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:} BRIN @2y Overview of Nuclear Power Plants (GCR, HTGR, FBR,LWR) F-

Neutron Moderator, Coolant and Fuel for Reactor types

Neutron o

Reactor Type Coolant Moderator Fuel Characteristics
PWR Light Water Light Water Low Enriched Uranium | Tout= 300°C
(Pressurized Water (non-boiling) (LWR) - Oxide Characteristics of Water is
Reactor) well known
BWR Light Water Low Enriched Uranium | Tout= 300°C
(Boiling Water Reactor) (boiling) - Oxide Characteristics of Water is

well known

CANDU Heavy Water Heavy Water Natural Uranium- Oxide | High grade of Pu can be
(Canadian Deuterium (non-boiling) (HWR) produced
Uranium Reactor)
GCR Gas (CO,) Graphite Natural Uranium High grade of Pu can be
(Gas-cooled Reactor) (Graphite Metal produced.
*Magnox Reactor Reactor) Power density is low.

Fuel Breeding is possible.
U can be used for 2550 years |

FBR Liquid Metal Enriched
(Fast Breeder Reactor) Uranium/Plutonium -
Mixed Oxide




2N @@ Concept of Pebble bed type HTGR

Ball fuel is refueled continuously

Concrete
Shield

Steam
Generator

Ball fuel =
(Fuel Pebbles)

244x238-14.8kB-ldaho Samizdat: Nuke Notes: Pe..
http://djvsrv.blogspot.com/2009/01/pebble-bed-fuel...

_ 5mm Graphite layer

_ Coated particles imbedded
" in Graphie Matrix

Reactor
Vessel

Dia. 60mm

BaII fuel

~Pyrytc Caton «31000nm

-~ Silicon Cartxde Basier Costing 15/1000ma
.~ Iroe Pysciyte Carbion 400 000mn

[ _Pomus Caton Bullar p3:1030mm

Spent Fuel

S S 900x699-170.1kB-Cameco U101 - Types of Reactor...
TRISO http:/iwww.cameco.com/uranium_101/electricity-gene...
Dia 0 .5mm
Coated Particle FUramiJm Dioxide
Fuel Kernel
567x339-85.0kB-Nam’s home page: 1. High-Tempe...
http://hoainamk3.blogspot.com/2010/11/high-tempera... 3) bangga
# meluyanl
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Ot BR| : i
28N @ Outline of LWRs (PWR and BWR) F-

- Most usual and the cheapest coolant material; light water
- Biggest slowing-down power for achieving compact core
- Huge experiences of steam turbines since the industrial revolution period

On the other hand,
-Uranium enrichment is necessary for light water moderated reactors because of
the relative large neutron capture cross-section of hydrogen.
-The enrichment technology was available in the USA in the early stage of
development because of military secret.

(So, the early power reactors used Natural uranium for the fuel in UK, France,
Canada and used Graphite or Heavy water for the moderator.)
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o o @ Development of LWR (Light Water Reactor)

Development of PWR

PWR was developed by Westinghouse (WH) for b .l
power source of a Nuclear Submarine “Nautilus” that - == 22

started operation in Jan.,1955.

N

First Commercial PWR in the World R
€ Shippingport NPS Unit-1 (60MWe) started operation in Dec., 1957 USA

Development of BWR

General Electric (GE) aimed at following WH and designed BVWR based on the
different concept.

<

First Commercial BWR in the World
€ Dresden NPS Unit-1 (180MWe) started operation in June, 1960, USA
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:} I (@AEA)) NPPs in Operation or under Construction or Planned in the World

Country In Operation Corgsr’:rczjirtion Planned Total
USA 104 1 9 114
France 58 1 - 59
Japan 50 1 (10)? 61
Russia 28 12 13 53
Korea 21 2 28
Ukraine 15 - 17
Canada 18 - - 18
Germany 9 - - 9
China 14 30 26 70
England 18 - - 18
Sweden 10 - - 10
India 20 7 4 31
Vietnam - - 4 4
Bangladesh - - 2 2
Others 62 13 31 106
Total 427 75 94 596

(As of
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Ot BRIN : ] .
o i @ Main Features of Core Thermalhydraulics

Karakteristik PWR BWR AGR (g:r“"é'z) ('ﬁvgﬁﬁ) FBR
Tinggi Teras, meter 4,2 3,7 8,3 5,9 7.0 1,0
Diameter Teras, meter 3,4 4.7 9,3 6,0 11,8 3,7
Bahan Bakar, Ton 104 134 110 90 192 32
Bentuk Containment Bejana Bejana Bejana Tubes Bejana n/a
el [eEinEn |oel eI dipléjlfl)é\ya dipLeJr‘Cl)<2aya dipLeJr'Cl)<zaya el\Jlg)r% dipLeJrCIz;ya gicp)é/rigyc/)az
Pendingin H>,O H>O CO, D>O H>O Sodium
Sistem uap Indirect Direct Indirect Indirect Direct Indirect
Moderator H>O H>O Grafit D>O Grafit -
Jumlah di Dunia 266 92 14 46 15 1

