Ot BRIN L)) opanAtomic
QY i won Energy Agency

Overview of
Nuclear Reactor
Thermal hydraulic

Andi Sofrany Ekariansyah
Muhammad Darwis Isnaini

Follow Up Training Course on
Reactor Engineering and Safety:
High-Temperature Gas-Cooled Reactor

Yogyakarta, 18 - 22 May 2026



Biodata

* Nama . Andi Sofrany Ekariansyah
e Kantor : Pusat Riset Teknologi Reaktor Nuklir (PTRKN)
e Jabatan : Peneliti Madya - IVc

 Kelompok Riset : Sistem keselamatan reaktor nuklir

* Pendidikan:
v'S1 Teknik Energi: Georg Simon-Ohm, Nurnberg, Germany 1997
v'S2 Teknik Mesin - Konversi Energi: Universitas Indonesia, 2024

e Pelatihan / Training:
s*Longterm Training on Nuclear Safety and Safety Regulation 1997, Japan, 3 months
s*Scientist Exchange Program, Japan, 2000 - 2001
**Study on Nuclear Desalination in Madura Island, Korea, 3 months -2002
s Instructor Training Course, Japan, 2 months - 2011

Follow Up Training Course on Reactor Engineering and Safety: High-Temperature Gas-Cooled Reactor 2026



Outlines

Basic concept of nuclear reactor thermal hydraulic

Overview of PWR and BWR Cooling System

Thermal Hydraulic Safety Margin in PWR and BWR Core

Analysis Tool and Method, Experiences in TH analysis




Basic concept of nuclear reactor thermal hydraulic

* Three fundamental knowledges:

— Thermodynamics

— Fluids mechanics
— Heat transfer

 how heat is generated, transferred, and removed inside a nuclear reactor using flowing
coolant.

Main purposes:
* Fuel temperature stays below damage limits
 Coolant can remove the generated heat
 Temperature, pressure and flow remain stable
 The reactor remains safe during accidents
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Operational temperatures in Light water reactor (LWR) and High temperature gas reactor (HTGR)

Parameter LWR HTGR
Coolant Water Helium
(PWR: not boiling)
(BWR: boiling)
Core outlet temperature ~290-330 °C ~700-950 °C
Fuel type UO, pellets TRISO

Fuel peak temperature

~ 1500-2000 °C
(2800 °C: melting)

~1200 - 1600 °C
(> 1600: increased particle coating
damage)

(core heat to steam generation)

Moderator Water Graphite
Pressure Very high Moderate
(15 MPa in PWR) (3 -7 MPa)
(6.9 MPa)
Thermal efficiency ~33% ~40-50% possible

(core heat to useful heat)
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Basic concept of nuclear reactor thermal hydraulic

Heat generation in the reactor core

Nuclear fission energy recovery as heat

235J + n ->| 139Ba + %Kr [+ 3n [+|prompt y-ray (3) | (<-anexample; 235U fission

l / emits 2.5n in average.) + ~93 % as kinetic energy
‘ i of fission fragments:
Kinetic energy of FPs (1) : direct release from fission ltem Energy | Recoverable heating the fuel directly
/‘ (MeV) as Heat 1
¥ : (MeV) * 200 MeV = 3.2x10* Joule
Decay heat of FPs (2) : radioactive deca . icq
B-ra§ . in fuel @) ! Fission Fragments (Energy per fission)
y-ray : gamma heating - Kinetic Energy (1) 168 168
neutrino : unavailable - Decay Heat (2)
: B-ray 8 8
j ; i 1; "l Core thermal power: :
Kinetic energy of neutron(4): _ el el :
absorbed in the moderator Prompt y-ray (3) 7 7 Energy per fission x Fission :
Fission neutrons rate = Joule / sec = Watt
¥ - Kinetic Energy (4) 5 5
1 n : to fission chain reaction of next generation - Capture y-ray (5) — 3-12

Others:absorbed in reactor material,

; Total 207 198 — 207
emits capture y-ray (5)

Heat release: ~200 MeV/fission
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Fuel rod cross section

