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Fig. Global map of SMR technology development

IAEA Nuclear Energy Series, “Technology Roadmap for Small Modular Reactor Deployment”, No. NR-T-1.18 (2021)
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500 W ~ 10 MW
(Deep space power, Military, transportable)

Feedwater line

Support trunnion

Steam generator

MMR(USNC)

Nuclear core

Module support
skirt

NuScale
T
*"-’L'*.
Core/Fuel ~ CO2 Heat Transfer Pipes
(Mitsubishi Heavy
Industries) A
, .J

MMR(USNC) i

“‘U'-‘Battery( renco) -

Xe-100(X Energy)

Aurora(Oklo)

—— —

[
N -
- 2 —
TE* . Ty
r - -
10 MW to 50 MW to 1000 MW
50 MW 300 MW Commercial
Reactor Reactor Reactor
MNon-LWR LWR and LWR Focus
MNon LWR
Power to Grid: Power to Grid: Power to Grid

Small cities,

Burning of
actinides

Military bases;
Process heat

]4 15 ]6

Power Level in Kilo-Watts Electric
P. R. Mcclure, “Design of Megawatt Power Level Heat Pipe Reactors”, LA-UR-15-28840 (2015)
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“cuf away illustration of a thermosyphon heat pipe in operation”

1 | Condensing Liguid

Flivwes
Condenser

|
1

Adiabatic Section

l

T Vapar Flow
Evaporaton

!

Partiton Flate

Passive In-core Cooling System (PINCs), UNIST
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Liquid metal heat pipe

eVinci (Westinghouse) Kilopower (NASA)
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Characteristics of LEU Fueled Heat Pipe Reactors of Increasing Size

.
53
i
« 4 kWt « 40 KWt « 500 kWt « 5 MWt
* 1kWe - 10 kWe - 200 kWe * 2MWe
« Metal fuel . Metal fuel + Oxide fuel » Oxide fuel
* 280 Kg fuel » 350 Kg fuel * 600 Kg fuel * 5100 Kg fuel
* 660 Kg Rx Mass + 800 Kg Rx Mass + 3000 Kg Rx Mass » 22000 Kg Rx Mass
* 40 cm Rx Dia « 50 cm Rx Dia * 65cm Rx Dia » 150 cm Rx Dia
« |50 cm RJ( Length ‘ -‘ 70 Rx Length . ‘ 100 cm Rx Length . ‘ 200 cm Rx Length
* |8 Heat Pipes «| 20 Heat Pipes +] 200 Heat Pipes + | 2112 Heat Pipes

Increasing number / length of Heat Pipes

LANL, “Design and Testing of Small Nuclear Reactors for Defense and Space Applications”, LA-UR-13-27054 (2013)
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*» History of Heat pipe
« 1960s, George Erickson
« LANLO|N 2378 |XtE 49

e = NEE

** History of Heat pipe reactor - Space
» SAFE (Safe Affordable Fission Engine)
 100kWe, TEG, Sodium HP

« Reactor never built, but electrically-heated

demonstration conducted

> HOMER (Heatpipe-Operated Mars Exploration |
Reactor)

« >20kWe, Lithium HP

» Heat pipes tested

LANL, “Orbital Heat Pipe Experiment”, LA-3714 (1967) LANL, “De_sign and Testing of Small Nuclear Reactors for Defense a
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** DUFF (Demonstration Using Flattop Fissions) — LANL, NASA

v" First-ever heat pipe cooled fission experiment

v" First-ever Stirling engine operation with fission energy

v" First nuclear-powered demonstration of a potential space reactor

Ready to go!!

Al

LANL, “Design and Testing of Small Nuclear Reactors for Defense and Space Applications”, LA-UR-13-27054 (2013)
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Publicly Available Designs of Heat Pipe Reactors

