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Energy from fission

Ref. ch.8



Nuclear energy

Uranium (atomic number = 92): three isotopes — mass number 234, 235, 238
(234U, 235U, 238U)
Nuclear reaction: fragmentation by splitting of the nuclei of atoms

energy, W = mc?

e.g. 1 atomic mass unit (1.66 x 102" kg) —» W =1.66 x 102" x (3 x 108)2 ] =
14.94 x 1011 J = 4,147 x 10-17 kwh = 931 MeV

Nuclear fission: fragmented with neutrons(= & XI)

235 fission
235 + neutron — %?Kr + 141Ba + 3neutron + gamma ray

Mass difference (235 — (92 + 141)) release energy
1kg 23U — 8x 1013]

Ref. Energy Studies
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Fig. 8.1. Uranium fission [1] (reproduced by permission of AEA Technology plc).

Nuclear radiation:

alpha (a, helium nucleus, “He (atomic number 23)

beta(p, electron or positron)

Gamma (y)-ray alpha particles (FHe nuclei)
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Units of radioactivity

The unit of activity is the becquerel (BQq)
One Bq is defined as one transformation (or decay) per second

GBqg (gigabecquerel, 1 x 10° decays per second) or TBq (terabecquerel, 1 x 10%
decays per second) are commonly used

Another unit of radioactivity is the curie, Ci

1 Ci = the activity of any radionuclide decaying with a disintegration rate of 3.7
X 101°Bq



Units of radiation

-"radiation-absorbed dose”(rad): 1 rad = 102 J/kg

-Gray (Gy) = 100 rads

-Roentgen (R): amount of X or y radiation, 1 R = 2.58 x 10 C/kg

-"Roentgen equivalent man”(rem): amount of radiation that produces biological
effect on human tissue, 1 sievert (Sv) = 100 rems

-The International Commission on Radiological Protection: max. radiation dose =
0.5 rem (or 5 mSv)/year

-No risk below 100 mSv/year
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Nuclear power (including on order & planned):
USA: 104 (98015 MW), S. Korea: 30 (20 operating) (27970 MW),
France: 59 (63203 MW), Japan: 68 (62589 MW),
world: 519 (467 operating) (425,790 MW)

Uranium resources

Table 8.4. Estimated recoverable resources of ura-

nium [13] (tonnes U3Osg, % of world).

Australia 889 000
Kazakhstan 858 000
Canada 511 000
South Africa 354 000
Namibia 256 000
Brazil 232 000
Russian Fed. 157 000
USA 125 000
Uzbekistan 125 000

World Total 3 340 000

27%
17%
15%
11%
8%
B%
5%
4%
4%

Reasonably Assured Resources plus Estimated Addi-
tional Resources - category I, to US$ 80/kg U, from
Uranium: Resources, Production and Demand 1999,

OECD NEA & TAEA, July 2000.

Brazil, Kazakhstan and Russian Figures above are

75% of in situ totals.



Plutonium

Artificial radioactive isotope (%3°Pu): produced from 238U in 235U fission
(cf. natural uranium: 0.7% fissionable 23U, 99.3% 238U)
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Fig. 8.7. The formation of plutonium [16] (reproduced by permission of AEA Technology pl



Textbook

Introduction
- Nuclear bomb/waste vs. carbon-free energy

- Two form of nuclear energy
(i) fission: reaction used in atomic bomb
(i1) fusion: energy source in stars

- Mostly uranium(U) for fuel in ission reactors

Main producers: Canada, Australia

Energy: 1 ton U ~ 20,000 ton coal

U is as common as tin or zinc

Granite contains 4 ppm U, sea (~0.003 ppm, = 4000 Mton)
USA: 3.3 Mt reserve at $130/kg + ~10.7 Mt




1. Binding energy and stability of nuclei

Nucleus: attraction force between protons & neutrons(nucleons). Its mass is less
than the sum of its constituents — total binding energy BE = AMc¢?
(Einstein’s relation)

e.g.: carbon (C) : two isotopes, 12C & 13C, 14C (unstable)

14C — 14N + e(electron) + v (anti-neutrino)

14C: unstable due to 6 protons & 8 neutrons (cf. 1*N: 7 protons & 7 neutrons)

Half-life of this beta decay: 5730 yrs — 4C/12C ratio is used in “radiocarbon
dating”

Beta decay can leave a nucleus in an excited state, that can decay to the ground
state with the emission of y-ray



Stable nuclei
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Total binding energy is proportional to # of nucleons (A) — BE per nucleon,
BE/A = b(A) (approximately constant)

Above A ~ 12, roughly constant (maximum near iron (Fe (A ~ 60))
Heavy nuclei: neutrons > protons — b(a) decrease

10 —
MeV 3 56 e 88gy

9 — I36Ba
< . 1% 0pp,
S 8 —: .. 23Na J:)U
e — IZC
=] 7 e
Q 174
-—g B He
=5 6 ;
g _je’l
i B
B 7
S 4
: =
) 7]
g 3T
= Je3
H 23 L
/M -

