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Utilisation of Serpent at 
Forschungszentrum Jülich

S.-C. Herber, H.R. Hammer, A. Aures, 
F. Bostelmann, C. Kelm and H.-J. Allelein
Speaker:  H.R. Hammer
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Introductory Remarks

• The LRST and the IEK-6 are tightly connected via the Jülich 
Aachen Research Alliance.

• Our research topics are:
• Reactor Physics

Code Development for Transient Analysis of HTGR Systems
Analysis of the behavior of HTGR Systems under severe Accidents

• Containment Phenomena and Processes
Experimental Investigations of autocatalytic Recombiners, Dust  
Behavior and graphit corrosion and HTGR thermofluidmechanics

• CFD-Simulations
Simulation of the behavior of autocatalytic Recombiners and 
development of models for wall condensation and Pebble Bed Cores
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KAHTER – Critical facility high temperature reactor

 Operating from 1973 until 1984 at the Jülich research center

 Reactor physic experiment of a pebble bed high temperature 
reactor

 Validation of reactor physic codes
• Nuclear data
• Comparison of different reactor codes

 Comparison of different measurement methods
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KAHTER – Phases of operation

 Phase I – homogenous core
• Critical mass
• Reactivity effects

 Phase II – heterogeneous poisoning
• Investigation of the initial core poisoning
• Comparison of boron and hafnium

 Phase III – OTTO core
• Once through than out
• Investigation of irradiated fuel elements
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KAHTER – Design

• Cylindrical graphite reflector
• Pebble outlet at the bottom
• One central absorber rod in a tube
• 8 reflector absorber rods
• Slightly different design in each phase

• Top reflector in phase II and III
• Plan bottom reflector in phase III
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KAHTER – Serpent model of pebble bed

 Ordered positioned pebbles
• Use of body-centered cubic (bcc) system
• Volume fraction of approx. 0.61
• Random distributed pebble types
• Explicit positions

 volume fraction of ordinary bcc-System of 0.73
• Bigger distance a to get lower volume fraction
• Iteration over high to get best value for a
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KAHTER – Serpent model design

Core 1c Core 4 B2
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KAHTER – Critical keff calculation
Core keff rho [pcm] Error

1a 1,00080 7,99 3,00E-05
1b 0,99770 -23,05 3,00E-05
1c 1,00150 14,98 3,00E-05
2a 1,00150 14,98 3,00E-05
2b 0,99737 -26,37 3,00E-05
2d 0,98508 -151,46 3,00E-05
3a 1,00620 61,62 3,00E-05

4 ref 0,98808 -120,64 3,00E-05
4 b1 0,99959 -4,10 3,00E-05
4 b2 0,99419 -58,44 3,00E-05
4 h1 0,99565 -43,69 3,00E-05
4 h2 0,99342 -66,24 3,00E-05
4 h3 0,99428 -57,53 3,00E-05

5 0 / 5 1,02480 242,00 3,00E-05
5 5 / 5 1,01300 128,33 3,00E-05
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KAHTER – Critical keff calculation phase I
Core keff rho [pcm] Statistical error

1a 1,00080 7,99 3,00E-05
1b 0,99770 -23,05 3,00E-05
1c 1,00150 14,98 3,00E-05
2a 1,00150 14,98 3,00E-05
2b 0,99737 -26,37 3,00E-05
2d 0,98508 -151,46 3,00E-05
3a 1,00620 61,62 3,00E-05

 Good results without optimization for single cores

 Except core 2d
• No differences to other cores
• Perhaps wrong number of elements given in literature
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KAHTER – Critical keff calculation phase II
Core keff rho [pcm] Error

4 ref 0,98808 -120,64 3,00E-05
4 b1 0,99959 -4,10 3,00E-05
4 b2 0,99419 -58,44 3,00E-05
4 h1 0,99565 -43,69 3,00E-05
4 h2 0,99342 -66,24 3,00E-05
4 h3 0,99428 -57,53 3,00E-05

 At  all simulations keff < 1
• Use of THTR fuel elements instead of AVR
• Double amount of Th in each fuel element

