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Project History

» 2009-2010: Initial funding support through the Oak Ridge
National Laboratory (ORNL) Laboratory Directed Research
and Development (LDRD) program

« 2011-2013: Follow-on DOE support to add salt clean-up
capability and instrumentation

« 2015-2016: Funding from the Shanghai Institute of Applied
Physics (SINAP) to complete loop and perform initial testing

SINAP
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Project goals are to develop a new
experimental facility that will:

1. Provide infrastructure (operational
knowledge and equipment) to test
high-temperature salt systems

2. Develop a nonintrusive, inductive
heating technique that can be used
for thermal/fluid experimentation,
and provide pebble heating that is
prototypic of nuclear fuel (volumetric) B

3. Measure heat transfer
characteristics in a molten salt
cooled pebble bed

4. Demonstrate SiC as a structural
material for use in molten salt
systems (joining and compatibility,
including interest as a high-
temperature structural component)
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The Liquid Fluoride Salt Test Loop is designed to provide relevant
data for molten salt reactor development

* Loop specifications are as follows

Salt FLiNaK
Operating temperature up to 700 °C
Flow rate 4.5 kg/s
Operating pressure atmospheric
Material of construction Inconel 600
Loop volume 72 liters
- Initial testing is focused on PB-AHTR NN | ORNL Liquid Salt
pebble heat transfer gl \.  Test Loop
Coolant FLiBe FLiNaK
Bed diameter (cm) 20 15 l ~
Bed height (m) 3.2 0.75 '
Pebble dia.(cm) 3 3
Pebble Re 3,080 2,570
Pebble arrangement random random .
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The forced convection loop incorporates inductively
heated pebble test section

« Storage tank: Long term salt storage allows re-
solidification

* Pump sump
— Always liquid

— Sump type centrifugal pump

+ SiC test section (pebble channel):
~450 graphite pebbles (middle ~3 heated);
~1,250 W/pebble (peak)

0.26 %

]

« 200 kW inductive heating ] tnduction
* Forced draft air cooler E I
 Trace heating system Fovr % { o
- Major measurements @ e
— FLiNaK temperatures Storage Tank

|
— Pebble temperatures ‘
— Inductive power input E
— Pump discharge pressure

— Gas space pressures

— FLiNaK flow rate %OAK RIDGE
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Key facility components completed in the last
year, leading to facility startup

« Completion of instrumentation and controls for the purification and loop systems
— Thermal management system completed for 25 heater zones
— Remote operation and checkout of pump, fans, and induction power supply
— Sensors added for HF and hydrogen gas detection
— Accelerometers added to record pump vibration

« Modification of the test section upper flange: Offline tests on SiC test section

mock-ups completed to characterize bolting torque and seal alignment/gap
requirements

+ |nstallation of SiC test section: 450 graphite pebbles and 7 thermocouples
installed in the test section

« Modification of the scrubber system for HF capture on crucible exhaust line: HF
and hydrogen gas hazards mitigated with innovative design
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100+ thermocouples used to monitor and
control loop and test section temperature

PT-010 - é
400 cm 8

0.26 %
= Induction
Coil
E ljl__ Flow Meter
Induction
Power
Supply
_‘ Insulation Insulation 2.15 psig
=) =] =] Storage Tank ™10~
™-108 [ 22]
-1 [ 22]
. . . . TH-1MB ::
* Pink boxes indicate temperature location (°C)
* 1296 indicates disconnected thermocouple ™N-11A ™-11a8 [ 22]
* PT yellow boxes indicate pressure (psig and salt head) ™N-11B TN-1LBB

* *Flow meter is not installed
» Values indicative of loop pre-operation

Test Section

TN-1UAB
TH-1UBB Seal
@
Pressure
TH-1MAB Seal
TN-1MBB . Excess
Flow
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Thermal management system worked very well

./

* Only a few issues were
encountered during initial heat up
and shakedown of the system:

— Heater blanket on the crucible required
additional insulating layer between
blanket and vessel wall to eliminate
electrical shorting problem at high
temperature

— Careful selection of the ground fault
circuit breakers needed on some -
heater zones to prevent |eakage Cleanup Vessel Insulation and Heater Blanket
current tripping, particularly on
Calrod®-type heaters used on
vessel bottoms
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Flange seal tests
 Loop test section includes a SiC-Inconel flange connection
* Mockup tests were performed to develop and test guidelines

for bolt tightening, thermocouple attachment, and
heating/insulation

 Tests were successful:
— Flange torqued down several different times
— Tested ~700 °C, low leak rates observed, SiC maintained integrity
— SiC-metal contact spalled edge of SiC piece during one test

