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NUCLEAR TECHNOLOGY
1. How Reactors Work
Conversion of Uranium to Plutonium

[image: image55.bmp]
Neutrons have very large energy:

· Need to be slowed down by “moderation”

· Releases energy ( neutron hits particle and “shares” its energy with it

Neutron Histories in Fast Reactors
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Breeding Processes
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121 atoms of Pu-239 produced
116 atoms of Pu-239 consumed

( ( Net gain of 5 atoms of Pu-239 ( “BREEDING”
Distribution of Energy from U-235 Fission
	Process
	Energy (1012) J

	Fission Products
	64

	Fission Neutrons
	2

	Prompt ( radiation
	3

	Fission product decay (heat)
	

	( radiation
	3

	( radiation
	3

	Neutrinos
	5

	TOTAL
	80


Main problem
( CANNOT switch entire plant off




( Must continue to cool reactor for ever

Magnox Reactor
Problems:

· Magnesium interacts with cooling water

· Steam generator separate from reactor ( safer to contain all in one

Advanced Gas Cooled Reactor (AGR)

Operation:

· 40 bar pressure

· CO2 cooled

· Integral boilers

· Concrete pressure vessels

· Enriched fuel
· Safety bonus ( self-contained reactor, all within concrete block

AGR Fuel Elements:
Problems:

· Optimisation of heat transfer

· Moderator attack
· Graphite interacts with CO2 to produce CO

· 
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· Methane addition reverses reaction ( carbon deposition

· Carbon coating insulates the can slightly

· Build-up of deposit reduces turbulence

· Hence operating range for AGR exists

Pressurised Water Reactor (PWR)
Operation:
· Cooling:

· Via single-phase water at 150 bar

· Steam generated at typically 70 bar

· Water ( v. high heat transfer coefficient (GOOD)
· Enriched fuel

· World’s most prevalent reactor

· Steel pressure vessel contains reactor ( safe

· Pressuriser ( generates steam to push water down

PWR Fuel Elements:
· Stainless steel cladding
· Fuel pressurised

· Uranium oxide pellets

· Water is also the moderator

Boiling Water Reactor

Operation:

· Water boils inside the core at 70 bar
· 10% w/w of fluid leaving the top of the column is steam

Advantages:

· Coolant used directly to generate steam
Problems:

· Water reacts with uranium to make tritium ( slightly radioactive steam circuit

· Not completely isolated system
CANDU (Canadium Deuterium/Uranium Reactor)
Operation:

· Coolant:

· Heavy water
· No need to enrich it

CANDU Fuel Elements:

· Natural uranium ( no enrichment
· D2O investment high

· Pressure tube reactor ( problem with pressure tubes
Boiling Water Graphite Moderated Direct Cycle Reactor (RBMK )

Operation:

· Moderator ( graphite
· Coolant ( water

· No high pressure vessel

· USSR reactor

Problem:

· Unstable
Sodium Cooled Fast Reactor
Operation:

· Coolant ( sodium
· No moderator

· Work with pure plutonium

· Core is small (i.e. size of a dustbin)

· Need to get heat out of reactor v. quickly ( liquid metal used

Problems:

· Integrity of steam generator

· Water/sodium interaction possible when leaks present

Conclusion

· Wide variety of reactors
· Increasing tendency to standardise on PWR

· Problems:

· Stead-state design (coolant technology)

· Transient effects (safety)

· Fuel processing

· Fission product disposal

2. Reactor Cooling Systems

General Requirements for Coolant
Ideal coolant would have:
· High specific heat capacity (Cp)

· High heat transfer coefficient

· Good nuclear properties

· Low neutron absorption

· No radioactive isotopes formed

· Appropriate moderation properties

· Low cost and easy availability

· Compatibility with reactor circuit

· Easily pumped – low viscosity

NO COOLANT FULFILS ALL THESE REQUIREMENTS

Figure of Merit
Figure of Merit defined for lowest pumping power P for given L, A, M, Q and temperature rise (T.
Pressure drop ((p) across channel given by:
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Where

f = friction factor = 
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	(
	fluid density
	kg/m3

	(
	fluid viscosity
	N.s/m3

	A
	cross sectional area
	m2

	M
	mass flowrate
	kg/s


Pumping power, P:
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(1)
Where
	V
	volumetric flowrate
	m3/s

	(p
	pressure drop
	Pa


Heat transfer Q given by:
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Hence equation (1) can be substituted for M:
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Same method can be used on friction factor equation:
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Thus P is proportional to:



[image: image12.wmf]2

8

.

