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One of the key challenges in the commercialization of nuclear fusion is
the thermal performance of divertor plasma facing components (PFCs).
Effectively managing the intense heat fluxes produced in fusion
reactors is essential to maintaining both the durability and efficiency of
PFCs. Over recent decades, various cooling strategies, materials, and
designs have been explored and tested, including water cooled
systems, liquid metal cooling concepts, and helium cooled modular
divertors. This review explores the evolution of these technologies,
focusing on the progression from traditional circular cooling channels to
advanced rectangular cooling channels with thermal transfer structures
(TTS). Key innovations, such as enhanced cooling performance,
optimized flow geometries, and the introduction of extended surfaces
for improved heat transfer, are analyzed. Additionally, the introduction
of novel plasma-facing unit (PFU) designs, such as hypervapotron based
flat tile divertor, offers higher heat flux sustainability. This review
highlights the current state of divertor cooling technology and outlines
future directions for optimizing these systems to meet the demands of
next-generation fusion reactors.

1. Introduction
The pursuit of commercially viable nuclear fusion energy has presented numerous engineering
challenges, with the thermal management of plasma-facing components (PFCs) ranking among
the most critical. In fusion reactors, the divertor—a key plasma-facing component—must
handle extreme heat fluxes, often exceeding several megawatts per square meter, without
compromising the reactor’s performance or structural integrity. Effective thermal management
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in divertors is essential for sustaining prolonged plasma operations, reducing the frequency of
maintenance, and ensuring the overall economic feasibility of fusion energy.

Traditional approaches to divertor cooling, such as water-cooled tungsten monoblocks with
circular cooling channels, have proven effective in experimental reactors like ITER. However,
the increasing demands of future reactors, particularly the need to manage higher heat loads
more efficiently, have driven the development of advanced cooling systems and novel designs.
Innovations such as liquid metal-cooled concepts, helium-cooled modular divertors, and
rectangular cooling channels with thermal transfer structures (TTS) represent significant strides
in enhancing the cooling performance and durability of PFCs.

This review discusses the evolution of divertor cooling technologies, from early water-cooled
designs to the more recent advancements in modular divertors and flat tile plasma-facing units
(PFUs). It focuses on the shift from traditional circular cooling channels to advanced rectangular
channels equipped with TTS, which offer improved heat transfer efficiency and higher heat flux
(HF) handling capabilities. The introduction of hypervapotron-based flat tile divertors, with their
optimized flow geometries and extended surfaces, demonstrates how contemporary designs
are pushing the boundaries of thermal management in fusion reactors.

2. REVIEW

In recent decades, the thermal performance of divertor PFCs has been acknowledged as a critical
challenge hindering the commercialization of nuclear fusion. To address this, various thermal transport
mechanisms have been proposed, tested, and implemented in tokamaks worldwide. A notable effort
followed the successful completion of the European fusion program’s feasibility and potential study of
fusion power in the late 1990s. This led to the initiation of a three-year study called Power Plant
Conceptual Studies (PPCS), which aimed to assess different power plant designs. The PPCS-A divertor
initially utilized a water cooled divertor, with tungsten monoblock and CuCrZr coolant channel similar to
the ITER divertor. A swirl tape was also inserted in the coolant channel. In order to accommodate
thermal stresses oxygen free copper was utilized as inter layer connecting CuCrZr tube to W monoblock.
A shallow cartesian grid shaped cutouts were also made on the target surface to prevent cracking as a
result of thermal expansion. The study demonstrated that this design could endure HF as high as 15
MW/m? [1-5]. Subsequently, Reduced Activation Ferritic Martensitic (RAFM) steel was proposed as the
material for coolant pipes to raise the coolant outlet temperature, thereby enhancing thermal efficiency
[6-10].

A liquid metal cooled diverter was proposed for PPCS-D power plant model. It utilized led lithium as a
coolant flowing through a square tube of composite material. This design was intended to remove the
HF of up to 5 MW/m?2. A “T” shaped flow separator was inserted separating the square tube into three
regions i.e., two large lower sections and one upper narrow region. The liquid metal flows from one of
the lower sections i.e., inlet into the narrower region adjacent to target surface, thereby cooling it. The
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coolant then flows to the other lower section which acts as an outlet. It was found that the outlet
temperatures were within acceptable limits under an absorbed HF of 5 MW/m? [11-13].

Helium was recognized as a more feasible cooling medium as compared to liquid metal mainly because
of its chemical and neutron inertness along with better integration in fusion power plant as the same
gas is utilized in various components as well. However, the lower thermal conductivity of helium
required methods to increase heat transfer by increasing turbulence or contact area. These methods
were further explored in PPCS B, C, and AB which utilized a helium cooled divertor. In the earlier design
two eccentric tubes which acts as inlet and outlet are utilized. The interface between the outer tube and
the channel structure consists of a porous medium. The coolant enters through the inlet tube and flows
into a porous medium, enhancing turbulence before exiting via the outlet tube. This configuration was
evaluated for its ability to dissipate HF of up to 6 MW/m?, with an effective heat transfer coefficient
(HTC) of 20 kW/m?2K. Building on this concept, a new design was introduced that replaces the porous
medium with a narrow slit through which the coolant is forced to pass. This modification resulted in a HF
removal capacity of up to 5 MW/m? and an effective HTC of 14 kW/m2K, offering the additional benefit
of simplified manufacturing. Further improvements were achieved by incorporating a significantly larger
cooling slot, featuring dual internal channels to enhance thermal management. The coolant enters
through the upper channel and is forced to pass through a narrow gap which tends to increase the
velocity of coolant before coolant enters into the outlet channel. The shorter conduction path due to
the larger slot, combined with the increased coolant velocity, enables this design to handle HF of up to
10 MW/m?2, with an effective HTC of 56 kW/m?K [14-17].