* The test loop’s large SiC tube was successfully installed

-

Test FInge Insulatd
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Upper flange and test section during
Installation process 22
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Thermocouples are installed during
installation of 450 graphite pebbles

r . A fluid thermocouple is wrapped
3 around the lower screen before
pebble installation

Two fluid and two pebble
thermocouples are installed at
the axial center of the test section
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Upper test section flange with heat trace
Installed |

Insulation installed

Pebble bed thermocouple leads

Trace heating
Thermocouple
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Test section
has heater tape
installed inside
Induction

power coll for
system heat up
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Scrubber tanks remove HF from gas stream
exiting crucible

HF/H
Exhaust exhaustzgas
gas to -« «— .« from crucible
_ flame i
» Tanks and plastic arrestor |
tubing/fittings are

under water to mitigate p’] LAJ [ J \\éfgé’ﬁé?
hazards of hydrogen/ Water -~ - tank

HF gas leaks ove
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Planned sequence for facility operations

1. Salt purification in crucible to remove oxygen, moisture
and other contaminants v

2. Hydrogen firing of storage tank (4% H,, 96% Ar) during
initial heat up v

Transfer salt from crucible to loop storage tank v
Hydrogen firing of loop system during initial heat up v
Fill loop with salt (via transfer tube from storage tank) v

Operate pump and flow salt through loop (clean loop) v ._

N o o & »

Verify operation of pebble bed induction power supply
and coil v

8. Transfer salt back to crucible for cleanup

9. Transfer salt back to loop for heat transfer tests

10. Perform heat transfer tests

g,OAK RIDGE
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Salt purification is a multi-day process:

1.

Load the crucible with (dry) constituent
fluoride salts (LiF, NaF, KF)

Heat up and melt salt components in
the crucible under an inert Ar
atmosphere

Sparge molten salt with HF and
hydrogen gas for three days

Sparge molten salt with hydrogen gas
for one day

Purge molten salt and crucible system
with Ar gas for approximately one day

Install transfer tube between crucible
and storage tank

Transfer salt to storage tank through a
25 micron filter

160 kg of salt loaded into
crucible; bubbler gas line and
thermocouple array probe
extend to near the bottom of
the vessel
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Overview of salt purification system operation

Crucible Headspace

PT-17

-1E-2 psig

Crucible Headspace

PT-16

10.77 psig

1E-7slpm MFC-Ar2

N Argon Sweep CGas

To Bnti-Siphon

HV-14

I - Argon Mass

% 1000 prow Setpoint

1E-2slpm MFC-Arl

PT-15
10.77 psig

L g

i-------- Argon Mass
10.00 ; plow Setpoint

1E-7 slpm

HV-15

Tank & Scrubber HV-32
Removable Transfer Line
Storage Tank
Mode Select
PT-013 -4E-3slpm MFC-002
75.1 cm - % peeseeo- - Argon Mass
. + 0.00 . .
2.16psig [ [ . Flow Setpoint
Hvmood 4E-5slpm MFC-003
—_— @_ i 1 Vent Flow
Vent —i Y '— H H
000 ; Setpoint
HV-018
Storage Tank

Crucible Tank

....... - Hydrogen Mass

%— : 0.00 : Flow Setpoint

%

-------- HF Mass
10.00 ; plow Setpoint
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First salt purification process worked well,
with the exception of a couple of Issues:

* Apparent failure of HF gas mass flow controller after ~5 h
of sparging

— Determined that HF gas condensed in the mass flow controller,
blocking gas flow

— Added trace heating and insulation to mass flow controller in
HF cabinet

 Plugging of flame arrestor on exhaust gas line from
scrubber tanks

— Installed a parallel array of three flame arrestors
— Ensured that they could be valved in as needed
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Transfer tube installed between crucible and
storage tank

 Salt transfer completed
April 11, 2016

25 rﬁicroh ba‘sket-type
filter after transfer
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Initial heat up of loop showed that some regions
required additional heater power and/or insulation

» Higher power Calrod® heaters required
on heat exchanger faces

« Additional insulation required on
exchanger edges to reach acceptable
temperature

* Heat trace and insulation added to
outside of ultrasonic flow meter to
increase pipe temperature (electronics
removed from flow meter).

g,OAK RIDGE

‘. National Laboratory



Flexim ultrasonic flow meter installed on pipe

* Unable to heat pipe
sufficiently with trace
heating (insulation
removed for photo)

- Heaters were added
outside flow meter (with
electronics removed) for
loop salt operations

- Cartridge heaters planned
for installation on pipe
near flow meter for future
testing

