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Abstract  
The use of digital tools for design is becoming a more common approach to engineering solutions. In 

many instances it is more cost effective than iterating laboratory measurement set-ups through estima-

tion and trial and error. Numerical simulation software when properly applied helps to constrain the 

field of consideration by focusing resources on a starting point closer to the solution. However, numer-

ically simulated physics is neither exact and results must be validated either by available theory and/or 

empirical measurement. This thesis utilizes numerical simulations with COMSOL Multiphysics and 

compares them with experimental measurements for a high-power heat exchanger. The development 

of the simulation and experimental set-up are described, and an outlook is offered based on results and 

observations. Future development is given by the author and CFS as recommendation for the continued 

research of this technology and its applications. 
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Nomenclature 
quantity description unit 

𝑃𝑃 heating power [W] 

𝑇𝑇 temperature [°C] 

𝑥𝑥 position [m] 

𝜆𝜆 thermal conductivity [W/(m·K)] 

�̇�𝑞′′ specific heat flux [W/m²] 

�̇�𝑚 mass flow rate [kg/s] 

�̇�𝑄 heat flow [W] 

𝐴𝐴 central channel area [m²] 

𝛼𝛼 fluid heat transfer coefficient [W/(m²·K)] 

�̇�𝑉 flow rate [l/min] 

𝑑𝑑𝑑𝑑 distance to wall [m] 

𝑑𝑑𝑥𝑥 distance between points [m] 
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1 Introduction 

 

1.1 Project background 

The Competency Center Thermal Energy Storage (CCTES) is conducting a research study in cooperation 

with the industry partner 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. The reactor 

core consists of the 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 salt to maintain material integrity [1]. Initial numerical simula-

tions found (appendix A) it is within model error that the boundary conditions are met. However, no 

data exists to validate the model and its output which is the focus of this thesis. 

1.2 Project aim and objectives 

An earlier investigation (Appendix A) confirmed it was feasible to construct millimeter-scale channels 

in a flat plate to transfer enough heat to satisfy the boundary conditions [1]. This was discovered using 

a unvalidated numerical simulation. Further iteration with numerical tools requires validation through 

comparison with empirical measurements. This phase of the project was the construction of an experi-

mental test rig to collect measurements and compare them with a numerical model. External industry 

experts in the field were consulted for guidance and/or expertise in using the materials proposed in 

Appendix A. The results were collected and analyzed to determine the accuracy of the simulated results 

with experimental measurements. Conclusions and future development recommendations are offered 

as this an active area of research and development within the fusion reactor design community. 

2 Materials and methods 

The validation of a numerical simulation requires a representative data set for comparison. It entails a 

design where boundary conditions are similar within a digital and physical environment. Attempts 

were made to incorporate materials which closely resembled the material properties of tungsten and 

FLiBe for the experimental set-up. Informative requests and meetings with CFS [2], Hyme [3], Seaborg 

[4], MAN DWE® [5], and ORNL [6,7] revealed equipment for this application does not exist, or is in the 

beginning of a conceptual phase. Therefore, the means to construct and validate the numerical simula-

tion would have to come by using common materials at temperature and power levels achieved with 

off-the-shelf equipment.  
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2.1 Design and construction 

The PEXS was designed to be both simulated numerically and built as an experimental test rig. A com-

bination of geometry, machineability, and feasibility had to be considered before running simulations 

and conducting measurements. The boundary conditions stated by CFS [1] prove to be too cumbersome, 

expensive, and hazardous for an in-house experimental set-up. A concept was developed using readily 

available materials for the construction of the heat exchanger and for the heat transfer fluid. Figure 1 

below shows a schematic of the proposed experimental test rig.  

 

Figure 1: Schematic of experimental test rig. 

Cool tap water (10-15°C) from the HSLU laboratory (a) was pumped (b) through a regulating valve (c), 

a volume flow indicator (d), through a heated (e) insulated (f) copper heat exchanger (g), past tempera-

ture sensors (h) recording inlet and outlet temperatures on a JUMO data logger (i), and discharging 

heated water back into the sink (j). Table 1 below shows the equipment used for each part of the exper-

imental test rig as outlined in Figure 1. 

Table 1: Equipment and materials used in construction of experimental set-up. 

Equipment/Material: Description: 
(a) tap water [8] Water from the analytic lab on the HSLU campus Horw. 
(b) FP1.400 KPDCB-4 [9] Diaphragm pump to circulate water. 
(c) AS3002F [10] Valve for fine control of HTF through the heat exchanger. 
(d) Typ 8077 [11] Oval gear flow sensor for small flow rates. 
(e) heating elements [12] Heat source for heat exchanger. 
(f) Armaflex insulation [13] 20 mm of insulation around heat exchanger. 
(g) copper [14] Copper for heat exchanger. 
(h) PT-100 [15] 4-wire temperature sensors. 
(i) JUMO Power supply and data logger. 
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The tungsten shell was replaced with copper for its high thermal conductivity and machinability (d) 

and (e). A layer of PTFE (Teflon) was used to maintain a boundary condition set in the simulated envi-

ronment (c). It was chosen for its high operating temperature and low thermal conductivity [16–18]. 

