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Nuclear Fission

» Accompanying the fission process is the release of several neutrons, which are all-important
for the practical application to a self-sustaining chain reaction

235 4o /4
‘?20 +:>” ‘*ﬂx'é’fgﬁsr‘ + .?;H
e —
/76 ﬂev.zmlﬂmc’é T z newtvenn neleased
e NUWMLRO0@ 172508y pack s suleasmd distyd bud¢ oxg cyﬁﬂcengf%’s.,

® on average s U235 flesipa yiddo 193 Mo,

® 1 g feciomable pateaal geninalen cpproximitdy 14UV -day of suergy,

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g

Tel. +962 6 535 5000 | 22888 3




Nuclear Fission

23s m 157
U + n —e= ?7 '
T2 ° Bt o ke v A on

. I 1 ' U-;SE

. Fragments

. \ . . @ Neutron
O

!
©,
®

A representation of a chain reaction
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Nuclear Fission
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Nuclear Fission
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» The total energy from fission, after all of the particles from decay have been released, is about
200 MeV
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Nuclear Fission

Energy from Fission, U-235.

MeWV
Fission fragment kinetic energy 166
Neutrons 5
Prompt gamma rays 7
Fission product gamma rays 7
Beta particles 5
Neutrinos 10
Total 200

» Neutrinos accompany the beta particle emission, but since they are such highly penetrating
particles their energy cannot be counted as part of the useful thermal energy yield of the
fission process.

» Thus only about 190 MeV of the fission energy is effectively available
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Nuclear Fission
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Nuclear Fission

@@k

Captured ®
. Fragments ® oo Neutron

self-sustained (controlled) chain reaction.
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Nuclear Fission
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Linear Chain Reaction

* Obviously, an expanding chain reaction cannot
be sustained for long (bomb). For controlled
nuclear power, once we reach our desired
power level we want each fission to produce
exactly one additional fission
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Moderator

* Neutrons are slowed
down by having them
collide with light atoms
(Water in US
reactors).

e Highest level of
energy transfer occurs
when the masses of
the colliding particles
are equal (ex: neutron Uikn
and hydrogen) S

Kontrolstay
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Control Rods

e Control rods are
made of a material
that absorbs excess
neutrons (usually
Boron or Cadmium).  Meutregs

» By controlling the
number of neutrons,
we can control the
rate of fissions

Fuel Rods

Control Rod
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Thermal Neutrons Reactors

» The reproduction constant of a reactor is regulated by the positioning of the control rods inside
the core.

» It also depends on the quantity of fissionable material inside the core; this issue is discussed in
the next section.
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Neutrons Energies
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Neutrons Energies
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Thermal Neutrons Reactors
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Thermal Neutrons Reactors N
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Thermal Neutrons Reactors
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Thermal Neutrons Reactors
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> By slowing down neutrons so that they are more likely to react with the fissile
uranium-235 than with uranium-238 which captures neutrons without fissioning.

» Light water also acts as a moderator but because light water absorbs more neutrons than heavy
water, reactors using light water must use enriched uranium rather than natural uranium,
otherwise criticality is impossible
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Thermal Neutrons Reactors
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Thermal Neutrons Reactors
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» This normal operation is often described in terms of a reproduction constant, K. This is the
average number of neutrons from each fission event that will cause another fission event.

K<=1 : Reactor 15 “subcnitical” (chain reaction stops)

K=1 - Reactor 1s ‘critical” (self-sustained chain reaction)

K=1 : Reactor 15 “supercritical’ (power increases; the chain reaction may run away and
even lead to explosion)
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If 0.190 a.m.u. are converted to energy for every nucleus of U- 235 that undergoes the fission
process, what is the released energy in the process.

AE = Am 2

-

6.242x1012 MeV

1.66036x10--/ kg) {3}{108 %)2 — (2_34}11{]‘11 I 3 )= 177 MeV/nucleus

l amnu.

=(0.190 amu.)