The flat plate type divertors provide a continuous cooling surface for heat dissipation, utilizing strong
mechanical supports to limit excessive bending, this results in the development of high thermal stresses.
To overcome this problem modular diverters are proposed, which consist of a certain number of
modules/elements connected in parallel making a unit. These units are then connected in series making
a divertor target. Besides reducing thermal stresses, this design allows for easier post-installation
testing, maintenance and replacement of modules. Based on this concept two helium cooled, modular
divertor designs were studied in PPCS i.e., High Efficiency Thermal Shield (HETS) and HElium cooled
Modular divertor with Jet cooling (HEMJ) . The HETS design consists of six elements connected in parallel
making a module. Each element is made up of castellated tungsten armor to reduce thermal stresses
and structure with a mushroom shaped semi-spherical channel connected to a helium jet [18-20]. This
design allows for removal of an absorbed HF of up to 10 MW/m? with average HTC of 30 kW/m?K [21,
22].

The HEMJ design on the other hand consists of hexagonal tungsten armor brazed to thimble. The
thimble contains a cartridge having multiple helium jet holes forming a cooling finger unit. The helium
jet impinges onto the cartridge and flows on the outside of cartridge thereby cooling the unit. Nine of
these units are connected in parallel forming a module. A similar concept utilizes an extended surface of
tungsten slot array to increase the heat transfer. The single jet instead of impinging on the cartridge,
impinges on an extended surface located on the inner side of cartridge. This design is known as HElium
cooled Modular divertor with Slot array (HEMS). Both HEMJ and HEMS can remove HF of up to 10
MW/m?2 with average HTC of 30 kW/m?K and 21 kW/m?K respectively [23-25].
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Rimza et al. investigated the influence of various extended surfaces on the efficiency of cooling units,
concluding that the height-to-jet diameter ratio of the extended surfaces played a crucial role in
enhancing cooling performance. An optimal design was proposed having h/D of 0.75 and the pith i.e.,
distance between two consecutive concentric extrusions of 0.30 and 0.56 mm respectively. The position
of extended surface on the circumference of cartridge and the jet diameter had a complex relation
where optimization of one entity was possible only. Optimizing both result in the reduction of heat
transfer [26-28].

An effective method of removing the heat is necessary in order to sustain fusion and ensure longevity of
deviator. Various advancements in controlling flux through magnetic fields, improvements in divertor
geometry and advanced materials having reduced neutron activation properties have been proposed.
The majority of heat is however removed by active methods such as passing water or helium through
tubes inside deviator. In helium cooled divertor instead of passing helium directly through the cooling
pipe, it is observed that introduction of cooling gas by multiple jet impingent inside the main cooling
pipe is more effective in removing the heat flux. The next logical improvement would be to add
turbulence to the flow of gas. Turbulence is a random flow behavior which is associated with eddies as a
means of energy transportation rather than molecules as in a laminar flow. This result is better mixing
and hence improved heat transfer. Lim et al. examined the impact of turbulence enhancement by
incorporating ribs in a multi-jet impingent helium-cooled divertor, exploring its influence on heat
transfer and cooling efficiency. The analysis is performed using ANSYS CFX, with RANS and SST for
turbulence prediction. The maximum temperature of the cooling pipe was just below the melting
temperature of copper used as pipe material. Moreover, as a result of larger pressure drop from center
towards outlet, the jets get deflected on one side leading to uneven fluid distribution and higher
temperature near the cooling pipe wall. Also, the HTC decreased and thus temperature increased near
the wall due to pressure variations. By introducing turbulence ribs, the maximum temperature of
cooling pipe decreased by 50 C due to increase in heat transfer area and reduction of jet deflection.
Moreover, the effect of rib height towards temperature reduction was much more as compared to the
width [29-31].