2

2

.

0

8

.

2

8

.

2

2

.

1

2

2

r

h

p

C

T

Q

D

A

L

P

÷

÷

ø

ö

ç

ç

è

æ

D

µ

&


For fixed L, A, D, Q, (T ( P is minimum when:
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Water as Reactor Coolant
Light water has:
· High availability and low cost

· High Figure of Merit

Problems are:

· Low boiling point

· High pressure required to achieve moderate efficiencies
· Neutron absorption relatively high

· Enriched uranium required

· Corrosive at high temperature

· Special containment materials required

· Strict control of water chemistry

Maximum Fuel Temperature
	Element
	Temperature ((C)
	Notes

	Uranium metal
	650
	Crystal structure change gives swelling at higher temperatures

	Uranium oxide
	2800
	Melting point of oxide


Maximum Pellet Temperature
Define total energy per metre of fuel as R (W/m2). Rate of energy release within radius r:
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Where
	r
	Inner radius
	m

	a
	Outer radius
	m


Thermal conduction equation:
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Where
	(
	Thermal conductivity of fuel
	(W/m2)/(K/m)


Temperature at radius r, Tr, is:
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Where
	T0
	Temperature on outside of pellet
	K


Centre (maximum) temperature:
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Maximum Clad Temperature
	Clad type
	Temperature ((C)
	Notes

	Magnesium alloy (Magnox)
	450
	

	AGR stainless steel
	750
	Melting point = 1400(C

	PWR zircalloy
	320
	Reacts rapidly with water at T>500(C producing H2.

Exothermic reaction with T>1000(C

	BWR zircalloy
	300
	

	Sodium cooled fast reactor
	750
	


Typical Heat Transfer Coefficients
	Compound
	Heat transfer coeff. (W/m2.K)

	Water
	30,000

	Boiling water
	60,000

	High pressure CO2
	1,000

	Liquid sodium
	55,000


Need for augmentation for gas-cooled systems:
· Increase surface area by finning (Magnox fuel elements)
· Fins increase area relative to smooth surface

· Promote mixing of gas

· Augmentation by factor of 5-6

· Roughness elements on surface (AGR fuel pin)
· Increase of surface area is small

· Roughness elements break up boundary layer ( increase ( by 2.5 times

· Also increase pressure drop

Coolants - Gaseous
Air:
· Used in Windscale natural uranium filter

· Oxidant for graphite
Carbon Dioxide:

· Complex chemistry

· Corrosion of graphite ( carbon deposition

Helium:

· Inert gas
· Coolant in High Temperature Gas Cooled Reactor (HTGCR or HTR)

Steam:

· Better heat transfer than CO2
· Superheaters attempted

· Not used significantly
Nitrogen Oxides:

· N2O4/NO2
· Proposed in USSR

Coolants – Liquid

Light Water:
· Can be used as coolant and moderator

· Needs dome enrichment of uranium

Heavy Water:

· Less neutron absorption than light water

· Can be used without enrichment ( CANDU

Organic Fluids:

· Polyphenyls – high temperature (300(C) and low pressure (10 bar)

· Degradation

Molten Salts:

· Often proposed – not much used!
· Homogeneous reactors

Liquid Metals:

· Sodium and potassium
· Sodium cheaper and safer

Coolants – Boiling

Light Water (BWR):

· Radiolysis problem

· H2O ( H2 and O2 ( steam phase

· Recombination much slower than for water phase

· O2 ( stress corrosion cracking (major problem with BWR’s)

Liquid Metals:

· Boiling potassium
· Proposed for space reactors

Alternative Coolant Circuits
Loop Type:
· Core in vessel

· Primary coolant circulator and steam generator outside

Integral Type:

· Core, primary coolant circulator and steam generator in single vessel

· Feed water in, steam out

Pool Type:

· Core and primary coolant circulator immersed in pool pf coolant

· E.g. “swimming pool reactor” ( fast breeder

Conclusion

· Very wide variety of coolants proposed
· Only limited range have actually been used
· Pressurised light water emerged as most popular

· Sodium cooling highly efficient for fast reactors

3. Two-Phase Flow and Heat Transfer
Two-phase flow patterns – Vertical Tubes
PICTURE
The Homogeneous Model

Assumptions:

