
Citation: Beaufait, R.; Fischer, L.

Blanket Cooling of a Fusion Reactor.

Energies 2023, 16, 1890. https://

doi.org/10.3390/en16041890

Academic Editors: Jan Danielewicz

and Krzysztof Rajski

Received: 13 January 2023

Revised: 1 February 2023

Accepted: 10 February 2023

Published: 14 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Blanket Cooling of a Fusion Reactor
Robert Beaufait * and Ludger Fischer

Competence Center for Thermal Energy Storage (CCTES), Lucerne University of Applied Sciences and Arts,
Technikumstrasse 21, 6048 Horw, Switzerland
* Correspondence: robertpeter.beaufait@hslu.ch

Abstract: Nuclear fusion is the gateway to a whole new paradigm of energy and is a strong candidate
for the decarbonization of electricity generation on a global scale. With recent developments in
high-temperature super-conducting magnets, the race is on to develop sub-systems which will
support a commercially viable fusion reactor for use as a thermal power plant. The fusion of lighter
elements creates an enormous amount of heat which must be transferred away from the reactor core.
These intense conditions require novel approaches to efficiently transfer very high heat loads into
useable thermal energy without compromising the structural integrity of the reactor core and the
surrounding components. This report outlines the concept of a fundamental approach to solve the
heat transfer problem as proposed by Commonwealth Fusion System’s design for a fusion reactor. A
literature review was conducted for other applications that could serve as inspirations, as well as
material properties and machining methods for the proposed power exhaust system. A dive into the
theoretical thermodynamic and fluid dynamic characteristics of plate heat exchangers and finned
surfaces was conducted from a fundamental perspective. A laminar flow regime was studied for the
purpose of setting the floor for energy needed to pump coolant while simultaneously representing
the least favorable heat transfer regime between a solid surface and a fluid. The results served as a
basis for dimensioning and executing numerical simulations as a means for a first look into a solution
of this heat transfer problem. The results were compared with the theoretical conclusions and judged
based on constraints of the system. Recommendations were made for the continued development of
a corresponding system.

Keywords: vacuum vessel cooling; high-power heat transfer; blanket cooling; fusion energy

1. Introduction

Energy from the nuclear fusion of two lighter elements represents the next paradigm
in energy generation. It represents the most common type of observable reaction in the
universe, the enormous amount of energy released by stars, and the incredible potential
it could provide to humanity [1–3]. These intense reactions create extremely high specific
heat fluxes. The Competency Center Thermal Energy Storage (CCTES) is conducting a
study based on principle ideas created by Commonwealth Fusion Systems (CFS) to develop
a concept for a part of the power exhaust system (PEXS) necessary for the removal of heat
from a fusion reactor core. In a former CFS publication, the basic engineering principles for
a blanket cooling system within an affordable compact robust (ARC) reactor were described.
However, a design proposal for heat exchange surfaces and heat transfer fluid has not
been published yet [4]. A reactor core consists of fusion fuels reacting in a magnetically
confined vacuum vessel, requiring cooling. Vacuum vessel heat flux density reaches a
peak of 12 MW/m2, which needs to be removed via FLiBe (Fluoride–Lithium–Beryllium)
molten (liquid) salt to maintain material integrity. The intention of this work is to suggest
and examine one potential solution approach: a novel design proposal for removing high-
end vacuum vessel heat fluxes using a FLiBe molten salt heat transfer fluid. The design
proposal is based on data from CFS and former research work at CCTES. The design
proposal includes the incorporation of manufacturing possibilities and a general design to
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keep the inner (thin) shell mechanically stable, to allow for high heat transfer coefficients
by forced convection (or even free convection), and for mass transfer exchange with the
molten salt reservoir (for the transport of the heat to the bulk FLiBe tank). A general layout
of the design is developed, general assumptions of the required flow rates of FLiBe and
a possible way to evenly distribute this over all 300 m2 of the blanket surface are shown,
the blanket surface is structured with a grid consisting of fins, and a detailed numerical
calculation of the local heat transfer under such conditions is executed. Starting with a
parameter study of the influence channel dimensions and fin width, the general feasibility
in terms of heat transfer and pressure drop for FLiBe and laminar flow is examined.