Water was used as the heat transfer fluid (HTF) for its high thermal capacity and working temperature 

range [8]. 

A perpendicular cross-fin arrangement of channels consisting of two-layers was designed. Figure 2 be-

low shows an exploded version of the design which was realized for simulation and testing. 

 

Figure 2: Exploded view of design concept. 

 

Water passed thru an inlet (a) to a reservoir (b) where the flow is split into channels. It then flows past 

the 3 mm thick PTFE gasket (c), and into the first layer of channels in the copper layer (d). Finally, the 

water enters the second layer of channels machined into the heated copper block (e) and exits the chan-

nels to the front-right and back-left. The copper block (e) dimensions were 50 mm wide by 70 mm long 

by 40 mm tall. Channel dimensions were 2 mm in width and 4 mm in height with 2 mm thick fins to 

accommodate machining the copper block, copper plate, and steel plate with an in-house CNC machine. 

This represents an area ratio of ~3.6 with a fin efficiency of ~0.57 (Appendix A, Figure 7).  

The working principles of the copper block were to apply a heat flow from a solid source to a liquid 

regime via conduction and convection. Figure 3 below shows the working relationship for the experi-

mental test rig. 
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Figure 3: Working principles of the experimental test rig. 

Heating power (𝑃𝑃𝑛𝑛) applied via heating elements at different levels flow from left to right. The heat 

passes two temperature sensors (𝑇𝑇1,𝑇𝑇2) at a distance apart (𝑥𝑥1, 𝑥𝑥2) and is used to determine specific heat 

flux (�̇�𝑞′′) via Fourier’s Law of heat transfer in one-dimension as shown in equation (1) with the thermal 

conductivity of copper (𝜆𝜆𝐶𝐶𝐶𝐶). 

�̇�𝑞′′ = 𝜆𝜆𝐶𝐶𝐶𝐶 ⋅
Δ𝑇𝑇12
Δ𝑥𝑥12

 [W/(m2 ⋅ K)] (1)  

Heat flow from the solid copper block to water via a difference between the wall temperature (𝑇𝑇𝑤𝑤) and 

the average bulk water temperature �𝑇𝑇𝑏𝑏𝑛𝑛�. Increasing heating power  (𝑃𝑃1 → 𝑃𝑃2 → 𝑃𝑃3) while holding fluid 

flow (�̇�𝑚1) constant raises specific heat fluxes (�̇�𝑞1′′ → �̇�𝑞2′′ → �̇�𝑞3′′) at higher overall temperature levels shown 

in Figure 3. As fluid flow is increases (�̇�𝑚1 → �̇�𝑚2) while holding power constant (𝑃𝑃3) maintains the spe-

cific heat flux (�̇�𝑞3′′ → �̇�𝑞4′′) at a lower overall temperature level. 

2.2 Simulation and experiment 

The PEXS simulation was designed with the CAD rendering in Figure 2 above. Two lines of symmetry 

were used to reduce the computational domain and simulation runtime. Figure 4 below shows the sim-

ulated domain as designed. 
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Figure 4: Simulation domain. 

Symmetric faces run along the front-right and back-right side leaving external faces on the front-left, 

back-left, top, and bottom sides of the geometry. External faces were treated as adiabatic. Points 𝑇𝑇1 and 

𝑇𝑇2 were referenced to determine the specific heat flux for the copper block. The simulation used laminar 

flow in the fluid domain. The mesh consisted of 975’504 elements. Nine flow rates were simulated across 

7-9 heating power levels for a total of 75 individual results. Fluid inlet temperatures were set to 15°C 

while outlet temperatures were determined by averaging the values over the outlet surface. 

The PEXS experiment was run to include the same flow rates and heating power levels as a basis for 

comparison. Figure 5 below shows the assembled experimental test rig. 

 

Figure 5: Experimental test rig. 

 

The small holes in the middle of the front-right face were used to insert temperature sensors and deter-

mine the specific heat flux while the large holes were used for the heating elements. Outlet temperatures 
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were measured with an in-situ temperature sensors (PT-100) just outside the two central outlets of the 

copper block on one side (a) and using a collector for both central channels on the other (b). Figure 6 

below shows the temperature sensor at the outlets, inside the copper block, and heating elements. 

  

(a) (b) 

Figure 6: Heat flux temperature sensors and heating elements (a); Outlet temperature sensors (a) and (b). 

The outlet temperature sensors for each outlet of the central channel (Figure 6a) and combined outlets 

of central channels (Figure 6b) were coated in a polymer used for insulating wire. This was to encourage 

a more accurate measurement of the fluid outlet temperature without the influence of air temperature 

on the sensors.  

The heat flux temperature sensors (Figure 6a) were embedded inside the copper block 25 mm (half the 

block) from the insertion point. These sensors were coated with a silicone thermal paste to minimize 

thermal resistance between the copper block and sensors. These sensors were located 5 mm apart and 

an average of 8.5 mm above the bottom of the second layer of channels. 

The final temperature sensor was placed in the tube supplying coolant thru the inlet to the reservoir 

block (Figure 2b). Figure 7 below shows the placement of the sensor. 

