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MSR concepts

Jan Leen Kloosterman, TU Delft
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Molten Salt Reactor Experiment
1965-1969

https://en.wikipedia.org/wiki/Molten-Salt Reactor Experiment

See movie: http://energyfromthorium.com/2016/10/16/ornl-msre-film/
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Key features ORNL systems

Key Features ARE MSRE MSBR (Design)
Aircraft Reactor Molten Salt Reactor Molten Salt Breeder Reactor
Name and Dates Experiment Experiment (design)
1954 1965-1970 1970-1976
Peak Power Ouiput N ,
2 5% _a% /o
MY 8 e
Peal Temperature (°C) 560 650 705
Solid Moderator BeO Graphite Graphite
(,f ;;‘;i‘;:;” NaF-ZrF -UF , "LiF-BeF,-21F -UF, "LiF-BeF,-ThF,-UF
- 53-41- 5-30-5- 2-16-12-0.-
(% mol) (33-41-6) (63-30-5-0.1) (72-16-12-0.4)
Secondary Coolant Na metal "LiF-BeF, NaF-NaBF ,

David Samuel, Molten salt coolants for high temperature reactors, IAEA internship report, 2009
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Positive temperature coefficient
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TU Delf‘t K. Nagy, Dynamics and Fuel Cycle Analysis of a Graphite-Moderated Molten Salt Nuclear
Reactor, PhD thesis, TU Delft, 2012 8
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MSRE: Zero power pump start up

Pump start-up to 100%
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K. Nagy, Dynamics and Fuel Cycle Analysis of a Graphite-Moderated Molten Salt Nuclear Reactor, PhD thesis, TU Delft, 2012
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MSR Safety characteristics

e Probability of an accident with
a relatively low impact for MSR
MSR is higher than for LWR, due to
the possibility of leakage of
liquid fuel.
LWR » The consequences of severe
accidents leading to the release
of radioactive products into the
environment for MSR
significantly less than for LWRs

Taube M., Fast and thermal molten salt reactors with
improved inherent safety // TANS, 1981, Summer meeting,
pp. 490-498 (from Victor Ignatiev)

Accidental Frequency

%
TU Delft Consequences of Accidents
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Radiotoxicity LWR
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Radiotoxicity thorium-MSR
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From uranium to plutonium
P 95A o il ’9?.’!.* Americium
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;[) 93 Neptunium
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91
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From uranium-233 to plutonium
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Coolant selection criteria

* Low viscosity

* Low vapor pressure

* High boiling point

* High thermal stability

* High thermal conductivity

» High specific heat capacity

* High density at low pressures

21
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Just some numbers...

Cco, He | H,O | D,O Na Li | Flibe
Melting pint ('C) 0 3.9 97.9 | 180.7 | 458
Boiling point (C) —56.6at | —269 | 100 101 881 1342 | 1435
0.53Pa
Density (kg/'m?) 28 24 712 770 832 483 2040
Thermal conductivity (W/mK) 0.059 0.28 0.536 | 0.536 67.4 527 0.929
Specific heat (kI/kgK) 1.17 5.27 5.69 6.19 1.26 | 4.23 23
Viscosity (10°Pa-s) 34 39 89 98 250 360 14900
Kinematic viscosity (10°m?/s) 1.2 16 013 | 013 030 | 074 73
Thermal diffusivity (10m?/s) 1.8 22 0.13 | 011 64 26 0.19
Pr 0.67 0.73 0.98 12 0.0046 | 0.029 38

http://www.nr.titech.ac.jp/~mtakahas/Y19/Reactor_Therm_Hydr_4ver2.pdf
22

Salt selection criteria

* Low melting point

* Low chemical toxicity

* Low absorption cross section

* Low radiation-induced radioactivity
* High chemical stability

* High solubility for actinides

* High compatibility with materials

23
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Absorption cross section F-19, CI-37

Cross section (barn)
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Radiation-induced radioactivity
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Enrichment of LI needed

