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Il Experiment Overview & Goals

Mission Statement

Establishment of a domestic neutron irradiation capability for fissile material-bearing salts
at INL for Molten Salt Reactor (MSR) R&D.

Executing Research in Three Primary Areas Mission Realization

1. Radioactive Source Term Quantification Utilize the Neutron Radiography Reactor (NRAD) to irradiate
2. Thermophysical Property EVO'_Ut'O” molten fissile material-bearing chloride salt with salt-facing
3. Salt-facing Materials Corrosion materials relevant to MSR development

eSource Term
Characterization

eExperiment eSalt Synthesis

Ve‘P)\icIe g er\i/ment *NRAD eThermophysical
Design Fabrication Xp [TELIENCIs M «Generation of Property

eControl Console Vehicle

Investigation
eCorrosion
Inspection
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- NRAD Reactor and Cluster

NRAD Core Grid Plate

« TRIGA type reactor

* NRAD fuel cluster
design with wet tube top
bail configuration

* Internal salt containing
capsule (Inconel 625)

* Graphite bottom

Assembly reflector/spacer
Fittings : -

* Axial immersion heater
for pre-melting and
supplemental heat

 NRAD C4 position

@ Conirol rod

@ Meulron source (AmBe)

@ Irradiation positions

© Graphite reflector element

MNLW - Wide Range Log Channel (O Fission Chamber (FC)

NMP - Multirange Linear Channel O Compensated lon Chamber (CIC)

S
g};l Fuel cluster assembly
s Standard fuel element

Figure 1. Sixty-four-element core and tank layout,

NRAD
NW NE Transport Cask

SW SE
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Jl MRTI Experiment Timeline

| FY22
I October November December January February March April May June July August September
FY21 I Experiment FY23
I approval
-' ESA Approval PIE
Design &
Testing |
Activitiesi

|
test

Salt Synth

Flux baseline

Start of
irradiation

Irradiation
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Jl MRTI Design Requirement

Programmatic Requirements Facility/Safety Requirements

 Target power density: 20 W/cc » QOutside capsule temperature below
(o) (o)
- Salt temperature kept > 525°C (avoid 100°C (target 70°C)
fre(?zing_ and possible undesirable « <45 ¢ of reactivity worth
radiolysis) . < 50 Ibs weight
’ Irra_d!a_ted salt volume > 5 cc (for PIE - Maintain integrity due to pressure
activities) increase
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[l Overview of MRTI Design

NRAD Bail Assembl

Instrumentation(TC 1&2)
Top Fitting Into
Bail Assembly

<“—Gas Gap (0.03", standoff maintained, Ar+He)

Compression spring or
machined graphite block
design

—

SS316L QuterCan —» Immersion Heater(Thermowell, Unheated)

Al6061 Surrogate Pins Plenum (Ar)

Alumina

Insulation Wafer —,

<——Inconel 625 Capsule, .029” wall

Immersion Heater(Thermowell, Heated)

NaCl-UCI; molten salt, 0.4cm annulus

IDAHO NATIONAL LABORATORY

NRAD Bottom Pin Fitting

NRAD Bottom Cluster Fitting Graphite Bottom Reflector



- MRTI Instrumentation

3x Type N Thermocouples
* INC625 Sheath, 0.062"

Capsule Top Down

Optical Fiber Pressure Sensor
- 2mm tube outlet, 0.062" lead

Wire Leadout

Protective Tube

(Connected to
tube extension o
Swagelok)

Heater Leadouts:

« Power to 800W, 3” !u '
section

* 0.080” Power + & G
* 1/16” TC separate

leads

S e e

Heater Leadouts potted into .3125”
tube, Stycast Epoxy

Pressure Sensor sealed via
Swagelok to Pressure Tube

TCs, Pressure Tube, Heater
Thermowell brazed at Capsule
Top Cap, BNi-5
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Il Planned PIE Activities

Hot Fuel Examination Facility (HFEF)

— Salt removal, Precision gamma scanning, neutron Neutron - cormcion
radiography, plenum gas capture, Disassembly Radiography
: '
° Analytlcal Lab Gamma Scan . so .
- ICP-MS, DSC, Dissolutions (PGS)
* Irradiated Materials Characterization Laboratory (IMCL) Gas Analysis [N

