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How’d I get here? 

Summer REU (NSF CREATE)

Undergrad Research Summer Intern Summer Intern

Visiting Researcher Grad Intern
Grad Intern

CFD Engineer Nuclear Thermal 
Fluids Engineer
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What am I doing in the Fusion Community?

FS&T Associate 
Editor (2022-Present)

ITER Workshop 
Participant and Report
Writing Support (2022)

Liquid Immersion Fusion 
Blanket Senior Design Team!

https://drive.google.com/file/d/1YHiuJDRAvI079ZIX9AUPxvBGsRZ7k413/view
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Outline
• First Wall Components within Fusion Devices
• System Level Viewpoint
• Power Conversion Thermodynamic Cycles
• Component Level Heat Removal Mechanisms
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First Wall Components within Fusion Devices

1ITER Organization, 2021, https://www.iter.org/

ITER1

T. Hirai et al. / Fusion Engineering and Design 88 (2013) 1798– 1801 1799

Fig. 1. Main components of ITER tungsten divertor. See [4] for a detailed description.

design phase. In parallel with the design development activity
being conducted at the IO, R&D activities, namely, technology vali-
dation and development for the full-W divertor is in progress by
the Japanese and European Domestic Agencies (JADA and EUDA).
The results from DAs’ R&D will be progressively fed back to the final
design of the full-W divertor.

The pre-detailed design phase was completed by providing a
design for the purposes of cost estimation by DAs and their sup-
pliers. It is being used as input for the neutronic and structural
and stress analysis. The preliminary design phase aims finaliza-
tions of the design of the structural component parts of the divertor
assembly. The final design phase aims to deliver the design and
2D drawings of the structural and plasma-facing part (plasma-
facing units, PFUs) in accordance with the results from DAs’ R&D
for technology development and validation. This final design phase
is expected to be completed before the final decision expected in
late 2013.

To minimize the impact on the interfaces with the surrounding
components and the impact on the running procurement arrange-
ments (PAs), the following design decisions have been made (see
Fig. 1 for an illustration of the main divertor components):

• Single poloidal coolant tube per PFU to limit impact on the cas-
sette body (CB) design, diagnostics procurement, assembly plan
and other interfaces (for example, the option to split the vertical
targets into two separate poloidal components was  discarded).

• Dome design is unchanged provided neutronics analysis confirms
this to be appropriate.

• Material specifications are unchanged except (a) exchange of CFC
by W and (b) updated radioprotection requirements.

• Tolerances at plasma-facing surfaces are unchanged.
• Monoblock concept is unchanged.
• Concept of PFU attachment to the steel support structure is

unchanged.

3. Heat load specification for the ITER tungsten divertor

One of the most important inputs for the plasma-facing surface
design is the specification of heat loads at the divertor surfaces.
These heat load specifications are used as the primary input for
the definition of the qualification program, for design activities, for
supporting analysis and for 3D heat load distribution analysis.

A detailed physics-based heat load specification has been estab-
lished for the W divertor [2]. Loads have been provided using
simple, 0D energy balance arguments, in combination with the
most up to date simulations possible at this time (e.g. from DINA
code and the plasma boundary code suite SOLPS code) for steady
state peak heat loads, slow transients, major disruptions and ver-
tical displacement events (VDEs). The data include parallel power
flux or energy densities, power widths, timescales and estimated
event numbers (e.g. disruptions, VDEs, pulse numbers) throughout
the different operational phases, from non-active (H/He) cam-
paigns, through to DD and DT operation. In addition, for steady state
and slow transients, the incident heat flux density, qinc (MW/m2)
is defined at the divertor strike-points (10 MW/m2 steady state,
20 MW/m2 slow transient) for use as input to the tungsten divertor
qualification program. For the purposes of supporting analysis,
reconstructed worst case load profiles are also defined along the
inner vertical target (IVT) – dome – outer vertical target (OVT)
poloidal profiles including contributions from photonic radiation
and charge-exchange fluxes.

4. Status of the design

4.1. Divertor vertical targets

The vertical targets are subject to the most intense stationary
heat loads and so high heat removal efficiency is a key require-
ment. A thin armour thickness is therefore favourable, although
larger armour thickness is advantageous in terms of the erosion
lifetime. In the present design, 8 mm  has been selected, though
the final choice will be determined on the basis of armour lifetime
estimation and technological feasibility according to DAs’ R&D.

