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Monte Carlo at UC Berkeley NE dept.

Fast	
  reactors	
  -­‐	
  Serpent
Current	
  focus:	
  Breed	
  &	
  burn	
  reactors

LWR	
  -­‐	
  Serpent	
  +	
  MCNP	
  (switch	
  in	
  progress)
Thorium	
  BWR	
  breeder	
  reactors	
  (PARCS/RELAP/SERPENT	
  in	
  use)

Salt-­‐cooled	
  reactors	
  -­‐	
  Serpent	
  +	
  MCNP	
  (switching)
Current	
  focus:	
  The	
  pebble-­‐bed	
  FHR	
  test	
  reactor

Reactor	
  physics	
  &	
  Neutronics	
  classes	
  -­‐	
  Serpent



Fast	
  reactor	
  core	
  design	
  process
Input

General reactor parameters

Assembly geometry

Core criticality analysis
Neutronic properties

Transient analysis
Core response to ULOF, 

ULOHS & UTOP

Core layout
Batch geometry & shuffling scheme

Back-end analysis
(Proliferation, waste 

characteristics)

Depletion analysis
Fuel cycle characteristics

Constraints
Material limits



Fast	
  reactor	
  core	
  design	
  process
Input

General reactor parameters

Assembly geometry
ADOPT

Core criticality analysis

SERPENT or MCNP

Transient analysis
ADOPT (QSRB)

Core layout
ADOPT

Back-end analysis
(Proliferation, waste 

characteristics)

Depletion analysis
SERPENT or MCNP/ORIGEN

Constraints
Material limits

Fuel performance
FEAST-METAL



Breeder	
  reactor	
  design	
  with	
  ADOPT

Op1mize	
  breeder	
  core	
  =	
  Maximize	
  core	
  fuel	
  frac1on

Fast	
  breeder	
  core	
  design	
  is	
  (mainly)	
  a	
  thermal-­‐hydraulic	
  
op1miza1on	
  decoupled	
  from	
  the	
  neutronic	
  analysis,	
  apart	
  from:

•	
  Radial	
  and	
  axial	
  peaking	
  factors	
  (2-­‐3	
  itera1ons)
•	
  Reac1vity	
  coefficients	
  (2-­‐3	
  itera1ons,	
  or	
  1-­‐2	
  ARC-­‐itera1ons)

ADOPT-­‐like	
  code	
  would	
  not	
  work	
  at	
  all	
  for	
  thermal	
  systems	
  
(too	
  1ght	
  neutronic/TH	
  op1miza1on	
  coupling)



	
  ADOPT	
  STRUCTURE
INPUT	
  (30-­‐40	
  parameters	
  in	
  total)
•	
  Materials	
  (coolant,	
  bond,	
  fuel,	
  clad,	
  duct,	
  reflector,	
  shield)
•	
  Power,	
  In/out	
  coolant	
  temp	
  &	
  Core	
  size	
  (diameter,	
  height)
•	
  Constraints	
  (temperatures,	
  pressure	
  drop)

OUTPUT
•	
  Full	
  fuel	
  assembly	
  &	
  core	
  design
•	
  Serpent	
  V2.x	
  input	
  file	
  (&	
  FAST-­‐BEAU/SERPENT	
  coupling	
  files)
All	
  component	
  temperatures,	
  Pressure	
  drop,	
  Masses	
  &	
  volumes,	
  Flow	
  distribuKon,	
  Coolant	
  
chemistry,	
  VibraKons	
  &	
  Wear,	
  Fuel	
  Cycle	
  characterisKcs,	
  ReacKvity	
  coefficients	
  &	
  void	
  worth	
  (via	
  
Serpent),	
  Quasi-­‐staKc	
  reacKvity	
  balance	
  parameters	
  and	
  ARC-­‐system	
  parameters	
  &	
  transient	
  
reacKvity	
  response
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Code run options
Parametric study on/off

MCNP files

Output summary

Plots

Code output

USER SETTINGS

ADOPT  CODE

Serpent files

Duct thickness & inter-assembly 
gap solver

Neutronics
Peaking factors

Optimum coolant 
chemistry solver

Iterative module
Non-iterative module
External information

Volume fractions &
Component masses

Natural circulation module

Neutron transport code 
translators

THV and FIV evaluation

Core parameters

Design constraints

Output options

User input

Pressure drop

Temperatures

Adjust core power, coolant velocity or 
fuel pin rows if constraints are violated. 
Adjust outer pin to duct wall distance if 
temperature distribution is unbalanced.