2. Materials, Theory, and Methods
2.1. Materials

Three main materials are needed to construct a heat exchanger or PEXS. Tungsten (W,
Wolfram) is the proposed material for the plasma-facing surface responsible for transferring
heat to the molten FLiBe salt in the ARC reactor design. It has a high melting temperature
of 3400 ◦C, low vapor pressure, and high tensile strength [5,6]. Tungsten is the material
of choice in several divertor designs, including an ITER (International Thermonuclear
Experimental Reactor), for its high thermal conductivity (kW ~175 W/(m·K)), high temper-
ature operating range (~1500 K), and resistance to plasma erosion [4,7,8]. It is proposed to
use a plasma-facing layer that is as thin as possible to minimize thermal resistance while
maintaining structural integrity during the operating life cycle.

Above the Tungsten layer is the fluid responsible for capturing and removing heat from
the plasma-facing surface. The fluid proposed by the CFS paper [4] is FLiBe (LiF—BeF2;
66 mol%, 34 mol%). FLiBe has several engineering advantages for use as a coolant in a
magnetically confined plasma fusion reactor. It exhibits a favorable operating temperature
range between 800 and 875 K, performs well as a radiation shield, and has favorable
flow characteristics [9–11]. For the proposed FLiBe operating temperature (800~875 K),
the dynamic viscosity of FLiBe is approximately 10 times higher than water at room
temperature (293 K). Table 1 outlines the recommended values for FLiBe over a liquid
temperature range between melting (732 K) and boiling (1703 K) points.

Table 1. Material properties of FLiBe.

Parameter Correlation Units Uncertainty

density [12] ρ = 2413–0.488 · T[K] kg/m3 2%
heat capacity [13] Cp = 2386 J/(kg·K) 3%
dynamic viscosity [12] µ = 0.116 · e(3755/T[K]) mPa·s 20%
thermal conductivity [13] k = 1.1 W/(m·K) 10%

The design proposed in this paper was a super-structure of Inconel 718 tasked with
distributing FLiBe to the tungsten layer and providing structural support to the “cool” side
of the PEXS. It operates at a lower temperature than plasma-facing surfaces and provides
a structural level of support to the inner tungsten layer. Inconel was chosen for its high
melting temperature (~1480–1610 K), very high yield and tensile strength, and excellent
weldability with itself and tungsten [14–16]. Figure 1 below illustrates the conceptual
design of the channeled tungsten plasma-facing surface (orange in the back) attached to a
second set of Inconel 718 channels (dark gray). FLiBe capillary channels are shown over
the top of the entire construction.
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2.2. Theory

A full understanding of heat transfer and the effects of material extended away from
a surface is requisite to properly evaluating designs which best conform to boundary
conditions. Table 2 below shows the boundary conditions of the PEXS which must not be
exceeded. This set of boundary conditions is considered nominal operating conditions, as
outlined by CFS.

Table 2. Boundary conditions of vacuum vessel cooler [4].

Boundary Condition Value Quantity

max heat flux density ~12 MW/m2 .
Q/A

Tmax tungsten 1500 K Tplasma
∆Tmax FLiBe ~75 K (Tout − Tin)

2.2.1. Heat Transfer

Heat from the inner core to the tungsten shell is transferred mainly by radiation.
The following theory assumes the maximum tungsten temperature will be maintained by
an equilibrium of radiation from the core to tungsten and convective heat transfer from
tungsten to FLiBe. The boundary conditions were conceptualized in terms of heat transfer
using the general theory for plate heat exchangers. Figure 2 below qualitatively shows
the evolution of the FLiBe temperature as it passes through the tungsten structure. It is
governed by the following equation:

.
Q =

.
m · Cp · (Tout − Tin) = h · A · ∆Tlm (1)

