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Motivation

Concept design of spherical
tokamak integrating Kyoto
Fusioneering SCYLLA
breeding blanket.

Candido et al. FED 2026

7

Next-generationusion systems require rapid design—test—iterate cycles

®  Digital engineering offers unified workflows for design, simulation, and validation

¢ Liquid metal (LM) blankets present complex multi-physics challenges: e Strong magnetic fields

®*  Complex 3D geometries

®  Coupled thermal, structural,
and neutronic loads
[ ]

Need for scalable, high-fidelity MHD modeling integrated into engineering platforms
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Outline

Problem Set-up, Preparation and Meshing



Problem Set-up

Dear Andrei,

241" o
+—————— Inlet

As discussed, please find attached the outboard equatorial module of SCYLLA BB. 2.2] — Outlet
| also attach a picture showing the LiPb flow path. .
° Inlet temperature: 773.15 K
© Inlet flow rate: 80.46 kg/s N
° Tungsten volumetric heating: 31 MW/m3 16]
° Lithium Lead volumetric heating: 16.5119*exp(-0.0538*y) MW/m3, y incm -
®  Tungsten surface heat flux: 0.5 MW/m2
You should have all the data related to material properties. It would be interesting to see how the 2

results change using a thermal conductivity for SiCf/SiC in the range 10-20 W/m/K, and the i

usual comparison with 0T/4T magnetic field. We can discuss also other sensitivity analyses.

Let me know if you have any questions. 08

0.6]
Best regards, 0.4]
One attachment + Scanned by Gmail ® KFA Workshop_files > user_files 0.2 gr“a‘l’:;gf:/'
emergencies
0] =?W cooling Breeding zone
channel ch m
= 3 '6.5

Marme Date modified Type

B PACOMSOLreplic.. '— % P4COMSOLreplica 3/28/2025 1:49 PM SldWorks 2021 Application

A Khodak TAEA-DEFER  December 11, 2025



System Set-up

®* Many problems can be
coupled using drag and drop
in Workbench

CFX geometry can be
transferred directly to
structural and another fluids
problem

CFX mesh set-up can be
transferred to another CFX
problem

Temperature and pressure
distribution can be
transferred from CFX to
static structural set-up

®* Some couplings need to be
done manually

®  More infoin ANSYS
Workbench documentation
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Geometry Input and Preparation
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eometry Input and Preparation

Lid surfaces created

F: New Design Wall Conductivity 14E5 S per m - DesignModeler
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Fluid volume is created by Fill operation

This operation also ensures that there are no leaks
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Geometry Input and Preparation
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Meshing @ 10

Inflation on fluid domain is required for proper resolution of boundary layers
Box mode can be used to select all surfaces
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Meshing

Inflation on solid bodies to make sure there are several elements through the thickness
Box mode can be used to select all surfaces

B+ Context 6 : Copy of New Design Wall Conductivity 14E5 S per m - Meshing [CFD PrepPost, CFD Base, CFD PrepPost Pro] - o x
Home | Mesh  Display  Selection  Automation  Leamingand Support  Motion

D SCut X Delete Rjiamed Selection @ Images~ — [ E R Tags [iselection Information ;7 Report Preview HiManage~
) mft |=

B copy QFind 3 system (@ section Plane [Eosnow Errors i Unit Converter Edkey Assignments [user Defined~
Duplicat Generat Units Worksheet K Full
PN Bpaste taTreer | ™™ | D comment t [ Annotation nits Worksheet Ketame Manage views &' print Preview soiten (T Reset Layout
Outline: WMesh Insert Tools Layout
Outline ~40Ox QQ.@ B C-+ Q@& & @ Sde
Name

B Model (G3)
8] Geometry Imports
/' Geometry
By Part 2
%@ P4COMSOLreplca
@ PacOMSOLreplica

[

AT
ST 7

7

7,

I
17
7]

7~
7

Details o “Infilation” - Inflation ~4ox “‘\‘“&‘
e[ Score AN
Scoping Method Geometry Selection LR R
Geometry 1 Bady \
I Definition l‘ \
Suppressed [
Boundary Scoping Method | Geometry Selection
Boundary 43 Faces
Inflation Option First Layer Thickness
First Layer Height 16003 m
Maximum Layers 1
Growth Rate 12