* Power (P) = Volumetric heat generation (g"’, Watt/m3)

 Assuming heat is generated from the fuel centre to the

entire volume, the T, =T, _, :

Coolant * Because fuel rod is multilayered heat-conduction medium

Tb (heat conductivity, k):

= III. 2

1= e * Tinradial =T, - 9 4kr
Fuel pellet q". 2 q
Uo * Looking at AT=T.—T, = py

‘ Heat , Y |
 Thenq =T.R“qQ"" =linear heat generation rate (W/m)
Cladding
(Zircalloy) * Temperature profile is nearly parabolic
AT depends on heat conductivity and linear
heat generation rate

Gap (He)
qgap — agap(Tpo o TC’&)




)
<
Axial Fuel Rod Temperature Distribution Q

setiniss el | AT depends on heat conductivity and linear heat generation rate
Fuel S IR | ° . . . . . .
 The thermal conductivity of UO2, varies significantly with

temperature, and depends on its density and on burnup.

Temperature distribution inside gap (between rod and cladding):
 Heat leaves the fuel rod surface as heat flux

* Lower k to decrease the temperature (AT, ,= 50 —300 °)

—  Normally as Helium
* Heat transfer occurs by gas conduction, radiation (and solid contact)
* =h, (gap conductance)
............ \ Rgas~ ke /0 : Gap conductance, ~6kW/m2K (a rough estimation for fresh fuel)

The gap is not uniform nor constant, affected by deformation or
cracking of the fuel pellet.

=> A large uncertainty in the T jump in the gap (100--200K)

* If linear heat generation rate is known: q’’= q
21. R

* Cladding conduction (For cylindrical conduction): 7 -1, = —qu ln%
7
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Heat conductivity (w/m- K )
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Dependence of Fuel Rod Heat Conductivity on Temperature

uo,

k decreases with T [K]

3820

= + 4.79x107" 1
T +129.4

He

k=aJTIM

k of gases

ol Cladding _

- (Zircalloy) -

i 002 ]

Fuel pellet

| = UoO. | ~

- 2 Gap (He) :
0.1 | ] | L | | | |

0 200 400 600 800 1000 1200 1400

Temperature (°C)

a : constant
M: molecular weight




Heat Transfer to coolant Q:

q” — a(Th — Tc)

q" [W/m?]: Heat flux
a [W/m2K]: Heat transfer
coefficient

Heat flux .. :
q" [W/m?] HT coefficient in:

Wall
d temperature e PWR:

T, [K]: Wall temperature Temperature v mostly single-phase forced
T_[K]: Fluid (coolant) profile convection
T[K
temperature (bulk, mean) [K] v’ h=20,000-100,000 W/m2K,
e TR e e (Conljggion) Bulk v relative stable due to pressure
expression of an overall effectiveness V| (mixed-mean) v T coolant rises gradually

of heat flow versus temperature gap
\(engineering, macroscopic) J

temperature . BWR:

v’ nucleate boiling heat transfer
v h=50,000-300,000 W/m2K,

(It actually involves ) Heat Conduction

MICroscopic processes dT " o_ v -

of heat conduction, ¢ =k— =mp 9 = kwai (dT'/dT) g Chfa.nglng .

flow. or radiation. y dz = kfiuia (dT/dz) tpyia v’ Boiling, vapor fraction, flow
regime