.
Q is the heat flux in watts,

.
m is the FLiBe mass flow in kg/s, Cp is the specific heat

capacity J/(kg·K), h is the overall heat transfer coefficient W/(m2·K), and A is the area of
the plasma-facing surface. ∆Tlm is the logarithmic mean temperature difference (LMTD)
between the heat source and heat sink. It is defined in Equation (2) below and accounts for
a non-uniform temperature difference along the path of the fluid. Tplasma is the temperature
of the tungsten shell on the inner plasma-facing side.
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∆Tlm =

(
Tplasma − Tin

)
−
(

Tplasma − Tout

)
ln (Tplasma−Tin)

(Tplasma−Tout)

[K] (2)

Equation (1) can be rearranged to give us the minimum required heat transfer co-
efficient (hmin) and minimum area-specific FLiBe mass flow

( .
mmin/A

)
, as shown in

Equations (3) and (4), respectively.

hmin =

.
Q
A
· 1

∆Tlm

[
W/

(
m2 ·K

)]
(3)

.
mmin

A
=

.
Q
A
· 1

Cp · (Tout − Tin)

[
kg/

(
m2 · s

)]
(4)

Using Equations (2)–(4), and the boundary conditions in Table 2, a ∆Tlm ~660 K,
hmin ~18 kW/(m2·K), and a

.
mmin/A of ~68 kg/(m2·s) were found. These calculated quan-

tities represent the heat flow characteristics to remain within the boundary conditions set
forth by the ARC reactor design. Figure 3 below shows the proposed ARC reactor operating
point in terms of fluid temperature change, LMTD, and hmin. This helps to maximize the
thermal driving force, keep plasma facing surfaces cooler than the maximum temperatures
allowed, and minimize asymmetric thermal stresses across the tungsten elements.
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.
mmin/A.

The minimum required overall heat transfer coefficient (hmin) is a function of tungsten
thickness (δW) and the minimum average heat transfer coefficient for the fluid surface
(αmin). Equation (5) below defines αmin in terms of these new quantities and is plotted
against tungsten layer thickness in Figure 4.
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1
αmin

=
1

hmin
− δW

kW

[(
m2 ·K

)
W

]
(5)
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2.2.2. Area Ratio

Geometric features added to a surface increase the surface area and direct fluid flow
in an advantageous manner. These geometric features take the form of extended elements,
“fins”, which extend away from the plate. The additional area is an advantage as the
required αmin decreases as the total area of the finned surface

(
A f in

)
increases relative to

the flat plate area
(

Aplasma

)
. The area ratio (Ar) is defined as A f in/Aplasma and can be used

to adjust the required αmin as a guide for design. Figure 5 below shows the general concept
of increasing the area of a surface with a rectangular fin relative to a non-finned surface.
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Figure 6 below shows the change in αmin with an increasing area ratio (Ar). Theoretical
thermal performance was analyzed to calculate the effects of different thicknesses of
tungsten for the vacuum vessel. It was found that by reducing the thickness of the tungsten
to 2 mm and increasing the area ratio significantly reduced αmin. Figure 6 below shows the
effect of reducing the thickness of the tungsten layer and increasing the area ratio using
Equation (5).
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The higher the area ratio, the better the chance a design has at successfully meeting the
task of transferring the required amount of heat. However, there are limiting factors which
constrain the geometry of the fluid surface to a range which is achievable. The assessment
of the proposed design used a tungsten plate of 2 mm in thickness and an area ratio >2.
This represented the minimum vacuum vessel wall thickness and a minimum in thermal
resistance to test the thermal performance of the design concept. A thermodynamic design
point of an αmin ~12,000 [W/(m2·K)] was considered in the scope of this study as it is typical
of forced convection for non-metallic, single-phase liquids [17].

2.2.3. Fin and Surface Efficiency

The use of fins on a surface constitutes the use of more material above the plate
itself. The added material incurs thermal resistance to heat flow and thus factors in when
determining optimal fin geometry. The use of very long fins is not required to reach the
optimal heat transfer rate [18]. Fin efficiency

(
η f in

)
is a term which describes the ability to

transfer the heat of a flat surface or a tube with fins relative to the same surface without fins.
It is the ratio of the average temperature difference between the end of geometry extending
away from the base and the fluid to the average temperature difference between the base
of the surface and the fluid [17]. Equation (6) below summarizes this definition.