gy 3= o3 &4 47 8%
HxE2d AHE ciol 22 Purpose
sTEE 2 2l S i ol Ly 7ZEE =y = T & A p
07| = -ﬁ-t‘“ _IEE El'bl o=\ T I—I.QE =32 [ W] 7“'!'
Haynes-230
SS 316
Kilopower(LANL) _ or - . Shutdown rod,
(2018) H=1.3m(0.35:0.86:0.09) Na uMO Stirling engine Control drum 0.38 8 Space
Screen wick
D=14.48mm
Stainless 316
SS316
Mega power(LANL) _ ~ uo, Shutdown rod,
(2017) H=4.0m(1.5:0:2.5) K HALEU(Fast) CO2 Brayton Control drum 4.1 1224 Transportable
Screen wick
D=15.75mm
FeCrAl
eVinci eCr FeCrAl o . Shutd q
(Westinghouse) H=4.0m(2.8:0:1.2) Na | TRISO(Thermal) pen-air or utdown rod, | 4745 876 Transportable
sCO2 Brayton Control drum
(2021) N/A
D=N/A
SS316L SS316L
Aurora(Oklo) _ U-10Zr Shutdown rod, .
(2021) H=N/A . K HALEU(Fast) sCO2 Brayton Control drum 35.08 114 Stationary
Screen wick
D=N/A
NuScale-micro N/A N/A N/A N/A N/A N/A N/A N/A N/A
INL-Design-A —— >s3T6L uo (@] i Shutd d
-Design- _ anr > pen-air utdown rod,
(2017) H=4m(1.5042.1) . K HALEU(Fast) Brayton Control drum 441 1134 Transportable
Screen wick
D=18mm
INL-Design-B —— 25316 uo ] i Shutd d
-Design- _ s 5 pen-air utdown rod,
(2017) H=4m(1.5:0.4:2.1) . K HALEU (Fast) Brayton Control drum 4.08 1224 Transportable
Screen wick
D=18mm
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NASA, LANL - KiloPower, KRUSTY
* KiloPower (NASA, since 2015)

» Deep space / Mars surface fission system

*  1~10kWe, Stirling converters

« Sodium heat pipe / water radiator heat pipe

» First U.S space reactor built and tested

» Test reactor (1kWe) built and operated (2017~2018)

—> Transient scenario testing including HP failure
KRUSTY

ki ~———— Vacuum Chamber for

(/ gilel (358 simulated space
- w

environment

{ _i'
i Ul
4. ba Facility Shielding
! /é e
) .\-]. . -|'/ r. l

=

COMET machine used
to start and stop reactor
by lifting reflectors
around core.

i

_ . P
Flight Prototypic Vdmm "
! Power System R —
Kilopower Flight Concept (M |

https://www.wsj.com/articles/mini-nuclear-reactors-offer-promise-of-cheaper-clean-power-11613055608

Water HP radiator

generators _1_

“
=

=
Reactor
Core

Heat Pipes

Core

Fig. Mockup of assembled
power system
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LANL — MegaPower

Weighs about 35-45 tons loaded Potassium Heat Pipes

% Holds 3 f fuel in 5 tons of A0, - Reflector
+ MegaPower, LANL S ) !5 onso LT K

About 12 ft. long; 6 . diameter
Metallic grill about 10-12 1. diameler

* 5MW, /2 Mw, S| ELO|Z W2} xAs AX}IZ

Primary Heat Decay
Exchanger  Heat Monolith Core
Exchanger

» Horizontal type(Transportable), Fast spectrum

Openings for shieid
cooling flow (aiso for
air llow through core in
case of emergency

* Maximum allowable temperature; 825°C for fuel

Upper Reflector

* Holes for Heat Pipes

Prevents radiation workers
from high dose. Could be stulted
with locally tabricated shiglding Cradle
(ALARA) Attaches cask 1o skid

skid with rollersflires

Monolith
* Holes for Heat Pipes —
* Holes for Fuel Pins

Cask wall

Steel shell
filled with soft
wood, ridged foam

Stainless steel outer wall, 1810,y oohod materal

Lead gamma shield, 4 im.
Air gap for shield coaling, 1-2 In.
BAC neutron shield, 6 in.
Stainless steel containment vessel, 1-2 in.

Lower Reflector
» Mo holes

Gas Plenum
» Holes for Helium )

Bottom Plate _ _—™
»  No Holes

MegaPower

Single HP failure analysis
INL, “Special Purpose Nuclear Reactor (5MW) for Reliable Power at Remote Sites Assessment Report” (2017)
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Westinghouse - eVinci Micro Reactor

< eVinci Micro Reactor, Westinghouse

« 14 MW, / 5 Mw, 3|ETIO|= W2} =48 X2

» Horizontal type(Transportable), Thermal spectrum
- Y= 20274 AlZ, Oj=/70LtC Q157 7| 20| EA HE T
Active shutdown Passive shutdown

Emergency  Heat Pipes Reﬂgctqrs “ Passive decay heat removal by air
Shutdown Core Shielding  Primary Heat

Hot air outlet chimney
Exchanger

Control
Drum Drive

Canister

Cold air inlet

Cold air inlet

Fuel 1 Heat
Graphita ©PeS

Cora Block
@Option I

YH, or 2rH,
Moderator Rods

Option I

Swartz, Matt M., et al. "Westinghouse eVinci™ Heat Pipe Micro Reactor Technology Development.” International Conference on Nuclear Engineering, (2021)

Westinghouse, “ENS webinar Micro reactor technology applications Westinghouse Electric Company” (2019)
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Westinghouse - eVinci Micro Reactor
“ eVinci Micro Reactor, Westinghouse

« FeCrAl alloys - High operating temperature(~850°C)

* Manufacturing studies - Long alkali metal heat pipes up to 4m.

