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Meet the presenter

Per F. Peterson holds the William and Jean McCallum Floyd Chair
In the Department of Nuclear Engineering at the University of
California, Berkeley. He performs research related to high-
temperature fission energy systems, as well as studying topics
related to the safety and security of nuclear materials and waste
management. He participated in the development of the
Generation IV Roadmap in 2002 as a member of the Evaluation
Methodology Group, and co-chairs its Proliferation Resistance and
Physical Protection Working Group. His research in the 1990's
contributed to the development of the passive safety systems used
in the GE ESBWR and Westinghouse AP-1000 reactor designs.
Currently his research group focuses on heat transfer, fluid
mechanics, and regulation and licensing for advanced reactors,
Including fluoride-salt cooled, high temperature reactors (FHRS).
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Fluoride salt cooled high-temperature
reactors (FHRs) combine three earlier GE@
technologies
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The idea of a fluoride-salt cooled,
solid fuel, high temperature reactor
dates to 2002

MOLTEN-SALT-COOLED ADVANCED
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The molten-salt—cooled Advanced High-Temperature
Reactor (AHTR) is a new reactfor concept designed fo
provide very high-temperature (750 to 1000°C) heat fo
enable efficient low-cosi thermochemical production of
frydregen (H,) or production of electricity. This paper
provides an initial description and technical analysis of
its key features. The proposed AHTR uses coated-particle

the boiling points for molten fluoride salfs are near
~1400°C, the reactor can operate af very high temper-
atures and atmospheric pressure. For thermochemical
H> production, the heat is delivered at the required
near-constant high femperature and low pressure. For
eleciricity production, a multircheat heliiom Brayion ( gas-
furbine) cycle, with efficiencies >50%, is used. The

GE

Intermationa
~orum-




[ntermational
~orum-

FHRs leverage experience and
technology from multiple sources GE@

» Passive Advanced Light Water Reactors

« Established licensing methodology for passive safety
 Integral Effects Test (IET) experiments, CSAU/PIRT

= Sodium Fast Reactors

« Design and structural materials for low pressure, high temperature
* Inert cover gas systems; thermal insulation and control, DRACS/RVACS

» High Temperature Gas Reactors

« TRISO fuel / functional containment
« Graphite and ceramic-fiber composite structural materials

* Molten Salt Reactors
» Fluoride salt chemistry control and thermophysical properties

* Natural Gas Combined Cycle Plants (some types of FHRS)

« Current dominant technology for new U.S. power conversion; adaptable to FHRs



FHRs have unigue safety characteristics for GE@
accidents resulting in long-term off-site land |
use restrictions from Cs-137

-“

Low Cs-137 inventory

High thermal margin to
fuel damage

High solubility of cesium
in coolant

Intrinsic low pressure

~30 g/MWe

Tyamage > 1800°C

CsF has high solubility

High coolant boiling
temperature and
chemical stability

~105 g/MWe

Tuamage ~ 830 — 1250°C

Cs forms volatile
compounds

High vapor pressure at
accident temperatures
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R&D has developed an improved
foundation for understanding FHRS

2008 9S00 MWt

2010 125 MWt
SMAHTR

2012 3600
MWt ORNL
AHTR

2014 236 MWt
Mk1 PB-FHR
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UV\//I\/IIT Tlibe
corrosion/irfadiation
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Experiments and
Simulation

Multiple FHR Conceptual
Design Studies

Expert Workshops and 7
White Papers



Studies for FHR fuels and GE@[H'IC[-HE‘[[Q[E[

materials are encouraging Foru
= INL testing of NGNP TRISO fuel = UW static corrosion tests show low
shows excellent fission product corrosion rates for 316 SS and

retention up to 1800°C Alloy N in flibe at 700° C (1000 hr)

http://www.world-nuclear-news.org/ENF-
Triso_fuel_triumphs_at_extreme_temperatures-2609137.html
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USDOE-Funded Integrated Research
Projects have advanced the understanding
of FHR technology



UC Berkeley FHR research focuses on thermal
hydraulics, neutronics, safety and licensing GE
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Coupled neutronics and thermal Separate and
hydraulics integral effect tests

Conceptual Design Studies

At EHR Workshop,
MIT, Oct. 2012 *T 'r
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X-PREX Pebble Bed Tomography