PWR-Pressured Water Reactor, BWR-Boiling Water Reactor, AGR-Advanced Gas Cooled Reactor,
PHWR-Pressurized Heavy Water Reactor, LIWGR-Light Water Gas Cooled Reactor, FBR-Fast Breeder Reactor.
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Ob iilﬁ (@ Share of BWR and PWR in the World

r--| Share of BWR and PWR in the World [ -----------=--==------ .
1 I
1 1
i BWR ~20% PWR Over 70% |
o i
""" Ratio of Electricity generated by Each Type Reactor in 2008 [~~~
PHWR RBMK
Gcr VYVER “(6o) (3%)
(0.3%) (9-3%)
AGR
(21%) u PWR
mAGR
B GCR
B PHWR
RBMK

* AGR: Advance Gas-cooled Reactor

* GCR: Gas-cooled Reactor

*VVER: Russia Type PWR

* PHWR: Pressurized Heavy-Water Reactor (CANDU)

* RBMK: Pebble Bed Type High Temperature Gas-cooled Reactor

U PP ———
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Outline of Plant System Configuration of BWR and PWR
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Containment Vessel

Coolant is boiled and directly
Steam Separator sent to a Turbine.
Reactor Pressure ’
Vessel (RPV) =

Radioactive Steam
)

Turbine  Generator
B U
,JP =—r1l
| R Condenser

|

e

'-v.r:xz;;g]
A Coolantina RPV is Radioactiye
circulated by

Recirculation Pump

and Jet Pumps

(Booster Pump). (Pump
In286°C/0Out279°C)

Cy

Recirculation
Pwmp

— Seawater (Discharge)
) -
—. G— Seawater (Intake)

Suppression Pool Seawater Pump
Main Plant Specifications of BWR (1,100MWe class)
Core Outlet Core Inlet
REV Pressure Core Flow Temp. Temp. Steam Flow Feed Water
rate Rate Temp.
- 6.9MPa 48,300t/h 286°C 279°C 6,410t/h 216°C ?:AEELEFE Fimer




Bird’s Eye View of ABWR NPP

ABWR

Turbine

Steam pipe

. Reactor
Pressure
Vessel

HITACHI
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:} BRIN @ PWR Main Plant System Configuration '-

Secondary Cooling System
(Non-Radioactivate)

_Steam (No Radloac}ve)

Primary
Cooling System
(Radioactivate)

Sieam Generator | :
(%) m Generator

---' f‘

1 RPV Reactor '; Seawaer
o s (-3_0 EIEPt_l?_ump A S : Seawater Pump
oo I i i

Feed Water
(No Radioactive)

Main Plant Specifications of PWR (1,700MWe class)

RPV Pressure Core Flow Core Outlet Core Inlet Steam Flow Feed Water
rate Temp. Temp. Rate Temp.
15.4MPa 60, 100t/h 325°C 289°C 6,760t/h 223°C " Ber AKHL AK ,;gms&;'m
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ob gﬁl N @

/

- <4 Loops PWR Plant. 1.200MW Class>
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Reactor
Building

Condenser

Fuel Reactor
Storage Control
) Room
Secondary pipe
\ , Edited by MetNet 20 : 8
Primary system Secondary system
* Pressured vessel  Turbine
- Steam generators « Condenser
*  Pressurizer * Heater
Primary pumps « Secondary pump

BerAKHLAI( ,ﬁm&?:.‘m

Ber nm -w-w-u- nmw-w-- ngsq



°® 25N @

Power Generation and Thermal Efficiencies, Power Density

BWR PWR
Power Generation Efficiency (Peff%)-
Electrical Output (P,) 1,100MWe 1,1700MWe
Thermal Output (P,) 3,293MWt 3,411 MWt
33.4% 32.2%

Per = Pe [Py (%) (ABWR:34.6%) | (APWR:34.4%)

Thermal Efficiency (n%)

Steam Temperature (T}) 286°C 277°C
Feed Water Temperature (T,) 216°C 223°C
Power Density (kW/€)*

Core Effective Length (L.¢) 3.7m 3.7m
Core Effective Diameter (D) 4.8m 3.4m
PD = (P,/V) = P,/ m(D/2)? x L (kW/®) ~50kW/€ ~100kW/€