 

Figure 7: Inlet temperature sensor. 
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Experimental measurements were recorded using the following steps. First, the desired flow rate was 

set using the diaphragm pump, flow meter, and digital transmitter/controller shown in Figure 8 (a-c) 

respectively without any external heating. 

   

(a) (b) (c) 

Figure 8: Diaphragm pump (a); Oval-wheel flow meter (b); Transmitter/controller (c). 

A series of heating power levels were applied to the block while temperature was monitored. When 

temperature levels became stable (neither increasing nor decreasing in the span of 2 min), a measure-

ment point was captured using the average of 100 temperature measurements per second, for a total of 

120 seconds. Table 2 below shows the flow rates and power levels tested for comparison with simula-

tions. 

flow rate [l/min] power level [W] 
0.60 157.5 
0.72 315.0 
0.84 472.5 
0.96 630.0 
1.08 787.5 
1.20 945.0 
1.32 1102.5 
1.44 1260.0 
1.56 1417.5 

Table 2: Flow rates and power levels evaluated. 

Several combinations using low flow rates and high power were not measured to ensure that the boiling 

point of water was avoided by a safe margin. 

2.3 Simulation and experimental comparison 

A measurement and calculation scheme were structured to provide a fair comparison of the simulated 

and experimental set-ups. Both environments were evaluated for average conditions determined at the 

central point of the simulated and experimental domains. The primary basis to compare the output from 

simulations and experimental measurements was to estimate the heat transfer coefficient between the 

solid block of copper and water within the channels. Basic thermodynamic theory was applied to both 
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simulated and experimental domains to establish a common metric for comparison. The first compari-

son was to determine the heat flux density. As shown in Figure 9 below, temperatures (𝑇𝑇1,𝑇𝑇2) were 

determined at the center of the copper block for each of the heating power levels. The difference in 

temperature (Δ𝑇𝑇12) was used to determine the specific heat flux density ��̇�𝑞12" � with equation (1). The 

specific heat flux density and average temperature between points �𝑇𝑇12� were assumed to occur at the 

midpoint between measurement points and the temperature gradient was linear. The temperature gra-

dient along with the average temperature between measurement points were used to extrapolate the 

average wall temperature along the fluid channel �𝑇𝑇𝑤𝑤� with equation (2) below as shown in Figure 9. 

𝑇𝑇𝑤𝑤 = 𝑇𝑇12 − Δ𝑇𝑇12 ⋅
𝑑𝑑𝑑𝑑
2𝑑𝑑𝑥𝑥

 (2)  

 

Figure 9: Average wall temperature estimation. 

The bulk-average temperature of the fluid �𝑇𝑇𝑏𝑏� was determined by the average of the average outlet 

temperature �𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜� and the average inlet temperature �𝑇𝑇𝑖𝑖𝑛𝑛� as shown in equation (3). 

𝑇𝑇𝑏𝑏 =
�𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑛𝑛�

2
 [K] (3)  

The average outlet temperature in the simulation was the average over the central outlet surface 

whereas 𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜  in the experiment was a weighted average over 3 sensors. The combined measurement on 

one side of the copper block (𝑇𝑇3) measured two channels while the sensors on the other side measured 

one channel each. Equation (4) shows the weighted average outlet temperature from the experimental 

measurements. 

𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜 =
(2 ⋅ 𝑇𝑇3 + 𝑇𝑇4 + 𝑇𝑇5)

4
 [K] (4)  

 

The quantity of heat transferred from copper block to water ��̇�𝑄� was determined using a simple energy 

balance as shown in equation (5) below. 

�̇�𝑄 = �̇�𝑚 ⋅ 𝐶𝐶𝑝𝑝�𝑇𝑇𝑏𝑏� ⋅ �𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑛𝑛� [W] (5)  

The average heat transfer coefficient of the fluid (𝛼𝛼) was calculated by dividing �̇�𝑄 by the area of the 

central channels (𝐴𝐴) and the temperature difference of the average wall temperature �𝑇𝑇𝑤𝑤� and the av-

erage bulk fluid temperature (𝑇𝑇𝑏𝑏) as shown in equation (6) below. 

𝛼𝛼 =
�̇�𝑄

𝐴𝐴 ⋅ �𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏�
 [W/(m ⋅ K)] (6)  
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Table 3 below shows a summary of the quantities evaluated in the simulation and experimental meas-

urements. 

quantity description 

�𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑛𝑛� difference between average inlet and average outlet fluid temperatures 

�̇�𝑄 heat flow into the central channels 

�̇�𝑞" specific heat flux density 

𝛼𝛼 fluid heat transfer coefficient 

Table 3: Summary of quantities compared. 

3 Results and discussion 

This section provides the results of both simulated results and experimental measurements in a format 

for comparison. A short discussion follows each quantity explaining the similarities or differences be-

tween values. 

 

3.1 Simulation vs. experimental set-up 

The difference between the average inlet and average outlet temperatures of the fluid �Δ𝑇𝑇𝑓𝑓� were ana-

lyzed as a first comparison of the performance of the simulation and experiment. Figure 10 below shows 

Δ𝑇𝑇𝑓𝑓 plotted against flow rate and heating power. 