 The reference core has the largest deviation
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KAHTER – Critical keff calculation phase III
Core keff rho [pcm] Error

5 0 / 5 1,02480 242,00 3,00E-05
5 5 / 5 1,01300 128,33 3,00E-05

 No good results until now
• Unknown position of control rods

 Further work needs to be done
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KAHTER – Uncertainties of input values 

 Exact values of used reactor graphite
• Boron concentration 
• Impurities

• Ca, S, Si, Ti, Cl, Fe, Ni, V, Al, Ag, Cd, Cu, Dy, Eu, Gd, Mn, Mg, Mo, 
Sm, Sn, Zn

• Density

 Exact core height of phase I cores

Sensitivity analyses for core 1a
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KAHTER – Impurities sensitivity 
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KAHTER – Reflector graphite density
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KAHTER – Core height
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KAHTER - Detectors

 Axial and radial detectors
• 3 different radial heights
• 8 different axial tubes
• AlDy, AlIn, AlU, Au, CuMn
• Detector diameter: 0.1 mm

 Measurement of the activated isotopes

Detector tubes [Jl-spez-0187]
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KAHTER – AlDy Detector in Core 5 5/5

Source [Jl-spez-0187]
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HTR-10

 Chinese 10 MWth pebble-bed
test reactor

 Used to
• test and develop fuel
• verify safety features
• demonstrate electricity

production
• provide experience in design, 

construction and operation

[Source: Handbook of International Reactor Physics Experments – Case: HTR10-GCR-RESR-001]
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HTR-10 - Initial criticality experiment

 Helium replaced by ambient air
 All control rods withdrawn
 All void spaced filled by ambient air
 Conus and discharge tube filled solely by dummy pebbles
 Cylindrical core filled by a mixture of 9627 fuel pebbles and

7263 dummy pebbles
 Packing fraction in the core: 61% 
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HTR-10 - Cross-sections of the model

vertical cross-section
horizontal cross-sections
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HTR-10 - Comparison of results with benchmark

 Benchmark model: keff = 1.01190 ± 0.00021 (MCNP, ENDF/B-V)

 This model: 
• keff = 0.93742 ± 0.00016 (Serpent, ENDF/B-VII.0)
• Improvement of pebble distribution is still necessary
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Assessment of the nuclide inventory of a light water 
reactor core at equilibrium  

 During the irradiation of the fuel within the reactor core, a 
significant amount of fission products is built up

 The knowledge about the type of fission products and their 
quantity present in the fuel is important

 Due to their radiological characteristics, relevant elements are: 
I, Cs, Sr, Kr, Xe, Co, Ag, Ru, Cd, Mo etc.

 The assessed quantities can be used in further investigations, 
e.g. calculations of release characteristic behavior in case of 
severe accident scenarios
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Specifications of the assumed light water reactor
 Thermal Power: 3850 MW
 Number of fuel assemblies: 193
 Fuel assembly: 18 x 18 pins

• 288 fuel pins with 4,4 w/o 235U
• 12 fuel pins with 7 w/o Gd2O3, 

93 w/o U, 3 w/o 235U
• 24 control rod guide tubes

 Application of 475 ppm boron acid (H3BO3)
 Cycle length: 330 full power days followed by 30 days revision
 Burnup: 55 – 65 MWd/kg HM after 5 cycles



1. Cycle

2. Cycle

3. Cycle

4. Cycle

5. Cycle
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Development of a Serpent model of the reactor core

 Shuffling by Perl script
 highly resolved model

• own material card for each pin
• takes account for spectral influence

• huge memory consumption (~ 60000 material 
cards)

• optimization mode 1 (> 100 GB per MPI 
process)

some homogenization of fuel pins had to be applied
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Fuel assembly layouts
Layout 1 Layout 2 Layout 3