MeV 1 nucleus

nucleus ) (235 nucleons

=(177 )= 0.73 MeV/nucleon

For fission of U-233. taking into account that there are 6x1023 atoms in one mole
(Avogadro's number) and that the molar mass 1s 235 grams, we have:

177 MeV
li1 nucleus U-233 )x

_1 nucleus U—EEﬁ) {6x1ﬂ23 EltGlILE) 1 mol ) 1.52x10-16 BTU,
* T atom U-235 1 mol (0.235 kg U-235" " 1 MeV B

= 6.90x1010 BTU/kg U-235
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Calculate how much U-235 is needed for the lifetime of a nuclear power plant that produces 1000
MW of electricity. Consider that the lifetime of the plant is 30 years and that its efficiency is
34%. Assume that the efficiency of conversion of nuclear energy to heat is 100% and that the
power plant operates at 100% capacity.

1 kg of U-235 can be converted into approximately 1011 BTUs of kinetic energy.

The representative power plant used as an example produces 1000 MW of electricity

X ) =3.0x1013 BTUkvear

I, 3
0y ¢ ‘
(10 sj" 1 vear }1“10:’?_

Ower a lifetime of 30 years, the quantity of thermal energy required for one plant will be:

8.8x1013 BTU
1 vear

[ ) (30 years) = 2.6x101° BTU

2.6x101° BTU . 1 kg U-235
1 plant )"lﬂllBTU

about 26 tons of radioactive uranmm are needed for a typical nuclear reactor.
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) = 26000 kg U-235/plant

e Nuclear Power Plants

— The nuclear reactor contains the material and is the vessel
for the controlled chain reaction of fissionable materials that
will release the energy.

— Usually there is a fissionable enriched material made of 3%
U235 and 97% U238 the is fabricated into small beads.

— The beads are enclosed in a fuel rod.

— The fuel rods are locked in a fuel rod assembly by locking

collars and arranged so that pressurized water can flow
around the rods.

— Control rods are made of material that can absorb neutrons
and are inserted between the fuel rods.
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— The rate of the chain reaction is controlled by raising or
lowering the control rod.

— In a pressurized water reactor the energy is carried way from
the reactor by water in a closed pipe called a primary loop.

» This water acts as a coolant and also as a moderator to
slow neutrons so they can more readily be absorbed by
the U235 nuclel.

— The water from the primary loop is circulated to a heat
exchanger called a steam generator.

* The water in the heat exchanger moves through
hundreds of small loops and heats the feedwater in the
steam generator.

» The water then returns to the core to be heated again.
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Nuclear Reactor (simplified)
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Nuclear Power Plant (simplified)
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* (A)These are uranium oxide fuel pellets that are stacked inside fuel rods,

which are then locked together in a fuel rod assembly. (B) A fuel rod
assembly.
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* A schematic representation
of the basic parts of a
nuclear reactor. rods

A

Control

* The largest commercial
nuclear power plant
reactors are nine- to eleven-

inch-thick steel vessels with L,
a stainless steel liner,
standing about 40 feet high Reactor

core

with a diameter of 16 feet.

» Such a reactor has four —
pumps, which move vessel
440,000 gallons of water
per minute through the
primary loop.
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. Spent fueI rod assemblies are removed and new ones are added toa
reactor head during refueling. This shows an initial fuel load to a reactor,
which has the upper part removed and set aside for the loading.
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Pressurized Water Reactor

» Water is heated by the nuclear fuel, but is kept under pressure in the pressure vessel, so it will
not boil.

» The water inside the pressure vessel is piped through separate tubing to a steam generator.
» The steam generator acts like a heat exchanger.

» There is a second supply of water inside the steam generator.

» Heated by the water from the pressure vessel, it boils to make steam for the turbine.

» Other reactor designs, which use helium gas rather than water to produce steam, are also under
development and may eventually be built in the United States.
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P=2250 psi T=600°F.
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Pressurized water reactor (PWR)
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Boiling Water Reactor

» Inside a boiling water reactor, heat from the chain reaction boils the water and turns it to
steam.

» The steam is piped from the reactor vessel directly to the turbine.
» The steam turns the turbine's propeller-like blades, which spins the shaft of a huge generator.

