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Pressurized Components of Nuclear Power Plants

Introduction to Structural Reliability in Nuclear Engineering
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1.1 Risk based reliability engineering

: Mitigation Strategies
1.3 Basics on Nuclear Power

1.4. Pressurized components of NPP
1.5. BWR-Fukushima Accident

1.6. RBMK Reactor — Chernobyl accident

1.7. Specifics of nuclear power engineering

1.8. Production of medical isotopes
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NPP Video (AREVA)
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Pressurized Components of Nuclear Power Plants
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4 Loop PWR (EPR)
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4 Loop Pressurized Water Reactor (VVER 1000)

VVER-1000-Stereometric.svg
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Babcock & Wilcox Primary Circuit

1 Pressurizer

2 Once Through SG

4 Reactor Coolant Pumps
177 Fuel Asemblies
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850 MW electrical power

Integrity of Nuclear Structures - Material Degradation and Mitigation by NDE Q” TOLMIL. s

Michael Kronin
8 TPU Lecture Course 2014/15



PWR Coolant Circuits

¢ INDIRECT CYCLE: Pnmary and Secondary Coolant
Loops

& Single Phase (Liquid) Reactor Coolant
[T,=287.7°C, T,,,=324°C, P=15.2 MPa, T.5= 343.3°C]

& Two-Phase (Steam-Water) Power Conversion
Cycle Loop

[Togin=227°C, Tos ,7285°C, P=6.9 MPa, T554=285°C]
[Tcondenzer= 9f -6 G, P=6.6 kPa]
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Phase Diagram of Water
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Typical 4 Loop Parameters

Taotal heat output ~3250-3411 MWt
Heat generated i fuel o7.4%
Nominal system pressure 15.6 MPa
Total coolant flow rate ~1.74 % 10% kg/s
Coolant lemperature

Nominal inlet 291.8°C

Average rise in vessel 31.9°C

(utlet from vessel 3258°C
Eguivalent core diameter 33Tm
Core length, between fuel ends 366 m
Fuel weight, uranium (first core) 286,270 kg
Number of fuel assemblies 193

Michael Kroning Integrity of Nuclear Structures - Material Degradation and Mitigation by NDE (]ﬂ TOLMIW.

TPU Lecture Course 2014/15




TYPICAL 4-LOOP REACTOR VESSEL
PARAMETERS

Overall length of assembled vessel, closure head, and nozzles 13.36 m

Inside diameter of shell 4.39 m
Radius from center of vessel to nozzle face

Inlet 3.33m

Outlet 3.12m
Nominal cladding thickness 5.56 mm
Minimum cladding thickness 3.18 mm
Coolant volume with core and intemals in place 134.2 m’
Operating pressure 15.51 MPa
Design pressure 17.24 MPa
Design temperature 343.3°C
Vessel material Carbon steel
Cladding material Stainless steel
Number of vessel material surveillance capsules, total 8
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Flow Path within Reactor Vessel
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Central Ring with Outlet and Inlet Nozzles
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Closure Head with Control Rod and Instrumentation Nozzles
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Core Plate
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Geometry of the fuel

Core barrel
Downcomer :
]

Coolant

Image by MIT CpenCourseWW are,
Cross Section of a Representative
Fuel Pin (not drawn to scale)

mm (in.) BWER PWER
2f0 10.40 {0.409) 8.20 (0.323)
% 12.27 (0.483) 950 {0.374)

t 0.813 (0.032) 0.57 (0.023)

® source wkaowm. All rights reserved. This cordert is exc hided from our Cre ative
Comamons license. For more f onnation, se e hitp Socwrmit e dufamase .
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Image by MIT OpenCourseWare,
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Why the fuel/clad gap?

e Provides clearance for
fuel pellet insertion
during fabrication

& Accommodates fuel
swelling without
breaking the clad

& Filled with helium gas

Wrzdazs - z220002 AP
Example of a Cracked Fuel Crnss Scctmn
source: Todreas & Eazimi, Vol I, p. 333

14 © Taydor & Francis. &l ngﬁlts reserved. This content 15 excluded frorn our Creabve Comrnons lice nse.
For rore dorration, see httpolocwr mite dufaimse.
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Reactivity Control

PWR Control Rod Dissolved Boron (boric acid, H;BO;)
8% 88 gglgg gllglg Compensates for loss of reactivity due
ol ooloDIcIO to fuel burn-up.
QIO CRICIOICOIOIC
88 %gg%gg%% High concentration at BOC (beginning
ol CRCIOICOOI0I0 of cycle),
88 88 88}88%% decreased to zero at EAC
Olo QOROIIC (end of cycle)
OO QOPRIOOOIIOO
QIO QO Pros:
D% OORIOI0IIOINIO ros:
O OLPRLIO O uniform absorption throughout core
gg 88 gg’lgggl}glg concentration is easily controlled
O ORRICICOIOIO Cons:
O coolant slightly acidic
o requires addition of other chemicals
can deposit as crud
Made of B,C for scram or requires stainless steel

