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SFR Components (under development)

Stage 1:
Thermal Steady State

Establish steady flow patterns
Initialize any RN form mass outside fuel

Assume thermal hydraulic conditions
hold constant over pre-transient stage

* SFR to use fuel, clad, cannister, and support/non-support structure
* Bond sodium gap not its own component as of now
= Existing gap modeling capabilities

Establish COR, CVH, & HS temperatures

= New models for gap closure, sodium migration to plenum, and attending FP transport

* Pin plenum not its own component as of how @ 7.5500 mm
00 10 . @ 6.4300 mm

= |nitialization @ 5 5685 mm

» \/olume accounting and ideal gas treatment @ 1.3074 mm

= Attending FP transport

= Pressure calculation ‘ ABOTd o

« Expect reflector component could factor into SFR designs
* May revise some intracell and intercell component-wise heat transfer models

Standard 6 group treatment

Sodium Equation of State (EOS)

ay; (B;

» Two alternatives: Fusion Safety Database (FSD) and SIMMER-III
» FSD uses a soft-sphere EOS model fit to an experimental database
» SIMMERK-III supplemented with experimental data (Fink & Leibowitz)

» Verified EOS on a wide range of thermodynamic conditions

« Enthalpy, heat capacity, heat of fusion, vapor pressure, heat of vaporization,

density, thermal conductivity, thermal diffusivity, and thermal expansion
« Demonstration calculations reproduce the experimental database
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Transient/Accident Solution Methodology

Stage 2: Stage 3:

Option 1) — User Input
» Fuel and Clad geometry changes
Pin plena initialization
Fuel swelling/porosity distribution
DCH/RN class mapping to gaseous

Gaseous and solid in fuel
Solid in bond sodium gap
Gaseous in pin plena

Mechanical response of fuel pins
Algebraic formulation
Stress, strain, and displacement
Bond sodium gap dynamics
Fission gas transport in-pin
Volume accounting methods
Ideal gas assumptions
Empirical models for fuel
swelling and porosity dynamics

Steady/Pre-Transient Mechanics Transient Diffusion &
and Fission Product Transport - Transport calculation

In-pin dynamics (coming soon)
*  Up to and including pin failure
Fuel molten cavity formation
Fuel and clad dimensional changes

Clad dynamics
and solid fission products Eu fg cfic thinning
End-of-burnup RN class inventory e T e

Candling and conglomerate debris
Assembly peripheral area (CN,CL)
Clad/pin failure

N RN release from COR to CVH/RN in GRTR

Severe accident phenomena (coming soon)
Clad relocation (conventional candling)
Clad relocation (reverse candling)
Fuel relocation in a candfing mode
Pin effluents ejection
Solid (particles, chunks, streamers)
Molten material and pin gases

Feedback models

* Doppler

Standard Point Reactor Kinetics Equations

Kinetics data accessible by
sensitivity coefficients

 Control function-specified external

* Fuel and moderator density

* Dimension changes and rod bowing

300 * New for SFRs (under development)
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SFR Containment (Ex-Vessel) Models
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SFR Expanded In-Vessel Modeling

Spray and pool fire models from CONTAIN/LMR
Pool fire
= Pool fire model from SOFIRE-II based on pool fire tests

= Predicts rate of oxygen and sodium consumption plus heat evolved from reaction

(1+£,):2 Na+ O,
i Z'fi ‘NEZO* (1_f1)'N3202

Spray fire — q(reaction)
= Spray fire model from NACOM
= Predict total burned sodium mass as function of droplet size and fall velocity
= |ntegrate combustion rate over droplet fall height

* Pin Mechanics
= Radial stress/strain/displacement  sessrenrienes
= Axial stress/strain
= Solve iteratively

Radial

& = =[a, = vigg + a,)] + A(aT)

- m

gy = —=[ag — via. + a,)] + A(aT)

E
£, = Z [a, = vio, + a5)] + A(aT)

Thermal expansion:

A force balance on the
MaT) = a(T)(Ty — Trep) — a(T)(Ty — Tror)

* Miscellaneous models
= Fuel swelling
= Fuel molten cavity formation o= ulr
= Pin pressurization
= Reactivity effects

Strain/displacement relations:

Equilibrium:

& (o, —oa)) _
t fr=0

anial segmenit can be written considering a few contributors:

» Fire model validation — ABCOVE AB1/ABS
= AB1 (pool) o
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= Molten fuel