η f in =
T f in − T f luid

Tbase − T f luid
; 0 ≤ η f in ≤ 1 (6)

The efficiency of the fins can be further expanded into an overall surface efficiency
ηo. The overall performance of a finned plate is a function of the fin efficiency

(
η f in

)
, the

number of fins (N), the area of each fin
(

A f

)
, the total area of the finned plate (At), and

η f in. Equation (7) below is the overall efficiency of a finned plate flat plate.

ηo = 1−
NA f

At

(
1− η f in

)
(7)

The surface efficiency of rectangular fins is plotted below in Figure 7 for an area of
1 m2 against Ar, fin thickness (th), fin length (L), and a channel width of 1 mm.

The primary purpose of optimizing fin geometry is to maximize thermal performance
using the least amount of material, while the secondary purpose is to promote the mixing
of cool fluid down to the surface of the finned structure. Rectangular fins were chosen as
the best solution, as their shape allows for the optimal addition of surface area with vertical
walls. The five other finned surfaces considered (rectangular pins, triangular/parabolic
fins, and pins) exhibited poorer overall fin efficiencies with the same area ratios.



Energies 2023, 16, 1890 7 of 16Energies 2023, 16, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 7. Surface efficiency of rectangular fins on a flat plate. 

The primary purpose of optimizing fin geometry is to maximize thermal perfor-
mance using the least amount of material, while the secondary purpose is to promote the 
mixing of cool fluid down to the surface of the finned structure. Rectangular fins were 
chosen as the best solution, as their shape allows for the optimal addition of surface area 
with vertical walls. The five other finned surfaces considered (rectangular pins, triangu-
lar/parabolic fins, and pins) exhibited poorer overall fin efficiencies with the same area 
ratios.  

The fluid surface geometry is of critical importance to design a structure capable of 
handling the proposed high heat flux density of the ARC divertor leg. An increased area 
ratio was achieved by extending material away from the plate surface in the form of rec-
tangular fins, as shown in Figures 5 and 7. A logical starting point for analysis was using 
a narrow fin thickness (1 mm), narrow fluid channels (1 mm), and tall fins. Table 3 below 
shows the dimensions and their corresponding overall fin efficiencies, area ratios, and 
hydraulic diameters 𝑑 ). 

Table 3. Analyzed fluid surface geometries. 

Fin Length [mm] 𝜼𝒐 [-] 𝑨𝒓 [-] 𝒅𝒉 [mm] 
1.5 ~0.80 ~2.5 ~1.2 
2.5 ~0.65 ~3.5 ~1.4 
3.5 ~0.53 ~4.5 ~1.6 

2.2.4. Pumping Power 
About 300 m2 is needed to envelop an ARC vacuum vessel [4]. Using the calculated 

area specific mass flow rate 𝑚 /𝐴), ~20,400 kg/s is required to provide the required 
amount of FLiBe to cool the vacuum vessel shell under the proposed conditions. The min-
imization of energy use by auxiliary systems to circulate a coolant is a priority. The pump-
ing power required has the potential to demand a significant proportion of generated elec-
tricity and must be kept to a minimum. Equation (8) below shows the hydrodynamic re-
lationship between pressure loss, fluid mass flow, and electrical power needed to move a 
fluid with pump efficiency. 𝑃 𝑚 ⋅ Δ𝑝𝜌 ⋅ 𝜂  (8)

Table 4 below displays the estimated pumping power required for the entire pro-
posed PEXS for pressure losses between 1 and 16 bar a pump efficiency 𝜂  of 0.85 
and an overall coolant mass flow rate of 20,400 kg/s for a ~200 MWel ARC fusion reactor 
[19]. 

Figure 7. Surface efficiency of rectangular fins on a flat plate.