(GCMS)

- Sample prep, Thermal property measurements,
TEM, XRD, SEM, FIB

Molten Salt Thermophysical properties Examination
Capability (MSTEC)
— Thermal property measurements T ]

Simultaneous Thermal Surface chemical - Source term
Laser Flash analysis (XPS-XRD) | omusion

Salt Isotopics i ::umehe:n |
» Thermophysical properties
(ICPMS) - Compsion

High Priority  High Pricrity

Preparatory/Interfacing activities:
- Plenum Gas Capture System interface

Analysis (DSC-TGA-MS)

= Source term »  Thermophysical properties
- IMCL salt sample handling - Themoplysical properties 0 surface morphology |-
— Thermal property measurements sample handling . (SEM-EDS) " Comeslon

High Priority

High Priority

(Laser Flash Analyzer)
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Jlll PIE Preparation Activities (1)

Gas Assay, Sample and Refill

(GASR)

« Capsule OD (.8057) interfaces

with GASR seal assembly

* Laser pinpointed on plenum
region of capsule

0.3 cm
0.4 cm

0.5cm

Salt Removal Mock-up
Experiment

» LiCI-KCI used as surrogate in
different annuli thicknesses

* Recovery of ~90% is
achievable

- Existing tools at HFEF are
adequate

15.000 g
20.001 g
25.002 g

13.892 g
15.908 g
24.804 g

Annulus Initial Salt Recovered Recovered
Thickness Mass Salt Mass Fraction

0.926
0.795
0.992

i

Extracted salt
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Jll PIE Preparation Activities (2)

Fuel salt thermal property LFA Crucible Design
measurement » Good bonding between salt and wall
° Irrad|ated fuel Salt thel’ma| Salt « Recommended design Changes to
property measurement in SEL loaded Salt and tested crucible: increase salt
shielded glovebox G into B el thickness, change crucible material
IMCL or crucible transfer to : ’ I ¢ ’
: : _ MSTEC : the TPC increase wall gap etc.
 Avoid moisture/air exposure in SSPA _
during handlin
J J Salt loaded into crucible

Thermal Property Cell (TPC) LFA DSC-TGA-MS

I e

Salt and crucible degas
in vacuum furnace just

over melting
temperature

Cooled salt and crucible
loaded into LFA for
measurement
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Jll MRTI Neutronics Model (MCNP) [[
| Al dummy rods

F1 Heater
Pleriumnm
Outer can
_ Thermowell Salt
Flux wire
Graphite
Gas-Gap Heater reflector
Insulating
Salt disk
Capsule
Thermocouples
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Jll MRTI Heat Generation and Reactivity Impact

- Salt fission heat generation of 20.09 W/cc « Evaluating impact of experiment against base design

> Experiment objective met (i.e., water in F1 position)

- Component heat generation tabulated for * Reactivity impact estimated using:

thermal analysis handoff KmrTr — Kbase
Ap(pem) = ————
MRTI base

MRTI Salt Sample 13.054 247.687 18.974

cents = 2ppem)

Heater Thermowell 4.422 0.972 0.220 — IB

Bottom + Slot 2.570 0.649 0.253

Capsule top 1.699 0.275 0.162 . . _ . .
S aars 10,046 0.135 . Resultllng impact of M.RTI =-1.24 + 1.07 ¢ (in the noise
Hot TC 0577613 0.048 0.084 essentially) << 45 ¢ limit

Plenum TC 0.494349 0.035 0.070

Cold TC 0693050  0.067 0.096 - NRAD operational requirement met

Pressure tube 0.124348 0.013 0.102

0.068296 0.004 0.065

91.29308 2.126 0.023

Lower Insulator disk 1.830612 0.009 0.005 Base mOdeI

Upper Insulator disk 0.442517 0.001 0.003 with no

L 045292 0,032 0.071 -

Swagelock 5.398074 0.023 0.004 experlment

Heat Shield 0.384924 0.084 0.218
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I ABAQUS Thermal Hydraulics Model Setup

- ABAQUS 6.14-2 Insulating Disg¢

« Assumptions
— Salt material properties are assumed
— No natural convection of salt
— Thermocouples not modeled A
~ Full thermal contact Heat Shield g 4
— Capsule standoff not modeled