Thermal reactor needs Li-7 99.995%

Li Li 8 Li9
6.941 840.3ms | 178.3 ms
3 B~ 136...
B~ 12,5 BnO.7...
aabs 71 gl B2a~1.6 Ba
He He 3 He 4 He 5 He 6 He 7 He 8
4.002602 0.000134 ||99.999866 | EELNCAY 806.7 ms 159 keV 119 ms
2 700-10** s 29-10%'s B
« 0.00005 B35 v 981; 478"
Tabs <0.05 an, p 5330 n Bd n Bn; Bt
H H 1 H2 H3 H 4 H5 H6 H7
1.00794 99.9885 0.0115 12.323 a 3.28 MeV | 1.9 MeV ? 1.6 MeV 20 MeV
1 139102 5 [240-107%57?|290-10** 5| 23-10%*s
B~ 0.02
o 0.00051 o <0.000006 n 2n n?3n7? 2n ?
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Example: Heat capacity

v T - T -
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Serrano-Lopez et al, Molten Salts database for energy applications, Chemical Engineering & Processing: Process
Intensification (2013), pp. 87-102

Trends

« Small modular versus single large units
« Batch-wise fuel versus online processing
* Uranium fuel cycle versus thorium cycle
* Actinide burner versus breeding cycle

* Chloride fuel salt versus fluoride salt
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Fission cross section
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Start up companies
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MSR concepts

* Thorium Molten Salt Reactor-Liquid Fuel (TMSR-LF by SINAP)
* Integral Molten Salt Reactor (IMSR by Terrestrial Energy)
* ThorCon

» Stable Salt Fast Reactor (SSFR by Moltex)

* Molten Salt Fast Reactor (MSFR by CNRS/SAMOFAR)

* MOSART (KI)

* Dual Fluid Reactor (DFR)

* Terrapower

* Flibe Energy

* Transatomic Power

» Copenhagen Atomic Waste Burner (Copenhagen atomics)
* Molten Salt Thermal Wasteburner (Seaborg Technologies)
* Elysium industries

5
TUDelft [
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Molten Salt Reactors
and Thorium Energy

Edited by Thomas ). Dolan

]
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TMSR-LF

design i

Long-term Mid-long

]
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Mid-term

ABiaua Jeajonu uoissy

ar—-aagT+

Strategy of TMSR R&D

* Developed by SINAP (Shanghai Institute of Applied Physics)

]
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34
Electrical capacity (MWe) 168
Thermal capacity (MWTt) 395
Inlet/outlet temperatures of 600/700°C
primary loop
Fuel salt (salt of primary loop) LiF-BeF>-UF,-ThF,
Salt of second loop FNaBe
Moderator Graphite
Structural material Nickel-based alloy or surface-treated stainless steel
Main vessel size (D X H) (m) 5.2X6.0
Processing for fuel cycle Online degassing (Xe, He. T), offline removing solid
fission products
Residual heat removal Passive residual heat removal system
Generator system Open air Brayton cycle and Rankine cycle
35
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TMSR-LF: Layout Nuclear Island

I
Replaced
every 5 years

Underground

]
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TMSR-LF: fuel processing

1. Startup with LEU/Th = U/Th conversion

2. Online removal of gaseous FP and U
combined with batch processing FP/TRU

3. Online removal of gaseous FP and U
combined with offline processing FP and
TRU. Storage FP plus traces U+MA.

]
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TMSR-LF1: Layout

Top Support
oo cn Salt outlet
: Craphite Reflector
5il Bviiiniiiiiat |
ila HII”“ ‘I By pass Flow
i ' - Insulating Layer
|
Renctor core | | |
] Thermal Insulation laye:
ror . i 0 ] Coneret wall
vessle / Balt Inlet
Lower Flenum
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TMSR-LF1: Design parameters

TMSR-LF1 channel

Topsalt channel  pautron

i

Top reflector  Source e =

- Deflector (1.7 em) 1.7cm
Top salt chamber u

-+ Deflector (8 em)

Bottom salt chamber

ottom reflector b
Measureme...-

= Bottom salt channel nt channel

Thermal power 2 MWth Core diameter / height 195/251cm
Active core diameter / height 110/110 cm Reflector thickness 40 - 55 cm
Total fuel salt volume 0.385 m? Total reactivity coefficient - 6.0 pcm/K
Fuel salt inlet temperature 600° C Fuel salt outlet temperature 620° C
Number of control rods 12