 

Figure 10: Absolute difference of the average inlet and outlet temperatures between simulation and measurements. 

The trend in Figure 10 shows greater deviations for Δ𝑇𝑇𝑓𝑓 with higher flow and heating rates. Another 

perspective is given by the relative change in Δ𝑇𝑇𝑓𝑓 between simulation and experiment as this also factors 

in the magnitude of Δ𝑇𝑇𝑓𝑓. Figure 11 below show the relative difference between simulation and experi-

ment of 𝑇𝑇𝑖𝑖𝑛𝑛 and 𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜. 
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Figure 11: Relative difference between simulation and experiment for average inlet and outlet temperatures. 

The data from this perspective supports the trend of higher deviations in Δ𝑇𝑇𝑓𝑓 in Figure 10 with addi-

tional trend of decreasing proportional deviations with increasing heating power. This shows relative 

deviations in Δ𝑇𝑇𝑓𝑓 between simulations and experiments increase slower than the absolute deviations in 

Δ𝑇𝑇𝑓𝑓. 

Heat flow into the analyzed channels ��̇�𝑄� was a key quantity for determining the specific heat flux 

density ��̇�𝑞"� and fluid heat transfer coefficient (𝛼𝛼). Table 4 below shows the calculated heat flow into 

the central channels using equations (4) and (5). 

�̇�𝑉 
[l/min] 1.56 1.44 1.32 1.20 1.08 0.96 0.84 0.72 0.60 

Power 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

sim 
[W] 

exp 
[W] 

1417.5 301 180 298 179 295 225 292 211 288 230 — — — — — — — — 

1260.0 269 153 267 178 264 201 261 209 258 221 255 195 252 209 — — — — 

1102.5 237 140 235 153 233 179 230 172 227 186 225 172 222 176 218 169 214 186 

945.0 205 120 203 141 201 143 199 141 197 165 195 144 192 156 189 146 184 172 

787.5 172 104 171 107 169 109 167 139 166 130 164 124 162 123 158 125 155 137 

630.0 139 81 138 90 137 92 136 106 134 98 133 96 131 107 128 90 125 104 

472.5 106 60 105 66 104 64 103 73 102 87 101 76 99 78 97 66 94 69 

315.0 72 40 71 47 71 48 70 56 69 51 68 44 67 44 65 58 64 49 

157.5 37 22 36 25 36 21 36 21 35 27 35 19 34 30 33 23 32 27 

Table 4: Calculated heat flows into analyzed channels for simulations and experiments. 

A comparison of each case resulted in lower amount of heat entering the channels experimentally versus 

simulation with an average difference of 27%. Specific heat flux density was calculated with equation 

(1). Table 5 below shows the comparison of specific heat flux densities for each case as the deviation of 

the simulation from experiment in %. 
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�̇�𝑉 
[l/min] 1.56 1.44 1.32 1.20 1.08 0.96 0.84 0.72 0.60 

Power 
[W] 

sim vs. 
exp 

sim vs. 
exp 

sim vs. 
exp 

sim vs. 
exp 

sim vs. 
exp 

sim vs. 
exp 

sim vs. 
exp 

sim vs. 
exp 

sim vs. 
exp 

1417.5 -11.9% -10.8% -8.6% -8.5% -4.6% — — — — 

1260.0 -14.4% -13.4% -9.9% -8.0% -6.0% -15.7% -12.3% — — 

1102.5 -14.9% -12.3% -12.4% -8.4% -7.1% -18.0% -15.6% -11.6% -11.0% 

945.0 -15.9% -13.3% -11.2% -8.6% -6.2% -14.2% -14.8% -12.3% -10.8% 

787.5 -17.0% -14.9% -11.4% -8.5% -6.7% -12.8% -16.4% -12.3% -12.3% 

630.0 -18.5% -15.5% -12.9% -9.7% -10.0% -14.3% -13.7% -15.3% -16.5% 

472.5 -20.2% -16.8% -12.9% -10.8% -7.5% -20.1% -18.8% -13.8% -14.4% 

315.0 -24.2% -20.0% -19.5% -17.0% -10.5% -24.0% -19.5% -15.6% -16.1% 

157.5 -33.9% -28.2% -25.9% -21.9% -20.8% -29.6% -28.9% -31.9% -30.5% 

Table 5: Specific heat flux densities for simulations and experiments. 

In all cases the heat flux density was lower in the simulation than in the experiment. However, it is 

possible this was a result of measurement error during the experiments. The simulation did not have 

any disruption nor discontinuity in the calculation of the specific heat flux density. This was not the 

case for the experimental tests. Holes were drilled into the copper block to insert probes to measure 

temperature. These holes were placed one over the top of another and may have created a “thermal 

shadow” whereby the added thermal disturbances depressed the temperature recorded at 𝑇𝑇2. In addi-

tion, the experimental test block was subject to cooling to the ambient which may have caused addi-

tional cooling at measurement point 𝑇𝑇2. Both these combined factors increase the temperature gradient 

calculated in equation (1) and thus inflating the specific heat flux density in the experiments relative to 

the simulations. 