The fluid surface geometry is of critical importance to design a structure capable
of handling the proposed high heat flux density of the ARC divertor leg. An increased
area ratio was achieved by extending material away from the plate surface in the form
of rectangular fins, as shown in Figures 5 and 7. A logical starting point for analysis was
using a narrow fin thickness (1 mm), narrow fluid channels (1 mm), and tall fins. Table 3
below shows the dimensions and their corresponding overall fin efficiencies, area ratios,
and hydraulic diameters (dh).

Table 3. Analyzed fluid surface geometries.

Fin Length [mm] ηo [-] Ar [-] dh [mm]

1.5 ~0.80 ~2.5 ~1.2
2.5 ~0.65 ~3.5 ~1.4
3.5 ~0.53 ~4.5 ~1.6

2.2.4. Pumping Power

About 300 m2 is needed to envelop an ARC vacuum vessel [4]. Using the calculated
area specific mass flow rate

( .
mmin/A

)
, ~20,400 kg/s is required to provide the required

amount of FLiBe to cool the vacuum vessel shell under the proposed conditions. The
minimization of energy use by auxiliary systems to circulate a coolant is a priority. The
pumping power required has the potential to demand a significant proportion of generated
electricity and must be kept to a minimum. Equation (8) below shows the hydrodynamic
relationship between pressure loss, fluid mass flow, and electrical power needed to move a
fluid with pump efficiency.

Pel =

.
m · ∆ploss
ρ · ηpump

(8)

Table 4 below displays the estimated pumping power required for the entire proposed
PEXS for pressure losses between 1 and 16 bar a pump efficiency

(
ηpump

)
of 0.85 and an

overall coolant mass flow rate of 20,400 kg/s for a ~200 MWel ARC fusion reactor [19].

Table 4. Estimated electrical power consumption for pumping FLiBe with increasing PEXS pressure losses.

∆ploss [Bar] Pel [MW] % of Output

1 1.8 0.9
2 3.6 1.8
4 7.1 3.6
8 14.2 7.1
16 28.4 14.2
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2.3. Methods

The boundary conditions relevant for this study were the heat densities to be trans-
ferred to the FLiBe heat transfer fluid. The design had to be built to minimize fluid pressure
losses and thus minimize energy consumption for cooling. Furthermore, uniform tempera-
ture gradients within the PEXS material were crucial to maintaining symmetric thermal
stresses and material longevity.

A literature review was performed to find any high-power heat transfer applications
either in commercial use or tested in a lab. The results of the literature review served as
a basis of inspiration for the initial designs tested in a numerical setting using COMSOL
6.0 [20]. Laminar flow conditions were analyzed as they represent flow conditions which
exhibit the lowest pressure losses and worst (in terms of low) heat transfer conditions. This
provided a safe-sided starting point in evaluating the feasibility of certain designs with
regard to the boundary conditions.

3. Results and Discussion

The results are presented in the following manner: the state of the art, design concept,
and simulated output. Each section provides the design development chronologically, and
therefore, the result of each section is built upon the previous result and presented as such.
A short discussion of each step is included with the results.

3.1. State of the Art

A literature review was conducted to discover commercial and/or research applica-
tions which could serve as a starting point for a design concept. Microchips and integrated
circuits have evolved to reach 2.25 MW/m2 by employing one of the four types of heat
transfer: radiation and free convection, forced air-cooling, forced liquid-cooling, and liquid
evaporation [21]. Another study examined the thermal exhaust requirements for VLSI
(very-large-scale-integrated) circuits [22]. Using a micro-channel structure, laminar flow
regime, and employing water as the heat transfer fluid, a heat flux of up to 7.9 MW/m2 was
achieved with a maximum temperature change of 71 K between substrate and inlet fluid
temperature [21]. In this paper, it is further suggested a heat flux density of 10 MW/m2

is possible by scaling a liquid-cooled heat exchanger design to microscopic dimensions.
Table 5 below shows the experimental results for several dimensions, fluid pressures (p),
flow rates

( .
V
)

, and heat flux densities (q). Note specific mass flow rates for water as a

coolant,
( .
mw
)
, were calculated from available data and are of the same order of magnitude

as the specific mass flow rates calculated using FLiBe.