Inflation Algorithm Pre

R R
AT
AKhodak IAEA-DEFER  December 11, 2025 L U AR R



Meshing

Sweep Meshing of Sweepable Geometry
Not necessary can be abandoned to make meshing automatic

Should be first meshing operation
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Meshing

Global Mesh Settings
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CFD analysis in PPPL

The analysis of many fusion applications such as first wall blankets requires
application of Computational Fluid Dynamics (CFD) methods.

Highly customized version of ANSYS CFX is used at PPPL for thermal analysis of
complex systems involving fluid flow and heat transfer in liquids and solids Virtual
Prototyping of Liquid Metal Blanket Performance

Mesh Near wall
Boundary layers

v 61
0.500 (m) A




3D Two Phase Flow CFD =

CFETR Pre-Superheated
Blanket was performed

using ANSYS CFX and
included: 3D coolant flow
analysis, external

volumetric and surface s

1.00
0.90

heating effect, and two-  Fo |

070 8

phase wall boiling. =
‘040 | “,

t‘éiﬁ in

\ Blanket coolant

vapor volume
fraction distribution.

Khodak, et al. FST (2017).72(4), 628—633.
https://doi.org/10.1080/15361055.2017.1350478
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3D CFD with Chemical Reactions in Porous Media

Conjugated heat transfer approach is applied to
calculate heat transfer in support structures as well
as coolant flow, simultaneously with the porous
medium steam flow in a blanket’s granular beds.

Velocity ri\ —
8.38e-003

6.28e-003
4.19e-003
- 2.09e-003

0.00e+000

A. Khodak, et al. (m 1)
IEEE Trans. Plasma ==
Sci, 46 (2018) 2332
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CFD

Lorentz Force

MHD

Electric Potential Formulation

Magnetic Induction Formulation
with Gauss law enforced

Magnetic Vector Potential Formulation
with gauge enforced

+1 PDE

+3 PDE
+4 PDE

+4 PDE
+5 PDE

Joule Heat

Maxwell-Faraday

— Equation

Ohm’s Law

«—— Ampere’s Law

Gauss Law



Square Duct Flow Non-Conducting Wall

Velocity

H 2.000e-001

1.500e-001
1.000e-001
' 5.000e-002

0.000e+000
[m s*-1]

Hartmann number

Ha = Bya,/o/pv

p = const
Flow rate
1 1 ap
Q= f dyf Vdx Fri const
-1 -1
_oox .Yy Vwar =0
X =— = E — —
ava B yaii = B ext
2(_9P — =0
“ < aZ) on wall
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Fully developed flow of conducting Fluid subject to uniform transverse magnetic field

Smolentsev et al. (2014) case A1

Current Density in from Ampere's Law Current Deni:\\’/vfrom Ohm's
Analytical Solution Magnetic CFX Magnetlc. CFX Ele.ctnc CFX Magnetic  |CFX Electric Size Ratio
) Vector Potential |Potential . ;
Induction ; . Vector Potential|Potential
Formulation Formulation Formulation Formulation Formulation
Modified Modified
Ha Shercliff [7] Equations Equations Equations Equations Equations Ril
(1,2,3,5,10) (1,2,3,15,18) (1,2,3,15,26) | (1,2,3,15,18) (1,2,3,15) NI NL| RL
./L‘ 0.0076799 0.0082639 0.0082697 0.0082172 0.0082166 100 100
-0.00010% -7.60437% -7.67989% -6.99629% -6.98848% 100 100
500 7.679892E-03
0.0076807 0.0076797 0.0076259 0.0076259 100 1000
-0.01052% 0.00251% 0.70304% 0.70304% 100 1000
0.00079031 100 100
-0.01236% 100 100
5000 7.902124E-04
0.00078897 0.00078996 0.0007733 0.0007733 100 10000
0.15722% 0.03194% 2.14023% 2.14023% 100 10000
0.000079689 0.0000815 400 10000
0.00616% -2.26628% 400 10000
50000 7.969391E-05
0.00007969 0.000080431 800 10000
0.00491% -0.92490% 800 10000