The last quantity compared was the fluid heat transfer coefficient (𝛼𝛼). Using equations (2-6) and the 

fluid heat transfer coefficients for simulations and experiments were calculated. Figure 12 below shows 

the calculated values for each flow rate and heating power simulated with an “x” and for measurements 

with a “ ”. Averages for all power levels at a constant flow rate are shown as green dots in the simu-

lation and red diamonds for experimental measurements. 
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Figure 12: Fluid heat transfer coefficients. 

The experimental results were up to 45.4% lower than simulated with an average of 23.4% for all meas-

urements. Table 6 below shows the full results of both simulated and experimental results for the fluid 

heat transfer coefficient (𝛼𝛼) in W/(m²·K). 

�̇�𝑉 
[l/min] 1.56 1.44 1.32 1.20 1.08 0.96 0.84 0.72 0.60 

Power 
[W] sim exp sim exp sim exp sim exp sim exp sim exp sim exp sim exp sim exp 

1417.5 2614 1987 2530 1851 2444 2195 2354 1958 2260 2016 — — — — — — — — 

1260.0 2608 1839 2524 2006 2438 2167 2349 2181 2256 2224 2159 1802 2056 1918 — — — — 

1102.5 2602 1878 2518 1892 2433 2152 2343 1951 2251 2028 2155 1764 2051 1761 1935 1605 1798 1716 

945.0 2596 1871 2513 2058 2427 1836 2339 1762 2247 2069 2151 1626 2046 1740 1926 1530 1785 1746 

787.5 2590 1890 2507 1787 2422 1699 2334 2079 2243 1861 2146 1612 2039 1550 1914 1498 1771 1555 

630.0 2584 1805 2502 1842 2417 1733 2331 1895 2239 1672 2141 1442 2029 1616 1900 1246 1754 1433 

472.5 2578 1687 2496 1776 2413 1533 2327 1657 2235 1953 2132 1420 2015 1507 1883 1161 1735 1159 

315.0 2572 1623 2492 1842 2409 1716 2322 1873 2228 1637 2120 1185 1999 1177 1862 1496 1712 1194 

157.5 2567 1776 2487 1926 2404 1313 2315 1314 2216 1633 2103 1229 1977 1515 1838 1202 1685 1290 

Table 6: Fluid heat transfer coefficient result for each compared case. 

Several assumptions and observations were responsible for the differences in simulated results and ex-

perimental measurements. The construction of experimental set-up had an added thermal resistance 

between the first- and second-layer channels which the simulation did not. This presented itself as a 

very thin air gap which would have inhibited heat flow from second-layer fins (Figure 2 (d)) to the first-

layer fins (Figure 2 (e)). As a result, the calculated heat transfer from the first- to second-layer fins was 

lower in experiments than simulations.  
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A complex geometry used for this experiment made it nearly impossible to measure the wall tempera-

tures. The assumption to estimate a wall temperature using the temperature gradient from within the 

copper block was applied. At best, this estimated the wall temperature at the bottom of the second-layer 

channels with overestimated values progressing upstream into the second-layer fins. The wall temper-

ature errors were compounded in the experimental set-up with the additional thermal resistance thus 

depressing the actual values lower than in the simulations. In addition, the calculated temperature gra-

dient had its own measurement errors with an artificial decrease in 𝑇𝑇2. 

Finally, the use of tap water was problematic for the temperature range applied to the constructed ex-

periment. The internal structure of the experiment had layers that had small but significant edges or 

grooves which harbored air bubbles upon wetting the heat exchange surfaces. Uneven surfaces make it 

possible for small bubbles to fix themselves or form with sufficient shear stress around small geometries. 

This was directly observed during measurements. Figure 13 below shows a bubble formed on the end 

of the inlet temperature sensor heating of the fluid had occurred. 

 

Figure 13: Bubble on inlet temperature sensor. 

In addition, tap water has dissolved gasses (mainly air) which become less soluble with increasing tem-

perature and form bubbles in the fluid. Small bubbles appeared at the outlets and on visible surfaces 

with sharp corners or edges. Figure 14below shows heavy outgassing of dissolved air from heating tap 

water in the heat exchanger. 

 

Figure 14: Outgassing of air from tap water. 

The formation of bubbles on internal surfaces reduced the wetted surface area of the heat exchanger, 

created stochastic flow patterns, and inhibited heat flow from the walls to the fluid. This is further sup-

ported by the calculated values of 𝛼𝛼 for the experiments being lower than simulations. 
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4 Conclusion and future development 

4.1 Conclusion 

In conclusion, it is reasonable to deduce the simulated results broadly estimated the performance of 

experimental measurements. A recommendation for further development of the model to include some 

features important to heat transfer is necessary to bring simulated results in better agreement with ex-

perimental measurements. The inclusion of a thermal resistance between fin layers and the inclusion of 

an insulated layer along with ambient conditions would be an improvement. A reduction in error would 

better support the use of this simulation tool for the dimensioning and design of a PEX for cooling a 

fusion reactor core. Complementary to simulation improvements, experimental improvements would 

help to reduce further features observed during experimentation. Expanding the geometric domain 

would increase the volume to surface area ratio which would reduce effects on the domain from thermal 

interactions on peripheral surfaces exposed to the ambient. Furthermore, the interfering effects of 

probes embedded in regions where heat flow is critical would be reduced and thus more accurate meas-

urements. A thicker layer of insulation could be incorporated with a new geometry further mitigating 

losses to the environment. Improved versions of experimental set-ups using water should consider the 

formation of bubbles in small geometries. Surface treatments to increase surface smoothness and elim-

inate seams and boundaries would be recommended. The emergence of air bubbles from outgassing 

could be addressed by preheating the fluid to expel dissolved gasses before experimentation. Otherwise, 

it is concluded that an alternate heat transfer fluid be used which has a lower content of dissolved gasses 

and/or has a higher solubility for gasses thus less problems with the formation of bubbles when heated. 