> bangga
i Coyal RartE Kodesormtl T bangsa



® 2N @Y Main Features of PWR

Perusahaan i et
dan Neaara Nama Daya Kemajuan Sertifikasi Fitur Utama
g Reaktor | (MWe) Desain (April 2011)
Produsen
_ ﬁgggo disertifikasi oelh NRC e Operasi dan konstruksi lebih
Westinghouse AP600 600 AP1000: disertifikasi oleh NRC sederhana
(USA) AP1000 1200 2005, beroperasi komersial di * Konstru_k3| 3 tahun
Cina tahun 2011. * Operasi 60 tahun
. — . e Desain evolusi
AREVA EPR Sedang dibangun di Finlandia, « Efisiensi tinggi pada bahan
: 1750 | Prancis & Cina. Dalam proses
(Prancis) US-EPR sertifikasi oleh NRC, USA. bakar
’ e Operasi fleksibel
Mitsubishi APWR 1530 e Fitur keselamatan hibrit
(Jepang) US-APWR 1700 | Dalam proses desain basis. e Operasi dan konstruksi lebih
pang EU-APWR | 1700 sederhana
KNP Sertifikasi desain tahun 2003, e Desain evolusi.
) operasi komersial tahun 2013 di ¢ Peningkatan kehandalan
(Korea Selatan) APR-1400 1450 Korea Selatan. Pemenang tender e Operasi dan konstruksi lebih
kontrak 4 PLTN di UAE. sederhana
Gidropress Dalam proses konstruksi di : Ié?s_aln _e:[/.olus_l da bah
. VVER-1200 | 1290 | Leningrad dan Novovoronezh 'Siensi tinggl pada bahan
(Russia) Rusia. bakar

e Operasi 50 tahun

e Loyt Pt Cobeiorts
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Ccompare e

Comparison of Main Components between BWR and PWR

1.
2.
3.
4,
S.
6.

Reactor Core ,Pressure vessel and internals
Fuel Assembly and Control Rod
Containment Vessel (CV)

Recirculation Pump of BWR

Steam Generator (S/G) of PWR

Pressurizer of PWR
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:} SAIN @ 1)-1 Reactor Core and internals -

BWR PWR
Equivalent Diameter 4.8m 3.4m
Equivalent Core Height 3.7m 3.7m
: 764 193
gg'dgfiE:e;ﬁgf’:gzl;ﬁgn(gsu)el ( Fuel rods 8x8) = (Fuel rods: 17x17) =
45,840 fuel rods 50,952 fuel rods
Average Fuel U Enrichment _a Ko 2 A0
(Reloading) 3.5% 3.4%
Control rod Chemical shim +control

Reactivity control rod +burnable poison

+burnable poison

No. of Control Rods 185 53
Power Density 90Wi/cc 105Wi/cc
Burnup (Gwd/t) 39.5 -

2.91 -

>
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Ot BRIN
" e R
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o Fuel subassembly 764

-} Control rod 185.
O Power range monitor 43 X 4

B Intermediate range monitor 8
% Source range monitor 4

/A Neutron source 7

r BWR

@ 1)-2 Comparison of Core Map -

Core Baffle 270° Control Rod Cluster
Thermal Shield Core Barrel
Fuel Subassembly
Reactor Vessel
7
‘% |0 @] |0 [0
Ol ] {O] |O
o[ o ) of ol
Q /{0
(o] O} |O Q
[¢] | o
180° Q6 e+ 10He 0°
o) [o]|
O Q| (O |[¢)
Q ol | |
ol _|o ) ol 1o
O
E——— 34m ——>
<~ 44m >

>
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1)-3 Comparison of RPV Specification

BWR (1,100MWe Class)

PWR (1,100MWe Class)

Max. Allowable

Designed Pressure 86.2MPa Working Pressure 171.6MPa
: Max. Allowable
Designed :
Temperature 302°C Working 343°C
Temperature
Operating Pressure 6.93MPa Operating Pressure 15.4MPa
Operating 286°C R/V Outlet 3950C
Temperature Temperature
R/V Inlet 289°C
Temperature
“Overall Height | ~22m | Overali Height |  ~13m |
Si_1roud i ~6.4m Inner Diameter ~4.4m
Diameter _ ______ | e e
Thickness ~16cm Min. Thickness 20~25cm
Total Weight ~750t Total Weight ~400t
Material Ferrite Steel Material Ferrite Steel
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2)-1 Comparison of Fuel/Control Rod Assembly

Specification

BWR

PWR

No. of Fuel Assemblies in
core

764

193

Fuel Placement

8x8 Square Lattice

17x17 Square Lattice

Fuel Assembly

No. of Fuel Rod 60 264
Max. Linear Power Density 440W/cm 420W/cm
Max. Burn-up 50,000MWD/t 48,000MWD/t
Specification BWR PWR
Quter Diameter 12.3mm 9.5mm
UQ, Pellet Diameter/Height 10.4mm/10mm 8.2mm/5Smm
Fuel Rod Cladding Tube Thickness 0.86mm 0.6mm
Cladding Material Zry-2 Zry-4
He Gas Pressure 0.5MPa 3.2MPa
Specification BWR PWR
No. of Control Rod 185
53
Control Rod Absorb
sorber
®Hafnium Ag-In-C.d Alloy

Absorber

®Born carbide (B,C)

(Cadmium Alloy)

>
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Poison Rod

b

Control Rod
Cluster

Control
Rod Guide 4

>
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2)-3Uranium enrichment Allotment in BWR Fuel Assembly

% RN @)

Uniform enrichment Different enrichment

(00000000 werbeween [Q@O®E @O O D)
OO0000O00O channel boxes ®@®® 22 ®®E4. Fuel rod