Analytical solution from Shercliff (1953) Proc. Camb Phi. Soc. 49, pp 136-144




Square Duct Flow with Conducting Walls

Two conducting walls perpendicular to the

magnetic field direction. Fully developed flow of conducting Fluid subject to uniform

transverse magnetic field
Smolentsev et al. (2014) case A2

—

Bex

Velocity T
' 5.164e-003 Current Density in from Ampere's Law current Denfltzltrom ohm's
. CFX Magnetic CFX Electric . .
3.8736-003 Analytical Solution Magnetic Vector Potential |Potential CFX Magnetic  |CFX Electric Size Ratio
Induction . . Vector Potential|Potential
Formulation Formulation Formulation Formulation Formulation
s Modified Modified
Equations Equations Equations Equations Equations RII
1 - H Hunt [8
I @ unt [8] (1,2,3510) | (1,2,3,1518) | (1,2,3,1526) | (1,2,3,1518) | (1,2,3,15) | NI NL| RL
0.000e+000 0.0014063 0.0082639 0.0082697 0.0082172 0.0082166 100 10000
A
LA -0.06751% -7.60437% -7.67989% -6.99629% -6.98848% 100 10000
500 1.405351E-03
./L‘ 0.0014063 0.0076807 0.0076797 0.0076259 0.0076259 200 10000
— — -0.06751% -0.01052% 0.00251% 0.70304% 0.70304% 200 10000
_ _ p = const 0.00079031 100 100
B wall — B ext -0.01236% 100 100
N ap 5000 1.907361E-05
vV — — = const 0.00078897 0.00078996 0.0007733 0.0007733 100 10000
wall — 0 a9z
0.15722% 0.03194% 2.14023% 2.14023% 100 10000
g wall conductance 2.7223E-07 2.677E-07 2.6761E-07 2.2170€-07 400 | 10000
R =0 c.., =0.01 -1.65899% 0.03265% 0.06626% 17.21046% 400 10000
w 50000 2.677874E-07
wall 2.6942E-07 2.68346E-07 2.68363E-07 2.4338E-07 800 10000
-0.60965% -0.20858% -0.21493% 9.11448% 800 10000

E PRINCETON
@ PPPL s Analytical solution from Hunt (1965) J. Fluid Mech. 21, pp 577-590




3D MHD Analysis Channel with Fringe Field

3D Square Duct flow with Change in External Field
Cross-section pressure drop and magnetic field
distribution along the square duct

Ha=2900, N=Ha?/Re=540, ¢,=0.07

AP=(Pp—P,)/(0aVB,,"™) By/(Bex™™ )
0.06 1

Velocity contours \

Analysis 0.9
0.05 - == AP 0.1c,, [ Y-

e AP 1.0c,, - 0.8
0.04 = AP - 0.7

— Bx/(Bextmax)_ 0.6

-—p

 ANSYS CFX adapted at PPPL for MHD

Experiment = 0.5

. .. e I £ A N Y B./(Bex™™) + 0.4
problems using a magnetic induction . AP
approach1 0.01 - - 0.3

 Modified code tested against benchmarks 0- NN 02
relevant for fusion applications’ 15 10 5 0 kﬁ 1001
-0.01 ; 0
%) PPPL i A. Khodak IEEE TPS 2017 o qtd e NAD. e, USSR, My 16,1658



DCLL blanket analysis mesh sen

Q¥ _Firstlayer thickness: 1e-3mm  / o
2 — dP7dV~D 86MPa/m 201

BZ =4 T wral — “R-E_R_xr _ e
Diameter 60 mm 0 -
Wall Thickness 4mm

Flow 10 kg/s
Analytical Solution S

dP/dy =0.85 MPa/m

Absolute Pressure
24

66 266
260 260
253 253
248 248
240 240
233 . . ~——_ 233
226 [y First layer thickness: 2e-3mm 226
220 - 220
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207 hn — T _ 207
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Khodak et al FED 2018

vity at the supply cha I

r :.‘_f_[rst layer thickness: 10e-3mm
~—__dP/dy=1.75MPa/m

y First layer thickness: 5e-3m Fﬁ\"“"“-xﬁ;
x'“'“*-d.E’H/_gy = 1.05MPa/m



Virtual Prototyping of

Liquid Metal Blanket Performance

® LM Blanket is a crucial element of the next step fusion device:

* harvesting energy from fusion reaction

* producing fuel for fusion reaction through tritium breeding

24

®  PPPL possesses unique expertise in modeling of liquid metal blankets, including transient,
electromagnetic, fluid, thermal and structural analysis, with three-dimensional nuclear loading

¢ Unique Features:

Neutronics code connection

Volumetric heat source el
imported from Attila.

PRINCETON
PLASMA PHYSICS
LABORATORY

—

| Inlet/Outlet Manifold

Absolute Pressure
8.

Two Fluid CFD analysis
He coolant pressure distribution

Khodak et al FED 2018

Conjugate Heat Transfer
Pressure distribution in Li17PB

Absolute Pressure | Inlet/Outlet Manifold l

3.023
H 2920
7

287

=)

Containers

o) Seos



PPPL 3D MHD CFD analysis of STAR blanket using ANSIS CFX

® 3D CFD MHD Analysis

Coupling with M3D-C1

Automatic mesh Generation

® Massive parallel processing analysis on NERSC

» Parallelization study was performed 10 Iteration/minute

using PPPL Stellar cluster e
» The queue time increases for higher

.- @

number of cores requested 1 . Number of Cores
+  Study continues with higher number R
of cores, using exponential licensing 50 e 500 5000
structure of ANSYS y = 0.0044x
0.1 R2? =0.9832

‘‘‘‘‘

+ Inboard

25000405
Wz

) ) - Radiation ' g,l:,?,f:{gl) glﬁgk&_{ag .
+ 30 magneic Surface OFD MHD | | uSYS OFX ® Turbulent He flow analysis
e mer . ANSYS Cooling - ANSYSCRXJE - Customized | ® MHD Li Pb flow analysis
. ADP system " Customised Lo He s * Conjugate Heat Transfer
: ::gcl):r)t(ed System Cooling System

system
i

00 (m)

A Khodak |IAEA-DEFER December 11, 2025 6; 25
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Virtual Prototyping System

Magnetic field
line trace from STEP 1

the blanket 0D System Code PROCESS

surf?ce startin.g 2D Equilibrium Optimization ISOVER
at midplane with |55 5y mmetric Set-up in MCNP

the equilibrium . .
used in HEAT 2D Axisymmetric Set-up for HEAT

|

Y

)\\\\‘ﬁ U R \‘“‘

STEP 2 ‘ l *
Surface Heating ANSYS Neutron Source
HEAT, ANSYS I from ISOLVER
— ANSYS Interpolated into
Customized MCNP:DPATBR | iglc ° o MCNP
CFX Volumetric Heating ructural Analysis
3D CFD MHD >
Stress Axisymmetric magnetic
= ) ) : Result field obtained using
Absolute pressure in He Volumetric ur?::r ISOLVER and PF and TF
coolant (left) and Li-Pb heating from Pressure coils geometry used for
(right) fluid zones of the MCNP imported Load 3D interpretation in

Out-Board blanket in CFX
k PRINCETON
9 )PPPL =

ANSYS

Khodak et al. FED 2023 https://doi.org/10.1016/j.fusengdes.2023.113692



Automatic Meshing Procedure

Inflation on fluid domain is
required for proper resolution
of boundary layers

Box mode can be used to
select all surfaces

30 layers
Defined by first layer
and Growth Rate

A\ | pSyegees PRINCETON
[ PLASMA PHYSICS
AAAAAAAAA JRY




Volumetric Heating Surface Heating

VHeat VHeat Wall Heat Flux Wall Heat Flux
31.00 31.00 0.50 0.50
27.91 Harm 045 045
24.82 | 2482 0.40 0.40
2172 21.72 035 035
18.63 18.63 0.30 0.30
1554 1554 0.25 0.25
12,45 12.45 0.20 0.20
9.35 9.35 0.15 0.15
626 6.26 010 010
317 317 0.05 0.05