Linear power rate

Geometric solver (P/D)

Geometrical definitions

Cladding thickness

Heat transfer coefficient

Convert axial peaking factor

Define coolant thermo-physical 
properties Initial guess for 

cladding thickness ratio

Flow distributution



Heat	
  transfer	
  module
Calculates	
  all	
  assembly	
  component	
  temperatures.	
  Calculates	
  coolant	
  assembly	
  flow	
  
distribu1on	
  and	
  finds	
  a	
  design	
  with	
  a	
  uniform	
  outlet	
  coolant	
  temperature.	
  
-­‐	
  Only	
  handles	
  1-­‐phase	
  coolants!

Pressure	
  drop
Calculates	
  inlet,	
  bundle	
  and	
  outlet	
  pressure	
  drop	
  –	
  including	
  the	
  effects	
  of	
  wire-­‐wraps	
  or	
  
grid	
  spacers.	
  Includes	
  a	
  user-­‐defined	
  es1mate	
  for	
  total	
  primary	
  cycle	
  pressure	
  drop.	
  
-­‐	
  Does	
  not	
  calculate	
  heat	
  exhanger	
  pressure	
  drop	
  (at	
  the	
  moment)!

Structural	
  analysis
Calculates	
  op1mal	
  cladding	
  thickness,	
  duct	
  wall	
  thickness,	
  inter-­‐assembly	
  gap	
  distance,	
  
pin-­‐to-­‐pin	
  wear	
  and	
  outer	
  pin-­‐to-­‐duct	
  wear.

General	
  reactor	
  informaHon
Calculates	
  volumes,	
  masses,	
  fuel	
  cycle	
  informa1on	
  &	
  op1mal	
  coolant	
  chemistry	
  seangs.

Finds	
  the	
  opHmal	
  design	
  based	
  on	
  the	
  following	
  constraints:
Cladding	
  inner	
  &	
  outer	
  temperature,	
  fuel	
  max.	
  temperature	
  and	
  total	
  pressure	
  drop.



Cladding	
  thickness

Input
Burnup, Fuel length, Lower and Upper gas plenum length, 
Coolant temperature, Fuel temperature, Fuel venting on/off

Calculate the number of kg-mol of 

fission gas produced per m3 fuel
Custom or ref. value of fission gas atom 

produced per fission event (ref. value = 0.27)

Cladding yield strength and elastic modulus at 
anticipated transient temperature

Calculate maximum allowed pin 
pressure as allowed by the ASME-code 

for pressurized tubes

Cladding thickness ratio

Estimation of FCMI contribution to 
cladding stress

New	
  model	
  developed	
  for	
  ADOPT.	
  UKlizes	
  the	
  raKo	
  of	
  volumes	
  of	
  
plenum	
  and	
  fuel	
  to	
  esKmate	
  a	
  raKo	
  between	
  the	
  thickness	
  of	
  the	
  
cladding	
  and	
  the	
  diameter	
  of	
  the	
  pin	
  (which	
  is	
  unknown).	
  No	
  
sophisKcated	
  treatment	
  of	
  FCMI	
  influence	
  on	
  needed	
  cladding	
  
thickness	
  has	
  been	
  implemented.



Duct	
  and	
  inter-­‐assembly	
  gap
New	
  model	
  developed	
  for	
  ADOPT.	
  Calculates	
  the	
  opKmum	
  duct	
  
wall	
  thickness	
  and	
  inter-­‐assembly	
  gap	
  (defined	
  as	
  the	
  minimum	
  
combined	
  thickness)	
  using	
  Euler	
  beam	
  theory	
  and	
  irradiaKon	
  
swelling	
  +	
  creep	
  correlaKons.