Boiling heat transfer regimes in a heated channel

Heat transfer  Flow pattern Wall and fluid
regions temperature variation

Convective Single-
- heat transfer phase H . N_ b sesssasasasssasasasmsmsmsmsmsssssssssssEsssEsEsEsEsEsEsEsEasEnEnEs
to vapor upm
x=1
3 -
‘ ‘ ...... M Liguid core
Llﬂl.llr'-li :ﬂ::l-&nt Droplet .. G 1'1 temperature
_"_, " Critical point (Departure from nucleate b0|I|ng/
Y - — DNB)
A | No liquid film, small HT of steam
Annular xS
E Forced convective f,-,tr:-l,lr;:,!:-,,?nt 3
- heat transfer
= through liquid film AN —
‘ Fluid
E Wall —7 .k"'"’_’f temperature
Annular temperature . .
— % % ~ BWR fluid region (esp. annular)
! saturated + alk high vapor fraction, significant boiling
; nuclesteboling ¢ opoE Liquid core Annular: liquid film wall, steam center
4*7 .EEI } c f"_,.r temperalure
s Bubbly & EE —p—xX =0 _—
E subcooled boiling f E Fluid temperature PWR fIU|d reg|on
x ‘ Wall temperature T i Tall
Convective Sinale- A t — f,,.' temperatu SNB allowed locally, increases HT coefficient
. heat transfer phase P temperature
-} toliquid liquid R




(7N
» Divided the total power by core volume yields the power density.

EZEMf
v 7 4

—NAO'f¢% (Wim?)

PWR > BWR due to tight lattice
bundle with small diameter rods

Due to a good heat transfer by
sodium coolant. (small Pr = v/a, ->
relatively narrow flow path is
enough)

Including the "blanket" volume, it
iIs comparable to PWR.

Core

Core Power Density @

Reactor type Power density

(MW/m?) Core density due to:
P ;xi 123 * Core size
o Compact (PWR)
FBR (Moniju) 302

o Larger (HTGR > BWR)

HGR (HTTR) 2.5
" Bk I * Coolant phase:
esearc eaclor - .
o Single, suppressed (PWR)
Reactor

vessel

o Boiling, low density (BWR)

o Gas phase (HTGR)

PWR

core

Core
barrel




Overview of PWR and BWR Cooling System

PWR and BWR Core Map

< 4.5m > Core Baffle e Control Rod Cluster
st afed- + .+ + .+ Thermal Shield /" Core Barrel
a %I-:.ngf o s i 'f‘. Fuel Assembly
=15 g,gcg%x o A+o+ +C+ +o+ Py Reactor Vessel

[Foese s+ + + ++ ++ +4]
Ao it P H o+
e ot 4 +_-l':.+ +'_-::++A+++j_- S| ol ¢! 1] 15
s T b o 4 b+ NEECECICRCNY, .
T A i o o SR S el T HT7lel
g "1 ks - ) o e i o el "o 1 S
T s e R T e e e o QECEEEnEEREss b
il 2 e i o s e 1 -2 o ol 1ol ol [ [ [0

F A A o o CEEEEImEENCE

.3 +o+ +o+ io.{— ioi io—}_ o c>'o . 0 0.o i o]

+4+ ++++
+4+++++4

o Fuel subassembly 764

-+ Control rod 185. o

(O Power range monitor 43 X 4 e B ——¥

B Intemediate range monitor 8 < +4m >

X Source range monitor 4

/\ Neutron source 7

PWR

BWR




PWR and BWR Fuel Assembly

Control Rod
Cluster :

Poison Rod

Rod Guide
Tube

Water Rod

Boiling Water Reactor
(BWR)

Pressurized Water Reactor
(PWR)
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PWR and BWR Fuel Assembly Specifications

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 440Wiem 420\W/em
Max. Burn-up 20,000MWD/t 48,000MWD/t
Specification BWR PWR
Quter Diameter 12.3mm 9.5mm
U0, Pellet Diameter/Height 10 4mm/10mm 8. Z2mm/Smm
Fuel Rod Cladding Tube Thickness 0.86mm 0.8mm
Cladding Material Zry-2 Zry-4
He Gas Fressure 0.5MPFa 3.2MPa
Specification BWR PWR
No. of Control Rod
185 54
Control Rod
o Ag-In-Cd Allo
®Hafnium g Y

Absorber

®Born carbide (B,C)

(Cadmium Alloy)




PWR Core and Reactor Pressure Vessel

CONTROL ROD
DRIVE MECHANISM

UPPER SUPPORT
PLATE

INTERNALS
SUPPORT
LEDGE

CORE BARREL

SUPPORT COLUMN

UPPER CORE
PLATE

OUTLET NOZZLE

BAFFLE RADIAL
SUPPORT

BAFFLE

CORE SUPPORT
COLUMNS

INSTRUMENTATION
THIMBLE GUIDES

RADIAL SUPPORT

CORE SUPPORT

e,

F

ol
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el
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=) (= (=)
=] bod (e b e
O g o P
fo
eee.ﬁ#
Py e
o S
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INN\TF

