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PHYSICS OF NUCLEAR REACTORS



2

THIS LESSON…

• Gas cooled reactors

• High Temperature Gas Cooled Reactors



GAS COOLED REACTORS

• Concept

➢ Thermal (prototypes existing) or fast reactors (no prototypes)

➢ Gaseous coolant combined with a solid moderator and fuel located in channels in the moderator block, all 

inside a pressure vessel

• Advantages of the concept

➢ Gaseous coolants much less corrosive, low to very low activation

➢ Low neutron absorption by gaseous coolants, natural uranium reactors possible (in combination with 

graphite or heavy water)

➢ High temperature reactors are feasible (in case of helium as coolant)

➢ Refueling during operation possible in some concepts (some gas-cooled reactors were used to breed 

weapon grade plutonium…)

• Disadvantage

➢ Low power density, bad heat transfer properties of gaseous coolant



Calder Hall (1956) = Magnox Reactor

Coolant: CO2

Moderator: Graphite

Power: 61 MWel, brutto, 270 MWth

Fuel: Natural uranium

Cladding: Magnox

CO2: up to 2.7 MPa

up to 410 °C

(Calder Hall: 0.7 MPa / 336 °C)

~140-200 °C

GAS COOLED REACTORS



MAGNOX  fuel

Length: ~ 1 m

Diameter: ~ 50 mm

Fuel: Natural uranium

Cladding: Magnox = Mg (99 %) 

+ Al, Be, Ca, Fe, Mn, Ni, Pb, Sn

Melting point: 650 °C

Tclad,max = 470 °C, otherwise destruc-

tion by CO2 + Mg → CO + MgO

AGR  fuel – overcomes temperature limitations of MAGNOX

Length: ~ 1 m

Fuel: UO2 (ceramic)

Pellets

Diameter: ~ 12 mm

Cladding: Stainless steel

Sleeve: Graphite

max. burnup ~4.5 GWd/t

Magnox = Magnesium non oxidizing

FUEL: MAGNOX VS. AGR



Calder Hall, 46 MWe (4x)

Berkeley, 139 MWe (2x)

EARLY MAGNOX REACTORS AND THEIR STEAM

GENERATORS



Bradwell, 150 MWe (2x)

Hunterston, 160 MWe (2x)

Dungenes, 275 MWe (2x)

Hinkley Point, 250 MWe (2x)

Trawsfynydd, 250 MWe (2x)

Sizewell, 290 MWe (2x)

Oldbury, 280 MWe (2x)

EVOLUTION FROM STEEL TO PRE-STRESSED

CONCRETE VESSELS



• Spherical steel vessel (12.2 bar)

• External CO2 circulator

• Steam generator with economizer, 

evaporator + steam drums, super-

heater

• Primary: 180→375 °C, 4536 kg/s

• Secondary: 363 °C, 45.7 bar

• Qth = 980 MW (2x)

• Qel = 250 MW (2x)

• Spherical steel vessel (17.9 bar)

• CO2 circulator, integrated in steam 

generator, shaft sealing

• Steam generator with economizer, 

evaporator + steam drums, super-

heater

• Primary: 214→410 °C, 4470 kg/s

• Secondary: 389 °C, 47.6 bar

• Qth = 950 MW (2x)

• Qel = 290 MW (2x)

• Spherical pre-stressed concrete 

vessel (26.2 bar)

• Integrated CO2 circulator with 

shaft sealing

• Once-through steam generator, 

integrated in reactor vessel

• Primary: 247→414°C, 10’254 kg/s

• Secondary: 410 °C, 46 bar

• Qth = 1875 MW (2x)

• Qel = 590 MW (2x)

i29.3 m

i19.4 mi20.42 m

Hinkley Point
Sizewell

Wylfa

IMPROVEMENTS ON THE GAS DUCTS



590 MWe

(2x)

THE LARGEST MAGNOX REACTOR – WYLFA



Coolant: CO2

Moderator: Graphite 

Fuel: UO2, 2.5 % U-235

Cladding: Stainless steel

Uranium mass: ca. 170 t U/GWel

Pressure (gas): ca. 40 bar 

Temp. max (gas): ca. 650 °C 

Max. Power: ca. 600 MWel

~650 °C 

~160 °C

~540 °C, 17 MPa

~290 °C 

~4000 kg/s 

FURTHER DEVELOPMENT: AGR = ADVANCED

GAS COOLED REAKTOR



Qth = 1623 MW (2x)

Qel =  660 MW (2x)

Pressure vessel

Pre-stressed concrete

Di = 20.3 m

Do = 31.9 m

p = 45.7 bar

Gas circulator (CO2)