Flbw Meter Waveguid-es. Installed
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Successful loop heat up
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Display snapshot prior to transferring salt into
loop indicating temperature levels (°C)

Main M
ain Menu II Test Section

Close Window I
Print Display I

Pebble
Temps
s 04
s 02

o |
PT-012
b 3245 cm
9.32 psig
Induction
Power
Supply 3011 cm
B.65 psig

TH-1UA 600 -m-nnm| §§5|

ni-100 - 1088 [541]

5 Seal
Pressure

T-14n [ 628 mo-1an [ 602 —
Ti-1up [ 587 ] mw-1mmm [ 561 @ excess
Flow

TH-1IA TH-1LAB
+ Pink boxes indicate temperature location (°C) w-ake w-1sen (NN
+ PT yellow boxes indicate pressure (psig and salt head)
* *Flow meter is not installed
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Argon gas used for salt transfer and level control

| Flange Seal Gas Purge |

{100 | Pressure PT-05 PT-010 -0.01slpm MFC-004
-------- Setpoint (cm Salt) 100.0 cm 40.0 c©m h— {0.000" Argon Mass
Mode Select MFC-006 2E-4slpm 2.87 psig 115 psig| | — || V= lemme--- ' Flow Setpoint
-------2 Argon Mass 6E-3 slpm MFC-005
10000} pow Setpoint {0.000" Vent
R dband e Rt ' Setpoint
0.5 Deadban —
_______ MEFC-007 2E-4 slpm Overpressure Mode Select
i o ooy |
"""" Setpoint (cm Salt) *------
o5 Surge Tank
- 1.8 slpm mMrcoo1l 2 Pl = ' Pressure Deadband
PT-012 % """ ig Argon Mass
40.2 cm =] b - Flow Setpoint
1.15 psig

Sump Tank

0.2 cm
Radar

Agon Cover Gas C

ontrollers

-4E-3slpm __M FC-002
--------- Argon Mass
PT-013 : :
. 0.00 ; Flow Setpoint
751 cm
2.16 psig 4E-5 slpm MFC-003
-ﬂl 000 Vent
—= ---1--- Setpoint
Storage Tank
Storage Tank Mode Select
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Loop fill and pump operation — June 2, 2016

350
® PT_010 (cm Salt)
* PT_012 (cm Salt)
300 ® PT_013 (cm Salt)
Storage Tank
Pressure — : :
250 \ o H“ L]
W
Hirh
= A LTEEN & 13
& 200 I ! ! ¥
e »
s
(]
2 \ r
& 150 ‘1 el ! AN
& ! Sump Tank t s Surge Tank
Pressure H Pressure
! "
100 3
-
50 T
Storage
tank empty Pump On
0
8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10
Time (h)
3% OAK RIDGE
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Remaining steps

1. Modify ultrasonic flow meter heater/insulation configuration
to allow operation at temperature

a. Attach cartridge heaters to pipe
b. Insulate pipe and heaters
c. Cool waveguide/electronics interface

2. Modify insulation on heat exchanger and install ductwork to
complete air cooling circuit

3. Transfer salt from storage tank to crucible and re-purify

4. Transfer salt back to storage tank/loop and perform heat
transfer testing
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Summary

» Purified 160 kg of FLiNaK salt
* Loop operations conducted at ~650 °C salt temperature
* Pump operation conducted at high temperature

- Demonstrated capability of transferring salt from storage
tank to loop and back while controlling salt level

* Induction power supply operation to heat pebbles

« Salt currently maintained under an inert atmosphere in
storage tank

* Facility now commissioned and prepared for forced
convection testing

 Awaiting funding to complete salt re-purification and perform
heat transfer tests
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Salt Clean-up Process: removal of moisture and oxygen
from commercial salt necessary to reduce corrosion of
typical engineering materials

- Based on the clean-up process developed for the
Molten Salt Reactor Experiment (MSRE)

1. Heat salt powder from room temperature to ~300 °C
to drive off moisture (3 I/m Ar sparge, 3 I/m Ar sweep)

2. Melt salt 300 °C to 600 °C (3 I/m Ar)

3. H,/HF sparge removes oxygen/water from salt
(300 ml/m HF, 3 1/m H,) ~ 600 °C

* 0, +4HF < 4F +2H,0
« 2M° + 6HF «— 2MF; + 3H,
4. H, sparge to remove metal fluoride impurities
5. Ar sweep to remove HF and H, from system ~600 °C
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Heater zone power

 Controlled using proportional-integral—derivative (PID)
feedback from thermocouple input with software-controlled
output function