ROD TRAWEL
HOUSNG

INSTRUMENTATION
PORTS

THERMAL SLEEVE
LIFTINGLUG
CLOSUREHEAD
ASSBEMBLY
HOLD-DOWN SPRING
CONTROLROD
GUIDE TUBE

CONTROLROD
DRIVE SHAFT

INLET NOZLE

CONTROLROD
CLUSTER QUTHDRAVWN)

ACCESS PORT

REACTOR WESSEL

LOWER CORE PLATE

Follow Up Training Course on Reactor Engineering and Safety: High-Temperature Gas-Cooled Reactor

Rod cluster
control assembly

Top nozzle

nozzle . Ih i " ——Fuel rod Plug

2 Control rod

7%, 4777 guide thimble
7 '_';'L'i‘ L tube /4 . I,ellet
ST o ol rod Fuel tube

E)

" Fuel rod

PWR RV: http://en.wikipedia.org
PWR fuel: http://www.mnf.co.jp
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BWR Core and Reactor Pressure Vessel

ABWR

Reactor
vessel

Steam dryer Fuel
assembly
Main steam

exit

o
(et )
ot

Control
rod

Mist separator

Feed water
inlet
Upper
plenum

Fuel rods

Cors Channel box

Lower
plenum

Internal
pump

Control rod
drive system

‘;

BWR RV: http://www.nucleartourist.com
BWR fuel: http://nsspi.tamu.edu
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PWR and BWR Reactor Pressure Vessel Specifications

BWR (1,100MWe Class) PWR (1,100MWe Class)
: Max. Allowable
Designed Pressure 66.2MPa Working Pressure 171 6MPa
] Vax. Allowable
Designed .
Temperature 302°C Working 343°C
Temperature
Operating Pressure 6.93MPa Operating Pressure 15.4MPa
Operating 286°C R/V Outlet 1950C
Temperature Temperature
RV Inlet
Temperature 289°C
""Overall Height | ~22m | Overall Height [ ~13m |
Shroud Inner :
~6.4m Inner Diameter ~4.4m
L Diameter_ _ ______________ .. e — e —— i
Thickness ~16cm Min. Thickness 20~25cm
Total Weight ~750t Total Weight ~400t
Material Ferrite Steel Material Ferrite Steel
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PWR Cooling System

Secondary Cooling System
(Non-Radioactivate)

Primary o
Cooling System SRR s S, S | <R S S
(Radioactivate) ELQ§§H£LZ,§;P : r -Steam (No Radioa%ve)

ontrol Rods 1! 2 i
I 1 | Sjeam Generator | :
: /) S EEE = MF Generator
: Lessszd==-= | [_/ w
| | -
' I
I | I :
|

1 =]
: - — :Qondenser
: = : .\ —
: RPV Reatior : ; — Seawater
o sl (.:_‘,‘) gla_nt_ﬁ’_ump A [ i § Seawater Pump
L. ————
Feed Water
(No Radioactive)
Main Plant Specifications of PWR (1,700MWe class)
Core Flow Core Outlet Core Inlet Steam Flow Feed Water
L= rate Temp. Temp. Rate Temp.
15.4MPa 60,100t/h 325°C 289°C 6,760t/h 223°C |




BWR Cooling System

Residual heat
emoval system

Internal pump
I

Recirculation pump

_ b Control rod
ulatio z Fuel
pump 2 g |
s Water Tl e
- 8 e Water #= - motor
S Hydraulic drive
Electric+Hydraulic
- -

Elimination of the pipes reduces the

€ possibility of the large break LOCA in the
re-circulation system.