Number: 8

Power (total): 42 MW

Flow: 4067 kg/s

Primary: 339→639 °C

Secondary: 158→541 °C @ 173 bar

TORNESS AGR NUCLEAR POWER STATION



Typical lattice pitch: 197 mm

NUCLEAR FUEL AND LATTICE STRUCTURE



➢ Goal: Reach reactor outlet temperatures beyond 650 °C

❖Solution: Change from CO2 to the noble gas helium (pressurized)

Reasons:

• Increase of reactor outlet temperature → exclude CO2 redox reactions at higher 

temperatures (significant above 650 °C)

CO2 + C → 2 CO

• Enhance heat transfer by gas with better thermal conductivity

He 0.14264 W/(m·K)

Ne 0.0458 W/(m·K)

Ar 0.01636 W/(m·K)

Kr 0.00883 W/(m·K)

Xe 0.00519 W/(m·K)

H2 0.16835 W/(m·K)

CO2 0.01465 W/(m·K)

Helium best after hydrogen

(hydrogen is used as coolant 

for the rotor of the generator)

HIGH-TEMPERATURE GAS-COOLED REACTORS



Purpose 1: Increase thermal plant efficiency by higher heat 

supply temperature

e.g. Combined cycle plant

economizer

steam 

generator

steam 

superheater

separator

generator

generator

gas turbinecompressor

condenser

condensate pump

feed water 
pump

feed water tank

steam turbine
HTGR

HIGH-TEMPERATURE GAS-COOLED REACTORS



gas turbine

compressor

High temperature reactor

4g

condenser

steam turbine

COMBINED CYCLE PLANT IN T-S DIAGRAM



Purpose 2: Provide process heat for chemical reactions 

e.g. H2 production by H2SO4 - Iodine process

2 HI → H2 + I2
I2 + SO2 + 2 H2O →

2 HI + H2SO4

H2SO4 → SO2

+H2O + ½ O2

H2

½ 

O2

H
2
O

Nuclear heat at 

400 °C

Nuclear heat at 

900 °C

HIGH-TEMPERATURE GAS-COOLED REACTORS
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BISO and TRISO coated fuel particles (General Atomics Co.)

❖ Improve stability of fuel at high temperatures

• Introduction of coated particle fuel (coating = barrier against fission product release)

• Use of a chemically inert coolant (noble gas + good heat removal → helium)

BISO = Bi-coated Isotropic

TRISO = Tri-coated Isotropic

Fuel particle = fuel kernel

Options: UO2, UCO, UC, UC2 or mixtures

ThO2, ThC2

PuO2

Idea: R. Huddle in 1957

only TRISO
1980

BISO→ TRISO

HIGH-TEMPERATURE GAS-COOLED REACTORS



❖Transfer from BISO to TRISO particles

• Introduction of an intermediate silicon carbide layer

• SiC layer = mini-containment to retain fission products

Pyrolytic carbon (OPyC), d = 40 mm
Silicon carbide (SiC) barrier coating, d = 35 mm
Inner pyrolytic carbon (IPyC), d = 40 mm
Porous carbon buffer (BL), d = 95 mm

compensation of fuel swelling

 = 0.92 mm

 = 0.5 mm

main barrier against fission product release

HIGH-TEMPERATURE GAS-COOLED REACTORS



Heating time at 1600 °C, h  →
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TRISO (with SiC layer)

BISO

(without SiC layer)

Examples of the retention capability 

of BISO and TRISO

Krypton releases at normal operation 

conditions

→ both BISO and TRISO show 

acceptable to very good performance

Cs-137 releases at accident conditions

→ BISO fails to retain Cs-137

→ TRISO shows good performance

ADVANTAGE OF TRISO OVER BISO FUEL



Aqueous solution of uranyl nitrate (UO2)(NO3)2

Droplets of the broth are generated by a 600Hz vibrator

Droplets fall through gaseous NH3

into concentrated aqueous solution of NH3

for bulk gelation

Finishing steps: 

• Drying at 80°C 

• Calcination in air at 300°C (remove 

CO2, NH3, H2O) → UO3

• Reduction to UO2 by H2 stream at 

1600-1700°C
UO2

PRODUCTION OF FUEL KERNELS



Process:

1. Buffer layer (BL) deposited from a 

mixture of C2H2 and Ar at 1250°C

2. IPyC layer deposited from mixture of 

C2H2, C3H6 and Ar at 1300°C

3. SiC layer is deposited from a mixture 

of CH3SiCl3, and H2 at 1500°C        

(~0.2 μm/min)