19



7/3/2017

IMSR400: Characteristics

* LEU fuelled burner like the 1980 DMSR
* Graphite moderator with limited lifetime

 Primary system integrated into a sealed
reactor core unit with lifetime of 7 years
(seal and swap approach)

 Power 400 MWth->192 MWe

* New passive decay heat removal system
without dump tank

» Developed by Terrestrial Energy
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IMSR400: Heat transport path

Solar
| Salt

Disconnect

Coolant
Salt

Generator

Circulation
Moors

Electric
Power

Turbine

Steam
Generator

P:r;p
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IMSR400: Core unit guard vessel

_ Primary Pumps

| = Primary Heat Exchangers

___—  Graphite Moderator
Replaceable

IMSR Core-Unit

_— Guard Vessel

_— Silo

]
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.
IMSR400: Core unit guard vessel
L ]
- redundant heat exchangers for
~ normal and shutdown cooling
backup, always-on
passive air cooling
U o U
The Core-unit loses heat to an enveloping guard vessel, which in turn loses heat to a
passive air cooling jacket. This provides backup cooling in the uniikely event all of the
(‘ redundant normal heat exchangers are unavailable for any reason.
43
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Internal RVAC

Nitrogen instead of
T 600D air to avoid Ar41
HEART DUCTS
WALL RISER = A )
CAVITIES “=——i . | e
i DT e BAFFLES

COLD RETURN
TOVAULT —
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Reactor auailiary brillding
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2" IMSR Silo

Secondary
Heat
Exchangers

To / From
Turbine

Building
.

Gasand Fuel

Storage Area Core-Unit Spent IMSR

Core-Unit
silo (1/6)

Assembly Area
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THORCON

« Transportable modules with unit power of
250 MWe

* No repairs on site—>all replaceble parts

« Batch-wise fuel loading (8 years
operation, 4 years cooling)

]
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THORCON: 1 GWe Island

23
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Replaceable 400 tons

THORCON "

- A
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I I By Mo 1l AL gen.cell  ALIN

Version: 1.09
2015-04-20T15:00:032

12m

17.570
I Silo membrane wall

|- Solid heat sink

- Fuelsalt drain tank

i

23.025 8. 13.000

Silo cooling
wall

THORCON: Safety

Design base accidents:

« Decay heat removal via primary loop
—->can->membrane wall

* Membrane wall operates continuously with natural
circulation of water without valves

» Cold steel blocks tritium migration

Beyond design basis accidents:
* Fuel Drain Tank (FDT)

* No chain reaction possible even with LEU20 and
flooding

| * No operator intervention required
> * Two barriers between FDT fuel salt and water

%
TU Delft Fuel Drain Tank 49

Silo
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THORCON: Neutronics

« Core made up of 380 x 22 x 4
cm slabs in hex logs in 5 m
cylinder

* 84 moderator logs, 3 shut down
rods in center

« Graphite easily replaceable

* Negative temperature coefficient
even on NaF/BeF2

<]
TUDelft 50
Startup Makeup thorium plus
Mission Salt Th U U233 | U235 | Other | U233 | U235 | U238 | Self generated
12% HM U fuel
1 Initial tests NaBe 0 100% 0 3% 97% 0 5% 95% 30%
2 Economic NaBe 82 18% 0 20% 80% 0 20% | 80% 50%
baseline %
3 Better fuel FLiBe 82 18% 0 20% 80% 0 20% | 80% 60%
utilization %
4 Best fuel FLiBe 82 18% | 12% 0% 88% | 12% 0% 88% | Almost 100%
utilization %
<1
TUDelft
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250MW Type A

LFTR

~ = Flige
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Flibe energy: 1000 MWe plant
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Stable Salt Fast Reactor (SSFR)

* Unpumped molten salt tubes

* Rectangular core—>for purpose of fuel
management, not optimal for neutronics

« Natural circulation of fuel salt in tube
« External inert cooling salt pumped

* Unit power 375 MWth

* Developed by MOLTEX

55
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SSFR: Core design

Heat exchangers
passing heat to steam
generator and turbine

Support grid allowing
fuel assemblies to be

moved along the row

Fuel assemblies
containing the
accident tolerant
molten salt fuel.