PWR Reactor Pressure Vessel Flow Pattern

Drve Batang Kendall

pefna Tetar e Inlet B
TR R e Down through Narrow Channel .

| O Ml)(lng n Downcomer
e Reactor Core

o

L
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o
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FPengarah
. Batang Kendali

o=l lal ] =a]= |a)] o
rﬁl*lﬁlblqi_bll

PSR RRRNRRRRA
IR EEEEEEERE
=
m

Aliran Aliran
Masuk — Ke Luar
Total Kecepatan allramn
i Sinag ey gl 75.57 x 100 Kg/fjam
Teras Reaktor
Keoepatan| afiran sl Aliran Utama (97%)
73.30 x 10° Kg/lam & Allran bypass (3%
Dinding (973%) — ¥Pass (3%)

Bejana * {E} Cwtiet Nozzle Clearance

Tekan
I::E;J instrumented Center G.T.

Core Shroud-C58 Annulus

Core Barel L @ Canter Guide Tubes

(E} Outer Guide Tubes

, Allgnment Key-ways

2 Bejana Tekan
Baglan Bawah




PWR Nuclear Steam Supply System

? Steam Outiat

oisture separator

ISteam-water separator

Feacwater Inlel

Downcomer Annuius

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

- Tube Bundle
Height ~20m
Diameter ~5m Tube Supoorts
Design Pressure ~8.2MPa
Shape U Shape Transfer Tube
Primary Side (Inside) 325°C, 15.4MPa
Secondary Side (Outside) 277°C, 6. OMPa

TTI Inconel 690 (High retcsan

alena Corrosion Resistant)

No. of Tubes ~3,300 Prirnary Inlet Primary Outiet
Tube Diameter ~2cm

Tube Thickness ~1.3mm

H EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESR 0 9 E E E EEEEEEEEEN
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BWR Nuclear Steam Supply System

1350MWe ABWR Steam Steam pipeline to
---------- dryer Turbine generator
* No. of ;{;"‘"’“
Circulation 10 >team - «—Cooling water
Pumps Separator =4 flow to

the core

Core Flow | Approx.
Rate 8300m3/h

Coolant —water flown
from core is mixed with
feed-water.

They are recalculated
with internal Pumps.

Thermal power can
be controlled by internal
pump with the
recirculation

Inlet ¢

Fuel

.3.
k‘f Control rod
Reactor pressure vessel PWR

2208526-20 SkB-Advanced bolling water reactor.
Internal Water Pump nttpoen wikipediz omoiwikiAdyanced, boiling wats
|




PWR and BWR Nuclear Steam Supply System

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).
................... s s

Steam Pressure 6.9MPa 6.0MPa

Steam Temperature (Ty) 286°C 277°C

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

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

Farr = By /Py (%) (Aav?l?igﬁ.e%) (Apvﬁ:z;ﬁ.m)

BWR




Heat Balance of PWR Core

The increase of the coolant enthalpy between
the inlet and outlet of the core equals the heat
generation in the core. W = coolant mass flow rate (kg/sec)
No boiling case (_single ph.ase flow) ?Z; fg‘glanll”; p(lggfl?g)heat (K/kg. K)
-> The enthalpy increase is expressed by

the temperature rise.

Typical commercial Thermal power:

O =W Ah
W = 17000 kg/s
l Cp =5 kl/kg
AT =35°C
O=WC,AT Ah =175 k)/kg
Existing PWR Q =3000 MWt
inlet : ~285°C

outlet: ~ 320 °C on average
~ 345 °C for high power peaking




( ' :»
<
Heat Balance of BWR Core |

Boiling flow (water-vapor two-phase flow)
-> The enthalpy increase of the coolant includes W= | . y
- the apparent heat (temperature rise) and = coolant mass flow rate (kg/sec)

- the latent heat (vaporization). 4h = hy, = hy,

Ah,,, = h..- h,, = sensible heating
Q =WAh = W ) Ahg, = latent heat vaporization

out

h,. = saturated liquid enthaply
x = vapor fraction at core outlet

Energy for heat up to Ehergy for vapor
the saturation generation : :
W = P Typical commercial Thermal power:
x:quality y=—% y =— ‘"85 = " W = 14000 kg/s (P = 7 MPa)
W ho = hy  Ahy hout / hin = 1450 / 1200 ki/kg
The original meaning of the "quality” is the fraction of vapor mass flow rate. h = hoyt
Practically, it is near the "equilibrium quality”, meaning the enthalpy level of the Ahf = 1500 kJ/kg
two-phase mixture. (0 at saturation liquid, 1 at saturation vapor) J

h;; = 1260 kJ/kg
x=13 %
Q = 3500 MWt

Follow Up Training Course on Reactor Engineering and Safety: High-Temperature Gas-Cooled Reactor .




