffekt detek-
torerna 6vervakar effekten

— Detektorerna for hog effekt
mater effekten pa fyra olika
nivaer i harden

- Moderatorn bromsar ner
neutronerna till
termisk hastighet

~

Kylmedlet tar upp den
varmeenergi som branslet
avger

Motors for the regulation rods

Various detectors at
different positions
measuring temperature,
neutron flow, etc.

Light water serves both
as moderator and

as cooling medium,

and also as working
medium for the

power generation cycle!

\\ Water circulation pumps

kholm




_ Microscopic target I
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Neutron economy & 00k
thermal inertia o
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(%) Areactor lifetime

4 100 fission av U-238

\\\‘&\ by fast neutrons
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7 50T fission av U-235
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Boiling Water Reactor (BWR)

Fuel: enriched U ~3.5%
Moderator: Light Water

Cooling: Light Water
El. Efficiency: ~33%

Reactor vessel

Reaktortanl/’\

KTH Industrial Engineering
and Management

Circulation
pumps

Reaktorinneslutning

Angturbin Generator

Anga Steam to turbine

—
70 bar, 286 °C

Elenergi

— ] - a—
-
L]

D e e -t e oy e, e
\\ ~ Cooling water
§hell valves Kondensor |. pump
7 =
M X Kylvatten fran

\k - = -/]/- /k Feedwater pump

Vatten
Feedwater Fgrvirmare

Reactor containment
)T ¢ AT

Preheaters



Pressurised Water Reactor (PWR)

Fuel: enriched U ~3.5%

Moderator: Light Water /\Shell ,\\\lalves

Cooling: Light Water /Enclosure of the primary system Angturbin Generator
El. Efficiency: ~32%

\ Sekundarsystemet, anga Steam at 60 bar, 275°C
Secondary circuit (power circuit)

ll] Elenergi

J

Steam generator Anggenerator

Pressure

@% regulation

oS = Wy
FRTHE [

N
% VETENSKAP §Z}‘ KW)
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Cooling water pump

) 9
TR
KTH Industrial Engineering an Ve
and Management o e

'Kondensat

Feedwater pump

[ /'“‘LU-LM\KI Water

J

|\ V_a;tten
e
%

Forvarmare feedwater preheaters
Sekundarsystemet, vatten

Vatten Primarsystemet
160 bar Primary circuit

Reactor core Reaktorkylpump
Circulation pump

Reactor vessel R

_ eaktorinneslutning ' Reactor containment -




Channel-type Graphite Reactor (RBMK)

Fuel: low-rich U ~2% Russian version of a boiling water reactor, graphite moderated,

Moderator: Graphite, able to use fuel with lower enrichment
max 750 C graphite temp.

Cooling: Light Water
El. Efficiency: ~32%

7 MPa, 286 °C o .
—— — Steam to turbine —-g—

Steam drum

-~ Feedwater -

Solid graphite blocks
-~ with channels inside

Feedwater &
Circulation pump

— 270 °CV

| == ) = | Rl I_l L )
Tubes with fuel in each pressurised water channel. Regulation rods in neighbouring channel.

_ Modular construction. More graphite blocks with tubes can easily be added. I




Magnox Reactor (gas cooled)

Fuel: natural U

Moderator: Graphite
Cooling: CO2 at 400 C CO,-cooled graphite moderated reactor, old design

El. Efficiency: ~31%

regulation rods

E S | Primary circuit - hot carbon dioxide: 21 bar, 400 C
A P ; Secondary circuit - a st |
i,)% KL %& @ econdary circui a steam cycle
VETENSKAP R
QG%OCH KONST%Q@ ‘.:
s : ———graphite
) - Fuel rods / Till
KTH Industrial Engineerin & =
tlm::.:\lla|":agengmn°te ¢ : Reactor core turbin och
generator
_| Reactor
vessel (steel)




Advanced Gas-cooled Reactor (AGR)

Fuel: enriched U ~2.3% Primary circuit - hot carbon dioxide: 41 bar, 650 C

Moderator: Graphite \ Regulation rods Secondary circuit — a steam cycle
Cooling: CO2 at 650 C /
El. Efficiency: ~42% .

__ Reactor containment of

i

steel and concrete

T P2
LA ;\'
L

B,
$¢> Q%
¥ KTH % Till
¥, Sononer o Sl
generator

S

KTH Industrial Engineering Graphite moderator

and Management
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Fuel: natural U
Moderator: Heavy Water
Cooling: Heavy Water
El. Efficiency: ~31%
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Heavy-Water Reactor (CANDU)

A Canadian design, heavy-water cooled and moderated reactor,
with a light-water/steam secondary circuit for power production

1
Secondary circuit - light-water steam cycle

Steam generator

Till
turbin och
generator

Reactor vessel

(horizontal)
Regulation rods

Heavy water
305 °C

Fuel rods

Pr|mry circuit - pressued avy water




Fast Breeder

Works with fast neutrons,
without a moderator. Intermediate circuit - liquid sodium

Can convert U-238 into fissile fuel.

Steam generator (secondary
heat exchanger)

Regulation rods

N

Reactor containment

Secondary circuit - steam
180 bar, 550 C
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Fuel: highly rich U ~20%

Converts U-238 to Pu

Moderator: None!

Cooling: liquid sodium (Na) [

0.3 bar, 620 C S W

El Efficiency: ~a2% Ll i T \
Reactor vessel




Summary of Operable Reactors
worldwide, per type (year 2014)
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Type: numbern: fuel: cooling: moderator:
PWR 263 enriched U water water
BWR 92 enriched U water water
Gas-cooled 26 low-rich U CO, graphite
CANDU 38 natural U heavywater  heavywater
RBMK 17 low-rich U water graphite
Fast breeder 3 high-rich U, Pu  liquid Na none
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Future Nuclear Fuel?

e Large economically-available Uranium resources:

Australia, Kazachstan, Canada, South Africa, Namibia, Brasilia, Russia,
USA, Uzbekistan...

e Total for the world: 3.6*10° tons

e Possible to utilize more U-238 in innovative reactor designs
m or in fast-breeders.
oS T S

i’% KTH % e Recycling of ~30 ton nuclear weapons into conventional reactor fuel

VETENSKAP

7,00 KoweT 5 would feed ~14% of today’s nuclear power capacity!
s

KTH rnd Managamene. "2 Thorium as fuel?
Th-232 can be transformed into fissile U-233 by neutron absorption.
Th is about 3 times more commonly available than U!

Thorium reactors would operate with different neutron economy:

n 4 282Th — 23Th 2, 233p, 7,233y
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Small Modular Reactors (SMR)

Nowadays, new nuclear plants have become far too expensive to build. Instead of economy-of-scale by enlargement
of modern designs beyond 1000 MW, per unit, it might be better to go for small prefabricated units of 50-300 MW,

much easier to mass-manufacture and deliver. The SMR concept focuses on this option, by virtue of various possible
designs and modifications. It is a fuzzy concept that still lacks the necessary support and investment, but might turn

out to be very promising for the future.

Light Water Cooled SMRs

IRIS (Westinghouse) mPower (Babcock & Wilcox) NuScale (NuScale)
335 MWe 125 MWe 45 MWe

China, Peoples Republic of
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