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Introduction

• Up to the ENDF/B-VII.1 release, the graphite TSL evaluation always 
assumed 0% porosity (perfect graphite crystal)

• ENDF/B-VIII.1 provides graphite TSL evaluations for crystalline, 
crystalline+Sd, 10%, 20%, and 30% porosity

• The ENDF/B-VIII.1.b2 TSL data was processed with AMPX into continuous-
energy (CE) for use in SCALE, and with NJOY2016 for use in MCNP6.2

• The impact of the choice of the graphite TSL evaluation was assessed 
using three benchmarks from the International Handbook of Reactor 
Physics Experiments
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Tools

• Neutron transport using a recent beta version of SCALE 7:

– KENO-VI Monte Carlo

– Shift Monte Carlo

• MCNP6.2 with small angle neutron scattering physics

• Nuclear data libraries:

– Continuous-energy library ENDF/B-VIII.0

– ENDF/B-VIII.1.b2 TSL data:

• Crystalline

• Crystalline + Sd

• 10% porosity

• 20% porosity

• 30% porosity

• No TSL data (Carbon free gas)
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Model 1: HTR-10

• 10 MWth Pebble-bed High Temperature Gas-cooled Reactor 

• Relevant characteristics:

– UO2 fuel density: 10.4 g/cm3

– 235U enrichment: 17 wt.%

– TRISO packing fraction: ~9%

– Number of particles per pebble: 8,385

– Pebble radius: 3 cm (fuel zone: 2.5 cm)

– Graphite densities indicate porosities between 19–30%

• Dummy pebbles: 18.6%

• Fuel pebbles (matrix, shell): 23.5%

• Reflector and carbon brick: up to 30%

• HTR-10 initial criticality:

– 9,627 fuel pebbles

– 7,263 dummy pebbles

– 61% packing fraction

– Room temperature

– Fresh fuel
HTR-10 fuel pebble

SCALE model 
of the HTR-10

International Handbook of Reactor Physics Experiments, 
“Evaluation of the Initial Critical Configuration of the HTR-10 
Pebble-Bed Reactor,” HTR10-GCR-RESR-001, OECD/NEA, 2007.
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Model 2: HTTR 

• 30 MWth Prismatic High Temperature Gas-cooled Reactor 

• Relevant characteristics:

– UO2 fuel density: 10.39 g/cm3

– 235U enrichment: 3.4–9.9 wt.%

– TRISO packing fraction: 30%

– Number of particles per fuel compact: 12,987

– Fuel compact inner radius/outer radius/length: 
1 cm/2.3 cm/3.9 cm

– Graphite densities indicate porosities between 22–25%

• Graphite overcoat and cladding: 24.8%

• Graphite reflector around blocks: 24.0%

• Graphite in blocks: 22.2%

• HTTR criticality experiment:

– Configuration with fully loaded core 
(30 fuel blocks)

– Room temperature

– Fresh fuel

SCALE model of the HTTR

HTTR fuel block

Annular fuel 
compacts

Coolant

International Handbook of Reactor Physics Experiments, 
“Evaluation of the Start-up Core Physics Tests at Japan’s 
High Temperature Engineering Test Reactor (Fully-
Loaded Core),” HTTR-GCR-RESR-001, OECD/NEA, 2010.
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Model 3: PROTEUS

• Zero-power High Temperature Gas-cooled Reactor

• Relevant characteristics:

– UO2 fuel density: 10.88 g/cm3

– 235U enrichment: 16.7 wt.%

– Fuel compact inner radius/outer radius: 
2.35 cm/3 cm

– Graphite densities indicate porosities between 22–25%

• Majority of the system: 22.1%

• Moderator pebbles: 25.66%

• TRISO: 51.3% (buffer)-15.9% (IPyC and OPyC)

• Core configurations:

International Handbook of Reactor Physics Experiments, “HTR-PROTEUS PEBBLE BED 
EXPERIMENTAL PROGRAM CORES 1, 1A, 2, and 3: HEXAGONAL CLOSE PACKING WITH A 1:2 
MODERATOR-TO-FUEL PEBBLE RATIO,” HTTR-GCR-RESR-001, OECD/NEA, 2006.