Table 5. Experimental VLSI heat sink with water filled microchannels [22].

Exp. wc
[µm] 1

ww
[µm] 2

z
[µm] 3

p
[Bar]

.
V
[

cm3

s

] .
mw

[
kg

m2s

]
Rth,max

[
K
W

] 4
q
[

MW
m2

]
1 56 44 320 1.034 4.7 47 0.110 1.81
2 55 45 287 1.172 6.5 65 0.113 2.77
3 50 50 302 2.137 8.6 86 0.090 7.90

1 channel width; 2 wall width; 3 channel depth; 4 maximum thermal resistance.

A review of heat sinks related to nuclear fission reactors was investigated for a possible
corollary for a solution to this heat transfer problem [23]. Nuclear reactors designed to
generate electricity exhibit high rates of heat transfer from fuel rods to coolant fluid. Various
coolants are used depending on the reactor design. An overview is given in Table 6 below
to outline potentially suitable solutions.



Energies 2023, 16, 1890 9 of 16

Table 6. Experimental VLSI heat sink with water filled microchannels [23].

Reactor Type 1 PWR a BWR/6 b HTGR c LMFBR d GCFR e CANDU PHW f

Manufacturer 2 W a B&W b GE c - - - - -

Coolant H2O H2O H2O H2O He Na He D2O
Avg. heat flux 3 0.685 0.64 0.65 0.503 0.204 0.105 0.093 0.050
Max. heat flux 3 1.83 1.68 1.73 1.115 0.583 2.37 1.68 1.15

1a pressurized water reactor; 1b boiling water reactor; 1c high-temperature gas-cooled reactor; 1d liquid metal fast
breeder reactor; 1e gas-cooled fast breeder reactor; 1f Canadian pressurized heavy water reactor. 2a Westinghouse;
2b Babcock and Wilcox; 2c General Electric. 3 (MW/m2).

Coolants are put under forced convection flow regimes to maximize heat transfer and
safety during operation. In addition, some designs allow for a phase change of the coolant
to increase heat transfer rates.

Mirrors used for the concentration of high-power laser light experience significant
heating. Light beam quality experiences a sharp decline when the mirror begins to distort
due to heating [24,25]. To mitigate these negative thermal effects, active cooling of the
mirror with water is applied. Table 7 below outlines the assumptions made for a simulation
regarding the heat transfer area facing the fluid, and Figure 8 shows the proposed design.
It was found that a microchannel heat sink was able to decrease the thermal deformation of
a mirror. Similar to the VLSI circuit heat sink, microchannels were found to have a high
depth to width ratio.

Table 7. Assumed conditions for simulation of a laser disk mirror [24].

Assumed Conditions Value Unit

heat flux density 2 MW/m2

cooling region radius 23.5 mm
mirror thickness 2 mm
channel width 1 mm
channel depth 2 mm
fin width 1.5 mm
water flow rate 500 mL/min
specific mass flow rate 4.8 kg/(m2·s)
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Another high-power heat sink application was designed to limit the temperature rise
used in HVDC (high-voltage direct-current) thyristors in electrical grids. The heat flux
associated with the use of this equipment could experience 2 MW/m2 under the condition
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of a very low acceptable temperature increase. The design of the heat transfer surface in
this application is also of interest to us. Figure 9 below shows a double-layer cross-flow
matrix of channels that is used to move heat away from the contact surface and limit the
temperature rise in a thyristor [26].
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Figure 9. HVDC thyristor heat sink [26].

This design proposes a second example of using small channels near the surface for
the purpose of efficiently moving large amounts of heat away from the surface needing to
be cooled.

3.2. Design Approach

The results of the literature review gave a deeper insight into the general design
characteristic of high-power heat exchangers tasked with cooling a surface or device. Three
of the four designs studied employ the use of small channels to guide a coolant near
a surface to remove heat. In combination with the required geometry of the proposed
ARC reactor design, the following concept was developed followed by an evaluation with
numerical simulation.