« Cellular design of core > Symmetric, Simplify demonstration
Heat exchanger Core block

« Start up and endurance test (2850 hours)

1000
~——— Optical Pyrometer (Evaporator)
———Thermocouple (Condenser Loc. 1)
~Thermocouple (Condenser Loc. 2) 800 i, A
L = 800 Thermocouple (Condenser Loc. 3) E L ——~— 4 —
Fig. FeCrAl alkali metal heat pipe for high operating temperature E, $ i |
Z 600 2
E / ‘E
2 & 400
| : w0 ;
LA LL L L=t e s E " 200 ~—— Optical Pyrometer (Evaporator)
B - ———Thermocouple (Condenser Loc. 1)
g Thermocouple (Condenser Loc. 2)
300°C 2C
1174°C . 0 20 40 60 8 100 120
0 20 40 60 80 — Time (days)

Time (min)
Fig. Thermal image of FeCrAl alkali metal heat pipe operated at 800°C (1.2m) . i )

Swartz, Matt M., et al. "Westinghouse eVinci™ Heat Pipe Micro Reactor Technology Development.” International Conference on Nuclear Engineering, (2021)

Westinghouse, “ENS webinar Micro reactor technology applications Westinghouse Electric Company” (2019)
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Oklo- Aurora
*» Aurora powerhouse
« 4 MW, /1.5 Mw, S|ELIO| = HZ} =AY X2
« Vertical type(Stationary), Fast spectrum

» Reactor cell type: One heat pipe per one fuel can (total 114 heat pipes)

Section A —— PWR *
N —_— Fast spectrum
0.004 4
5
ua Section B b
x:ﬂp:'nenl { ______ + - E 0.003 4
housing A o
UJ‘
=
- .+ Air flow around supports E
- £ 0.002
Supports E
=3
! =
Basement floor {' = --‘ 0.001 +
B
Module shell
0.000 4
Reseioycavly 10-* 10-° 104 10-2 10°
. Sodium bond Neutron energy (MeV)
Reactor module
ermplacemant *Operating temperature range: 505-550°C (base: 540 °C)
Section D o . o . .
M. Ttue=720°C (operating limit) due to eutectic formation.
VIl /\ Mumber of
c Reflector Setpoint channels
i Channel Setpoint type value monitored
AL Heat pipe temperature channel upper limit (A from nominal) +15C 342
\ Ll g \// Heat pipe temperature channel  lower limit (A from nominal) -35C 342
% Reactor thermal power upper limit 4.2 MW 2
One reactor cell M S . 5

OKLO POWER, “Part II: Final Safety Analysis Report,” U.S. Nuclear Regulatory Commission (2020)
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» No Monolith core type: Reduce thermal stress

» Monolith core type: Strong negative reactivity feedbacks

Reactor cell type(Aurora,INL-A)

B e g

Section B

vy
A
vl
B

Can

4

Shield

Section C

Fuel

Sodium bond

Monolith core type(Megapower, eVinci)

3D Core Model

OKLO POWER, “Part Il: Final Safety Analysis Report,” U.S. Nuclear Regulatory Commission (2020)

200 cm
care
height
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» Reactor Accident and Normal Operations PIRT / Heat Pipe PIRT

Issue
HP performance due to
neutron irradiation

Reactor starts up from a cold
state with HPs not functioning

HP performance over range of
operating temperatures

Loss of 1 HP / 2 HPs / 3 HPs
Cascading HP failure

Crack initiation and substantial
crack growth (into HP)

Loss of fluid of HP

Breach (Loss of
strength/deformation)

Oxide deposition

Importance

H

M

Knowledge

M

Level

Comments

>Potassium HP database under irradiation conditions does not
exist

>Limited experience database

>Aspect ratio of HPs is a potential area for experimental
verification
>HP test program would provide an operational database

>Increase local fuel temperature, HP cascading loss effect
>Limited experimental data

>The relationship between the failed HP and monolith needs to
be better understood

>If HP fails, insufficient data exists to show the integrity of HP
wall relative to the increase in temperature and stresses

>Performance of HP in nuclear systems needs to be addressed.