- Heater power output varied using solid state relays to turn
heater power off or on

— A control thermocouple from each heater zone is used as input to a
PID feedback loop

— Output of the PID controls percentage of time that heater is on over a
10 s period to maintain the target temperature

— A second monitoring thermocouple is used for each zone to provide
additional temperature indication, including interlock protection

— A ramp/soak function can be used to ramp temperatures or follow a
desired temperature profile

 Cost effective: adding heater zone only requires solid-state
relay, circuit breaker and the PLC input/output.
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Upper flange seal test rig

Flange Seal Gas Purge
MFC-006 s o MFC-004
e
%—CU.UUG' Argon Mass

ity 1 Argon Mass % —
10000 piow Setpoint o
PT-13 PT-05
2.154 psig 2.865 psig
TN 3UA
TH HFP-04h 21.7
T o063 TN HPP-04B
=) 1296.3
TN _HPP-054 \
22.5 \1 | TN HEPP-05B
0 | I T 20.3

TN_HPF-022 / TN HPP-02B
21.9 / 220

TN HPP-06A
20.7 TN HPP-0&B

20.7
20.4
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Loop Overview Image
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Sump Tank with Test Section

‘. National Laboratory
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25 heater zones used between crucible and
loop systems, with total power over 20 kW

Heater Zone Control Display
Loop Zones - Heat Program Set-Up

Startup Ramp FParameters Recipe Startup Parameters

:t:%un (1) | Recipe (2) |

T Input Current View/ Current Zone Zone Power On/Mode Select
Er.:abl'e/ Heater Initialize Ramp Rate | |Start Program Initialize Modify Setpoint Temp1 Temp2| Active Com/ Mode
Disable Zone |( DegC/min) ment Seqment Recipe Recipe | $out (DegC) (Deg €) (DegC) Mode Ind Input SS Heat (3 | Heat Off (0) |
o ——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

arget
Temp
Deg €) Ram ¢

0 | E 22.1 21.8 || 22. 0]
301 _J {20} 0] 0] _J _J o [22.5][22.6][22.5] [ Ind| i0:
[ [ 0] 21.5 l 21.5 | 21.5 _Ind|
ez U {30 _ g {200} {0} [o] 1 1 o [21.1 | [21.7 |[21.1
| 0| 21.5 l 21.8 || 21.5
me2 B | 30 | _ (| {200} o} [o] 1 1 o [21.2 | [21.5 |[21.2 o]
[0] 21.5 [l 21.5 | 0.0
L {30 207 ior [0 4 4 o [203][226][203] N
GE Enw
MW |ep< . (307 g (20 [0] A o [21.1 | [22.2 |[21.1 [0]
265 Wz 265
M) |sex = P30y (207 of [0] _ i o [258][25.4 (255 [
o B 21.6 JJ2L.2 | 21.6
a0z {30 | (28] 0 [ 4 1 o [2Z0] [(szo] m
22.5 215 225
woos (36 _J (38} o [0] 4 _J o [moe) Coselme] B mal ©
2.0 &g o 20.3 W[ 22.6 ] 20.3 0]
mee 06 | 30 1 _ {207 joi [0 o [20a])[205][204a] MM =4 [0
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Display data during HF/H, sparging

I Enabled HF Gas
On-line
On-line

AEG Process Gas
Control Panel

4E-3 ppm HF

9E-2 RLEL H2

7E-3 ppm HF

8E-2 RLEL H2
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Crucible Headspace Argon Sweep Gas | Argon Mass
T I {4} e —[225] maw Setpoint
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v
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Flow Setpoint
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- Hydrogen Mass
{-!\Eil* Flow Setpoint

TN-HPP11-A [ 104
TN-HPP11-B \
TH-HPP10-B

PT-013

9683 cm
13.77psig

vent —

HY-018

Storage Tank
Mode Select

s

Removable Transfer Line

[-4E-3 slpml [MFc-00z]

[MFC-HF |
g[;x;sestpnint

VN

HV-004

TN-HPC-UA
TH-HPC-UB salt Purificaton Log

Argon Mass
low Setpoint

’ -2E-4 slpm

mi-aon [T m-10ms [30]
m-108 mi-1om8 [12]

meva [TE] menaas
m-ue [15] m-ues

TH-HPC-MA

Vent Flow
Setpoint TN-HPC-MB

mi-sec-1a [T830]
TH-HEC-LB Print Display

Close Window

TH-HPC-BA [ 600 | TN-HEC-BC[ 613 ] Main M
m-—HPC-—B m.npc_m | aln enu I

3
i 5
8 s
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