4. OPyC layer deposited like IPyC

5. Odd-shaped particles eliminated by 

means of vibrating tables

Fluidized bed 

reactor

FLUIDIZED BED PROCESS TO COAT FUEL

PARTICLES



Spherical fuel elements                    Prismatic fuel elements

Only periodic refueling 

→ excess reactivity needed

→ no wear during reactor operation

Allow continuous refueling 

→ no excess reactivity needed

→ wear while moving through reactor

TWO FUEL CONCEPTS USING COATED

PARTICLES



Uni Tsinghua

FZ Jülich

Hamm-

Uentrop

HTR-PM China                          2x250 MWth/210 Mwel since Dec, 2021

HIGH-TEMPERATURE GAS COOLED REACTOR

PROTOTYPE PLANTS AND PROJECTS



Fuel of the High Temperature Engineering Test Rector (HTTR) (Japan)

DETAILED DESIGN OF PRISMATIC FUEL

ELEMENTS



Fort St. VrainPeach Bottom

88.9 mm

2.26 m

0.6 m

0.66 m

~3.66 m

Upper reflector

Fuel cap

Fuel compacts

Gas trap

Lower reflector

Foot piece

A

1965

Cooling gas channels
66 x 22 mm

Burnable poison
6 x 12.7 mm

Fuel Channels
32 x 15.9 mm

Graphite 
plug

Docking port 
for handling

Centering 
plug

Helium flow

Centering 
holes (3x)

EVOLUTION OF FUEL ELEMENTS



Fort Saint VrainPeach Bottom

HTGR demonstrators with coated                                                          

particle fuel in US

Prismatic fuel 

elements

Long cylindric

fuel elements



DRAGON / GB



1. Mixing coated particles with 

resinated powder of graphite

2. Pre-molding at about 30 MPa and 

room temperature in silicone rubber 

molds → fuel region of pebbles      

(50 mm)

3. Add resinated powder in molds to 

form fuel-free zone (60 mm)

4. Isostatic pressing at 300 MPa and 

room temperature in silicone rubber 

molds

5. Resin binder carbonization at 800-

900°C in inert gas 

6. Sintering and extract residual gases 

and other impurities at 1950°C under 

vacuum

Coated particle

Fuel free zone = 

Pure graphite

Fuel region of 

pebbles = Graphite 

with coated particles

SPHERICAL FUEL ELEMENTS – PEBBLES



1 - pebble bed core, 2 - neutron reflector (graphite), 3 - iron 

shield, 4 - steam generator, 5 - cooling fan, 6 - pre-stressed 

concrete vessel, 7 - control rods, 8 - pebble extraction duct,        

9 - pebble supply duct, 10 - cooling gas (He), 11 - sealing (steel), 

12 - main steam,      13 - pre-heaters, 14 - feed water pump,     

15 - high-pressure turbine,     16 - low-pressure turbine,            

17 - generator, 18 - exciter machine, 19 - condenser,                

20 - cooling water circuit, 21 - cooling water pump, 22 - dry 

cooling tower, 23 - air flow

SCHEME OF A NPP WITH HIGH-TEMPERATURE

GAS-COOLED REACTOR (PEBBLE BED

REACTOR )



1. Core 

2. Side reflector

3. Top reflector

4. Bottom reflector

5. Steam generator

6. Hot gas channel

7. Pebble extraction line

8. Control rods in the reflector

9. Helium circulator

10. Control rods pushed into the pebble bed

11. Pre-stressed concrete vessel

12. Liner with thermal insulation and cooling

13. Pebble extraction device

14. Pebble addition

THTR HAMM-UENTROP



Refueling: Permanent → no excess reactivity 

Safety: No excess reactivity + negative graphite temperature feedback + 

coated particles as "micro-containments" → inherent safety

Moderator: Graphite / But: Moderator-fuel lattice is strongly under-moderated

"epithermal spectrum" → higher enrichment necessary for criticality

→ breeding feasible:
Thorium-Uranium cycle 

Pebble bed

Control rods

Pebble distributor

−− +⎯⎯⎯ →⎯+⎯⎯⎯⎯ →⎯→+ UPaThnTh 233
92

d35.2233
91

min4.22233
90

1
0

232
90

THTR IN HAMM-UENTROP



AVR in Jülich



AVR (Jülich)

• Steam generator above 

core – eases water ingress 

in case of tube break 

• Too large power → large core diameter 

→ necessity of control rods for cold 

shutdown pushed into pebble bed 

without guide tubes → numerous 

broken pebbles

• Large core diameter → no inherently 

safe decay heat removal

• Qth  250 MW → Small enough 

diameter for control rods only in 

reflector (outside core)

• Small diameter → inherently 

safe decay heat removal via 

reactor pressure vessel wall

• Steam generator below reactor 

core → strong mitigation of 

water ingress by density 

difference He / H2O vapor

Steam Gen.