Input
Pressure drop, Duct slots on/off, Duct wall-to-wall 
distance, Fuel residence time, Duct temperature

Duct material elastic modulus Optimum duct wall thickness and gap by differentiation of 
expressions from Euler beam theory

Duct material creep and irradiation 
swelling

Increase of inter-assembly gap to accommodate swelling, 
creep + margin at EOC

Optimal duct wall thickness and inter-assembly gap



Currently	
  benchmarking	
  using	
  data	
  from	
  Argonne	
  NaHonal	
  Lab	
  
(working	
  with	
  T.K.	
  Kim,	
  Temitope	
  Taiwo	
  and	
  W.S.	
  Yang	
  of	
  ANL/Purdue)

Results	
  of	
  all	
  main	
  parameters	
  are	
  in	
  good	
  agreement	
  (±	
  2%)
Further	
  benchmarking	
  with	
  other	
  groups	
  would	
  be	
  helpful

Benchmarking

Will	
  be	
  made	
  available	
  via	
  internet	
  download	
  once	
  bug-­‐free	
  
(including	
  user	
  manual).
Beta-­‐tesKng	
  available	
  –	
  email:	
  staffan@berkeley.edu

DistribuKon



Sodium LBE

SERPENT	
  plobng	
  of	
  ADOPT-­‐produced	
  input



Serpent/ADOPT	
  integraKon
Automated	
  equilibrium	
  cycle	
  search	
  
Needed	
  for	
  any	
  shuffled	
  core,	
  currently	
  done	
  using	
  ADOPT/ORIGEN/
SERPENT1	
  via	
  FAST-­‐BEAU.	
  Will	
  be	
  replaced	
  by	
  ADOPT/SERPENT2!

Automated	
  detector	
  setup	
  &	
  post-­‐process
Calculates	
  important	
  1-­‐group	
  or	
  few-­‐group	
  cross-­‐secKons,	
  flux	
  
spectrum,	
  net	
  leakage	
  from	
  each	
  external	
  surface,	
  axial	
  &	
  radial	
  
power	
  peaking	
  factors	
  and	
  2D/3D	
  fission	
  distribuKon	
  plots.

New	
  features	
  (currently	
  being	
  implemented/invesHgated)
-­‐	
  conKnuously-­‐varying	
  density	
  distribuKons	
  
-­‐	
  fuel	
  shuffling	
  using	
  serpent	
  v2.x.
-­‐	
  explicit	
  dpa	
  tallying



	
  Full	
  core	
  assembly	
  distribuHon
The	
  mathemaKcal	
  soluKon	
  to	
  opKmally	
  packing	
  an	
  arbitrary	
  number	
  of	
  
hexagons	
  in	
  a	
  cylindrical	
  shape	
  has	
  been	
  developed	
  
(with	
  V.	
  Mahadeo	
  of	
  	
  Los	
  Alamos),	
  will	
  be	
  implemented	
  in	
  the	
  code.

•	
  Full	
  reactor	
  modeling	
  -­‐	
  heat	
  exchangers,	
  secondary	
  cycle	
  etc.
•	
  Economics	
  module
•	
  Oxide	
  scale	
  growth	
  models	
  (and	
  their	
  effect	
  on	
  temps.)
•	
  Effects	
  of	
  the	
  radial	
  core	
  restraint	
  system

Future	
  ADOPT	
  development



ApplicaHon:	
  Breed-­‐and-­‐burn	
  core	
  design

Extreme	
  demands	
  for	
  neutron	
  economy	
  lead	
  design	
  choices:
•	
  Liquid	
  metal	
  coolant	
  	
  
•	
  Very	
  large	
  core	
  with	
  large	
  H/D	
  ra1o
•	
  Metallic	
  fuel
•	
  Maximized	
  fuel	
  volume	
  frac1on

Full	
  B&B	
  cores	
  are	
  designed	
  using	
  in-­‐house	
  developed	
  code
ADOPT	
  -­‐	
  Assembly	
  Design	
  and	
  OPBmizaBon	
  Tool

20-­‐40	
  user	
  defined	
  inputs	
  produces	
  full	
  core	
  design	
  and	
  &	
  
couples	
  with	
  F-­‐BEAU	
  to	
  calculate	
  the	
  equilibrium	
  B&B	
  fuel	
  cycle