>Limited information is available for HP reactor design
>Additional modeling and testing are required to determined the
effect of a failed HP on component performance

>Material aging and Effects of exposure of HP at operating
temperature need to be evaluated

2x 2 XL 5[Enfo/T MY pB 2=

INL, “Special Purpose Nuclear Reactor 95MW) for Reliable Power at Remote Sites Assessment Report” (2017)
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Oklo — Aurora
4 MWth, 1.5 MWWe

> ENE OHY B e YE 0/
> ANE 8 ORE B HE B2

“Denial of the Aurora Combined operating License Application”

"...0klo has repeatedly failed to provide substantive information... on
the maximum credible accident(MCA) for the Aurora design,
the safety classification of structures, systems, and components(SSQ)..."

“...The topical reports are vague about
how to determine and implement proper treatment of uncertainties,
appropriate design margins, and adequate defense-in-depth..."

NRC, “OKLO INC. - DENIAL OF THE AURORA COMBINED OPERATING LICENSE APPLICATION FOR FAILURE TO SUPPLY INFORMATION
(EPID L-2020- NEW-0004 AND EPID L-2020-NEW-0005)” (2022)
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2020.03.11 Oklo project 1™

TE ME XEHL2 W IWRI °/7/5] A EL NRCE Of HEAE LIE2LE HE LT 01A/E
Lokt

LS AA

2020.07.31 Oklo = NRCOj| 713 M2 H=
NRCO|A] CtF O|70f CHot AEM|Std F71MQ A4 24
> NRCO|A &= OkloZt M|otot 2IXtZ0f CHot ot Z X0 CHo EFEO|LE Q-+ Af2tO| Of &

NEEX ES

> Oklo0| L2t maximum credible accident(MCA), classification of structures, systems and
components(SSCs), Quality Assurance(QA) S0 Lt 7|&0| HEEX| UZ

> Okloe= AHM "advanced” EE= non-LWR ¥ XIZ0|LC}, Oklol| BXt= F= CIE SMR,
HTGR, micro-reactor®| = F2F= O|& Z0|7| I 20| BEZ} 2SI

> o|Enfo/T HZf X2 0f Lfjst ZEoF Y AE J7/F JE R

Oklo Power, “UNITED STATES OF AMERICA NUCLEAR REGULATORY COMMISSION BEFORE THE COMMISSION, Emergency petition
by beyond nuclear..”, Docket No. 52—49-COL, July 31 (2020)
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A. J. Clark, “Failures and Implications of Heat Pipe Systems”, Sandia National Laboratories, SAND2019-11808 (2019)
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INL — SPHERE, MAGNET (Non-Nuclear Test Platform]

‘e eeas ti‘o-.‘o
:‘..I..”.

** DOE Microreactor Program :I.’.

» SPHERE (Single Primary Heat Extraction and I"-’" seasssss

Removal Emulator)
- EH HPp H& A ( 2kW electrical power)
« HP startup , transition operation
« HP 81t L =&, 3|F Zt2| thermal coupling Al
method 7H&

thermal’ coupling

« Validation of sensing technologies
» MAGNET (Microreactor Agile Non-Nuclear Experlmental Test Bed)
* Integration test (interface with PCU, HX) G L
« Multiple heat pipes test (structural integrity)
* Demonstrate additive technology (sensor, 3D)

printing)

INL, “DOE Microreactor Program: Summary of Experimental Capabilities Development and Activities” INL/EXT-20-60441 (2021)
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INL - MARVEL (Nuclear Test Platform]

** DOE Microreactor Program

» MARVEL (Microreactor Applications Research

Validation and Evaluation)

« Control systems manage test (Control drum,

Shutdown rod)
» Investigate diverse electrical and thermal applications ¢

» Evaluate autonomous technology CortrolDrum

Prototype

|

Shutdown Rod
Prototype

By

INL, “DOE Microreactor Program: Summary of Experimental Capabilities Development and Activities” INL/EXT-20-60441 (2021)
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HP-cooled Passive Reactor and HP-adopted Passive Safety System X|| EH

Accelerating Advanced
Reactor Demonstration and
Deployment

TerraPower
@ HITACHI
P @ Kairos Power o
TerraPower O

=a Southern Company

MARVEL

B OE NRIC oveiunzone ;

HP-cooled Passive Reactor |’ HP-adopted Passive Safety System

o

Modified from “What’s on the Horizon — Overview of Advanced Nuclear National Governor’s
Association Learning Collaborative November 10, 2021 Ashley E. Finan, Ph.D., NRIC director”
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