❑ PROTEUS-GCR-EXP-001
❖ Cores 1, 1A, 2, and 3
❖ Hexagonal Close Packing
❖ 1:2 Moderator-to-fuel Pebble Ratio

❑ PROTEUS-GCR-EXP-002
❖ Cores 4
❖ Random Packing
❖ 1:1 Moderator-to-fuel Pebble Ratio

❑ PROTEUS-GCR-EXP-003
❖ Cores 5,6,7, and 8
❖ Columnar Hexagonal Point-on-Point Packing
❖ 1:2 Moderator-to-fuel Pebble Ratio

❑ PROTEUS-GCR-EXP-004
❖ Cores 9 and 10
❖ Columnar Hexagonal Point-on-Point Packing
❖ 1:1 Moderator-to-fuel Pebble Ratio
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Graphite thermal cross sections
• Sd-graphite is the most physically 

accurate TSL from differential level

• The effect of porosity in 10%, 20%, 
and 30% TSLs was inaccurately 
modeled, which resulted in increase 
of the inelastic scattering cross 
section

• The actual effect of porosity is seen 
in Small Angle Neutron Scattering 
(SANS) cross section, and not in the 
inelastic cross section

• See Iyad's talk on Friday in 
measurement section "Nuclear 
Graphite TSL measurements" for 
more details
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SCALE: Impact of graphite TSL evaluation on the HTR-10

TSL library 293 K, just structure 293 K, just pebbles 293 K, both

Cross section data keff ∆k [pcm] keff ∆k [pcm] keff ∆k [pcm]

Crystalline+ Sd 1.00637 ± 0.00019 +637

Crystalline 1.00650 ± 0.00019 +650

10% porosity 1.00554 ± 0.00019 +554 1.01031 ± 0.00019 +1031 1.00960 ± 0.00019 +960

20% porosity 1.00504 ± 0.00019 +504 1.01195 ± 0.00019 +1195 1.01115 ± 0.00019 +1115

30% porosity 1.00469 ± 0.00019 +469 1.01402 ± 0.00019 +1402 1.01389 ± 0.00019 +189

Carbon (free gas) 1.00333 ± 0.00019 +333 1.02390 ± 0.00019 +2390 1.02091 ± 0.00019 +2091

HTR-10 exp. 1.00000 ± 0.00370

1. In graphite structure -> as inelastic xs goes up -> absorption and leakage 
in surrounding structure go up -> keff goes down

2. In pebbles -> as inelastic xs goes up -> neutrons thermalize and cause 
fission in fuel -> keff goes up

3. When used for all materials, two effects compete, but pebble effect 
dominates
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SCALE: Impact of graphite TSL evaluation on the HTTR

• As the inelastic goes up, keff goes up for all cases.

TSL library 293 K, just structure 293 K, just pebbles 293 K, both

Cross section data keff ∆k [pcm] keff ∆k [pcm] keff ∆k [pcm]

Crystalline+ Sd 1.01090 ± 0.00019 +840

Crystalline 1.01113 ± 0.00019 +863

10% porosity 1.01310 ± 0.00019 +1060 1.01223 ± 0.00019 +973 1.01433 ± 0.00019 +1183

20% porosity 1.01423 ± 0.00019 +1173 1.01332 ± 0.00019 +1082 1.01572 ± 0.00019 +1322

30% porosity 1.01489 ± 0.00019 +1239 1.01437 ± 0.00019 +1187 1.01709 ± 0.00019 +1469

Carbon (free gas) 1.02160 ± 0.00019 +1910 1.02035 ± 0.00019 +1785 1.02663 ± 0.00019 +2413

HTTR exp. 1.0025 ± 0.00710
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Graphite thermal cross sections

• There are multiple of transmission 
measurements on different grades of 
nuclear graphite that show impact of 
SANS, from Harvey in 1982, Petriw in 
2010, Robledo in 2020, and Japanese 
measurements in 2022.

• SANS is an elastic scattering (only 
change of direction)

• By measuring SANS of different grades 
of nuclear graphite we can reproduce 
their transmission.
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MCNP: Impact of graphite TSL evaluation on the HTR-10

1. In graphite structure -> SANS reflects neutrons back into the core -> fission 
goes up -> keff goes up

2. In pebbles -> SANS reflects neutrons away from the fuel -> less fission 
caused-> keff goes down

3. When used for all materials, two effects compete, but pebble effect wins 
out

TSL library 293 K, just structure 293 K, just pebbles 293 K, both

Cross section data keff ∆k [pcm] keff ∆k [pcm] keff ∆k [pcm]