Vapor and Water in BWR Core

Existing BWR: Core exit quality = 13%

13% of the inlet water becomes vapor, the rest 87%
IS re-circulated as saturation water.

The vapor works at the turbine, and is fed back to
the core as condensed water.

The core power is transferred to the turbine only by
the vapor. Recirculation water is neglected from the
view point of energy balance.

(The same holds in the secondary loop of a PWR)

Boiling Water Reactor (BWR)

Reactor Pressure Vessel (RPV) Diagram o,.5p

A

ADS Out
To Suppress

am Re, of13

Steam

—

I

QA
=

Reciréglation
i

=-I
-l

'.".5 =]

o

Control Rods

ECCS
_Initialises
" 5

‘|Steam &p watorb\

BWR thermal power:

W = 14000 kg/s (P =7 MPa) :
hout / hin = 1450 / 1200 ki/kg
h = hoyt :
Ahfg = 1500 kJ/kg

is = 1260 kl/kg
x=13 %
Q = 3500 MWt




Thermal Hydraulic Safety Margin in PWR and BWR Core

Boil Boiling Crisis
olling curve Boiling Transition (BT)

oy

Critical heat

A o ©
flux (CHF) i.°i|o I°I° / Burn out

b B S e

. Nucleate
q"~ATsat*—_]  boiling

Departure from Nucleate Boiling (DNB)

—_——
Given heat flux
increasing

Film

é Transition boiling - ——
= boiling 8 S Cooling from film
o) (unsta.ble). | e boilint condition
- TaE AT Minimum
. heat flux More than
] /Mipjmum film 1000K !
5~20K boiling temperature
>
Non-boiling ATsat= Tw - Tsat
(convection) Heating surface superheat
AT, s[K] 4 Tb < Tsat : Subcool boiling
¢" [W/m2] = S0 Tb = Tsat : Saturation boiling
0.791 exp(—p[MPa|/6.2)

Jens-Lottes' correlation
(Empirical correlation for nucleate boiling,
used for light water reactor design)

Without flow: Pool boiling
With flow: Forced convection boiling

39

g’ = heat flux from rod to coolant
CHF = maximum heat removal

capability
AT, = should stable or below CHF
point

Nucleate boiling: most efficient regioné
for heat transfer and fuel cooling :
v" Subcooled boiling (PWR): T, <

Tsat
v" Nucleate boiling (BWR):
After CHF: T , high, wall (cladding)
overheating

» Point of safety in PWR and BWR




Boiling Crisis

Boiling curve O Boiling Transition (BT)
Critical heat 4 °:°(Z°3)o gsfnagtztre from Nucleate Boiling (DNB) TH safety margin in PWR:
flux (CHF) Siaini  Minimum Departure from Nucleate
\ —— o
M of TN Given heat flux BOIImg (MC?_IIEBR)

q"~ATsat'—_]  boiling R— * DNBR:—

. ) Film q”actual

= Transition Y - * qg”actual > CHF: lower than MDNBR

— boiling 8 Cooling from film

k: (unstable) —— boilint condition v" Typical PWR: 1.30-1.35

RE Minimum :
. et Bl v Advanced PWR: 1.4 —1.8
O . n
] /Mlp!mum film 1000K !
o HOoNing temperatire . TH safety margin in BWR:
Non-boiling ATsat= Tw - Tsat *  Minimum Critical Power Ratio (MCPR)
\GanvEclion; Heating surface superheat critical power
AT TR 1 Tb < Tsat : Subcool boiling  CPR: R E—
q" [W/m?] = sat K] Tb = Tsat : Saturation boiling P
0.791 exp(—p[MPal/6.2) * Power as dryout occurs