3.2.1. Proposed ARC PEXS Design

The proposed design provided from the literature was used as a starting point for the
ARC PEXS [4]. Theoretical principles and designs from other high-power heat exchange
applications were used to develop a concept for a PEX capable of transferring heat away
from the vacuum vessel per the stated boundary conditions. Figure 10 below shows a
simplified schematic (a) and illustration (b) of how heat is removed from the fusion reactor.

FLiBe is circulated over the surface of the fusion reactor (vacuum vessel) to remove
heat from the core and transfer heat to a secondary loop (a). Coolant is pumped from
the point labeled Tin and distributed evenly over the surface of the vacuum vessel (dark
blue/black dashed line). It removes heat

( .
Q
)

from the reactor core and maintains operating
temperatures below 1500 K on the plasma-facing side of the tungsten shell. The heated
coolant is discharged locally (red arrows) into the FLiBe tank, which encloses the vacuum
vessel. The heated FLiBe is taken from the tank to generate steam for electricity generation
(b). The ARC reactor components relevant to this study are the divertor leg (2), FLiBe
blanket (5), and vacuum vessel (8), shown in Figure 11 below.
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Figure 11. Conceptual design of the ARC reactor [27].

A network of channels supplying coolant to the surface of the vacuum vessel is
essential to maintain its structural integrity. Multiple inlets would be necessary to maintain
a low temperature change in the coolant while reducing the pressure drop between pump
and outlet to the FLiBe blanket. Figure 12 below shows a concept for cooling the divertor
leg via a primary supply channel (circular blue pipe) branching into secondary capillary
channels (blue longitudinal conduits) before entering a series of finned structures (gray
lattice layer) attached to the vacuum vessel.
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Figure 12. Conceptual design for the PEXS on the divertor leg.

3.2.2. Fluid surface

The construction assumed each fin is attached to an upper cross-fin, as shown in
Figure 1, at a 90◦ angle, contrary to the geometry in Figure 1. This was chosen to simplify
manufacturing and assembly. Consequently, it presented an undesired thermal bridge to
the upper channels. Thermal bridging was limited by attaching every other lower-channel
fin with an upper-channel fin, resulting in a “∩-type” of lower-channel geometry. Figure 13
below shows a cross-section (a) and perspective (b) of the ∩-type lower channel.
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3.3. Numerical Simulation

The construction shown in Figure 14 was chosen to take advantage of symmetry planes
along the xz-planar vertical faces and the right-hand yz-planar vertical face. Figure 14
shows the fluid flow regime as simulated for all cases outlined in Table 3.

Inlets are defined by blue arrows and the outlets by red. Heat from the fusion reaction
is applied on the bottom side and enters the fluid stream along the various surfaces of the
channels. The illustration above is a rendering of the design concept with three channels
in the simulated environment. Geometries with 1, 2, 3, 4, 5, 10, and 20 inlets for each
fin length were analyzed for a total of 18 unique assessments. Figure 15 below shows a
20-inlet geometry.
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Figure 15. Example of a 20-inlet geometry.

Each combination of parameters was using a mass flow rate consistent with the
area-specific mass flow rate calculated in Section 2.2.1.

The thermal performance was first assessed by analyzing the average outlet tempera-
ture of each configuration. Figure 16 below shows calculated average outlet temperatures
for each fin length (1.5, 2.5, and 3.5 mm) shown in the legend.
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Each successive addition of inlets showed a reduction in the average fluid temperature
at the outlet. This was expected as the addition of inlets introduced more FLiBe to a channel
with fixed cross-sectional areas. The maximum fluid velocity (umax) increased with the
number of inlets while decreasing with fin length ( fL) for geometries with the same number
of inlets. The maximum domain temperature, (Tmax), and average heat transfer coefficient
on the fluid surface,

(
α f

)
, also decreased with the addition of inlets up to three to four

inlets before increasing again. The maximum pressure-drop from inlet to outlet across
each geometry, (∆pmax), increased with increasing umax. Table 8 below shows the trends
observed organized by fin length, area ratio, and average minimum heat transfer coefficient,
(αmin), for each geometry by the number of inlets (Nin).