00000000 N (202000008 e roq

OCOOO0 0000 BOOO®OOD
OO0O000000 OO ® O O @ |«Channel Box
OO0O0O0ONOO0O @OOOOOOE
QOOOOODO pogcat =9 A~E Different
(00000000 QOOBOOOD)  Enrichment
Thermal neutron flux il : W ; B s : a~b Fuel
containing
AlHHIBIH|C]||D| E a_g-ig-poison
B C a
High Power Peaking L LU/LJLILILILT LG
at outer fuel rods is Power Peaking is
large Power density reduced by optimal
Power density — distribution / Elj:;ﬁgskc;fnillﬁerent

distribution

\‘\

and water rod

Low Power Peaking
at inner fuel rods

>
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3

Support
Control rod _ Sﬁd
cluster 2 Control rod
. Spider
Neutron detector
Stainless. thimble
d Control rod |
Ll l thimble i _ Fuel rod
Neutron §| L ;
absorber\w J w
Yy ¥ ¥ f
(ppm)
l'—Noz(wg
20 With Xe
1000

Born concentration

800

600 -

400 -

200

0

Fuel assembly

[] Fuel assembly of UO,
[[] Fuel assembly of UO, with Gd,O,
B4 ' Fuel assembly with control rod thimble

[& Fuel assembly with neutron detector
thimble

uniform.

C

1 1 1 1 1 1 L
0 2000 4000 6000 8000 1000012000 1400016000

Fuel burnup
hemical shim control

@ Uranium enrichment in a fuel assembly is

Reactivity is controlled with control rod
shim control (boron concentration in coolant)
Qnd burnable poison Gd,O,in PWR

)
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J

4% The mixture of steam and water produced in CV is
dumped into a Suppression Chamber Pool.

Suppression Condensing of Steam by Spray System.
Chamber

Pool

el Type: “Pressure Suppression Type” |

---------J

1
I
1
1
I
I
1
;
| ! [ ®Rising of CV-Inside Pressure is restrained by
1
I
1
I
]
1
l._

:‘

|

:

: # Rising of CV-Inside Pressure is restricted by Huge

l Volume of CV and Condensing of Steam by Spray
:

[

I

]

I

System.

| CV Type: “Dry Container Type” |

*Large Size of Dry TypeCV: >70,000m?3
To raise strength of CV
» Prestressed Concrete Containment Vessel (PCCV) AK #?S&?&‘m

bangsa




To Distribute the Coolant Boiling to the Fuel Assemblies Uniformly, ABWR has
internal Pumps .

ob BRIN @ 4) Recirculation of coolant flow in core of BWR -

1350MWe ABWR Steam Steam pipeline to
dryer Turbine generator
“" No. of e
CirCUIation 1 0 31:;:" - Cuuﬁng water
Pu mps Separator flow to
the core
Core Flow Approx.
Rate 8300m3/h

Coolant —water flown
from core is mixed with Inlet ¥ * Outlet
feed-water.

They are recalculated
with internal Pumps.

Thermal power can
be controlled by internal Fuel
pump with the
recirculation Control rod

Reactor pressure vessel PWR
S 22{]:(52&29 OKB- Mvanced bmhng water reactor. . BErAKH LAI( # m&,‘?&m
Internal Water Pump http./ie ling. wat s T bangsa




4) -2 Steam

— Water separator of BWR

|\/|IX of steam and water are produced in core. Steam is separated from the mix to
increase the quality of steam. Centrifugal force is applied for the separation

D

Propeller

water

Mix of steam
and water

Principal of Steam —
water Separator

nternal Water Pump

Steam Steam pipeline to
dryer Turbine generator
Steam — e?:oling water
water flow to
Separator the core
Inlet utlet
Fuel
Control rod
Control
rods PWR does not produce
steam in Core and
has no Steam-water
separator and Steam
dryer
Reactor pressure vessel

220x526-29 9kB-Advanced boiling water reactor...
hitp/iien wikipediaorfwiki/Advanced, boiling, wate.
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Moisture separator

ISteam-water separator

Feeawater Inlel

owncomer Annuius

Specification of S/G (4 S/G Types)
Tube Bundle

Height ~20m
Diameter ~5m i Tube Supports
Design Pressure ~8.2MPa
Shape U Shape Transfer Tube
Primary Side (Inside) 325°C, 15.4MPa
Secondary Side (Outside) 277°C, 6.0MPa

. Tube Sheet
Material o m 699 {Hlign

Corrosion Resistant) / \
No. of Tubes ~3,300 Prirnary Inlet Primary Outiet
Tube Diameter ~2cm
bangga

Tube Thickness ~1.3mm Bﬁ'ﬂf".!:ﬂs -ﬁ"“-‘r‘:g‘ig"'




:} BRIN @ 6) Pressurizer of PWR

@®Provided Equipment:
-Electric Heater Steam generator
-\Water-spray Nozzle _ /@\
-Safety Valve Pressurizer a—
\Water-spray
@®Operation Method:

-Water level is maintained at 60% of
the vessel capacity

-Pressurizing by generating steam
by using

@|f pressure becomes excessive,
low-temperature water will be
supplied from the primary cold leg
piping.