 Fission gas dynamics in-pin
= Forms closed porosity in solid fuel
= Closed porosity grows
= Closed porosity “releases” — swelling
= Open/connected porosity
o Forms from closed porosity release
o A“free volume” in pin
o Communicates with pin plenum
o At pin plenum pressure

o Forms as solid melts
o Subsumes open/closed porosity

= RN class inventory migrates as volume |

Molten Fuel Swollen Solid Fuel Gap Clad

O Closed porosity bears fission gas

(_} Closed porosity grows

T )
p; f\: Open/connected porosity from closed
pe porosity “release” upon swelling

® Solid fission product
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» Atmospheric chemistry Na(l) + H,0 (1) — NaOH(a) + -H, :
= Aerosol/atmosphere 2 Na(g 1) + H.0 (21) = Na,0(a) + H.

= Aerosol on surfaces
= Sodium/water in atmosphere
= Reactions in hierarchical order

2 Na(g,],a) +%0: or0, —
Na,0(a) or Na, 0,(a)

= Affected through NAC package Na,0,(a) +2Na(g 1) = 2Na, 0(a)
= New RN classes Na,0(a) + H,0 (g 1) — 2NaOH(a)
= New sensitivity coefficients Na,0,(a) + H,0 (g 1) = 2NaOH(a) + 0.50,
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HTGR Models Na Fire Models Stage 1 : Stage 2: Stage 3:
PBR/PMR components  H2 Generation Thermal Hydraulic Pre-Transient Transient
o o - -
Point Kinetics Turbulent Deposition 1o pump Na Spray Fires Steady State
¢ ¢ ¢ ¢
TRISO Zonal EOS Librariesy/: o Na Pool Fires Establish COR, CVH, & HS temperatures Fluid fuel point kinetics Fluid fuel point kinetics governs power
Diffusion ¢ ¢ ¢ ? according to flow reactivity excursions
Resuspension Establish steady flow patterns GRTR framework
governs form-wise GRTR moves RN class mass between forms
Initialize or source in RN form-wise mass fransfer to some steady + Thermodynamic conditions evolve
distribution of RN class » Vapors, aerosols, and RN package
mass across user- physics are still in play within GRTR
defined RN forms * User-directed transfers between user-