Unlike the case of carbon, which does not melt, any leading
edges in a W divertor are likely to suffer melting under heavy
disruptive or edge localized mode (ELM) transients on ITER. Such
localized melting can pose a significant risk to subsequent plasma
operation if the damaged areas are subject to high steady heat
fluxes. It is thus mandatory to arrange for edge protection in all
HHF areas. To accommodate this requirement, fish scaling will be
adopted on the monoblock surfaces and at present is restricted
to a simple, 2D toroidal chamfer with 0.5 mm radial depth. The
value of 0.5 mm ensures full protection of toroidal leading edges
for the maximum local tolerance at the PFC surfaces (maximum
toroidal step of 0.3 mm from monoblock to monoblock), whilst

ITER Plasma Facing Component1
Divertor (Up to 20 MW/m2)
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First Wall Components within Fusion Devices

1ITER Organization, 2021, https://www.iter.org/

ITER1 ITER Blanket1
(~4.5 MW/m2)
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Dual Cooled Lead Lithium Concept 

1S. Smolentsev, Fluids 2021, 6(3), 110; https://doi.org/10.3390/fluids6030110

Schematic of the DCLL with PbLi and Helium 1st wall cooling1

https://doi.org/10.3390/fluids6030110
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Liquid Immersion Blanket Concept (ARC)

1S. Ferry, 2023, https://suli.pppl.gov/2023/course/SULI%202023%20presentation.pdf

ARC Overview1

2https://news.mit.edu/2018/nas-
report-right-path-fusion-energy-1221
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• Cooling of components to prevent degradation and damage
• Why use fusion devices at all?

– Power generation

Why Heat Removal? (System Level)

Power Generation Schematic for a 
Fusion Device - MIT Plasma Science 

and Fusion Center (PSFC)1

1https://news.mit.edu/2018/nas-report-right-path-fusion-energy-1221
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• Based on a Rankine power cycle that is built upon centuries of 
experience in the power industry

System Level – Power Cycles

Power Generation Schematic for a 
Fusion Device - MIT Plasma Science 

and Fusion Center (PSFC)1

1https://news.mit.edu/2018/nas-report-right-path-fusion-energy-1221
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• Regardless of heat source, most power generation results in the same 
thing, boiling water to spin a turbine that causes a generator to create 
electricity.

System Level – Power Cycles

Power Generation Schematic for a 
Fusion Device - MIT Plasma Science 

and Fusion Center (PSFC)1

1https://news.mit.edu/2018/nas-report-right-path-fusion-energy-1221
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• There are two common forms of power cycles that could be used:
– Rankine (Liquid - water based)
– Brayton (Gas – helium or others based)

System Level – Power Cycles

1https://energyeducation.ca/encyclopedia/Rankine_cycle
2https://energyeducation.ca/encyclopedia/Brayton_cycle

Brayton Cycle
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• Both cycles can be made more 
complex with reheating, regeneration, 
multiple stages, to maximize the 
amount of useful energy out vs. heat 
in

• In this case, the TH or TC are the 
hottest and coldest reservoir 
temperatures.  

System Level – Power Cycles

1https://energyeducation.ca/encyclopedia/Rankine_cycle

𝜂 =
𝑊𝑜𝑟𝑘 𝑂𝑢𝑡
𝐻𝑒𝑎𝑡 𝐼𝑛

=
𝑊
𝑄!

=
𝑄! − 𝑄"
𝑄!

or =
𝑇! − 𝑇"
𝑇!
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• Both cycles can be made more 
complex with reheating, regeneration, 
multiple stages, to maximize the 
amount of useful energy out vs. heat 
in

• We have a few options, lower our final 
heat sink temperature, raise our 
operating temperature, but never can 
reach ideal efficiencies.

System Level – Power Cycles

1https://energyeducation.ca/encyclopedia/Rankine_cycle

𝜂 =
𝑊𝑜𝑟𝑘 𝑂𝑢𝑡
𝐻𝑒𝑎𝑡 𝐼𝑛

=
𝑊
𝑄!

=
𝑄! − 𝑄"
𝑄!

or =
𝑇! − 𝑇"
𝑇!



16

• A critical aspect of heat 
removal is ensuring we 
understand the heat transfer 
mechanisms that control our 
power cycle capabilities, 
material temperature limits, 
and instrumentation/control 
schemes.