Lim et al. investigated the issue of HF concentration within the circular cooling channels of divertor
PFUs. Due to one-sided heating, heat flux tends to concentrate at the top of the circular channel,
resulting in significantly higher HF at the coolant interface compared to the HF at the target face of the
PFU. This phenomenon can lead to severe boiling and a reduction in the CHF margin, meaning that the
HF at which CHF occurs in the cooling channel is reduced. The ratio of peak HF under one-sided heating
conditions to the peak HF under uniform heating conditions is referred to as the "peaking factor," a
critical parameter for evaluating thermal performance under non-uniform heating. Previous
experimental studies demonstrated that when a HF of 23 MW/m? was applied to the target surface, the
peak HF at the top of the cooling channel increased to 30 MW/m? due to HF concentration. In contrast,
the HF at a point 90 degrees from the peak was significantly lower, measuring only 5 MW/m?2
Moreover, it was observed that thickness of Cu interlayer had negligible effect on peaking factor.
Reducing the conduction path i.e., distance between target surface and the peak HF point on cooling
channel, the peaking factor reduced as a result of reduction of concentrated HF. Based on these findings
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a flat cooling channel was proposed to reduce concentration of HF. However, the rectangular channel
can lead to stress concentration at the corners of the channel, thus a filet is applied at the corners. The
mono block is then accessed by MEAP (Monoblock Elastic Assessment Procedure) rule required for
mono block design. MEAP is provided by ITER which requires the evaluation of deformation under
periodic load, estimation of fatigue limit, temperature of CuCrZr must be below 300 C and the maximum
HF must be less than CHF. The author analyzes the performance of the newly proposed cooling channel
in three stages of 1: Manufacturing, 2: Standby and 3: Operation. In the manufacturing phase as a result
of various heating and cooling cycles residual stresses are introduced in the material. These along with
other manufacturing stress are accounted for by adding a 3mm fillet to the channel corners. In the
standby state only, coolant is flowing through the channel while HF is gradually applied. The author
reports that all the criterion of MEAP were satisfied except for the structural criterion during shutdown
phase [32-37].

Similarly, Kyun Lim et al., optimized the shape the shape of mono block cooling channel using an
elliptical channel and by keeping the cross-sectional area of new channel same as that of ITER
monoblock. The author performs the optimization based on the concept that by flattening the circular
cooling channel the HF concentration can be reduced. Thus, optimization resulted in reduction of
maximum HF on the coolant channel by 78% as compared to circular cooling channel [38-40].

For achieving the future goals of fusion power plants, the divertor is required to remove large HF for
longer time duration. Moreover, the heat exchange capability of circular cooling channel in monoblock is
much lower than rectangular channel in one sided heating. To enhance the heat transfer performance of
Plasma Facing Units (PFUs), Lei Li et al. introduced an innovative concept of a flat cooling channel
integrated with a specialized thermal transfer structure (TTS). This novel design features a flat tile
divertor with a tungsten target, a copper (Cu) interlayer, an upper heat sink, a lower heat sink,
inlet/outlet pipes, supporting legs, and the TTS. CuCrZr was selected for the upper heat sink due to its
superior thermal conductivity, while SS-316L was chosen for the lower heat sink for its mechanical
strength. By subjecting the top surface to a HF of 10 MW/m? and performing response surface
optimization to minimize the maximum temperature, an optimal TTS configuration was identified. The
study found that increasing the width, thickness, and length of the TTS resulted in a decrease in
maximum temperature, up to a certain point, after which the maximum temperature began to rise
again. However, with the increase in TTS height the temperature continued to decrease gradually. For
the optimized design the thickness of TTS had a much higher contribution in reducing maximum
temperature followed by length, width and height. By applying a HF of 20 MW/m? to the surface, it was
observed that the maximum temperature exhibited exponential decay as the coolant velocity increased,
while it decreased linearly with the reduction in the thickness of the tungsten target. This design
resulted in increasing the heat transfer efficiency by 13% from rectangular channel with circular channel
and 30 % from ITER like mono-block [41-43].

Zhen Chen et al., optimized the hypervapotron tungsten/Cu flat plate PFU based on the dimensions of
TTS. The flat plate PFU consists of a tungsten armor attached to a CuCrZr heat sink via Cu inter layer. In
the traditional hypervapotron concept the CuCrZr surface is extended in the cooling channel in the form
of longitudinal ribs and transverse ribs to form a cross-rib structure. Based on previous studies
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increasing the channel cross-sectional area reduces the surface temperature. However, it weakens the
structure and presents overall difficulty in manufacturing. Thus, the mockup with width of 36 mm was
selected. For the optimization of longitudinal ribs, the effect of transverse ribs was ignored, and they
were not modeled. Increasing the height of longitudinal rib had much more impact on the reduction of
surface temperature thus a rib height of 4 mm was adopted. However, for the transverse ribs, it was
observed that change in surface temperature was not prominent with the increase in rib height. But
increasing the rib height meant increasing the depth of gap between two consecutive transverse ribs. A
larger depth results in a full vortex formation inside the gap which coupled with low velocity resulted in
slightly higher surface temperature. This suggests that larger height of transverse ribs is not favorable.
Moreover, the optimized PFU had lower pressure drop as compared to the conventional concept [44-
46).

Advanced designs like the flat tile divertor with thermal transfer structures (TTS) and the hypervapotron
concept for tungsten/Cu plasma-facing units (PFUs) have shown promising results, significantly
enhancing heat transfer efficiency and extending the lifetime of components [47-50]. Future research
will likely focus on fine-tuning these designs to withstand even higher thermal loads, improve
manufacturability, and ensure the structural integrity of divertor components under operational
conditions. These advancements are critical for meeting the stringent thermal and mechanical demands
of fusion power plants, ultimately paving the way for the successful deployment of commercial nuclear
fusion.
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