Jons.lottes! correlation Without flow: Pool boiling * Actual power defines the annular flow

(Empirical correlation for nucleate boiling, With flow: Forced convection boiling (liquid film covering the wall)
used for light water reactor design) 39 « Typical BWR: ~ 1.25— 1 3




Thermal Hydraulic Safety Limits Q

T e R SRR | /\\
: MDNBR Peak Fuel Temperature

Minimum Departure from Nucleate Boiling Ratio I_fuel,max < T_melt
: (The most critical TH safety limit in PWRs)

UO, melts at ~2,865 °C. Peak centerline temperatureé
must stay well below this, typically designed for<  :
2,200 °C to allow margin.

e Ratio of CHF to local heat flux.
: * MDNBR>1.3-1.5 to prevent film boiling and fuel

damage..
: Peak Cladding Temperature Coolant Void Fraction
PCT in LOCA Scenarios Steam quality limit
During a Loss-of-Coolant Accident (LOCA), PCT must In BWRs, high void fractions reduce moderator densiiy
stay below 1,204 °C (2,200 °F) per NRC regulations to and neutron moderation. TH and neutronics are :
: prevent cladding oxidation and failure. tightly coupled for stability.

]
Y
HERE .~~~ A IS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESR S 4924 I E E I EEEEEEEEN
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Analysis Tools and Methods

System Codes Sub-channel Codes

RELAPS / RELAP-7 — transient TH analysis COBRA-TF / VIPRE — detailed core analysis
TRACE — NRC best-estimate code FLICA — French sub-channel code

CATHARE — European system code Resolve local heat flux and DNB conditions
Used for LOCA, transient, safety analysis Used for fuel assembly design

CFD Codes Coupled Codes

Neutronics + TH coupling essential
ANSYS CFX / Fluent — general CFD
EL LATE-
OpenFOAM — open-source CFD PARCS/RELAPS, SIMULATE-3K

Star-CCM+ — industrial simulations ceatied for Anticioated Tranciont Withou
Detailed 3-D flow and heat transfer X P

Scram (ATWS)




Pengembangan model AP1000 untuk simulasi kecelakaan
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Pengembangan model AP1000 untuk simulasi kecelakaan
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Pengembangan model RSG-GAS untuk simulasi kecelakaan PAR
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Counliry
Uniled Slales
France
China
Russia
Japan
South Korea
Canada
Ukraine
India

United Kingdom

Sweden
Spain
Belgium
Switzerland
Finland

Czech Republic

Slovakia
Hungary
Romania
Bulgaria
Pakistan
Iran
Bangladesh
Belarus
Brazil
Argentina
Mexico
South Africa
Armenia
Slovenia
Netherlands
UAE
Turkey

OperationallUnder Construction / Planned IPt‘I'II.I anenlly Shutdown

~04 0 planmed large unils ~ 42
57 0 14
~57 35+ Few
36 5 ~8
14 operational 2 under construction ~30
20 2 2z
19 0 ~0
15+ 2 4
24 3 0
9 2 ~35

6 0 7

7 0 3

5 0 2

4 0 1

5 0 0

6 Planned SMR/new units 0

5 1 0

4 1 0

2 Planned 0

2 Planned 9

6 1 0

1 1 0

0 2 0

2 0 0

2 1 0

3 1 2

2 0 0

2 Planned 0

1 Planned replacement 0

1 Planned expansion 0

1 Planned 0

4 Planned expansion 0

0 4 0

Status (2025)

Operational reactors

Under construction 72-75

Permanently shutdown 210+
Approximate

Reactor Type Nz?nber Operating

PWR ~300-310

BWR ~60-65

PHWR / CANDU ~45

Gas-cooled reactors ~15

(AGR/GCR/HTGR)

Fast reactors (FBR) ~2-4

LWGR / RBMK ~8-10

Other types Few

Approximate Number
415-417

Share of World Fleet

~70%
~15%
~10%

~3%

<1%
~2%
<1%
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