0.00 0.00

[Mm:vj n‘:f-:!] MW ,:f_:ﬂ (MW m*-2] [MW m*-2]
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4.00

393 3.93
3.86 3.86
3.80 3.80
373 73
3.66 3.66
359 3.59
352 3.52
345 345
3.38 3.38
3.31 33

m

Magnetic Field

PRINCETOMN
PLASMA PHYSICS
LABORATORY

3D external magnetic field
Coupling with Magnetostatic analysis
Coil Center Separation 1250 mm

J—

v i P v Q

05 i SR w0
2 ’) Engineering Data v 2 Geometry v
3 Geometry v 3 @ Mesh v
- 4 [@ Model v 4 4 @ setp v
5 @ setup v 4 / 5 @ Soluton %
6 Q) Solution v 4 6§ @ Results v
7 @ Results - Copy of 4T



Velocity Streamlines

Veb:g 4:61
345 345 345
230 230 230
115 ' 115 1.15
, . |
[m s?\-?]) "" 'I‘:l m 52‘2? m s?-?lo
Electric | Magnetic
Potential || Induction No MHD
Model !Elf Model i 1 Turbulent
SiCf/SiC wall - SIiCf/SiC wall [} il Buoyancy
Laminar . Laminar | !
4.57 m/s A 4.61m/s 2.15m/s
W |



Temperature Distribution

Temperature

Temperature Temperature
1699.87 1699.87 1699.87
H 1579.88 ﬂ 1579.88 H 1579.88
1459.89 1459.89 t 1459.89
1339.90 1 f 1339.90 \ t 1339.90
121991 1 1219.91 \ 1219.91
1099.91 1 1099.91 1099.91
979.92 I'u 979.92 ‘\\ 979.92
859.93 { 859.93 | 859.93
739.94 " 739.94 ‘ 739.94
619.95 { 619.95 { 619.95
499,96 1 499.96 | 499.96
) | ) | ()
1 . ‘x
Electric . Magnetic " No MHD
. 1
Potential . Induction 'g
M Model . Turbulent
odel \

SiCf/SiC wall

- SiCf/SiC wall
Laminar

. Buoyancy
| Laminar
- Max T

1156.2 C
Max T

Max T
1270.42 C

1‘ 1046.78 C
|
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m——— © R ®
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Outline

* Problem Set-up, Preparation and Meshing
* CFD Modeling at PPPL

 MHD

* Virtual Prototyping System

*  Coupling

* Transient Flows
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Neutron Source Interpolation for Neutronics

Code MCNP
® Automatic spatial NS distribution A
transfer from ISOLVER to MCNP
® Connection to TRANSP can be achieved
in a similar manner
®* |IMAS interface connection can be used

AL B L TTTTITTT I
Limiter Boundary Boundary

sma Boundary
Zone Boundaries

Plasma Boundary
Zone Boundaries

2,

Z[m]
o

Z[m]
o

l | I 3D Magnetic Field

STEP 2
4t 4r
Surface Heating Geometry ANSYS Punw =7202 MW
HEAT, ANSYS ! Ny = 2.867X10%° 57
= N N L FTTTTTTTTY FATRERRRT] ATRRRITI INRRTOUNTL NI,
Customized ANSYS 2 3 4 5 6 2 3 4 5 6
ustomize MCNP: DPA,TBR . R [m] R [m] o .
CEX Vol ic Heati + Structural Analysis Relative intensity of
olumetric Heating R,Z grid and plasma Neutron power density neutrons born in MCNP
3D CFD MHD > . L .
> zone boundaries profile mapped onto the R,Z  model visualized by plotting
defined in iSOLVER grid for import into MCNP  neutron flux (E>13.99 MeV)

A Khodak ITAEA-DEFER  December 11, 2025 Linn et al_ SOFE 2023



Stellarator Blanket Analysis
3D Neutronics Heating Import

* Nuclear Analysis is completed
using MCN P62 3D St_ellaratt?r neutronics source
. Obtained using parastell
* Python scripts used to convert
MCNP output to importable
mesh tallies