· Treats fluid as single fluid (c.f. single phase flow)

· Equal velocities for two phases

Homogeneous density:
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Where
	(H
	Homogeneous density
	kg/m3

	m
	Mass flux
	kg/s

	v
	Volumetric flowrate
	m3/s

	x
	Quality (fraction of mass flow flowing as vapour)
	-

	(G
	Void fraction of vapour
	-


Void fraction:
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Separated Flow Model

Assumptions:

· Two fluids in separate regions
· Each with a given velocity

· 
[image: image21.wmf]L

G

u

u

¹


Define slip ratio as:
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Hence for this flow model ( 
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Mean fluid density in element:
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Hence, void fraction /slip ratio relationship becomes:
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Homogeneous Continuity (mass) Equation

For CHANNEL ELEMENT:
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Where
	(H
	Homogeneous density
	kg/m3

	U
	Total volume flux
	m3/s

	t
	Time
	s


Rearranging gives:
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Homogeneous Momentum Equation
Momentum equation takes into account the following:



[image: image28.wmf]shear

 

 wall

and

gravity 

 

pressure,

 

 to

due

 

forces

 

of

 

Sum

 

element 

on 

 

forces

 

of

 

Sum

=


Hence momentum decreases/increases depending on forces
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Rearranging the equation by dividing throughout ((A(z):

(
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Where
	p
	Fluid pressure (assumed constant over cross-section)
	Pa

	g
	Acceleration due to gravity
	m/s2

	(
	Angle of alignment
	radians

	(0
	Wall shear stress
	N/m2

	P
	Channel periphery
	-


Homogeneous Energy Equation
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Rearranging gives:
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Where
	e
	Energy convected per unit mass of fluid
	

	h
	Enthalpy
	kJ/kg

	(
	Internal energy of fluid
	

	q
	Wall heat flux
	kW

	qv
	Volumetric heat generation rate
	


Conservation Equations – Balance Element

Separated flow model ( six equation model

· Two flow regions: liquid and vapour

· Liquid: continuity, momentum and energy balance
(3 eqns.)

· Vapour: continuity, momentum and energy balance
(3 eqns.)

· Equations may be summed to give overall balance

Continuity Equation for Liquid Phase
Mass Out:
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Mass In:
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Accumulation:
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Where
	(G
	Void fraction of vapour
	-

	u
	Liquid phase velocity
	m/s

	A
	Cross-sectional area
	m2

	me
	Rate of conversion of liquid to vapour per unit length
	kg/s


Simplifying all three terms, we obtain:
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(2)
Continuity Equation for Vapour Phase

Similarly to liquid phase:
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(3)

Combined Continuity Equation

Adding (2) and (3) and noting that:
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We obtain:
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Momentum Equation for Liquid
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Steady-state, constant area duct:
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Momentum Equation for Vapour
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Steady-state, constant area duct:
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Combined Momentum Equation
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Post-Dryout Heat Transfer – Nil Evaporation Case
· Droplets do not evaporate in post-dryout region
· All heat goes into heating ( low m, low p

[image: image46]
Post-Dryout Heat Transfer – Equilibrium Case

· Droplets evaporate at rate sufficient to maintain vapour at TSAT
· Vapour velocity increases and Tw decreases along the channel

[image: image47]
Conclusion

· Two-phase flow and heat transfer of crucial importance in reactor heat transfer
· Pre-dryout heat transfer not important in core but governing in steam generator in some cases

· Post-dryout heat transfer vital in governing maximum clad temperature

4. Critical Heat Flux

Critical Heat Flux – Definition

CHF synonyms: “Dryout”, “Burnout”, Boiling Crisis”, “DNB”, “Boiling Transition”
Definitions:
· For heat flux controlled system, CHF corresponds to INORDINATE INCREASE in surface temperature following small change in system parameter (e.g. heat flux, mass flux, inlet subcooling)
· For surface temperature controlled system, CHF corresponds to condition where there is an INORDINATE DECREASE in surface heat flux following change in system parameter

Parametric Effects on CHF – Fixed length and diameter

[image: image48]
Parametric Effects on CHF – Fixed mass flux and (hsub=0

[image: image49]
Critical Heat Flux Mechanisms – Subcooled and low quality
PICTURE
Critical Heat Flux Mechanisms – Annular flow