Ag-In-Cd for fine tuning
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PWR PRESSURIZER

Pressunizer (Saturated Liquid-Steam System: P=13.5 MPa, T=344.7"C)
Controls pressure in the primary system

From cold leg

Liquid Spray —
steam ——, - Pressure can be raised by heating
2 m—> water (electrically)
oo - Liquid p be 1 db
_ AR - Pressure can be lowered by
Electric heaters W condensing steam (on sprayed
2, droplets)

Integrity of Nuclear Structures - Material Degradation and Mitigation by NDE I TOLMIs. ¢

Michael Kronin P
8 TPU Lecture Course 2014/15

=5



FRESSURIZER TYPICAL DESIGN DATA

Humber and type 1 Tam-phase water and stearn pressunzer
Chrerall height 1602 1
Chrerall diame ter 235 m
Wate r volurne 3058 cu
atearn volame 0359 cum
Desizn pressure 172 MPa
Deesiz n tempe rature 3E0°C
Type of heaters Electnc iramersion
Murber of heaters &
Ingtalled heater power 1E00 EW
Mureher of relief vabres 2 Power-operated
Hurrber of safety vabves 3 Selfractnating
o pay rate

® Pressure fransignt 3025 Lim

» Confinuous 3779 Lim
ahell material IvIn-Ivlo steel, clad mternally with stamless steel
Dirsp weeighit 106,594 ke
Mornal operating weizght 125, 191 kg
Flooded weight (21.17%) 157,54 ke
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PWR STEAM GENERATORS

Primary side,jjot (T, =324 C,,, = 288°C): High Pressure Liqud
Secondary side, Cold (T, = 285°C): Lower Pressure Steam and Liqud

- Water Boils on Shell Side of Heat Exchanger
- Steam Passes through Liquad Separators, Steam Dryers

- Liqud Water NaturallyRecirculates via Downcomer
- Level Controlled via Steam and Feedwater Flowrates
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PWR Power Cycle (Secondary System)
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Low Steam Pressure Requires:

Large turbine
L ower rotational speed (1800 RPM)

Condenser
Steam Side at Low Pressure

Cooling water from sea, river or cooling tower
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Pressurized Components of Nuclear Power Plants
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USED MATERIALS

USNRC Technical Training Center: Pressurized Water Reactor (PWR) Systems, Reactor
Concepts Manual

Jacopo Buongiorno: PWR Description, MIT open course ware: 22.06: Engineering of
Nuclear Systems, CANES (Center for Advanced Nuclear Energy Systems), MIT

John Lamarsh, Anthony Baratta: Introduction to Nuclear Engineering. Prentice Hall,
2001, ISBN 0-201-82498-1
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Pressurized Components of Nuclear Power Plants

Aqueous homogeneous reactors (AHR) are a type of nuclear reactor in which soluble nuclear salts (usually
uranium sulfate or uranium nitrate) are dissolved in water. The fuel is mixed with the coolant and the
moderator, thus the name "homogeneous" (‘of the same physical state') The water can be either heavy
water or ordinary (light) water, both of which need to be very pure. A heavy water agueous homogeneous
reactor can achieve criticality (turn on) with natural uranium dissolved as uranium sulfate.lctation needed] Thyg,
no enriched uranium is needed for this reactor. The heavy water versions have the lowest specific fuel
requirements (least amount of nuclear fuel is required to start them). Even in light water versions less than 1
pound (454 grams) of plutonium-239 or uranium-233 is needed for operation. Neutron economy in the
heavy water versions is the highest of all reactor designs. lcitation needed]

Their self-controlling features and ability to handle very large increases in reactivity make them unique
among reactors, and possibly safest. At Santa Susana, California, Atomics International performed a series of
tests titled The Kinetic Energy Experiments. In the late 1940s, control rods were loaded on springs and then
flung out of the reactor in milliseconds. Reactor power shot up from ~100 watts to over ~1,000,000 watts
with no problems observed.

Agueous homogeneous reactors were sometimes called "water boilers" (not to be confused with boiling
water reactors), as the water inside seems to boil, but in fact this bubbling is due to the production of
hydrogen and oxygen as radiation and fission particles dissociate the water into its constituent gases. AHRs
were widely used as research reactors as they are self-controlling, have very high neutron fluxes, and were
easy to manage. As of April 2006, only five AHRs were operating according to the IAEA Research Reactor
database.

Corrosion problems associated with sulfate base solutions limited their application as breeders of uranium-
233 fuels from thorium. Current designs use nitric acid base solutions (e.g. uranyl nitrate) eliminating most
of these problems in stainless steels.
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% Reduced O&M costs
Low cobalt steel alloys to reduce exposure
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