* MCNP Cylindrical Mesh tally
was used to acquire the nuclear
heating

* Multiplication factor for heating
was calculated per unit volume
for a 2800MW plasma

- Neutronics$§
i Heating ;
| imported in ¢
| CFX

Neutronic
Heating from
MCNP

o &
£ PRINCETON 0.00901 sul 261
. m PLASMA PHYSICS

LABORATORY [



Stellarator Blanket Analysis
3D Magnetic Field

STEP=1 ——
SUT% =1 MER 6 2024
TIME=1 14:50:52 _ _
BSUM (BVG) ths7-coolant Magnetic Induction
RSYS=0 PLOT NO. ) 1.6
SMN =4.0255 10.6
SMK =11.3708 9.7
8.8
8.0
7.3
6.7
6.1
56
3 5.1
4.7
Q{ [T
z
@
x<—[
0 (m)
0.500 1.500
4.0255 5.6578 7.2901 8.92239 10.5547
4.84165 6.47395 8.10624 9.73854 11.3708 Magnetic Fleld
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Structural Analysis 3D Neutronic Swelling Model )

\
\
\\
STEP 1 18 A/
0D System Code PROCESS DP year
2D Equilibrium Optimization ISOVER 1 3 1
2D Axisymmetric Set-up in MCNP 135 dlStrlbutlon
2D Axisymmetric Set-up for HEAT .
n : using MCNP
STEP 2 ‘ l * d
Geometry 3D Magnetic Field code€ was
Surface Heating ANSYS
e ansts | .+ mapped to the
" —
Customized MCNP: DPATBR |y ':tNSYtS | Analvei model
CFX Volumetric Heating ructural Analysis o
3D CFD MHD

/ After 2 years of irradiation
A

Elastic strain<0.1% /
@°Pressure only (no

s;ue'lli)ng, no plastic Peak elastic strain 0.2% Peak plastic strain 0.11% Peak swelling strain 0.32% Peak Von Mises stress
strain

408MPa
Ansys| =
om S

» Neutronics Swelling and Hardening '
are introduced in ANSYS ADPL using i
User Defined Functions for Properties

« DPA values are imported from MCNP
H.Zhang et al. IEEE TPS 2024

’

After 2 years, close look (500x) at the strains of first wall shows

A Khodak IAEA-DEFER Decemb s . . P .
oaas ceembert, 2025 a complex strain-stress state which may initiate microcrack
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Natural Convection

Nu_ No Magnetic Field Ha=0 0.0167

at flux Hnrlmannlayer\b
N — T : Time =200[s]
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J8 e Y
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Experimental and Numerical Data Authie et al 2003
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Natural Convection with MHD ® 40

A
at flux Hartmann
. faye, Time =200 s ] Time =200(s]
T T —— +
BN + UEa i+ Velocity Temperature
% + b
s _ 5 0.0349 2.216+01
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Natural Convection with MHD O) 41

_
at flux Hartmann layer
* T 'KJ, + Time =200 [s] Time =200 (s
LN :: (i i Velocity Temperature
74
Kr\é B . £l Coeregin E‘i R0S2 2215
. % © x g . 0.029 2169
7?\)} + & |Velocity t+
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Natural Convection MHD Original Electric Potential Formulation @ 42
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PPPL Magnetic Induction Formulation in ANSYS CFX

Bz
. . . . . . . 1e-03
¢ Magnetic Induction MHD formulation was introduced in customized version of CFD code ©
¢ Transient MHD model was validated using analytical solution 5
¢ Customized code allows transient 3D MHD analysis in complex geometries
5e-04
CFD W = MHD B . - )
User Defined Sources 5+ V- (PV) =0 Magnetic Induction Equation Frininles: I\E/I;SS\;\;%IHFaraday 2e-04
apV - o o N L = . S5 o o i
——+ V- (pVV)=-Vp+V-(©)+pd+]%xB OB o (VxB) -7 x|l XE E4+VxB)=>= OnhmsL
ot ( ) Lorentz Force ot V x (V X B) V x o ( ) v m’s Law B
D7 (pVe,T) =V (AVT ) + 20V +h 4+ § Introduced using: PxB = Hjx%‘z_f/%mpere’s Law m
Joule Heat User defined scalars : Linear Ma ng{’ic Low Frequenc Time =0.1[s]
. . User defined transport equations 9 quency :
Valldatlon Gauss law enforced using additional V-B cleaning procedure