4.2 Future development 

Designing, manufacturing, and testing a heat exchanger to safely operate a fusion reactor is an ongoing 

field of research. The study in this report employed a geometry of multi-layered channel flow which 

enhanced swirling and replacement of cooler fluid to hot surfaces. Future experimental set-ups should 

aim to incorporate the proposed materials (e.g., FLiBe, tungsten, and Inconel) at temperatures repre-

sentative of proposed working conditions as outline in Appendix A. Recommendations from CFS in-

cluded the following remarks for system modeling, evaluation, and experimentation: 

• An expansion of the average temperature difference between inlet and outlet to 140 K. 

• Average values for the heat flux density emerging from the vacuum vessel. 

• A move to incorporate turbulent flows and simulations. 

• Limit or eliminate splitting flow patterns to reduce pressure drop in the channels. 

• The substitution of copper-tungsten alloys for pure tungsten to increase thermal conductivity 

of non-structural geometric features (i.e., fins) which would braze well with vanadium. 
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Appendix A 

Article 

Blanket Cooling of a Fusion Reactor 
Robert Beaufait ¹*, Ludger Fischer 2 

1* Competence Center Thermal Energy Storage (CCTES), Lucerne University of Applied 
Sciences and Arts, Technikumstrasse 21, 6048 Horw, Switzerland; robertpeter.beau-
fait@hslu.ch (R.B) 

2 Competence Center Thermal Energy Storage (CCTES), Lucerne University of Applied 
Sciences and Arts, Technikumstrasse 21, 6048 Horw, Switzerland; 
ludger.fischer@hslu.ch (L.F.) 

Abstract: Nuclear fusion is the gateway to a whole new paradigm of energy and 
a strong candidate to decarbonize 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 reac-
tor for use as a thermal power plant. Fusion of lighter elements create enormous 
heat which must be transferred away from the reactor core. These intense condi-
tions require novel approaches in efficiently transferring very high heat loads into 
useable thermal energy without compromising structural integrity of the reactor 
core and surrounding components. This report outlines the concept for a funda-
mental approach to solve the heat transfer problem as proposed by Common-
wealth Fusion System’s design for a fusion reactor. A literature review was con-
ducted for other applications that could serve as inspiration as well as material 
properties and machining methods for the proposed power exhaust system. A 
dive into theoretical thermodynamic and fluid dynamic characteristics of plate 
heat exchangers and finned surfaces was conducted for a fundamental perspec-
tive. A laminar flow regime was studied for the purpose of setting the floor for 
energy needed to pump coolant while simultaneously representing the least fa-
vorable 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. Results are compared with 
the theoretical conclusions and judged based on constraints of the system. Recom-
mendations are made for continued development of a corresponding system. 

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

1. Introduction 
Energy from 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 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 re-
search 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 the blanket 
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cooling system within the affordable compact robust (ARC) reactor were 
described. However, a design proposal for the heat exchange surfaces and 
heat transfer fluid has not been published yet. [4].The reactor core consists 
of the fusion fuels reacting in a magnetically confined vacuum vessel re-
quiring cooling. Vacuum vessel heat flux density reaches a peak of 12 
MW/m2 which needs to be removed via FLiBe (Fluoride-Lithium-Beryl-
lium) 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 pro-
posal includes incorporation of manufacturing possibilities and general 
design to 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 
transport of the heat to the bulk FLiBe tank). A general layout of the de-
sign is developed, general assumptions of required flow rates of FLiBe 
and a possible way to evenly distribute this all over the 300 m2 of blanket 
surface is shown, the blanket surface will be structured with a grid con-
sisting of fins, and a detailed numerical calculation of the local heat trans-
fer 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 shall 
be examined. 

2. Materials, Theory, and Methods 

2.1. Materials 
Three main materials are needed to construct the heat exchanger or 

PEXS. Tungsten (W, Wolfram) is the proposed material for the plasma fac-
ing 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 ITER (International Thermo-
nuclear Experimental Reactor) for its high thermal conductivity (𝑘𝑘𝑊𝑊 ~ 175 
W/(m·K)), high temperature operating range (~ 1500 K), and resistance to 
plasma erosion [4,7,8]. It is proposed to use a plasma facing layer 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 the use of 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 temper-
ature range between 800–875 K, performs well as a radiation shield, and 
has favorable flow characteristics [9–11]. For the proposed FLiBe operat-
ing temperature (800 ~ 875 K) the dynamic viscosity of FLiBe is approxi-
mately 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 [12]. 
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Table 7. Material properties of FLiBe [12]. 