> Inside the generator, coils of wire and magnetic fields interact—and electricity is created
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Types of Neutron Reactors
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Boiling water reactor (BWR)
P=1000 psi T=545°F
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Boiling Water Reactor

Withdraw control rods, Insert control rods,
reaction increases reaction decreases
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Boiling Water Reactor
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Boiling Water Reactor
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Boiling Water Reactor
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Boiling Water Reactor

Q; = Xmi(hy — ha)
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Types of Neutron Reactors

Heavy water reactor (HWR) Gas cooled reactor (GCR)
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Types of Neutron Reactors
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Reactor Safety Design

Containment Vessel
|.5-inch thick steel

Shield Building Wall

3 foot thick reinforced concrete

Dry Well Wall

5 foot thick reinforced concrete

Bio Shield

4 foot thick leaded concrete with
I.5-inch thick steel lining inside and out

Reactor Vessel
4 to 8 inches thick steel

Reactor Fuel

Weir Wall

1.5 foot thick concrete
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Reactor Is
Inside a large
containment

building
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Reactor Safety Design

A\
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Nuclear power plants use a series of physical barriers to make sure radioactive material cannot
escape.

In today’s water-cooled reactors, the first barrier is the fuel itself: the solid ceramic uranium
pellets.

Most of the radioactive by-products of the fission process remain inside the pellets.

The pellets are sealed in zirconium rods, 12 feet long and half an inch in diameter.

The fuel rods are placed inside a large steel reactor vessel, with walls 8 inches thick.

The vessel is surrounded by 3 feet of concrete shielding.

At most plants, a leak-tight steel liner covers the inside walls of the containment building.

The containment building is a massive, reinforced concrete structure with walls 4 feet thick.
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Practicalities

e Processing of Uranium

« Each ton of Uranium ore
produces 3-5 Ibs of
Uranium compounds

« Uranium ore is processed
near the mine to produce
“yellow cake”, a material
rich in U304

e Only 0.7% of U in yellow
cake is 23°U. Most of the
rest is 238U which does not
work for fission power.
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Enrichment

e Fuel must be 3-5%
235u_

* Yellow cake is
converted into UF,
and this compound is
enriched using
gaseous diffusion
and/or centrifuges.

 There are some
reactor designs that
run on pure yellow
cake.
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* NOTE: A nuclear bomb requires nearly
100% pure 235U or 23°Pu. The 3% found in
reactor grade Uranium CANNOT create a
nuclear explosion!
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Fuel Pellets

« The enriched UF4 is
converted into UO,
which is then made into
fuel pellets.

 The fuel pellets are —

collected into long
tubes. (~12ft).

« The fuel rods are .
collected into bundles
(~200 rods per bundle

e ~175 bundles in the
core
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Cladding

 The material that the
fuel rods are made
out of is called
cladding.

* It must be permeable
to neutrons and be
able to withstand high
heats.

» Typically cladding is
made of stainless
steel or zircaloy.
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Control rod
drive mechanism

/ Instrumentation ports

Thermal sleeve

Control rod
mechanism housing

Lifting lug

Control rod

Closured head shroud tube

assembly .
Hold-down spring

Upper support plate Alignment pin

Control rod

Internals i
" ¥ guide tube

Support ledge
Control rod
Support column drive shaft

Core barrel o
S Control rod cluster

Inlet nozzle (withdrawn)

Upper core plate ~ ?'l
Vessel support 57 Outlet nozzle
Alignment pin
Thermal shield
Reactor vessel

Access port

Lower core plate

|~ Baffle assembly

Fuel assembly

I~ Baffle radial

support

Thermal
baffle support
Radial support

Flow mixer plate

Core support columns
Core support
Instrumentation
thimble guides

Chemicz FiG. 1.5 Connecticut Yankee Pressurized Water Reactor Core.
[Courtesy Westinghouse Electric Corporation.]
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Controlling the chain reaction depends
on

Arrangement of the fuel/control rods
Quality of the moderator
Quality of the Uranium fuel

Neutron energy required for high
probability of fission
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