Analytical solution by Khodak (PAMIR 2024)
Problem proposed by Smolentsev (FED 2024)
Steady state insulated walls parallel to magnetic field 5% "0 £ 1501 102 1508 LE08 1S

Velocity and induced field profiles at Ha =50000
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o &= 0.1 Analytical 0.1 - = = = ¢=0.1CFDx1=0229
e o 0 CFD x1=0.229
A 3 ——— o= -
§| B, |dp - = = = c=0.1CFDx1=0.229 ¢ x=0
g [ae dz — — — = c=0CFDx1=0.229 == c=1CFDx1=0229

¢=1CFDx1=0.229

1 — 50 e ¢ = 0 Analytical
A i-——— o o7 el
—_ | _at N
‘“[ as—; W oo = « = c=0.1CFDx1=0.0626 001

¢ =0 Analytical

i
=l
B\E
AW
A
Perp

e ¢ = 1 Anlytical

e o+ e c=0.1CFDx1=0.0626

A Khodak IAEA-DEFER December 11, 2025

()

43




Outline

* Problem Set-up, Preparation and Meshing
* CFD Modeling at PPPL

e MHD
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Universal computational platform for simulation of
interacting solids, fluids, gases, and highly collisional plasma

3-phase transient analysis
®  Customized 3D CFD code from ANSYS

Unipolar act impact cavity development

MHD simulations for high Hartman numbers

¢ Self-Consistent model of atmospheric arc dischar

Electric current streamlines:

Arc
contraction

Cathode

H, emission

Arc
channel

Electric potential profile:

Middle plane plasma density profile: Vignitchuk, Khodak et al NME 2020 === =

Cathode T cathode spot plasma
. —o— Experiment ‘ ‘ heltflux density §, =0, - 7) molten metal jet
Non-unlfOI"m —&—Modeling e [,‘ =P -f(r A%
potential g 10 sl U T /\;@,ﬂ
distribution = R _
., along the g TN NSRS (SO
= 1 =
w ¢ cathode tip E
J. Chen, et al, Physics of Plasmas 2020 = '
PLASMA PHYSICS 4 2 0 2 4

LABORATORY

Radial coordinate, r [mm] 0,0 05 1,0 15 2,0 l 5



Coupled SOLPS 3D CFD MHD model

Heat and Species Flux profile from SOLPS
s00 Wall Temperature Distribution 1 §e22 D,/s, flow to CFR, low sputterin

Axis-symmetric analysis
Li velocity3.45 m/s

Electric Potential |
1.09e-02 |

2010 T [°C]

700

|

9.84e-03

8.78e-03

600
7.72e-03

/
667e03 /
/ 500

—— CFX Tin=400C
+ « ¢ » Tanalytical

- = TSOLPS[C]
—— CFX Tin=300C
« » » « Tanalytical

— — TSOLPS[C]
—— CFX Tin=200C
« » » « Tanalytical

- = TSOLPS[C]

20 R-Rsep [m]
-0.05 0.00 0.05 0.10
Temperature Distribution from CFX

LiInlet

Porous Wall
400

Lioutiet 300

Substrate
aso
= =5

* Computational Fluid Dynamics analysis using ANSYS CFX code

* Lithium channel with porous first wall
* Heat and Species Flux profile from SOLPS is imposed.