Table 8. Estimated electrical power consumption with increasing PEXS pressure losses.

fL [mm]/Ar [-];
amin

3[W/(m·K)]
Nin [-] umax

1

[m/s]
Tmax

1

[K]
αf

1

[W/(m·K)]
∆pmax

1

[Pa]
Pel

2,*

[MW]
Pel/Pel,ARC

4,*

[—]

1.5/2.5;
9160

1 0.134 1465 10,703 39 14.4 7.2%
2 0.260 1433 11,222 133 14.4 7.2%
3 0.393 1429 11,266 269 13.3 6.7%
4 0.527 1434 10,842 443 12.2 6.1%
5 0.666 1434 10,851 675 11.8 5.9%

10 1.350 1556 8542 2774 9.6 4.8%
20 2.664 1917 8472 8494 8.0 4.0%

2.5/3.5;
6540

1 0.102 1467 9324 27 11.1 5.6%
2 0.199 1435 10,146 82 10.6 5.3%
3 0.300 1435 9927 162 8.0 4.0%
4 0.402 1425 10,118 285 7.8 3.9%
5 0.518 1442 9740 423 7.3 3.7%

10 1.033 1621 7340 1569 5.4 2.7%
20 2.026 2131 5495 4806 4.2 2.1%

3.5/4.5;
5090

1 0.081 1486 9510 22 9.3 4.7%
2 0.160 1449 9364 59 6.9 3.5%
3 0.246 1448 9193 114 5.6 2.8%
4 0.328 1464 8922 185 5.0 2.5%
5 0.413 1490 8524 273 4.6 2.3%

10 0.855 1692 6596 1032 3.6 1.8%
20 1.675 2368 4549 3170 2.8 1.4%

1 Simulated output. 2 Calculated with simulated output. 3 Calculated with theory Section 2.2.1. 4 Assuming
power output of the ARC reactor is 200 MWel [19]. * Hydraulic power needed to supply FLiBe to the tungsten
vacuum vessel only.

The simulated results indicate a thermal performance satisfying the boundary con-
ditions for geometries with one to five inlets based on Tmax. The minimum average heat
transfer coefficient for a 2 mm thick tungsten wall and flat plate (αmin) was not consistent
with the maximum temperature results. Simulated geometries included thermal bridges
and a cool side boundary condition not considered in the theoretical analysis. Errors associ-
ated with the model, the use of average domain values for calculations (e.g., average outlet
temperature), and deviations from theory explained simulations where Tmax exceeded
1500 K while α f exceeded αmin.

4. Conclusions

The results of this study have determined there is a viable path forward to develop
a PEXS capable of fulfilling the thermodynamic constraints of the ARC reactor design.
Theories regarding heat transfer, fin and surface efficiency, and fluid dynamics were used
as design guides for the development of a concept analyzed using numerical simulation.
The analysis of the concept performance indicated positive progress in developing a heat
exchange surface capable of transferring a specific heat flux of 12 MW/m2. Simulated heat
transfer coefficients for the fluid surface approached values found using an energy balance
for heat exchangers. The most feasible solution was a channeled block of tungsten with
fins of 3.5 mm in height, fin and channel widths of 1 mm, and five sequential inlets. It



Energies 2023, 16, 1890 15 of 16

represented the solution with the lowest pressure losses and thus only consumed 2.3% of
the produced electrical power generated. However, the simulated results were not fully
in agreement with the theory. Further investigation is necessary into the accuracy of the
model by means of empirical results and tests in a laboratory setting.

Before moving forward with the proposed geometries, the calculated and simulated
numerical results in this work need verification. The construction of an experimental test
rig for measuring empirical performance is required to understand the accuracy of the
calculated and simulated results. A design for an experiment must be developed using the
materials (or their analogs) which accurately model the problem described in this work.
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