Organize Expert Workshops and White Papers i,



University of Wisconsin - Production,
Purification, and Reduction of flibe (Li2BeF4)
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HF Cylinder
Purification
Vessel
Off-Gas
Monitoring
Receiving
Vessel
Bervllium
and
Raw HF;I‘I; —+ Hy — Filtration CW F Filtration [ Beryllinm
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Materials GO0 — 630°C 8 650°C L Reduced

Melted FLiBe Salt

As-received BeF, As-received LiF 1



Intermationa
~orum-

UW Natural Circulation Molten flibe GE
Salt Flow Loop

Enable Measuring Corrosion Under a Wider Set of Conditions

Sample insert : o

Temperature Profiles in Riser at Various Elevations

valves S
for ' %1.000
s :
T% - |
g l‘___— o 240 | 117 9401 : . : :
[N N O. - »\Qc ol 0 0.005 XIEE::.'] 0.015 0.02
CFD predictions of temperature profiles at the IR image during heater testing -
Flow-loop schematic and sample holder bottom, middle, and top of the heated riser inside of the loop is at 700°C
= Thermal hydraulics = Mass Transport = Corrosion
= Flow velocities = Beryllium redox agent transport = Stainless Steel, SiC/SiC, Alloy 800H etc.
= Temperature profiles throughout system = Flow-assisted corrosion
= Beryllium transport rates = Corrosion products transport = Dissolution in hot leg and plating on cold
= Characteristics of the natural circulation leg

Heat transfer characteristics 12



In-Reactor Materials Testing for FHRsS
3rd FHR Irradiation in MITR (Fall 2016)

= 1000 hours at 700°C In enriched flibe
» Graphite and C/C specimens
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(previously irradiated SiC, 316SS, Hastelloy-N, TRISO)

13
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Separate Effects Test (SET) and Integral
Effects Test (IET) for FHRsS, using simulant
fluids



The similitude of convective heat transfer in

oil and molten salts was discovered in 200

» By appropriate selection of length, velocity,
average temperature, and temperature
difference scales, it is possible to
simultaneously match Reynolds, Froude,
Prandtl, and Grashof numbers.

* Mechanical pumping power and heat input
reduced to 1 to 2% of prototype power inputs.

» Steady state and transient heat transfer to
steel and graphite structures can be
reproduced using Pyrex and high-thermal-
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OPTIONS FOR SCALED EXPERIMENTS
FOR HIGH TEMPERATURE LIQUID SALT
AND HELIUM FLUID MECHANICS AND

THERMAL HYDRAULICS

KEYWORDS: liquid and maiten
sals, very hightempemture reac-
tars, scaled experiments

CONVECTIVE HEAT TRANSFER
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ﬁguidﬂjmridc salts and helium have desirable prop-

.H_’cﬁumﬂuidamkaﬂécs and {Mar transfer likewise can be

erties for use asworking fTuids for high-temperature ( 500
te J000°C) heat transpert in fission and fusion applica-
tions. This paper presents recent progress in the design
and analysis of scaled thermal-fydraulic experiments for
fTuid mechanics and convective heat transfer in liguid
salt and helium systems. It presents a category of heat
transfer fluids and a category af light mineral oils that
can be used for scaled experiments simulating convec-
tive heat transfer in liguid salts. By optimally selecting
the length, velocity, average temperature, and tempera-
ture difference scales of the experiment, it is possible 1o
simultaneously match the Reynolds, Froude, Prandil, and
Grashaf numbers in geometrically scaled experiments
operating at low-temperature, reduced length, and ve-
locity scales. Mechanical pumping power and heat input
are reduced to ~ 1 to 2% of the prototype power inputs.

I. INTRODUCTION

High-pressure helium and liguid fluoride salts are
two of the heat transfer fluids being considered for use in
the production of hydrogen and electricity in the Gener-
ation IV Very High Temperature Reactor { VHTR). This
paper presents methods to select simulant fluids and scal-
ing parameters for experiments to reproduce fluid
mechanics and heat transfer phenomena for those high-
temperature fluids at reduced temperature, pressure,
length, and power scales.