Khodak et al. IEEE TPS 2024
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_12] SOLPS with P
CPSF Analitical Model =

Boundary conditions —

zi-1/2 zi

ATy=a,dw/ky,

l F3 Porous Wall
Boundary Layer AT,=q,/0y
Ty

M »
Slab Flow AT.=q,/a.,

Substrate wall

Khodak et al. FED 2024



Liquid.Veloci
St?eamllne 1 b e
7.1948-01— I —

Supercritical boundary condition at the outlet.
T Gaspressureis imposed

1.734e-02 GalnSn Inlet at the bottom of the channel -\"""\,.,_l T
[m s~-1]

CFX Simulation GalnSn level is not imposé
both at the inlet at at the outlet

&

Free surface flow of

PRINCETOMN
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Validation of the free surface MHD codes

= Simulation 0.3T eus]eer Experiment 03T

— = Simulation 0.3T (withtout corner) ~ *++}++ Experiment 0.2T
= Simulation02T  — Simulation CFX 0.3T

40

Experiment Sun et al. NF 2023
OpenFoam simulations Jabir al Salami

-200 0 200 400 600 800
x[min] 47



Summary

High-field MHD capabilities were implemented in the ANSYS CFX code
and validated using a variety of steady-state and transient test cases.

The code forms the foundation of a Virtual Prototyping System for fusion
device components, enabling fully multi-physics modeling and coupling
with plasma-edge simulation tools.

This system has been successfully applied to the analysis and design
optimization of liquid-metal blankets.



	Slide 1: Integration of Customized MHD Modeling into a Digital Engineering Workflow for Advanced Liquid Metal Blankets  Presenter: Andrei Khodak  Collaborators:  Rajesh Maingi, Han Zhang Princeton Plasma Physics Laboratory  Colin Baus, Luigi Candido, Carl
	Slide 2: Motivation
	Slide 3: Outline
	Slide 4: Outline
	Slide 5: Problem Set-up
	Slide 6: System Set-up
	Slide 7: Geometry Input and Preparation
	Slide 8: Geometry Input and Preparation
	Slide 9: Geometry Input and Preparation
	Slide 10: Meshing
	Slide 11: Meshing
	Slide 12: Meshing
	Slide 13: Meshing
	Slide 14: Outline
	Slide 15: CFD analysis in PPPL
	Slide 16: 3D Two Phase Flow CFD
	Slide 17: 3D CFD with Chemical Reactions in Porous Media
	Slide 18: Outline
	Slide 19: MHD 
	Slide 20: Square Duct Flow Non-Conducting Wall
	Slide 21: Square Duct Flow with Conducting Walls
	Slide 22: 3D Square Duct flow with Change in External Field Cross-section pressure drop and magnetic field distribution along the square duct  Ha=2900, N=Ha2/Re=540, cw=0.07
	Slide 23: DCLL blanket analysis mesh sensitivity at the supply channel 
	Slide 24: Virtual Prototyping of  Liquid Metal Blanket Performance 
	Slide 25
	Slide 26: Outline
	Slide 27: Virtual Prototyping System
	Slide 28: Automatic Meshing Procedure 
	Slide 29: Volumetric Heating
	Slide 30: Magnetic Field
	Slide 31: Velocity Streamlines
	Slide 32: Temperature Distribution
	Slide 33: Outline
	Slide 34: Neutron Source Interpolation for Neutronics Code MCNP
	Slide 35: Stellarator Blanket Analysis 3D Neutronics Heating Import
	Slide 36: Stellarator Blanket Analysis 3D Magnetic Field
	Slide 37: Structural Analysis 3D Neutronic Swelling Model
	Slide 38: Outline
	Slide 39: Natural Convection
	Slide 40: Natural Convection with MHD
	Slide 41: Natural Convection with MHD
	Slide 42: Natural Convection MHD Original Electric Potential Formulation
	Slide 43: PPPL Magnetic Induction Formulation in ANSYS CFX
	Slide 44: Outline
	Slide 45: Universal computational platform for simulation of  interacting solids, fluids, gases, and highly collisional plasma
	Slide 46: Coupled SOLPS 3D CFD MHD model
	Slide 47: Validation of the free surface MHD codes
	Slide 48: High-field MHD capabilities were implemented in the ANSYS CFX code and validated using a variety of steady-state and transient test cases.  The code forms the foundation of a Virtual Prototyping System for fusion device components, enabling full