1 3® D
0 = 1 [ T I I [ | T [ [ I I T | [ T | T I I | | T I
0 50 100 150 200 250

Mass number A



If mass number A, splitting two nuclei with mass number A, & A,, total energy
release

Er = Ax{b(Az) —b(A)} + Az{b(Az) - b(A)}

(cf. 50 million times more than chemical combustion rxn, C + O, — CO, + 4.2 eV
(=7 x 10-19 J). 1 ton 235U ~ 2.3 million ton C)

Energy is also released in fusion(& &)

H+3H —>“He+n

b(A) for deutrium, tritium, helium: 1.1,2.6,7.1eV — (4x7.1)-(2x1.1) - (3 x 2.6)
~ 18 MeV release



2. Fission

Spontaneous fission is rare due to fission barrier

2.1 Neutron-induced fission

Probability of fissiont when nucleus captures a neutron

n + 235U — 236U* (excited state): above fission barrier: fission!!

(cf. n + 238U — 239U* (excited state): ~1 MeV below the top of barrier fission

barrier) 0o S D B

A

Potential energy

Separation (r)

Y
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2.2 Energy release in fission
Natural uranium: 0.7% 232U, 99.3% 238U: 1 ton U ~ 20,000 ton coal

Energy from fission: prompt release & delayed release (following the beta
decay of the neutron-rich nuclei)

Beta-delayed neutron emission

t,, 54.5s S7Kr’ t,,21.8s LiXe

86K 1 ' 136 o

e.g. 8.2



235U
~2.4 neutrons are emitted in the neutron-induced fission: mean energy ~2 MeV

Emitted neutron: open up the possibility of chain reaction (fission of other nuclei)

0.65% neutrons are beta-delayed neutrons with a mean delay time of 13 sec

Table 8.1

Mean energy

Relative intensity

Neutron energy (MeV)



2.3 Chain reactions

Neutron absorption: induced fission & captured

Probability of neutron-induced fission

Cross-section ¢ — unit, barns(b): 1 b= 102 m?

Cross-section of uranium nucleus ~ 2b (2 k2= Sd At Its2| d& = Jt
NE=z 0|2t &M AL0H

Cross-section of neutron absorption: o, = o (captured) + o, (induced fission)

Neutron speed through uranium (v), # of 235U nuclei per unit volume (n;)

A

-
L

yi

14
Volume o; v swep out by neutron in 1 sec
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Basic knowledge of fluid mechanics for hydropower, wave power, and wind
power

1. Basic physical properties of fluids

!

Density (p): mass per unit volume of a fluid. Kgm-3. (p,qer ~ 10° kgm= & p,;
12 kgm-3 a.t () A _ ; (b) Depleted

D
Enriched Depiee !
r
UF, feed —» éi Enriched \1

?

Pressure (p): forct |

atmosphere ~ .
Viscosity: force p | | 1 e
relative motic | Membrane | E
direction. Lo r
I | L —— Centrifuge
- st _| |1

Drive motor

A

l
UF feed



Basic knowledge of fluid mechanics for hydropower, wave power, and wind

power

1. Basic physical properties of fluids

Density (p): mass per unit volume of a fluid. Kgm=3. (p,qer ~ 10° kgm=3 & p,;,

1.2kgm3atT=20 C al

Pressure (p): force per unit at
atmosphere ~ 1 bar = 10

Viscosity: force per unit area
relative motion between
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power

1. Basic physical properties of fluids
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Basic knowledge of fluid mechanics for hydropower, wave power, and wind
power

1. Basic physical properties of fluids

!

Density (p): mass per unit volume of a fluid. Kgm-3. (p,qer ~ 10° kgm= & p,;
1.2kgm3atT=20 C and p =1 atm)

Pressure (p): force per unit area in a fluid (==2 & 2F 2| &l). Pascal or Nm=2. (1
atmosphere ~ 1 bar = 10° Nm2 = 10° Pa)

Viscosity: force per unit area due to internal friction in a fluid arising from the
relative motion between neighbouring elements in a fluid. Tangential
direction.
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Basic knowledge of fluid mechanics for hydropower, wave power, and wind
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1. Basic physical properties of fluids

Density (p): mass per tnit vinhiimna AfF A FliiiAd LAm-3 1A —_ 15{;\e§r1!{($'m;3 0O A _
12 kgm-3 at T — : Heat exchanger\ \ Generator
Pressure (p): force pel ‘

atmosphere ~1Db

‘| Condenser
Control rod system

I
- N =
Viscosity: force per u 1 7 pump I
relative motion bt
direction.

Hot Na

Cold Na Heat

exchanger

Pump

Core



Basic knowledge of fluid mechanics for hydropower, wave power, and wind
power

1. Basic physical properties of fluids

!

Density (p): mass per unit volume of a fluid. Kgm-3. (p,qer ~ 10° kgm= & p,;
1.2kgm3atT=20 C and p =1 atm)

Pressure (p): force per unit area in a fluid (==& & 2F2| &). Pascal or Nm=. (1
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Basic knowledge of fluid mechanics for hydropower, wave power, and wind

power

1. Basic physical properties of fluids

Density (p): mass per unit volume of a fluid. Kgm=3. (paer ~ 10° kgm= & pgi, ~
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