#®Consequently, the operation
pressure is able to be kept

constantly by decreasing pressure
by condensation of steam.

Reactor
coolant M

REACTOR

> bangga
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Comparison of Each Feature between BWR and PWR

1) Feature related to Feedback Reactivity (Self Regulating
Characteristics)

2) Feature related to Structural Design

3) Feature related to Power and reactivity Control

> bangga
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Concept of “Self Regulating Characteristic”

:} SHIN @ 1) Comparison of Feedback Reactivity in BWR and PWR -

Unexpected Disturbance
(Increasing Nuclear Fission)

Temperature Effect

- (Self Regulating Characteristics)
Reactor Power Up ﬁ
T 5, —
..... I, (= —————
Rising of Fuel Temp. el Doppler Effect Hill SIS
] (BWR and PWR) ‘t: 'g
wanaf i, . R e LA
Rising of Coolant Temp. ‘,L Void Effect  EEESSE i
(BWR) o
) SN - 2!
Bl Density Effect [l B i
1
(PWR) <L
. l Negative
Reactor Power |..........| Decreasing of e Reactivity
Down KA ‘| Nuclear Fission ] """""" ’ Feedback

Even if Temp. in a core rises, Reactor Power automatically goes
down by negative reactivity feedback.

BerAKHLAI( #%3&“
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:F SRIN @ ( Reference: Image of “Reactivity” -

#®Reactivity expresses the degree of Nuclear Fission Numbers.

#®Positive Reactivity: Increasing of Fission Number
[~ Given by Fuel
#®Negative Reactivity: Decreasing of Fission Number

" Given by CR or Self Requlating Characteristics

Control Rods (CR) ©0 =(k-1)/k definition of reactivity
A

Negative . o “SInsert Positive Reactivity

Beactivity ] (Power Increasing)
LS b&{ — . 0 =0 ____ No Change Reactivity

| (Stable Power)
| - . O
IR 2 5 8 B 7 / Insert Negative Reactivity
Positive 28N HH (Power Down)

Reactivity

given by Fuel | : d

| - - BerAKHLAK o0,
P=Po Exp(c pot) :(simplified Eq.) o At




:E N (AEA) I  Comparison of Doppler Coefficient in BWR and PWR

“P_Figure shows Doppler reactivity coefficient of BWR as a sample. -

» The coefficient per unit temperature In PWR IS abeut -3 to -5x10 5Akfkf°c* WhIGh
is larger than BWR. 3 PWREE oL S Bl a5

ol l | <Fuel Rod Numbers>

— 286°C (0% void)

G 0. S— BWR PWR

= - 20°C (0% vold) = 45,840 | 50,952
-0.8 == ’ ’

N (8x8 (17x17

= 1.0 7 X764S/A) | x193S.A

G -1.2 e

-y W e - =

R A 7 |.~-"=>286°C (40% void) <Doppler Coefficient>

> / ;f' AC 2 BWR PWR

e i Z —

= b 11T BWR Doppler Coefficient ~1.2to ~-3 to

3 ] : : -1.4x105 | -5x10

——— 0 MWd/t

v -2.2 AK/K/?

2 —=== 11,900 MWWd/t __LM‘"Q)

§ an | EPWR has larger -E
-2.6(— Kashiwazaki-kariha NPP of TEPCO [BWR l : Lo
a iNegative reactivity |

0

0.9

1.0 1.5

2.0

Fuel Average Temperature]

2.9

3.0% 1q'afeed back than BWR i
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:; BRIN @ Void Effect in BWR F-

Reactor Power Up Rise of Inner
] P Pressure of Core
Rise of Coolant Temperature L
] Crushing of Void
Increase of Void Amount L

Increase of

_ - Moderator (Coolant) Amouni
Hardening of Neutron ; :
Spectrum 4L
] Increase of

Slowdown Effect

Decrease of
Slowdown Effect

&

i Increase of Nuclear Fission

.
¥

Decrease of Nuclear Fission )
: Rise of Reactor Power

5

Reactor Power Down % Positive reactivity feed back
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:F SHIN @ 2)-2 Steam Condition between BWR and PWR '-

The steam condition of BWR is superior to PWR because BWR can directly use the

steam produced in a core. While, PWR’s steam is generated via S/G (secondary).
BWR PWR

Steam Pressure 6.9MPa 6.0MPa

Steam Temperature (T,) 286°C 271°C

Feed Water Temperature (7)) 216°C 223°C

Steam Flow Rate 6.41x10%g/h 6.76x10%g/h

Per = Fo /Py () (ABV?I?;?;{;.G%) (Apv?lzl’i?::ﬁA%)
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RPV and CV of BWR
For Refueling Work, Top Flanges of RPV and CV TE%C’ZZZ%&”
are opened.
CV of BWR

®CV of PWR has no Flange. Top
Flanges of RPV is opened.

#®Refueling Work is performed inside
of CV.