« NRAD Flow =2 gpm and Tinlet = 40°C Argon Plenum

Graphite Spacer

Outer Can IDAHO NATIONAL LABORATORY




- ABAQUS Simulation Outcomes

Pre-Irradiation (Heater Only) Irradiation (Heater+Fission)

- Heater ~150 W Heater ~10 W
eater * Heater
- SaltT /T, =996/471°C - Salt T, /T, = 1,000/574°C
max min max min )
+ 88% salt melted 100% salt melted
o salt melte . o salt melte
* T,.1<55°C o T,.n<064°C
+1.825e+03 +1.832e+03
+1.7472+03 wall - +1.768=+03 wall
+1.666e+03 +1.7042+03
+1.58%e+03 - +1.640e+03
+1.510e+03 +1.576e+03
+1.432e+03 +1.512e+03
+1.353e+03 +1.448e+03
+1.274e+03 +1.384e+03
+1.195e+03 +1.321e+03
+1.117e+03 +1.2572+03
+1.038e+03 +1.193e+03
+9.500e+02 +1.120e+03
+8.802e+02 +1.065e+03
Y QDB MRTI_wHS-0nlyHY .. Phaqus/Standard 6.14-2  Sun Sep 05 21:57:20 Mountain Daylight Time 2021 Y QDB MRTI_wHS-Fis3 : £h 2 7 =2 Sun Sep 05 22:16:55 Mountain Daylight Time 2021
Step: Step-1 ) Step: Step-1
Increment  1: Step Time = 1,000 Increment  1: Step Ti
4 Primary Var: NT11 4 X Prirnary War: NT11
Deformed war: not set  Deformation Scale Factor: not set Deformed War: not set  DefOWIEEAN Scale Factor: not set
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Jlll Computational Fluid Dynamics (CFD) Model

» Major Heat Sources

— Salt fission heating based on neutronics calculation

— Heater

= programmatic test (SMW/m?— 87MW/m3)

STAR-CCM+ Simulation

Fluid region:
- Segregated flow and temperature
— RANS solver with k-w turbulence

model. Note that calculated
Ra(=Gr*Pr) > 10°.

— Temperature-dependent density
and viscosity, constant specific heat
and thermal conductivity.

» Minor Heat Sources

— Fission heating of solid components

» Heat Sink

— External convection on outer surface of outer wall

= Ambient temp.: 40°C

* HTC: 1250W/m?2-K

Gas gap region:

— Conduction, convection and
radiation heat transfers

Solid region:
- Segregated Solid energy solver
— Constant properties
- No Standoff assumed
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Temperature (C)
1e+03

894
787

Jlll CFD Analysis Results

681
Heater Test Results
468
O T..itmax = T —— T - T 361
—_— Tsalt.min Theat eeeeee outer wall.max outer wall,avg
1200 - -- Tlimit,max - = Tlimit,min == Touterwall,min 255
90
148
1000 = === = = = = m e m—m—m— = ]
80 42
T 800 ~ %)
v v 70
p= =4
& 600 1 2 1)P=97.73W (2)P=151.42W (3)P=184.46 W (4)P =229.43W (5)P =399.28 W
g e
o o
£ 2 60
3 400 A
200 4 50 Velocity[j] (m/s)
0.027
0 40 0.0218
90 130 170 2100 230 250 330 370 410 9 130 170 210 250 290 330 370 410
Heating Power (W) Heating Power (W) 0.0166

0.0113

Main Outcomes:

« Natural circulations of salt, cover gas are clearly observed.

0.00611

0.000889

-0.00433

* The peak and minimum temperatures of salt can be within
the temperature limits with the heater input.