PICTURE
· Film dryout by evaporation and entrainment ( dominant mechanism

CHF Predictions in Annular Flow – Parameters
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Where
	D
	Deposition rate per unit area of tube surface

	E
	Entrainment rate per unit area of tube surface


Equilibrium Flow:
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Non-equilibrium Flow:
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( Correlation for both required

Usual form:
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Where
	k
	Deposition mass transfer coefficient
	m/s

	C
	Homogeneous concentration of drops in core
	kg/m3


5. LOCA (Loss of Coolant Accident) Phenomena
Operational States
Normal Operation:

Operation at full power

Operational Transients:

Startup and shutdown
On-line refuelling (AGR)

Upset Conditions:

Unexpected faults. E.g. turbine trips, loss of offsite power

Emergency Conditions:

Break in small pipe

Relief valve stuck open

Limiting Fault Conditions (Design Basis Accidents): 


Design to cope with by engineered safety systems. E.g. large pipe break

Fuel Element Behaviour with Increasing Temperature
	Temperature ((C)
	Phenomenon

	350
	Approximate cladding temperature during power operation.

	800-1500
	Cladding is perforated or swells as a result of rod internal gas pressure in the post-accident environment; some fission gases released; solid reactions between stainless steels and Zircaloy begin; clad swelling may block some flow channels.

	1450-1500
	Zircaloy steam reaction may produce energy in excess of decay heat; gas absorption embrittles Zircaloy, hydrogen formed. Steel alloy melts.

	1550-1650
	Zircaloy steam reaction may be autocatalytic unless Zircaloy is quenched by immersion.

	1900
	Zircaloy melts, fission product released from UO2 becomes increasingly significant above 1877 (C.

	2700
	UO2 and ZrO2 melt.


Small Break LOCAs – Pipe sizes
Big Pipe Break:

· Pressure lowered immediately

· Allows water to enter vessel ( refill

· NO PROBLEM
Small Pipe Break:

· Pressure remains high

· No water allowed into vessel ( refill impossible

· VERY SERIOUS
Small Break LOCAs – Energy outflows

LOCA governed by the size of break and by substance that leaves the vessel
· Mass lost as steam – GOOD
· Low mass flowrate

· High enthalpy change

· Mass lost as waster – BAD
· High mass flowrate

· Low enthalpy change
AGR reactor – Pressurised CO2 circuit
· CO2 circulated by blowers
· Operating pressure = 40 bar

· Boilers inside pressure vessel

AGR Reactor – Operating states

Normal Operation:

Operation at full power

Operational Transients:

Startup and shutdown (operator)

On-line refuelling

Upset Conditions:

Loss of offsite power

Turbine trips
Secondary side faults

Emergency Conditions:

Loss of site power (countered by diesel generators)

Limiting Fault Conditions (Design Basis Accidents): 

Depressurisation following break of circuit

Control rod withdrawal

Single channel blockage

DBA = depressurisation
AGR – Depressurisation fault

· Reactor trips and remains at full pressure ( OK
· Natural convection enough to circulate CO2
· Reactor trips and depressurises but on-site diesel power maintained ( OK
· Diesel power provides low pressure

· Low pressure coolant flow sufficient to remove decay heat
· Reactor trips, depressurisation and failure of all power ( PROBLEM
· Fuel melts
Conclusion
· Heat generation and removal is key issue
· Design over full range of operational states is vital
· What seems to be the extreme case is sometimes not

· Important to analyse and learn as much as possible from actual accidents

6. Exmples of LOCAs

Three Mile Island

Chernobyl

7. Computer Codes

Classification of Computer Codes
· Nuclear safety codes and derivatives:
· TRAC (QUAC, PLAC)

· RELAP (ATHENA)

· RETRAN

· CATHARE

· Generic CFD codes:

· FLOW3D

· PHOENICS

· FLUENT

· Specialist codes:

· Annular flow:
HANA

· Reflood:

QFLOOD

Conclusions

· Great care to ensure that equations are appropriate and correctly coded

· Numerical aspects need careful attention, particularly order of differencing scheme and nodalisation

· Main problem area is that of closure relationships. An oversimplifies phenomenological approach can be worse than a purely empirical one

· Standard Numerical Benchmark and Physical Benchmark (Data Set) tests have a vital role in obtaining Quality Assured codes
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Note: Horizontal channels have lower CHF due to segregation





d 	= tube diameter


Pcrit= power input to achieve CHF
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