Refueling prosees of PWR_may be

simpler than BWR

Top Flanges of

<CV of PWR>
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The Airtightness of the Since the CV volume of PWR is
penetration parts of CV larege, the temperature increase
and Suppression Chamber in CVis lower. Therefore,
of BWR is Low. Airtightness of PWR may be
\h High.
Hydrogen leaked from CV g . ——
& fydrogen is
/ \ confined im
unscrubbed hydroge /\ V9
Teoomn spray co Aing
and washing

polarcrane

IIIIIIIIIII

- -
o
.
1ohaty
.l
5 :o'-
! g
1 4
! 4 W
GL | ]
—— 20 Ry
‘ He
DaS |

GL

pressure relie
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Cooling Reactor Core by Natural Convection via S/G (PWR)

Reactor core of PWR can be cooled by Natural Convection through a
Steam Generator (S/G) even if loss of all powers occurs.

Releasing Heat into
Atmosphere via Valve

1~

Pouring Water
via Valve

Secondary Hot-leg
(Released Heat as Steam)

! Primary
| Hot-le
= i <€— Secondary
Cold-leg

A
‘ (Injecting

J U Water)

= Pump is not necessary!!

Basic Principle of Natural Convection

Driving Force = Difference of Coolant Density x Difference of Gravity

>
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:} BRIN @ Reference: Fundamental Equation of Natural Circulation Driving Force-

€ The natural convection force is dominated by the following two main factors:
1) Density Difference (Coolant Temperature Difference)
v This factor is the most important source which influences buoyancy.

v'Since sodium is able to maintain a liquid state in the wide range due to its
high boiling point of 880 °C, sodium can easily obtain a big density difference
compared with the complicated water system accompanied with boil.

2) Elevation Difference between Components

v" An elevation difference between coolant components is proportional to buoyancy.
@ The formula of buoyancy is as follows:
f=Ap-g-H
€ While, flow is determined by a balance between buoyancy mentioned above
and flow resistance as shown in the following:

K% pov:=A4p-g-H
Here, 0: Density of Fluid, A p :Difference of Density, g: Gravity Acceleration,
H: High of Region existing Difference density, v: Representative Flow
Velocity, K: Pressure Loss Coefficient

>
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}

2)-5: Cooling Function under All Loss of Power in BWR

i
I

Since Hot leg of BWR is Contaminated, it
cannot open the Boundary for Releasing
Heat into Atmosphere.

|
1)

Recirculation Pump

I
___)
_l —
c
=
O
=2
()

F -

ﬂ

P—

.

Feed Pump
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:F P @ 2)-6 Influence of Decomposed Hydrogen -

During under operation, Hydrogen is produced by
Decomposition of Water due to Strong Radiation in a core.

PWR

#®Even Hydrogen is generated by Decomposition of Water, it will
be quickly Return Back to Water by Recombine Catalyst
added in the Primary Cooling System.

#®Recombine Catalyst cannot be used in the Steam Line.

#®Consequently, Hydrogen influenced to the Piping Strength
and inspection of pipes become important during
maintenance work.

-------------J

PWR is less influenced by decomposed Hydrogen.
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Bern @D F-

= Reactor Cooling System (Hydraulics)
= Overview
= Forced Convection
= Natural Convection
= Burnout

> # bangga
i Loy S Kndeernt bangsa



% RN @) Flow Rate Pattern in PWR Core

Drive Batang Kendali

Bapian Ate e Inlet
e Down through Narrow Channel

]

T Siraktor [ e Mixing in Downcomer
Pengarah a|=|= 6
Batang Kendali-|2|-|2
THERRERHEREkREE e Reactor Core
ool Ll o o e
NELELELELEL e e Qutlet
Aliran > Aliran
Masuk Ke Luar
Total Kecepatan aliran
75.57 x 108 Kg/jam
4 5
Teras Reaktor el Aliran Utama (97%)

Kecepatan aliran
73.30 x 10° Kg/jam Aliran b o
ypass (3%)
Dinding (97%) . B e
Bejana @ Outlet Nozzle Clearance
Tekan

@ Instrumented Center G.T.

@ Core Shroud-CSB Annulus

Core Barel @ Center Guide Tubes

O @ Outer Guide Tubes

@ Alignment key-ways

2 Bejana Tekan
Bagian Bawah bangga
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Heat flux

q" [W/m?]
Wal Heat transfer
a
T/temperature 7= AL, ~t;)
h Where
Temperature h = heat transfer coefficient by convection [W/m?K]

profile

- 2
T [K] A = heat flow area [m?]

t, , & = wall — surface and fluid bulk temperatures [°C]

Flow c
(convection) BUlK
V| )\ (mixed-mean)
temperature

> bangga
BerAKHLAK' s

» rpmee 4 [
memeri _oyal Aot ¥ < elebombl



i e

* Nusselt Number
 Means enhancement ratio compared with heat

conduction
aD o . Heat transfer coeff. [W/m?K]
Nu = D : Characteristic length [m] (Diameter of pipe, etc.;
k length scale of the temperature profile)

K : Heat conductivity [W/mK]

* Reynold Number
 determine flow characteristics: laminar or turbulence

« Controling factor of the forced convection

pUD U :Flow velocity [W/m?K]
Re =—— D : Characteristic length (Pipe diameter,
heater length, etc.) [m]
UbD p: Density [kg/m?]
u: Viscosity [Pa s]

r o v: Kinetic viscosity [m?/s] (=p/p)
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Boiling Regimes