defined forms or internal models

FLiBe Equation of State (EOS)
Property database based on ORNL publication

Fluid Fuel Point Reactor Kinetics Equations

 Verified EOS on a wide range of thermodynamic conditions
. . . dP(t) (t) — ﬁ_ 6 Under these assumptions, the steady form of the FFPRK equations is:
» Demonstration calculations reproduce the experimental database = (B2 ) e+ Y act s, oo g S o pepon &
o L e o e O (B0 S (), S
* Provisions exist for salt freezing (solid phase) from liquid phase EO ()20 e s (U)o L C
dt - A I',o Te/™-i TLVC i .l fOT t=1.. dc;t({]) —0= (%) P, — (1(_ + Z/TC)CEU + (::_::) (’lf + 2/?;_)6‘1{‘0' i=1..6
0023 . 1.E+08 dCiL ®) — ( Ve )CC t) — (ﬁ. ¥+ 1/ )CL(t) =1 .6 dct(0) Ve c 1 L .
o 1619 o ~gy)EO- G r)a O, forist. 20 () om Gt Vedcto i=1
: g LE07 ' MELCOR w e 6 Solving for DNP cohorts:
,:;.mo . ] “ E 1.E+05 .' b —INLECS Ubrary % LE+D4 ﬁT =pF— (L)z liCiL(t) ct = a;P i=1..6
5 3 R E”—""’ 4 E ) - - Ideal Gas 2 P() = Lo = oy o
= - MEL Lidesel & 5 E + .
g.uoc i _:flrt;:'ﬂ g ) \ % LE+03 E 1.E+02 —NLEOS Lbray Where: Cly = viaiPy = v CHy, i=1..6
w0 - :.:.:f ::.Ii..::jm denuity s...-,-\ \I"a\ En HEol :-g L B :j;ﬁ:{mmor . P(t)=Thermal power due to fission 0 v = (Tr‘i,b)/( 1) i=1.6
e - - W i /1! ’
r - g LEOL LE02 . CE= delayed neutron precursor group i inventory/concentration in-core +
] Ty Lo et P = E- . i &
500 1000 1500 ‘lmp:u:lﬂm[l'] 2500 w500 3500 we 0 ;:;W:'::ml“ oo 1900 LED3 00 1000 Tlsm -~ 2:[[321 2500 3000 1'E'mm 1500 2500 1500 CE= delayed neutron precursor group i inventory/concentration ex-core (in loop) @ = (A)/ , ” , i=1.6
Fmper Temperature (K] $o= Thermal power generation rate due to neutron source [(li +e) v ((W) (2 + /TL))I
p(t) - %z Reactivity for k the effective multiplication factor Solving for the bias reactivity and the time-zero effective delayed neutron fraction:
= ) R 6
ORNL MSRE Zero-Power Flow Coast-Down Benchmark = efecivedlayed o o s =043 3 1)
p= Delayed neutron fraction (static, in absence of drift effects) =t 6
A= l/vVEf= Neutron generation time BOY= B~ Pou @ =F -4 ; A
Experimental Fuel Pump Coast-Down y
Tein = C/L/m = Residence time of precursors (core, loop, respectively)
ORNL-DWG 65-89124 I .
- » 1005 . — e L, . V¢ .= Fluid volume (core, loop, respectively)
Slmpllfled ORN L MSRE InPUt MOdeI g ®| i ; : | T s _“ o “”" A;= Decay constant of delayed neutron precursor group i
MSRE |nlelidals] | | [-] apray firnis 249 e purge 6381 Wersiday 560: ] | : C‘,SC.LLOGW—' . | gy B A — In-Vessel DNP gain by fission
S — % 4 = sl e 1] B — In-Vessel DNP loss by decay, flow
s g : . T, L w | C — In-Vessel DNP gain by Ex-Vessel DNP flow
) : L ’ - ? _W"“*** D — Ex-Vessel DNP gain by In-Vessel DNP flow
K Te @ : L i — E — Ex-Vessel DNP loss by decay, flow
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. GRTR Modeling Framework
“j: ——MSRE Data oo
g 100 . MELCOR 400
= \ ; » GRTR affected through CVH and RN1
Ij skt nans 0000 oo § i = CVH input declares:
£ E 150
. « User-defined forms and their characteristics (sectionwise, nonsectionwise, HS deposition)
R T » Transfers between user-defined forms and from user-defined forms to built-in forms
= Control functions can direct transfers

* Limited built-in form-wise transfer physics models

The rm_OChe m iSt ry d nd Data N EEd S » Limited ability to employ Gibbs Energy Minimization tools like Thermochimica

= RN1 input declares:

* MELCOR Capab"'t'es are in place to use data as available » Initial user-defined form-wise mass by class and control volume
* MELCOR can utilize Gibbs Energy Minimization type tools (e.g. Thermochimica) - Sources for user-defined form-wise mass by class and control volume
- : - : = |f COR package is active, require a mapping for user-defined form-wise release
b}/ Equilibrium Example: Comparing solubility data [Barton, 1958] with ) ',/Equilibriurn Example: Vapor pressure curve calculated by
‘[I')I::;n;g;:;Th;c:amﬁjrfrc;;:t%g:l]smg the MSTDE (Molten Salt Thermodynamic [ Thermochimica and MSTDB [McMurray, 2021]
. saa°c R » GRTR applied to MSRs
@ 71.3 LiF-28.7 BeF2 (Barton) 0002384 kg Cs
W 654 LiF-34.6 BeF2 (Barton) HemhEe . . . Uapﬂr pressure

much lower in GRTR model computes

solution than as MELCOR prﬂvides mass of what remains in salt as MELCOR continues to
pure substances. radionuclides released into soluble, colloidal, » transport materials to
salt, chemistry, T and P in deposited, and released and from the salt control
each control volume as vapor and aerosol volume

=T1.3 LiF-28.7 BeF2 (MSTDB) 1.E-03
—65.4 LiF-34.6 BeF2 (MSTDR)
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» Thermo databases available in FactSage format:
= MSTDB w/ 2 systems:

Each Timestep

» Fluoride: Pu-U-Th-Nd-Ce-La-Cs-Rb-Ni- Ca-K- Na-F-Be-Li
» Chloride: Pu-U- Ce- Cs-Rb-Ni-Fe-Cr-Ca-K-CI-Al-Mg-Na- Li
: Fission Soluble FPs Insoluble FP Salt lig./gas | |Insoluble FP deposits on FPs
= JRC database: PU-U-Th-Ce-La-CS-I-Zr-Rb-Ca-K-CI-Mg-Na-F-Be-Ll Product {Sﬂllt_-SECkilng} Sl.iﬂpl;‘llﬁig}ll Iirlter m':;'e HEructumI; Vapor/NCG
. ‘orm “orm 2 “orm J ‘orm 4 orm 5
» Databases under active development, needs for severe accidents include: rorms
= High temperatures (beyond normal operating range)
= Fission product elements in row 5 of periodic table (Sr, |, Ag, etc.) ,
= Species introduced during possible severe accidents (air, water vapor) S Soluble  |«—s| Insoluble FP Gae
AUTDTEM | @ Volatile FP | | suspension | | ] cod B
» Gas bubbling/agitation and burst in molten salt is a case-in-point that well-
designed experiments targeting certain data needs are valuable l l ,
Radioactive particle release for some experiments but not all, increased Salt eas/1i mosils , \
Intact bubble then Bubble film ruptures 1) Liquid collapses into cavity dramatically with gas bubbled up 3 inches (7.6 cm) through 50-g MSRE Transport Soluble Insoluble FP fe—xn G;Iillltré_,&‘:g;q. DLP}?é';ttb on Deposits %d;bl
ruptures creates aerosol particles. | 2) ?rﬁszzlthin jet that breaks up into "‘“EE: ;f:gat 600 °C within GRTR | & Volatile FP SUSPENSION & = d — = = = s structures on core R%lse ¢
3) Splashing liquid generates a crown % a i e R I ——
that breaks up into smaller droplets. = 1.E+09 l j l
Bubble | Aerosol oo g 16408 ] : = G 1 +
. film particles  » e -'_ » E 1.E+07 @ i 1as space Volatile Vi .
0 _/ g i o Release ﬂ?h“}g:cn?f;r No Release RHBPL:EE:,:!LAFEII}S_:M No Release Gas Release
( b - Y S o 1.E+06 . .
— - - E o & Aerosol (kr, Xe)
Ref - Ke etal. J. Q 1.E+05 0 Ru-103 Bubbled fe! o
Liquid Azrsgi?céecie:c: 301?. This is not the primary concern. A £ 4 E+04 N Ru-106 Bubbled s
Beautiful snap shots of bubble |  100-micrometer water droplet falls E E”:gz g::g:
burst produci rticles. f 243 iling height to ti .E+ ¢ RU-
R 00t In loss than 10 seconds. 1o Gotom  FeRMell N Sodsiime + In MSR context, GRTR can account for:
Position Along Probe Tube (ORNMNL-4254) . . . .
l:;g:g ;aigr[;—::ﬁﬂ%%:tr:ﬁ%gﬁtﬂ:apni';ﬁt'fos;ﬁ:ﬁ?;ﬂ from sweeping Aerosol particles generated by a single bursting bubble of an * Dissolved mass and its coming out of solution
Three Sizes: Mostly 3.5 - 18 nm, 100-200 nm, and larger sizes aqueous solution [Ke et ?5’:; 20171 * Colloidal (II‘ISD|Ub|E]' mass and its transport
: 7 T g ~CPCI007- 1 micrometer ~CPC (0.07 - 1 micrometsr) | Water at 25 °C, » Generation of aerosol at a free surface as bubbles burst
a000 —=-AP'S (0.5 - 20 micrometer) 3000 - APS (0.5 - 20 micrometer) |  Surface tension . )
o o0 73 mhim = Vaporization
88,000X 12 000 £ oono % 2000 = Aerosol dynamics according to conventional MELCOR physics models
Magnification M.‘:Ilgnlficatlon § 300 % CPC = it
£ o g w0 R oneraton P = HS deposition of any of the above forms
3000 E APS = Aerodynaméc Particle 5 )
o e ‘ = Advection of any of the above with CVH/FL flows
500 .~ w— . ey . . . o
" D ] = Use of control functions or built-in models or Thermochimica for form-wise transfers
. 0.5 0.75 1 1.25 1.5 30 5 40 45 50
Bubble Diameter (cm) Surface Tension (mMNim)
Respirable (< 10 micron aerodynamic diameter) particles released from + Larger bubbles rupture with thousands more respirable aerosol particles per bubble,

molten salt during benign operations. This is important! + Higher surface tension results in thousands fewer respirable aerosol particles.