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

 
The design proposed in this paper is a super-structure of Inconel 718 
tasked with distributing FLiBe to the tungsten layer and providing struc-
tural support to the “cool” side of the PEXS. It operates at a lower temper-
ature than plasma facing surfaces and provides a structural level of sup-
port 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 [13–15]. Figure 1 below il-
lustrates the conceptual design of the channeled tungsten plasma facing 
surface (orange in the back) attached to a second set of Inconel 718 chan-
nels (dark gray). FLiBe capillary channels are shown over the top of the 
entire construction. 

 
Figure 15: General design concept with distribution channels (the left one semi-
transparent for better insight into the lower grid). 

2.2. Theory 
A full understanding of heat transfer and the effects of material ex-

tended away from a surface is requisite to properly evaluate designs 
which best conform to the boundary conditions. Table 2 below shows the 
boundary conditions of the PEXS which must not be exceeded. This set of 
boundary conditions are considered nominal operating conditions as out-
lined by CFS. 
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Table 8. Boundary conditions of vacuum vessel cooler [4]. 

Boundary Condition Value Quantity 
 max heat flux density ~ 12 MW/m2 �̇�𝑄/𝐴𝐴 
 Tmax tungsten  1500 K 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
 ΔΤmax FLiBe ~ 75 K (𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑛𝑛) 

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 tem-
perature 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 FLiBe temperature as it passes through the tung-
sten structure. It is governed by the following equation. 

�̇�𝑄 = �̇�𝑚 ⋅ 𝐶𝐶𝑝𝑝 ⋅ (𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑛𝑛) = ℎ ⋅ 𝐴𝐴 ⋅ 𝛥𝛥𝑇𝑇𝑝𝑝𝑝𝑝 (1) 

 
Figure 16: Generalized heat exchanger temperature profile. 

�̇�𝑄 is the heat flux in watts, �̇�𝑚 the FLiBe mass flow in kg/s, 𝐶𝐶𝑝𝑝 the spe-
cific heat capacity J/(kg·K), ℎ the overall heat transfer coefficient W/(m2·K), 
and 𝐴𝐴 the area of the plasma facing surface. Δ𝑇𝑇𝑝𝑝𝑝𝑝 is the logarithmic mean 
temperature difference (LMTD) between the heat source and heat sink. It 
is defined in the equation (2) below and accounts for a non-uniform tem-
perature difference along the path of the fluid. 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the temperature 
of the tungsten shell on the inner plasma facing side. 

Δ𝑇𝑇𝑝𝑝𝑝𝑝 =
�𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑖𝑖𝑛𝑛� − �𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜�

ln
�𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑖𝑖𝑛𝑛�
�𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜�

 [K] 
(2) 

Equation (1) can be rearranged to give us the minimum required heat 
transfer coefficient (ℎ𝑝𝑝𝑖𝑖𝑛𝑛), and minimum area specific FLiBe mass flow 
(�̇�𝑚𝑝𝑝𝑖𝑖𝑛𝑛/𝐴𝐴) as show in equations (3) and (4) respectively.  

ℎ𝑝𝑝𝑖𝑖𝑛𝑛 =
�̇�𝑄
𝐴𝐴

 ⋅
1

Δ𝑇𝑇𝑝𝑝𝑝𝑝
 [W/(m2 ⋅ K)] (3) 

�̇�𝑚𝑝𝑝𝑖𝑖𝑛𝑛

𝐴𝐴
=  

�̇�𝑄
𝐴𝐴
⋅

1
𝐶𝐶𝑝𝑝 ⋅ (𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑛𝑛) [kg/(m2 ⋅ s)] (4) 

Using equations (2) – (4), and the boundary conditions in Table 2, a 
Δ𝑇𝑇𝑝𝑝𝑝𝑝 ~ 660 K, ℎ𝑝𝑝𝑖𝑖𝑛𝑛  ~ 18 kW/(m2·K), and a �̇�𝑚𝑝𝑝𝑖𝑖𝑛𝑛/𝐴𝐴 of ~ 68 kg/(m2·s) were 

A [m2]
𝑇𝑇𝑖𝑖𝑛𝑛

𝑇𝑇𝑜𝑜𝐶𝐶𝑜𝑜

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Δ𝑇𝑇𝑝𝑝𝑝𝑝

�̇�𝑄

𝑇𝑇[K]
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found. These calculated quantities represent the heat flow characteristics 
to remain within the boundary conditions set forth by ARC reactor design. 
Figure 3 below shows the proposed ARC reactor operating point in terms 
of fluid temperature change, LMTD, and ℎ𝑝𝑝𝑖𝑖𝑛𝑛 . This helps to maximize the 
thermal driving force, keep plasma facing surfaces cooler than the maxi-
mum temperatures allowed, and minimize asymmetric thermal stresses 
across the tungsten elements. 

 
Figure 17: Dependence of LMTD and hmin with ΔTfluid and ṁmin/A. 