Crystalline+ Sd 1.00722 ± 0.00008 +722

Crystalline 1.00678 ± 0.00008 +678

10% porosity 1.00663 ± 0.00008 +663 1.01045 ± 0.00008 +1045 1.01018 ± 0.00008 +1018

20% porosity 1.00639 ± 0.00008 +639 1.01261 ± 0.00008 +1261 1.01181 ± 0.00008 +1181

30% porosity 1.00579 ± 0.00008 +579 1.01480 ± 0.00008 +1480 1.01321 ± 0.00008 +1321

Sd + PCEA SANS 1.00765 ± 0.00008 +765 1.00653 ± 0.00008 +653 1.00708 ± 0.00008 +708

Sd + IG-110 SANS 1.00780 ± 0.00008 +780 1.00621 ± 0.00008 +621 1.00683 ± 0.00008 +683

Sd + NBG-17 SANS 1.00730 ± 0.00008 +730 1.00695 ± 0.00008 +695 1.00706 ± 0.00008 +706

HTR-10 exp. 1.00000 ± 0.00370
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MCNP: Impact of graphite TSL evaluation on the 
PROTEUS

TSL Chi^2

Crystalline+ Sd 1.57

Crystalline 1.72

10% porosity 0.654

20% porosity 0.664

30% porosity 0.936

Sd + PCEA SANS 1.15

Sd + IG-110 SANS 1.04

Sd + NBG-17 SANS 1.45

• Due to increase in the inelastic xs for porous TSLs, combined with the 
HCP pebble arrangements for Cores 1-3, which amplifies the effect 
due to decreased probability of leakage, porous TSLs seem like they 
prov ide a better  keff values
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Literature review of reactor benchmarks



14

Conclusions

N. Gallego, et al., “XRD and SANS Evaluation of HOPG 
and Polycrystalline Graphite,” ORNL/TM-2018/871

• Compared three different benchmarks with (unknown graphite) 
using MCNP6.2 and SCALE ENDF/VIII.1 graphite TSLs.

• SCALE and MCNP results are consistent and comparable, within 
the expectations of model differences.

• HTR-10, HTTR, and PROTEUS benchmarks show that the increase in 
the inelastic cross section of the porous graphite libraries lead to 
a significant increase in the keff.

• Addition of SANS cross sections in MCNP6.2 results in a slight 
improvement of keff compared to 'crystalline + Sd' TSL.

• Porosity in graphite manifests itself through SANS and not through 
increase in the inelastic cross section as represented in porous 
ENDF TSLs.

• Due to the complexity of graphite microstructure a thorough 
investigation of SANS and transmission of different grades of 
nuclear graphite is needed (radiation damage impacts SANS).

• 'crystalline + Sd' TSL is known to be the most accurate 
representation of thermal neutron scattering in graphite, hence 
porous graphite TSLs and crystalline should be removed from 
ENDF.
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MCNP: Impact of graphite TSL evaluation on the HCT-016 
(IGR reactor)

Configuration 1 Configuration 2 Configuration 3 Configuration 4

Cross section data keff ∆k [pcm] keff ∆k [pcm] keff ∆k [pcm] keff ∆k [pcm]

Crystalline+ Sd 1.00538 ± 0.00008 +538 1.00104 ± 0.00008 +104 1.00219 ± 0.00008 +219 1.00587 ± 0.00008 +587

Crystalline 1.00463 ± 0.00008 +463 1.00017 ± 0.00008 +17 1.00183 ± 0.00008 +183 1.00521 ± 0.00008 +521

10% porosity 1.00924 ± 0.00008 +924 1.00551 ± 0.00008 +551 1.00647 ± 0.00008 +647 1.01043 ± 0.00008 +1043

20% porosity 1.01145 ± 0.00008 +1145 1.00800 ± 0.00008 +800 1.00906 ± 0.00008 +906 1.01283 ± 0.00008 +1283

30% porosity 1.01320 ± 0.00008 +1320 1.00986 ± 0.00008 +986 1.01095 ± 0.00008 +1095 1.01472 ± 0.00008 +1472

HCT-016 exp. 1.00000 ± 0.01100 1.00000 ± 0.01100 1.00000 ± 0.01100 1.00000 ± 0.01100
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MCNP: Impact of graphite TSL evaluation on the LCT-
060 benchmark
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MCNP: Impact of graphite TSL evaluation on the HTR-10
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MCNP: HTR-10 flux in TRISO right before UO2 kernel
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