-0.00956

-0.0148

» For the heater power of 400 W, the average temperature

on the outer surface is calculated to be 65.48°C with a =~
local maximum Of 8289°C (1)P=97.73W (2)P=151.42W (3)P=184.46W (4)P=229.43W (5)P =399.28 W
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Temperature (C)
940

Jlll CFD Analysis Results

840
741

—— T
—— T

salt.max Tsalt,avg Touter wat,max = Touter wall,min

salt,min Theater.max —o— Touter

- Tlimitmax - Tlimit,min 9o

1100

1000 +

900 1
800 1 (1)P=251.33W | (2)P=27427W (3)P=297.21W (4)P=349.06 W (5)P=402.74W (6)P=43578W

700 A

Temperature (°C)
Temperature {°C)
[=)]
[

600 1 Velocity[j) (mis)
0.025

500 1

40

400

240 260 280 300 320 340 360 380 400 420 440
Heating Power (W)

0.0201
0.0152

0.0103

240 260 280 300 320 340 360 380 400 420 440
Total Heating Power (W)

Main Outcomes:

« Programmatic requirements for the salt temperature can be met
with a combination of fission heating and heater input. The salt
temperatures meet the requirements by the heater input of 97W
(total heating power=349W) while a maximum temperature on I

0.00544

0.000556

-0.00433

-0.00922

-0.0141

-0.019

the outer surface slightly exceeds 70°C.

i

* For the maximum heating power tested, the average
temperature on the outer surface is calculated to be 67.41°C (1)P=251.33W | (2)P=27427TW (3)P=297.21W (4)P=349.06 W (5)P =402.74W (6) P =435.78 W
with a local maximum of 86.17°C.

Heater off IDAHO NATIONAL LABORATORY




Bl Summary

« MRTI fueled salt irradiation experiment for NRAD reactor at INL - planned for
Summer 2022.

« Comprehensive PIE planned as part of project including gamma scan, mass
spec, corrosion study, salt thermophysical properties.

* Immersion heater to control temperature before/during/after irradiation
« Power density of 20 W/cc was reached

 Thin salt annulus with temperatures above salt melting (520°C) and below
material limits (1,000°C)

* |Initial PIE exercises conducted to ensure adequate interfacing with tooling after
irradiation

* Project currently in final design review stage with fabrication already underway
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Questions?

abdalla.aboujaoude@inl.gov
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Jl 3D Printed Mockup

« 3D Printed mockup for visual representation of experiment

— Assists in presenting to-scale MRTI pin assembly to key players in reactor
operations and PIE

— Did not include radiative heat shield due to resolution of 3D printer
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Jll Model and Assumptions

Codes and Models Used Important Specifications
. MCNP6.1. of NRAD core provided by « Salt density obtained from Desyatnik et al.
Kyrone Riley —Aug. 02, 2020. p(T) = 3.8604 —8.37 x 10™4 X T

— Nuclear data uncertainties ignored HEU enrichment vector:
- Geometry simplifications for MRTI enrichment vector.

(e.g., homogenization) T T T T

— 200,000 virtual particles with 800 0.0% 1.0% 93.2% 0.3% 5.6%
cycles: k4 sd of 7 pcm, and salt heat
generation uncertainty of 0.31%

* ORIGEN-6.2 with COUPLE: 44-group Salt density 3.13 g/cc
structure obtained from MCNP to Salt volume 13.05 cc

* Resulting salt composition:

t £ librari Salt mass 40.85 g
generale Cross-section lioraries. U mass in salt 20.95 ¢
235U mass in salt 19.52 g
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Jl MRTI Flux Predictions

* Normalized against the total power of the core (F6 tally):

¢ =F4 X

6

1

X
250 kW 1.60218 x 10~13

« Spectrum is harder in salt, and surrounding capsule compared due to fission

Fast Flux (> 100 m
keV

neutrons

n/cm2-s
3.49x1022
3.29x1012
2.93x10%2
[ I 1.31x10%
3.54x1012
2.34x101%2
Outer Shell |

2.40x1012

Fluxwire PRI

64%
43%
44%
29%
41%
29%
29%
27%

2.23x1012
1.40x101?
1.28x101?
3.81x1012
1.45x101?
6.74x1012
6.98x1012
5.51x1012
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ll MRTI Depletion/Activation Analysis

* Noble gas generation after 30-day Grams of FPs produced:
irradiation (for pressure analysis): s i s s s wmm s @ w

4.10E+00 4.10E+00 4.10E+00 4.10E+00 4.10E+00 4.10E+00 4.10E+00 4.10E+00 4.10E+00 4.10E+00
_m m- 0.00E+00 2.26E-08 1.21E-07 4.61E-07 1.09E-06 1.66E-06 1.69E-06 1.71E-06 1.71E-06 1.71E-06