UO2

UO2+Gd2O3

Guide tube

UO2+Gd2O3

UO2

Guide tube Guide tube

UO2

UO2+Gd2O3
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No Predictor-Corrector Method
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Constant Extrapolation – Linear Interpolation
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Linear Extrapolation – Quadratic Interpolation, 
5 / 5 substeps on predictor and corrector step
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Performing calculations of the full LWR core
 For preliminary calculations, the model was 

built with FA layout 1
 Burnup cycle: 3 x 110 full power days, 30 

days revision, PCC method: LE-QI + 5/5 SS
 3.0E+06 neutron per cycle, 1000 cycles
 Optimization mode: 2 (545 GB memory)
 Using Serpent 2.1.7 in hybrid mode on:

• 4 coupled BULL shared memory nodes, each with 128 physical
cores and 256 GB memory, InfiniBand QDR

• 32 MPI processes separated into 8 MPI processes per node,
resulting in 16 OMP threads per MPI process

Fig: Quarter of the core

Calculations to achieve an equilibrium core are still running ...
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LTIS – Long Term Interim Storage

 Shutdown of all German NPP until 2022
 Absence of a final disposal site for heat generating nuclear

waste, e. g.  the fuel assemblies
 The huge amount of spent fuel is stored at the plant sides in 

interim storage facilities (over a period of 50 to 1000 years)
 The material can be inevitably recovered for future reuse, but 

How does the storage time influence reuseability and what
scenarios of future reuse can be considered?
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LTIS - Strategy (I)

 Simulation of one typical Konvoi PWR fuel assembly with
Serpent (Version: 1.1.16):

• UO2 Fuel Rods with 4.4 w/o U-235 enriched Uranium
• 4 operation cycles
• burnup up to 45 MWd/kg HM
• Storage from EOC up to 1000 years
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LTIS - Strategy (II)

 Reuse in the same Konvoi FA model after storage
 The fuel material card is varied

• for different storage times:
EOC, 100, 200, 300, 500 and 1000 years of storage:

• for different scenarios:
Scenario 1: Reuse without Reprocessing as MOX - Fuel
Scenario 2: Reuse with Reprocessing as MOX - Fuel
Scenario 3: Reuse with Reprocessing as Uranium - Fuel
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LTIS - Results (I)
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LTIS - Results (II)  evaluation of the curves

 keff at reactor startup is already lower than one

 Short interim storage (100 years) causes the lowest value of keff
• The loss of Pu-241 (half-life about 14 years)
• The building of strong stabile neutron absorbers like Gd-155

 A longer storage time results in a steady increase of keff
• The building of fissionable isotopes such as U-235
• The loss of neutron absorbers such as Sm-151 or Eu-154
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LTIS - Results (VI)  reuse of spent fuel
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LTIS - Results (VII)  conclusions

 A long term interim Storage causes:
• a loss of neutron absorbers (FP and MA) 
• a build up of new fissionable materials

 But the effects are too small to replace a reprocessing process
 Under best conditions, reuse as MOX after reprocessing, an 

employment for almost one reactor cycle (330 days) is possible, 
but not economic!    

How changes the situation if stored material is used together with
fresh enriched Uranium in the CORAIL Assembly?
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CORAIL - „Combustible Recyclage à Ilot“

 Innovative FA for MOX usage in 
PWRs

• Developed by the French CEA
• Without affecting core safety, 

operational parameters or fuel
cycle parameters

• Standard PWR FA design
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CORAIL - adapted for the reuse of LTIS fuel

 Goals: 
• achievement of an economically reasonable reuse of LTIS fuel, 

i. e. a keff > 1 for one or more reactor cycles
• reduction of the total amount of plutonium

 Strategy:
• reprocessing of spent fuel after 1000 years of storage and 

extraction of the Plutonium isotopes  insertion as PuO2 in the 
MOX - rods of the CORAIL assembly

• elevation of the level of  enrichment of the interior UO2 rods from
4.4 w/o U-235 up to 8.0 w/o
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CORAIL - Results (I)
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CORAIL - Results (III) Conclusions

 An enrichment of 5.5 w/o U-235 is sufficient to use the CORAIL 
assembly for four complete reactor-cycles