System Level – Heat Removal

1ITER Organization, 2021, https://www.iter.org/

ITER Blanket1
(~4.5 MW/m2)
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• Heat Transfer occurs whenever there is a temperature difference 
between two objects

Heat Transfer Mechanisms
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• Heat Transfer occurs in:
– Solids – Gases – Fluids – Plasmas - Others?
– As a continuum (not individual particles) 

Heat Transfer Mechanisms

Very General Conservation of Energy Equation

𝜌
𝐷ℎ
𝐷𝑡

= ∇ ' 𝑘∇𝑇 + �̇�!!! +
𝐷𝑃
𝐷𝑡

+ 𝜇Φ

Enthalpy Formulation

𝜌𝑐!
𝐷𝑇
𝐷𝑡 = ∇ ) 𝑘∇𝑇 + �̇�""" + 𝛽𝑇

𝐷𝑃
𝐷𝑡 + 𝜇Φ

Temperature Formulation
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• Heat Conduction (Conductive Heat Transfer)+
– Can occur within an object and between objects in contact
– Described using diffusion operator (∇𝑘∇𝑇) in the energy equation

Heat Transfer Mechanisms
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• Heat Convection (Convective Heat Transfer)
– Involves a fluid (liquid or gas) that is moving due to mechanical or buoyant 

forces
– Described using the advective operator (𝑉 % ∇𝑇 or 𝑉 % ∇ℎ )

Heat Transfer Mechanisms
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• Heat Convection (Convective Heat Transfer)
– Two forms (Free/Natural and Forced Convection)

Heat Transfer Mechanisms

�̇�#$%&. = 𝐻𝑇𝐶 𝑇()** − 𝑇+,*- 𝑆𝐴

𝐻𝑇𝐶 =
𝑘𝑁𝑢
𝐷#

𝑆𝐴 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑚.)

𝑇()** −𝑊𝑎𝑙𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (°𝐶)
𝑇+,*- − 𝐵𝑢𝑙𝑘 𝐹𝑙𝑢𝑖𝑑 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (°𝐶)

𝐻𝑇𝐶 − 𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡

𝑁𝑢 − 𝑁𝑜𝑛𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙
𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑟

𝑁𝑢𝑠𝑠𝑒𝑙𝑡 𝑁𝑢𝑚𝑏𝑒𝑟
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• Heat Convection (Convective Heat Transfer)
– Two forms (Free/Natural and Forced Convection)

Heat Transfer Mechanisms

�̇�#$%&. = 𝐻𝑇𝐶 𝑇()** − 𝑇/ 𝑆𝐴

𝐻𝑇𝐶 =
𝑘𝑁𝑢
𝐿0

𝑆𝐴 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑚.)

𝑇()** −𝑊𝑎𝑙𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (°𝐶)
𝑇/ − 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (°𝐶)

𝐻𝑇𝐶 − 𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡

𝑁𝑢 − 𝑁𝑜𝑛𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙
𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑟

𝑁𝑢𝑠𝑠𝑒𝑙𝑡 𝑁𝑢𝑚𝑏𝑒𝑟
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• Heat Radiation (Irradiative Heat Transfer)

Heat Transfer Mechanisms

�̇�1)2 = 𝜀𝜎 𝑇3$45 − 𝑇0$*25 𝑆𝐴

𝜀 − 𝐸𝑚𝑖𝑠𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (−)

𝜎 − 𝑆𝑡𝑒𝑓𝑎𝑛 − 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛
𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

− 5.6703𝑥1067
𝑊

𝑚. − 𝐾5

𝑇3$4 − 𝐻𝑜𝑡𝑡𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝐾)
𝑇0$*2 − 𝐶𝑜𝑙𝑑𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝐾)
𝑆𝐴 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑚.)
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We take advantage of surrogate fluids for molten salts, liquid metals, and 
gases to do scaled heat transfer and fluid dynamics experiments. 