0.00E+00 2.99E-07 8.96E-07 2.66E-06 5.79E-06 8.49E-06 8.46E-06 8.09E-06 7.22E-06 5.98E-06

1.58E+01 1.58E+01 1.58E+01 1.58E+01 1.58E+01 1.58E+01 1.58E+01 1.58E+01 1.58E+01 1.58E+01
_ 1 30 E 06 0.00E+00 4.18E-08 1.29E-07 3.89E-07 8.67E-07 1.30E-06 1.30E-06 1.30E-06 1.30E-06 1.30E-06
_ 1 10 E 04 0.00E+00 4.90E-07 1.45E-06 4.34E-06 9.65E-06 1.45E-05 1.45E-05 1.45E-05 1.45E-05 1.45E-05
DE 9.78E-04

« Evolution of salt activity after irradiation

0.00E+00 4.62E-06 1.19E-05 3.36E-05 7.33E-05 1.10E-04 1.09E-04 1.09E-04 1.09E-04 1.08E-04
0.00E+00 3.20E-06 1.02E-05 3.11E-05 6.96E-05 1.05E-04 1.05E-04 1.05E-04 1.05E-04 1.05E-04
0.00E+00 1.73E-05 4.59E-05 1.28E-04 2.75E-04 4.02E-04 3.97E-04 3.83E-04 3.59E-04 3.32E-04
0.00E+00 7.97E-06 2.03E-05 5.61E-05 1.21E-04 1.79e-04 1.77E-04 1.75E-04 1.71E-04 1.66E-04
0.00E+00 3.19E-05 1.00E-04 3.01E-04 6.69E-04 1.00E-03 1.00E-03 1.00E-03 9.99E-04 9.96E-04
0.00E+00 3.51E-07 7.94€E-07 3.27E-06 1.28E-05 2.56E-05 2.67E-05 3.71E-05 5.05E-05 5.43E-05
0.00E+00 2.19E-05 6.83E-05 1.99E-04 4.23E-04 6.27E-04 6.26E-04 6.15E-04 6.31E-04 6.63E-04
0.00E+00 9.26E-07 6.22E-06 3.83E-05 1.12E-04 1.82E-04 1.88E-04 2.06E-04 2.09E-04 2.09E-04
0.00E+00 1.70E-05 5.08E-05 1.51E-04 3.29E-04 4.87E-04 4.85E-04 4.73E-04 4.52E-04 4.32E-04
0.00E+00 7.33E-07 1.97E-06 4.71E-06 1.35E-05 2.60E-05 2.68E-05 3.70E-05 5.74E-05 7.72E-05

1E+4 0.00E+00 4.50E-07 2.31E-06 1.03E-05 2.60E-05 4.04E-05 4.14E-05 4.33E-05 4.38E-05 4.45E-05
0.00E+00 4.26E-08 1.50E-07 4.61E-07 9.57E-07 1.37E-06 1.37E-06 1.26E-06 1.19E-06 1.17€E-06

1E+3 0.00E+00 7.04E-08 2.27E-07 7.17E-07 1.66E-06 2.55E-06 2.57E-06 2.66E-06 2.73E-06 2.74E-06
0.00E+00 2.95E-07 7.61E-07 2.11E-06 4.51E-06 6.66E-06 6.58E-06 6.46E-06 6.37E-06 6.34E-06

— 1E+2 0.00E+00 6.28E-07 1.09E-06 2.02E-06 3.11E-06 3.96E-06 3.42E-06 2.67E-06 2.53E-06 2.52E-06
O 0.00E+00 1.03E-05 2.58E-05 5.71E-05 9.72E-05 1.30E-04 1.23E-04 1.02E-04 9.74E-05 9.65E-05
; 1E+1 B —® 0.00E+00 1.49E-05 2.83E-05 5.02E-05 7.44E-05 8.88E-05 7.52E-05 4.73E-05 3.20E-05 2.96E-05
= 0.00E+00 2.78E-05 9.20E-05 2.93E-04 6.53E-04 9.78E-04 9.83E-04 9.80E-04 9.78E-04 9.80E-04
E 1E+0 - 0.00E+00 1.30E-05 5.16E-05 1.92E-04 4.94E-04 7.81E-04 7.96E-04 8.50E-04 8.71E-04 8.72E-04
Q 0.00E+00 2.06E-05 5.92E-05 1.65E-04 3.30E-04 4.61E-04 4.53E-04 4.00E-04 3.45E-04 3.22E-04
< 1E-1 | . . . 0.00E+00 1.25E-05 3.39E-05 9.96E-05 2.17E-04 3.22E-04 3.20E-04 3.14E-04 3.05E-04 3.02E-04
E n d Of l r' r'a d I a t I O n 0.00E+00 3.18E-05 9.41E-05 2.67E-04 5.91E-04 8.91E-04 8.90E-04 8.96E-04 8.90E-04 8.48E-04