Free Convection MNuclaate Transition Film
} 1 - +'s'“hl;'+1—'ﬁadialinn effects significant =+
Isolated  Jats and Filliiy
Bubbles  Calumns Balling

107

Critical Heat Flux
" g'max

10° L %
V4

'.":g
= 10° “Inflection
e point
_q}:ﬂn
\Laldallll'mut
t
y 7
3
10 1 10 a0 120 1300

AT=Tg - Tooe (C)

Boiling Curve for water at 1 atm.
Surface heat flux " as a function of excess temperature ATy=T, — Tey
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Steam flow l ] f' f - ] r'"t AB Natural
.= __-_—-- cormee Lion
: T ] \\.‘\ \\\\\\\\\\\\\‘\\\\\?
s R, .::"‘".'.: —— oo
St i P o o tof
i Mist flow - : - - Aty beiling
— e ® Ll
e —_ Dryout
aea® B° Mucleate bailing
sl low heat fluxes
8 Annular or € HNucleate boiling
& Annular Mist high heal fluxes
=
5
. CS; 5:3 éé?:i:!g:i" CHF Critical heal flux
! L i
O
o
Slug flow
! < DE Transition boiling
= Bubbly flow
-—
O 2
E Boiling
- Incipience EF Film boiling
o ™ A
> t Liquid flow
R R R R R LW R " A
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Forced Convection

* Flow driven externally, by pump, blower, etc.
 The flow controls heat transfer coefficient

* Dittus-Boelter Correlation

\ \ \\ Nu ) =0.023Re;” Pr'

0O Nu ;) =0.023Re ;> Pr'

W

::*

="

Flow

> bangga
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¥ Natural 0 e

Natural Convection

* Mode of heat transfer where fluid flows only due to the
presence of boutancy forces

* Flow naturally induced by temperature gradient (density
change) and gravity (bouyancy)

* The flow is developed by heat transfer

Nuy, = 0.59Rai/4 for Ray, = 10* ~ 10 (laminar)
Nuy = O.10Rai/3 for Ray, = 10” ~ 10'° (turbulent)

bangsa
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Heat transfer Flow Wall and fluid
B u rn o ut regions pattern temperature variation
Convective Single-
heat transfer phase I
to vapor vapor 3 H :
L '. . \'\'. |
Flow Pattern —— e \ '
L0 Sy x=1
- . . "F'I"‘--‘______‘ Liquid core
Liquid deficient Droplet |- S G II1. temperature

region

et [

T Dryout
Annular
with .
Forced entrainment/|). - * *
convective heat .

transfer through
liquid film

Fluid
Wall —7 / temperature
temperature

HF

Annular

T
i
D

Saturated
nucleate Slug ,
boiling gn Liquid core
+ i § temperature
‘g K C —
Bubbly i R~ 0

Subcooled boiling Fluid temperature

-
}

Wall temperature

|
Convective Single- A Saturated _—7I

heat transfer phase temperature !
to liquid liquid

?
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Burnout: Transition boiling

t}'“ (W," mz )

‘ Maximum

Region I Region 11 Region IV
(critical) heat
ﬂux}qﬂ .
Nucleate Co=—"* Film
bniling Transition bDiling
boiling
Natural
convection
boiling Minimum
SlﬂgS E]l'ld D T hﬂﬂt ﬂllK qmlﬂ
columns
Isolated Region I1I
bubbles
: L . | . l
5 10 30 100 320 1000

AT=Ty= Tsa ()
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Burnout: PWR Boiling limit

Regime Correlation Remarks
DNB Westinghouse W-3, Tong (1967, 1972) For circular, rectangle and
For PWR f - rod bundle geometry.
an =0y [F, F= -
'!'-J' . q qrr{”[]_E—{_.l'] P‘— 5.5‘—]3.8 MFE. ]
) G =1350-678%g/m"s
co 4.23x10°[1— x,(I)]* ! D, = 0.005-0.0178 m
' C172 x,=-0.15-0.15
=[(2.022 - 0.06238p)+(0.1722— 0.001427 ) L=0.254-3.658 m

F1am-n.5ns?px€][{[p‘1434_ 1.596x, +0.1729x, |I;|}

2.326G+3271][1.157 — 0.869x, ][0.2664 + 0.837¢ 247 |
[0.8258+0.0003413(h — )]

Gen= q (KW/m?)local at DNE position for axially non-
uniform heat flux, [(m) = distance to DNB, x, = local steam
thermodynamic quality,

ba a
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= |Introduction
» Main Features of PWR Core Thermal-hydraulics
= Core Desain
» Core Thermalhydraulics Desain
= Temperature Distribution in Fuel
= Technical Thermal-hydraulics Data
» Material Thermal-hydraulics Property
» Steady State Thernalhydraulics Analysis
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O

Tampak
Atas

Tampak
Samping

Core Thermalhydraulics Desain
Temperature Distribution in Fuel

Posisi Persamaan
Meat center AT, =T, -T; = L
Arc
N 5
Fuel wall ﬂ"Tg __4q e
Zfr.rf kg

Inner cladding

AT = q' to+1,
2?1(;} +t )k,

Quter cladding

gl
2mh (ry +1tg +1,.)