Scaling and Similitude for Fusion Device Design

𝑅𝑒 =
𝜌𝑢𝐷!
𝜇Pr =

𝜇𝑐"
𝑘

Relevant scaling parameters/non-
dimensional numbers:

Desired Heat Transfer/Fluid 
Dynamics Design Information:

𝐻𝑇𝐶 = 𝑓 (𝑅𝑒, 𝑃𝑟, 𝐺𝑒𝑜𝑚,𝐵𝐶𝑠)

𝑑𝑃 = 𝑓(𝑅𝑒, 𝐺𝑒𝑜𝑚)

Cabral, A., et al., “Identification of Surrogate Fluids for Molten Salt Coolants used in Energy Systems Applications including Concentrated Solar and Nuclear Power Plants,” Int. 
J. Energy Res., Vol. 46(3), pp. 3554-3571, 2022
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Similitude of Heat Transfer
Fluorides:

Chlorides:

Nitrates:

Cabral, A., et al., “Identification of Surrogate Fluids for Molten Salt Coolants used in Energy Systems Applications including Concentrated Solar and Nuclear Power Plants,” Int. J. Energy Res., Vol. 46(3), pp. 3554-3571, 2022

𝑅𝑒 =
𝜌𝑢𝐷!
𝜇

Pr =
𝜇𝑐"
𝑘

𝐻𝑇𝐶 = 𝑓 (𝑅𝑒, 𝑃𝑟, 𝐺𝑒𝑜𝑚,𝐵𝐶𝑠)



26

Different forms of heat transfer enhancements exists:
• Swirl flow inserts
• Internal fins
• Rifling/grooves
• Others

Performance quantified by the
Thermal Performance Factor

𝑇. 𝑃. 𝐹. = η =

𝑁𝑢
𝑁𝑢;
𝑓
𝑓<

=/?

Types of Heat Transfer Enhancements



Computational Fluid Dynamics

Tutwiler, S., Shaver, D., Carasik, L. B., “Determination of Aspect Ratio Influence on Flow and Heat Transfer Behavior in Twisted Elliptical Tubes for Molten Salt Applications,” Adv. In Thermal Hydraulics, 2022

Data Reduction 
(Triangles are 
Simulations)



Experimental Fluid Dynamics

Wiggins, C., et al., “Noninvasive interrogation of local flow phenomena in twisted tape swirled flow via positron emission particle tracking (PEPT),” Nuc. Eng. Des., Vol. 387, pp. 1116012022, 2022.

Particle tracking within 
pebble bed fusion 
device geometries
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Thanks to Dr. Arturo Dominguez, PFURO, DOE 
FES, US DOE Office of Science, and more for 

this opportunity!
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Heat Transfer Lectures:
https://www.youtube.com/playlist?list=PLZOZfX_TaWAHZOgn8CRjpqRElp5Dd-GaY

Fluid Mechanics Lectures:
https://www.youtube.com/watch?v=clVwKynHpB0&list=PLZOZfX_TaWAGocs2k5QmTL44OKOl7r

n34&ab_channel=CPPMechEngTutorials
https://www.youtube.com/watch?v=PXjZ7xEAqsU&list=PLZOZfX_TaWAH0baRhA8OosWVbEsJK

5sPe&ab_channel=CPPMechEngTutorials
https://www.youtube.com/watch?v=kxhTMc8tyEo&list=PLZOZfX_TaWAE7uM59dIBr-

rH73WTJCcp_&ab_channel=CPPMechEngTutorials

Additional Resources

https://www.youtube.com/playlist?list=PLZOZfX_TaWAHZOgn8CRjpqRElp5Dd-GaY
https://www.youtube.com/watch?v=clVwKynHpB0&list=PLZOZfX_TaWAGocs2k5QmTL44OKOl7rn34&ab_channel=CPPMechEngTutorials
https://www.youtube.com/watch?v=clVwKynHpB0&list=PLZOZfX_TaWAGocs2k5QmTL44OKOl7rn34&ab_channel=CPPMechEngTutorials
https://www.youtube.com/watch?v=PXjZ7xEAqsU&list=PLZOZfX_TaWAH0baRhA8OosWVbEsJK5sPe&ab_channel=CPPMechEngTutorials
https://www.youtube.com/watch?v=PXjZ7xEAqsU&list=PLZOZfX_TaWAH0baRhA8OosWVbEsJK5sPe&ab_channel=CPPMechEngTutorials
https://www.youtube.com/watch?v=kxhTMc8tyEo&list=PLZOZfX_TaWAE7uM59dIBr-rH73WTJCcp_&ab_channel=CPPMechEngTutorials
https://www.youtube.com/watch?v=kxhTMc8tyEo&list=PLZOZfX_TaWAE7uM59dIBr-rH73WTJCcp_&ab_channel=CPPMechEngTutorials