1E-2 | 0.00E+00 4.39E-06 1.64E-05 6.58E-05 1.49E-04 2.17E-04 2.20E-04 2.10E-04 2.05E-04 2.29E-04
0.00E+00 1.67E-05 5.44E-05 1.73E-04 4.09E-04 6.40E-04 6.48E-04 6.89E-04 7.45E-04 7.83E-04

1E-3 'y | | | | 0.00E+00 2.04E-06 5.39E-06 1.45E-05 3.89E-05 6.79E-05 6.90E-05 8.41E-05 1.02E-04 1.06E-04
0.00E+00 1.22E-06 5.24E-06 2.20E-05 5.60E-05 8.75E-05 8.94E-05 9.41E-05 9.57E-05 9.80E-05

0 20 40 60 80 100 0.00E+00 1.19€-07 5.54E-07 2.42E-06 6.16E-06 9.54E-06 9.76E-06 1.01E-05 9.98E-06 9.89E-06

0.00E+00 1.19E-08 4.81E-08 1.89E-07 5.22E-07 8.80E-07 9.06E-07 1.06E-06 1.24E-06 1.34E-06

DayS 2.09E+01 2.09E+01 2.09E+01 2.09E+01 2.09E+01 2.09E+01 2.09E+01 2.09E+01 2.09E+01 2.09E+01

0.00E+00 1.41E-06 3.34E-06 5.57E-06 6.84E-06 7.83E-06 6.51E-06 3.11E-06 3.12E-06 3.16E-06
0.00E+00 2.17€E-07 1.66E-06 9.70E-06 2.76E-05 4.43E-05 4.57E-05 4.96E-05 4.99E-05 4.99E-05

* Ar-41 gas peak activation in MRTI of
2.75%10% Ci (109 mins half-life)
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Jlll CFD Simulation with Pure Argon Gas in Gas Gap
Region

Heater Only Heater + Fission Heat (251W)

(1P=97.73W (2)P=15142W (3)P=184.46 W (4)P=22943W (5)P =275.32 W

Main Outcomes:

» Overall temperatures were higher than those of the model with
Argon-Helium gas mixture due to the lower thermal conductivity of

pure argon gas.

Temperature (C)
1.22e+03

1.09e+03
958

828

Temperature (C)
994

697

566

(1)P=251.32W (2)P=27427W (3)P=297.21W (4)P=349.06 W (5)P =402.74W (6) P =435.78 W
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Jlll CFD Salt Property Sensitivity Analysis
(Preliminary Design)

Thermal Conductivity
» Uncertainty in thermal conductivity of

molten salt:
- Range: 0.2 ~ 0.5W/m-K.

» Peak Temperature of molten salt:
- k=0.2 W/m-K: 802°C
- k=0.5 W/m-K: 761°C

IDAHO NATIONAL LABORATORY



ll Impact of Turbulence and Mesh Size
(Preliminary Design)

—o— Peak Heater Temperature

—e— Peak Capsule Temperature

— — 820
Temperature (C) Temperature (C) Temperature (C)
'! !' 802 799 802
I?BU I?” I??9 800 /
757 754 756
T 780
734 732 734 %
=
712 710 711 o
3760 |
689 687 688 g
<
£
666 665 665 § 0 |
644 643 643
621 620 620 220 L
598 598 597 /—.—_‘
700
OE+0 1E+6 2E+6 3E+ 4E+6
Laminar Realizable k- two-layer SST k-w Number of Meshes
—_ (0] —_ o — o i
T = 802°C T o = 799°C T = 802°C Chosen mesh size
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