ﬁTbuﬁr =

/ T-clad-inner

i
. / T-clad-outer

T-air

Eosisi radial

]
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Heat Conduction in Fuel Elements
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Control Rod

Control
Rod Guide

Fuel Rod

bangga
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BWR PWR
Fuel type 10 x 10 17 x 17
Overall dimensions (cm) ~13.5 ~21.4
Active fuel length (m) 3.66 3.66
Rod Pitch (mm) 13.0 12.6
Cladding OD (mm) 10.0 94
Cladding thickness (mm) 0.66 0.61
Gap thickness (mm) 0.089 0.084
Fuel pellet diameter (mm) 8.5 8.0
Pellet length (mm) 114 114
Number of Fuel rods 92 264
Fuel UO,/MOX | UO/MOX
Cladding Zr2 Zrd/Zirlo/M5S
Fuel mass (kg U) ~180 ~600
System Pressure (MPa) 7.14 15.5
Coolant flow rate (x106° 513 12.47
kg/m?.hr)

(Ref: NUREG 1754, p. 2-7)
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& 28N @Y Heat Conduction in a Fuel Rod

s S
Heat cohduction Gap conductance
i &
|
‘r’ 2 ‘\‘ :\
D, =2 ——vr |
T - Heat
\ / z | conduction
@ @ I '\“
0! \ i
!
Clad - |
Fuel coolant sub-channel T ! Egr?;fer
Gap > | Fuel
|

Fuel rod
-— BerAKHLAK et



Heat Conduction in a Cylindrical Fuel rod

Written in COBRA-EN, p.97-99

Written in "Nuclear Heat Transport

r

El Wakil, p.123-124

Fuel meat

=0
i

. B
[ w

[ "

Gap

<

Clad

Coolant
channel

Coolant

(1) Clad outer surface temperature : 7¢g

(T,-T;)=q/h T -7+ q"R
e —1f T
2h.(R+c)
(2) Clad inner surface temperature : 7
D D rnop?2
ATy =(T, =T,) =q 5 2 log 12 7,=T,+ T KB pRrc
2 g D{t}f ch. R
(3) Fuel meat surface temperature : 7sp
ree o2
o= (T 1) = ror TR
gap hgap
(4) Fuel meat maximum temperature : 7¢p
T =T.+9 _R?

e
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Tambahan info
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Heat Conduction in a Fuel Plate

> Right hand side
Bond (Gap)

/

Tirg
Clad Coolant
: channel
|
| Tsw\
| T,
meat Coolant

<
Ty,

Yoz |JB2l. w2

Written in COOLOD-N2, p.2-3 Written in "Nuclear Heat Transport”
El Wakil, p.115-117
(1) Coolant bulk temperature : 74
1 L
I, =T, +F Z)dz
b n T4 GACPJOQ( )
(2) Clad outer surface temperature : 7|/
rrr 5
Ty =T+ Fy 22 7. =T, +9
T h
9w —4du
(3) Clad inner surface temperature : 7WgB
Y rrr 5
Tyg = Ty + Fy QE}C}W 7-5=7-C+q c
w K
c
(4) Fuel meat surface temperature : 785y
T, =T, +F, du Vs
B
(5) Fuel meat maximum temperature : 7(0
q-l ) rrm
Iy = Ty + Fy 2; v Tm = 7-5 + 9 s5?
. U Zkf
du = 49u Vu




SRSl Heat Conduction in a Spherically Shaped Fuel

Written in “Nuclear Heat Transport”
El Wakil, p.128-129

Sphere Formulas

Surface Area: 4mnr?

Volume: 41 r
3

Clad outer surface temperature : 7s

rnop2
7, T.-9 R

. 4 3 1
Total heat generation, s = §ER q

Combining 2 equations above
q. =8xRk (T, —T.)

47R* = A , total area of spherical element

s = 2k.A, (T 7,

q

Wikipedia :
The conduction through a spherical shell with internal
radius, rq, and external radius, rp, can be calculated in a
similar manner as for a cylindrical shell
Solving:

Q =4kr =T,

1/r,-1/n,

(T, =T, )54
rh—h

= 4Kz




:} 2RIN @Y -Conclusion- -

BAround 80% of NPP in the world is LWR.
BAmong them, over 70% of LWR is PWR.

BB\WR generates power by using directly the steam generated in a core,
while PWR uses the steam generator, which provides steam that is not
radioactive.

BRadiation control area in PWR is limited only to the primary cooling system
located in CV.

BCRDM is installed at top of RPV for PWR.

BReactor core of PWR can be cooled by natural circulation in case of loss
of all electricity power for cooling.

B Safety of the Advanced LWR (ABWR and APWR) has improved by
adopting the various kinds of advanced technologies.
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Thank you
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