REACTIVITY FEEDBACK
	
  	
  Fuel	
  doppler

	
  	
  Fuel	
  thermal	
  expansion

	
  	
  Core	
  expansion/bowing

	
  	
  Coolant	
  density	
  change	
  	
  Coolant	
  density	
  change

Increased absorption

Increased leakage

Increased leakage
(if you’re lucky)

Spectral hardening
Increased leakage



POSSIBLE SOLUTIONS
Leakage

Heterogeneity

ModeraBon

AbsorpBon	
  based

Low	
  H/D	
  -­‐	
  Detrimental	
  to	
  neutron	
  economy
Gas	
  expansion	
  modules	
  -­‐	
  Inefficient	
  due	
  to	
  low	
  leakage
Large	
  upper	
  sodium	
  plenum	
  -­‐	
  Adds	
  negaLve	
  void	
  worth	
  (up	
  to	
  -­‐1$	
  )

Radial/Axial/”Devils	
  horn”-­‐	
  Complicates	
  fuel	
  shuffling

Fuel	
  replaced	
  by	
  (for	
  example)	
  BeO	
  -­‐	
  Detrimental	
  to	
  neutron	
  economy

Permanent	
  high-­‐neutron-­‐energy	
  absorbers	
  (Ca3Na2)	
  -­‐	
  Bad	
  for	
  neutron	
  economy
Liquid	
  absorbers	
  -­‐	
  LiYle	
  explored	
  but	
  promising	
  opLon



POSSIBLE SOLUTIONS

Teller	
  et.	
  al	
  .	
  (1996).	
  UCRL-­‐JRNL-­‐122708 Kambe	
  et.	
  al	
  (1998).	
  Nuclear	
  Technology,	
  122

ThermostaHng	
  module	
  for	
  TWR Lithium	
  expansion	
  module	
  (LEM)



Liquid/Liquid	
  ARC
USPTO patent BK-2013-005-1
★ Minimized	
  liquid	
  inventory

★ No	
  reliance	
  on	
  a	
  liquid/gas	
  interface

★ Extremely	
  stable	
  configuraLon

★ 40+	
  candidate	
  materials	
  invesLgated	
  as	
  a	
  

driver	
  liquid	
  on	
  a	
  10	
  parameter	
  criteria

★ Potassium	
  and	
  Indium	
  are	
  most	
  suitable



Liquid/Liquid	
  ARC
USPTO patent BK-2013-005-1
★ Minimized	
  liquid	
  inventory

★ No	
  reliance	
  on	
  a	
  liquid/gas	
  interface

★ Extremely	
  stable	
  configuraLon

★ 40+	
  candidate	
  materials	
  invesLgated	
  as	
  a	
  

driver	
  liquid	
  on	
  a	
  10	
  parameter	
  criteria

★ Potassium	
  and	
  Indium	
  are	
  most	
  suitable

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium

Upper	
  reservoir	
  length:
≈	
  20-­‐30	
  cm	
  per	
  ARC	
  pin

Lower	
  reservoir	
  length:
≈	
  5-­‐10	
  cm

Li-­‐6	
  volume:	
  100-­‐200	
  cc/pin
Expansion	
  liquid	
  volume:	
  3-­‐6	
  liters/assembly

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium



Liquid/Liquid	
  ARC
USPTO patent BK-2013-005-1
★ Minimized	
  liquid	
  inventory

★ No	
  reliance	
  on	
  a	
  liquid/gas	
  interface

★ Extremely	
  stable	
  configuraLon

★ 40+	
  candidate	
  materials	
  invesLgated	
  as	
  a	
  

driver	
  liquid	
  on	
  a	
  10	
  parameter	
  criteria

★ Potassium	
  and	
  Indium	
  are	
  most	
  suitable

Upper	
  reservoir	
  length:
≈	
  20-­‐30	
  cm	
  per	
  ARC	
  pin

Lower	
  reservoir	
  length:
≈	
  5-­‐10	
  cm

Li-­‐6	
  volume:	
  100-­‐200	
  cc/pin
Expansion	
  liquid	
  volume:	
  3-­‐6	
  liters/assembly