 The Pu-inventory first declines before increasing steadily:
• Lowest enrichment causes lowest Pu-inventory
• Minimum is reached after 562 days

 Usage for 2 reactor-cycles (662 days)
• Enrichment with 4.4 w/o U-235 for the UO2  rods in the center is

enough
• Best achievable reduction of the Pu-inventory is achieved
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Outline

 Introductory Remarks
 High Temperature Reactors

• KAHTER
• HTR-10
• HTTR

 Light Water Reactors
• Equilibrium Core of a KONVOI Reactor
• Impact of long term Interim Storage

 Outlook
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Outlook

• Next planned models and simulations:
• HTTR – High Temperature Engineering Test Reactor , Japan
• ASTRA, Russia
• HTGR experiments at SAR Graz, Austria
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Thank you for your attention!
Questions?
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Appendix
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KAHTER – Pebble Bed

• Statistical pebble distribution
• mean volume fraction of 0.61

• 22000 up to 41300 spherical elements depending on core

• Load and unloading during operation
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KAHTER – Pebble types I

 Fuel elements
• Type AVR

• 1.1 g 93% U-235 and 5 g Th-232
• Type THTR

• 1.0 g 93% U-235 and 10 g Th-232

 Moderator elements
• Graphite AL2-500

• 190.8 g C
• 0.9 ppm natural boron

Coated particle

Fuel element

UO2

Pyrocarbon

Buffer

SiC

Fuel zone

Graphite matrix
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KAHTER – Pebble types II

 Absorber elements
• Boron

• 0.2910 g natural boron
• 182.27 g graphite

• Hafnium
• 0.040 g natural boron
• 4.20 g natural Hafnium
• 192.0 g C

Sectional view of a boron absorber 
element  [DrückeXXX]
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KAHTER – Phase I core configurations

 Moderator to fuel ratio
• Core 1: 1:3
• Core 2: 1:1
• Core 3: 3:1

 Different absorber rod positions
• Configuration a: no absorber rods
• Configuration b: only central rod
• Configuration c: central rod and one bank (4) reflector rods
• Configuration d: one bank reflector rods
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KAHTER – Phase II core configurations

• Top reflector: 50 cm graphite upon pebble bed
• Loading Ratio: FE:ME:AE

• Reference core 10:  7:0
• B1 boron 36:24:1
• B2 boron 20:13:1
• H1 hafnium 37:25:1
• H2 hafnium 27:19:1
• H3 hafnium 20:13:1
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KAHTER – Phase III core configurations

• Variation of top reflector thickness
• 0 cm up to 50 cm

 Variation of air gap between core and 
top reflector

• 3 cm to 50 cm

 Increasing reactivity from bottom to 
top

Core configuration for Core OTTO 
0/5 [Jl_spez_0187]
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KAHTER – Serpent model

core_input_file

material geometry

5 AVR particle 
inputs

5 THTR particle
inputs

options

detectors

pebble bed
input

Absorber rod
positions

Special phase 
geometry
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HTR-10 – Design Details

 Fuel: UO2 in pebbles (see next slide)
 Cooling fluid: helium
 Moderator: 

• graphite reflector structures with various boron concentrations up
to 300 ppm

• boronated carbon bricks at the peripherie with >3000 ppm boron
• graphite dummy pebbles

 10 control rods, 7 absorber ball units in side reflector
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HTR-10 – Core Composition

 Fuel Pebbles:
• 8335 coated fuel particles (diameter of 0.91 mm) per pebble
• Particles are imbedded in graphite matrix
• Pebble diameter: 60 mm (incl. 5 mm graphite layer)
• All in all 5 g uranium per pebble

 Dummy Pebbles:
• Graphite sphere with diameter of 60 mm
• Conus and discharge tube filled with these pebbles

 Cylindrical Core: mixture of 9627 fuel and 7263 dummy pebbles
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LTIS - Results (III) Plutonium isotopes
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LTIS - Results (IV) U - 235
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LTIS - Results (V) fission products
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CORAIL - Results (II) Plutonium Inventory
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