Core

Steam Gen.

Core

He circulator

He circulator

He circulator

5.6 m

~3.5 m

THTR (Hamm-Uentrop)

German modular HTR

GERMAN PEBBLE BED REACTORS –
PROBLEMATIC FEATURES



Modular HTGR with prismatic fuel                             Modular pebble bed reactor

TODAY PREFERRED DESIGN

• Modular HTGR designs with coated particle fuel due to inherent safety against cooling failure



High Temperature Reactor –

Pebble Bed / Modular

• Twin unit under construction in China 

(Rongcheng, Province Shandong)

• Coolant: Helium (7 MPa, 250 → 750 °C)

• Steam turbine

• 2 x 250 MWt → 210 MWe

Improvements compared to early German 

prototypes:

• Improved pebble extraction

• Control rods in reflector

• Steam cycle (simple, less risk)

• Reduced outlet temperature of 750 °C

Main steam

13.24 MPa, 566 °C

Efficiency: 42 %

HTR-PM



Control rod drives

Pebble supply

Reactor press. vessel

Graphite mantle 
/reflector

Control rod

Reactor core with 
pebble bed

Pebble extraction

Detector of broken 
pebbles
Pebble transport 
system,

Crane

Containment

Connection line, coaxial 
(inside: hot leg, outside: 
cold leg)

Main steam line

Helium compressor

Steam generator

Collectors

19 helical heat transfer 
modules (once through 
steam generation)

Feed water line

HTR-PM



Zhang et al., Nuclear Engineering and Design 239 
(2009) 1212–1219

Once-through steam 

generator with helical 

tubes → low water 

inventory → precaution 

to mitigate reactivity 

insertion due to water 

ingress 

HTR-PM STEAM GENERATOR



Pebble insertion (6000 spheres / day)

Burnup measuring cell

Extraction 

channel

Individuation

Pebble 

sorter

Supply of fresh fuel pebbles (400 / day)

• 7 g U / pebble

• 8.9 % U-235

Storage casks

Graphite pebble

Fuel pebble

Broken pebbles

HTR-PM FUEL HANDLING SYSTEM



ZHANG Zuoyi: HTR-PM of 2014: toward success of the world first Modular High Temperature 

Gas-cooled Reactor demonstration plant, HTR-2014, 2014, Oct. 28-31, Weihai

Reactor building / Containment

Turbine hall

Dry interim storage for 

spent fuel spheresAuxiliary systems

OVERALL VIEW OF THE HTR-PM



Canister for 40’000 

spent fuel spheres

Spent fuel storage building

• Cooling by closed-circuit air flow in closed forced convection 

conditions (for the demonstration plant)

• If forced circulation fails, an open air natural flow can keep the 

fuel temperature under the limit of the coated particle integrity

Storage capability for spent fuel from 

40 years of HTR-PM operation

+ Simple (low decay heat – dry 

storage passive safety)

- High waste volume

ON-SITE INTERIM SPENT FUEL STORAGE



• Continuous refueling – no excess reactivity 

• Thermal losses from the comparatively small and slim reactor can remove 

decay heat by natural convection and thermal radiation at below 1600 °C

• Strong negative feedback from fuel and moderator temperature to reactivity

• Temperature increase in case of cooling failure makes reactor subcritical 

while temperature stays below 1600 °C

• SiC layers stay effective as barrier against fission product release

• HTR-PM = inherently safe design regarding a full unprotected loss of cooling

ULOF = Unprotected loss of cooling

• Station Blackout 

• Helium Blower trip

• No SCRAM
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Equilibrium between 

heat production and 

passive removal

INHERENT SAFETY OF MODULAR PEBBLE BED

REACTORS



Fail of coated particles after too 

high burn-up

Release of fission products (Cs-137) by 

diffusion at too high temperatures

Crack formation in SiC

Crack

Breakdown due to fission gas pressure
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OPERATIONAL LIMITS OF COATED PARTICLES



HTR-PM

Inventory: 420’000 Pebbles 

Usage per year: 145’000 Pebbles

Uranium content: 7 g/pebble

Pebble diameter: 6 cm

Average density: 0.0458 g U/cm3

PWR

Inventory: ~200 fuel elements

Usage per year: ~40 fuel elements

Average density: ~3 g U/cm3

Waste ratio: 65!

WASTE VOLUMES



Zhang, Z. (2017)

PLANNED: SIX MODULES IN A TYPICAL PWR 
CONTAINMENT
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SUMMARY