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium

Shutdown
T	
  =	
  210	
  deg.	
  C

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium



Liquid/Liquid	
  ARC
USPTO patent BK-2013-005-1
★ Minimized	
  liquid	
  inventory

★ No	
  reliance	
  on	
  a	
  liquid/gas	
  interface

★ Extremely	
  stable	
  configuraLon

★ 40+	
  candidate	
  materials	
  invesLgated	
  as	
  a	
  

driver	
  liquid	
  on	
  a	
  10	
  parameter	
  criteria

★ Potassium	
  and	
  Indium	
  are	
  most	
  suitable

Upper	
  reservoir	
  length:
≈	
  20-­‐30	
  cm	
  per	
  ARC	
  pin

Lower	
  reservoir	
  length:
≈	
  5-­‐10	
  cm

Li-­‐6	
  volume:	
  100-­‐200	
  cc/pin
Expansion	
  liquid	
  volume:	
  3-­‐6	
  liters/assembly

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium

Standard	
  operaLon
Tout	
  =	
  500	
  deg.	
  C

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium



Liquid/Liquid	
  ARC
USPTO patent BK-2013-005-1
★ Minimized	
  liquid	
  inventory

★ No	
  reliance	
  on	
  a	
  liquid/gas	
  interface

★ Extremely	
  stable	
  configuraLon

★ 40+	
  candidate	
  materials	
  invesLgated	
  as	
  a	
  

driver	
  liquid	
  on	
  a	
  10	
  parameter	
  criteria

★ Potassium	
  and	
  Indium	
  are	
  most	
  suitable

Upper	
  reservoir	
  length:
≈	
  20-­‐30	
  cm	
  per	
  ARC	
  pin

Lower	
  reservoir	
  length:
≈	
  5-­‐10	
  cm

Li-­‐6	
  volume:	
  100-­‐200	
  cc/pin
Expansion	
  liquid	
  volume:	
  3-­‐6	
  liters/assembly

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium

Transient
Tout	
  =	
  600	
  deg.	
  C

Active core

Plenum

ARC pin(s)

FP Gas vent

Fuel pin bottom attachment

ARC pin bottom attachment

Inlet region 
(slots, orificing)

Reflector

Shield

Reflector

Shield

 Expansion-liquid reservoir

Argon
Lithium-6
Potassium
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REACTIVITY	
  RESPONSE	
  FOR	
  6Li	
  BASED	
  ARC	
  SYSTEM
Concept	
  -­‐	
  Qvist	
  et.	
  al	
  [Proc.	
  of	
  ICAPP	
  12’]
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ARC (4 pins)
Coolant
Combined effect

20% void

60% void

100% void

REACTIVITY	
  RESPONSE	
  FOR	
  6Li	
  BASED	
  ARC	
  SYSTEM
SERPENT/ADOPT	
  simulaEon	
  results



Sodium
+13$ void

LBE
+9$ void



Sodium
0$ void

LBE
Negative void (-1$)

ARC-pin



Summary	
  (ARC)
ARC:	
  Assembly	
  ReacBvity	
  Control	
  systems	
  

Fully	
  passive	
  -­‐	
  relies	
  only	
  on	
  thermal	
  expansion	
  and	
  gravity

Extremely	
  redundant	
  (several	
  hundred	
  independent	
  systems)

Minimal	
  changes	
  to	
  assembly	
  design	
  and	
  performance

Minimal	
  impact	
  on	
  standard-­‐operaLon	
  neutronics

Cheap	
  components	
  and	
  simple	
  mechanical	
  design

Can	
  easily	
  be	
  designed	
  to	
  provide	
  negaLve	
  void	
  worth	
  in	
  any	
  core

Only	
  feasible	
  opBon	
  for	
  cores	
  of	
  B&B	
  type?



Thank	
  you!
Staffan	
  Qvist
staffan@berkeley.edu
+1-­‐510-­‐508-­‐4490

Work	
  sponsored	
  by

mailto:staffan@berkeley.edu
mailto:staffan@berkeley.edu