Composition (mol%)
Melting point

Boiling point

Density

Viscosity of the fuel salt

Thermal conductivity
Specific heat capacity

606 NaCl, 20% PuCly/20% (UC/LaCls) -
TR
~1837K
416909014 % 107 g-ml ™K'
1704
logolrfeP]) = — 1.2675 + T Single fuel tube and assembly
05W-m "K'
Rises from 5200 - kg™ K ' at M-Prio 670 s B- Py

]
TUDelft

56

SSFR: Core strucutre

Airlock for Core Module
install and fuel change ""qu

SECTION THROUGH
SSR™ CORE

~ Hot & Cold Passive

Fuel Assembly Support ; J
Y Supp Air Cooling Ducts

& Migration Structure

CORE
MODULE

%

Underground tank
to ensure no loss
of coolant accident

/' FUEL

/ ASSEMBLY

Heat Ex&hangers

]
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Dual Fluid Reactor

Lead

Pyroprocessing
Unit (PPU)

TRU-CI salt
or
Liquid metal

I] Residual heat
storage

« Developed by Institute for Solid-state Nuclear Physics

]
TUDelft
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Molten Salt Fast Reactor

Reprocessing

CNRS, Grenoble

]
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MSFR Operation conditions

W [em™

T [K]

1050

z [m]

]
5 2 &

05 1 1.
r[m] 60
Liquid gas separation and
Thermal power 3000 MWth sampling system for sait
reprocessing
Mean fuel salt temperature 725°C -
umps
E:f; salt temperature rise in the 100°C —
Blanket salt
i) ear el Il maeairay | oot e LRCh T ST b m s e
P 3.3 mol%) and U enriched at 13%
Fuel salt melting point 585 °C Bubbles Injection
Fuel salt density 4.1 gfem®
Fuel salt dilation coefficient 8.8210%/°C 10°
Fertile b_la?nket salt - Initial LiF-ThE, (77.5%-22.5%) 106
composition ey
Breeding ratio (steady-state) il § 107
<
Total feedback coefficient -5 to -8 pcm/K ;,;
- < 10°
. Diameter: 2.26 m =
Height: 2.26m 3
100
18 m® (% in the core + % in the
Fuel salt volume .
external circuits) 1070
Blanket salt volume 73m’ 102 100 1 10 10° 10° 10° 10° 10° 107
. thermal Neutrons energy [eV] fast
Total fuel salt cycle 3.9s
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Ternary system

FuDelft H
62
MSFR: Salt processing steps
L]
wastes
wastes Step 1 Step 3 bwastes
. i Fluorination Back extraction Ln
. (Extraction U, Np in LiCI-LiF T
if e Te,Te, Nb, Mo, Se,...) and precipitation Ln,0;
| 1
: 2 +
. Step 2.A Step 2.B
+ | [Reductive extraction An Reductive extraction Ln
(Bi-Liy) — (Bi-Liz)
(] 1
Step 5 < Step 2.C Step 4
Redox potentiel Back extraction An 4= Recovery of salt and
control and U in LiF-ThF, metallic phases
63
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MSFR: Load follow operation
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MOSART - Russia

Fuel circuit MOSART (RF) MSFR (EU)

Fuel salt, LiF-BeF,+1TRUF, 78.0LiF-20.0ThF,-2.5UF,
mole % LiF-BeF,+5ThF,+1UF, 77.5LiF-6.6ThF,-12.3UF,-3.6TRUF,
Temperature, °C 620-720 650 - 750

Core radius / 14/ 2.8 1.13/2.26
height, m

Core specific 130 270

power, W/cm3

Container material Ni-Mo alloy Ni-W alloy

in fuel circuit HN8OMTY EM 721
Removal time for 1-3 1-3

soluble FPs, yrs

65
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MOSART: Burner or breeder

System burner | breeder

Fluid streams 1 2

Power capacity, MWt 2400 2400

Fuel salt inlet/outlet 600 /720 600 /720

temperature, °C

Fuel salt 72LiF 75LiF

composition, mole % 27BeF, 16.5BeF,

1TRUF, 6ThF,

2.5TRUF,

Blanket salt 75LiF

composition, mole % no 5BeF,
20ThF,

]
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