Liquid fluoride salts, as pictured in Fig. 1, poten-
tially have large benefits for use in high-temperature heat
transport in fission and fusion energy systems because of

*E-mail: peterson@nuc.berkeley.edu

344

lated by nitrogen foll, g the same procedure. The
resulting length, velocity, temperature, and power scales
for simulating helium are guite similar to those for the
liquid salis, and the pressure scale is reduced greatly
compared to the prototypical pressure scale. Steady state
and transient heat transfer te a steel and graphite struc-
ture can be reproduced with moderate distortion using
Pyrex and high-thermal-conductivity epoxies, respec-
tively. Thermal radiation heat transfer cannot be repro-
duced, so the use of these simulant fluids is limited o
those cases where radiation heat transport is small com-
pared to convective heat transport, or where corrections
for thermal radiation heat transfer can be introduced in
models using convective heat transfer data from the sim-
ulant fluids. Likewise for helium flows, compressibility
effects are not reproduced.

their very low vapor pressures at high temperatures. Lig-
uid fluoride salts are created using the most electroneg-
ative element in existence, fluorine, combined with highly
electropositive elements like lithium, sodium, potas-
sium, beryllium, and zirconium, creating highly stable
compounds. Excellent comrosion resistance has been dem-
onstrated with high-nickel alloys, graphite, and carbon
composites. Liquid salits have a high volumetric heat ca-
pacity pC,. significantly larger than high-pressure he-
lium and liquid metals (Table I}, giving heat transport
and pumping power characteristics similar to pressurized
water. They have very high boiling temperatures, typi-
cally above 1300°C, and relatively high melting temper-
atures (320 1o S00°C), necessitating the use of heat tracing
and drain tanks for freezing control. The high chemical
incriness and low vapor pressure provide good safety

NUCLEAR TECHNOLOGY VOL. 163 SEP. 2008
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conductivity epoxies, respectively

New experiments to verify similitude for key
FHR/MSR phenomena will be valuable

15



The UCB Compact Integral Effects Test (CIET) GE@ International
facility scaling matches the Mk1 reactor design | Forum”

UC Berkeley CIET Mkl PB-FHR
(50% Height) (100% Height)
DRACS Head Tank

DRACS Loop
Primary Head Tank

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

CTAH/IHX
(Coiled Tube Air Heater
or Intermediate Heat Exchanger )

cccccccccccccccccc

Core bypass

DHX flow diode Heater/Core

Primary Pump ~_____ CIET/MK1 heat

Z ’7 sources and

sinks
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CIET can validate FHR transient GE
models |

DRACS

Expansion
Tank
TCHX Heat
Sight Glass Exchang
Needle Valve

A~ /T ]

Annular ioli

Resisti Wete
Heater

Heater Centrifugal
Electrod Pump

Ut

CIET In Operation

) RELAP Nodalization for CIET/FHR simulation
CIET Front View 17



X-PREX experiments have enabled GE@ niernationa
3-D tomography of pebble rorum
translation and rotation
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Mkl PB-FHR Reference Design Overview

An example for FHR Design

19



Nominal Mkl PB-FHR Design
Parameters

= Annular pebble bed core with center reflector
« Core inlet/outlet temperatures 600° C/700° C
« Control elements in channels in center reflector
« Shutdown elements cruciform blades insert into pebble bed

» Reactor vessel 3.5-m OD, 12.0-m high
» Vessel power density 3 x higher than S-PRISM & PBMR

= Power level: 236 MWth, 100 MWe (base load), 242 MWe (peak w/
gas co-fire)

= Power conversion: GE 7FB gas turbine w/ 3-pressure HRSG
= Air heaters: Two 3.5-m OD, 10.0-m high CTAHSs, direct heating

» Tritium control and recovery
* Recovery: Absorption in fuel and blanket pebbles
« Control: Kanthal coating on air side of CTAHs

PB-FHR cross section

[ntermational
~orum-
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Mkl PB-FHR flow schematic GE

At Air  Direct reactor aux.
=Z| |X=inlet cooling system loops Feedwater
(DRACS loops) :
Filtered
De-fueling Hot well/ Air
§ ) T machines main salt  Gas SIEEE S Generator
A0 - Control  pumps co-firing L.Turbines
% rods _
) Unloading
/ vent Compressor
Thermosyphon-
cooled heat | —
exchangers (TCHX) | D,
DRACS heat
exchangers (DHX)
LEGFI)EriIr\lnIgry coolant Shutdown cooling
Graphite ~— [._blowers
‘ Fuel pebbles Yy O
lanket pebbles . :
— Primary coolant flow Coiled tube air
— Water flow heaters (CTAHS)
— Air flow

— Natural gas flow
21



Mkl NACC physical arrangement

-

Main exhaust stack
Alir intake filter
Simple cycle

vent stack
Generator

GE F7B
COmMpressor

HP/LP turbines
HP air ducts
HP CTAH
Hot well

Reactor I|
vessel . . A
\m - >

DRACS &

GEXN Y

Heat recovery

steam
generator

Combustor
Hot air bypass

LP air ducts

LP CTAH

Main salt drain tanks
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The MK1 structures are designed
for modular construction

Underground common
utilities tunnel

Shield building
DRACS chimney

y
|

Personnel airlock
Equipment hatch

Fuel canister
well

Grade
level

GENY
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Intake filter
Main stack

Simple cycle
bypass stack
Modified GE 7FB

gas turbine
HRSG

Below-grade
alr duct vault

Ventilation exhaust

system

23
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Mk1 Reactor Cross Section
GE@ lfl
<— 3.50m —

Defueling wells (2) —

Hot leg nozzle (1)
Vessel outer lid

Vessel inner lid =—
Support skirt

DHX wells (3)
Shutdown blades (8)
Control rods (8) =

Outer radial reflector =
Center radial reflector
Graphite blanket pebbles
Fuel pebbles —
Downcomer =

Lower reflector support =

24
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Modular Construction for Small Modular
Reactors: Concepts for reduced
construction costs for multi-module
reactor sites

25
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The Mk1 uses steel-plate composite GE
modular construction @
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The Mk1 design uses 10 primary
structural modules GE@
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Mk1 Construction Story-Board mGE@

Construction occurs adjacent to an existing Mk1
module, outside a temporary protected area fence

28
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Mk1 Construction Story-Board (Z)GE@

Excavation for the new Mkl module

29
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Mk1 Construction Story-Board (3)GE@

Construction of the common tunnel section, for plant utilities

30
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Mk1 Construction Story-Board (4) GE@

Construction lift tower

31
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Mk1 Construction Story-Board (6) GE@

Pour base mat
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Mk1 Construction Story-Board (7) GE@

Install first-level module of Mk1 shield building
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Mk1 Construction Story-Board (8) GE@

Install second-level module of Mk1 shield building
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Mk1 Construction Story-Board (9) GE@

Install first-level module of Mk1 air-duct vault
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Mk1 Construction Story-Board (10) GE@

Install second-level module of Mk1 air-duct vault

36



[ntermational
~orum-

Mk1 Construction Story-Board (11) GE@

Install third-level module of Mk1 air-duct vault

37
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Mk1 Construction Story-Board (12) GE@

Install Mk1 reactor cavity module

38
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Mk1 Construction Story-Board (13) GE@

Install Mk1 CTAH and I.O. pipes

39
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Mk1 Construction Story-Board (14) GE@

Install third-level module of Mk1 shield building.

40
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Mk1 Construction Story-Board (15) GE@

Back fill below-grade structures to grade level
Excavation for the next unit may begin

41
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Mk1 Construction Story-Board (16) GE@

Install main shield building cylinder

42
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Mk1 Construction Story-Board (17) GE@

Install polar crane
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Mk1 Construction Story-Board (18) GE@

Install shield building roof
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Mk1 Construction Story-Board (19) GE@

Install DRACS chimneys and ventilation filter and exhaust enclosures
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Mk1 Construction Story-Board (20) GE@

Install gas turbine, intake filter housing, generator and main transformer
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Mk1 Construction Story-Board (20) GE@

Install heat recover steam generator and stacks
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Mk1 Construction Story-Board (21) GE@
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The crane and rails are removed
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Mk1 Construction Story-Board (22) GE@

Install new protected area fence, and remove temporary protected area fence

49
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Mk1 Construction Story-Board (23) GE@

Construction on next unit continues

50



Notional 12-unit Mkl PB-FHR
nuclear station
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GE

1200 MWe base load; 2900 MWe peak 1) MK1 reactor unit (typ. 12)

8) Dry cask storage
9) Rad. waste bldg
10) Control room bldg

11) Fuel handling bldg

12) Backup generation bldg
13) Hot/cold machine shops
14) Protected area entrance

2) Steam turbine bldg (typ. 3)
3) Switchyard

4) Natural gas master isolation
5) Module assembly area
6) Concrete batch plant
7) Cooling towers (typ. 3)

15) Main admin bldg
16) Warehouse

17) Training

18) Outage support bldg
19) Vehicle inspection station
20) Visitor parking

For more info: http:// fhr.nuc.berkeley.edu
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UPCOMING WEBINARS

23 May 2017  Molten Salt Reactor Dr. Elsa Merle, PHELMA, France

12 June 2017 Lead Fast Reactor Prof. Craig Smith, US Naval Graduate School, USA

18 July 2017  Thorium Fuel Cycle Dr. Franco Michel-Sendis, NEA/OECD
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