The minimum required overall heat transfer coefficient (ℎ𝑝𝑝𝑖𝑖𝑛𝑛) is a 
function of tungsten thickness (𝛿𝛿𝑊𝑊) and the minimum average heat trans-
fer coefficient for the fluid surface (𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛). Equation (5) below defines 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛 
in terms of these new quantities and is plotted against tungsten layer 
thickness in Figure 4. 

1
𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛

=
1

ℎ𝑝𝑝𝑖𝑖𝑛𝑛
−
𝛿𝛿𝑊𝑊
𝑘𝑘𝑊𝑊 

 �
(m2 ⋅ K)

W
� (5) 

 
Figure 18: Dependence of 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛 on the thickness of the inner layer of tungsten and 
equation (5). 

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 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛 decreases 
as the total area of the finned surface �𝐴𝐴𝑓𝑓𝑖𝑖𝑛𝑛� increases relative to the flat 
plate area �𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�. The area ratio (𝐴𝐴𝑟𝑟) is defined as 𝐴𝐴𝑓𝑓𝑖𝑖𝑛𝑛/𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  and can 
be used to adjust the required 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛 as a guide for design. Figure 5 below 
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shows the general concept of increasing the area of a surface with a rec-
tangular fin relative to a non-finned surface. 

 
Figure 19: Increased surface area relative to a flat surface by use of fins. 

Figure 6 below shows the change in 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛 with increasing area ratio (𝐴𝐴𝑟𝑟). 
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 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛. Figure 6 below shows the effect of reduc-
ing the thickness of the tungsten layer and increasing the area ratio using 
equation (5). 

  
Figure 20: 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛 as a function of area ratio Ar and tungsten shell thickness. 

The higher the area ratio the better 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. Assessment of the proposed design used a 
tungsten plate of 2 mm in thickness and an area ratio > 2. This represents 
the minimum vacuum vessel wall thickness and a minimum in thermal 
resistance to test the thermal performance of the design concept. A ther-
modynamic design point of an 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛 ~ 12000 [W/(m2·K)] is considered in 
the scope of this study as it is typical of forced convection for non-metallic, 
single-phase liquids [16].  

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 a thermal resistance to heat flow 
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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 [17]. 
Fin efficiency �𝜂𝜂𝑓𝑓𝑖𝑖𝑛𝑛� is a term which describes the ability to transfer 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 [16]. 
Equation (6) below summarizes this definition. 

𝜂𝜂𝑓𝑓𝑖𝑖𝑛𝑛 =
𝑇𝑇𝑓𝑓𝑖𝑖𝑛𝑛 − 𝑇𝑇𝑓𝑓𝑝𝑝𝐶𝐶𝑖𝑖𝑓𝑓
𝑇𝑇𝑏𝑏𝑝𝑝𝑝𝑝𝑏𝑏 − 𝑇𝑇𝑓𝑓𝑝𝑝𝐶𝐶𝑖𝑖𝑓𝑓

; 0 ≤ 𝜂𝜂𝑓𝑓𝑖𝑖𝑛𝑛 ≤ 1 (6) 

The efficiency of the fins can be further expanded into an overall sur-
face efficiency 𝜂𝜂𝑜𝑜. The overall performance of a finned plate is a function 
of the fin efficiency �𝜂𝜂𝑓𝑓𝑖𝑖𝑛𝑛�, the number of fins (𝑁𝑁), the area of each fin �𝐴𝐴𝑓𝑓�, 
the total area of the finned plate (𝐴𝐴𝑜𝑜), and 𝜂𝜂𝑓𝑓𝑖𝑖𝑛𝑛. Equation (7) below is the 
overall efficiency of a finned plate flat plate. 

𝜂𝜂𝑜𝑜 = 1 −
𝑁𝑁𝐴𝐴𝑓𝑓
𝐴𝐴𝑜𝑜

�1 − 𝜂𝜂𝑓𝑓𝑖𝑖𝑛𝑛� (7) 

The surface efficiency of rectangular fins is plotted below in Figure 7 
for an area of 1 m2 against 𝐴𝐴𝑟𝑟, fin thickness (𝑡𝑡ℎ) fin length (𝐿𝐿), and a chan-
nel width of 1 mm. 

 
Figure 21: Surface efficiency of rectangular fins on a flat plate. 

The primary purpose of optimizing fin geometry is to maximize thermal 
performance using the least amount of material while the secondary pur-
pose is to promote 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 optimal addition of surface area with vertical walls. The five 
other finned surfaces considered (rectangular pins, triangular/parabolic 
fins and pins) exhibit poorer overall fin efficiencies at the same area ratios.  

The fluid surface geometry is of critical importance to design a struc-
ture 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 efficien-
cies and area ratios. 
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Table 9. Analyzed fluid surface geometries. 

fin length [mm] 𝜼𝜼𝒐𝒐 [-] 𝑨𝑨𝒓𝒓 [-] 
1.5 ~ 0.80 ~ 2.5 
2.5 ~ 0.65 ~ 3.5 
3.5 ~ 0.53 ~ 4.5 

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

the calculated area specific mass flow rate (�̇�𝑚𝑝𝑝𝑖𝑖𝑛𝑛/𝐴𝐴) , ~ 20400 kg/s is re-
quired to provide the required amount of FLiBe to cool the vacuum vessel 
shell under the proposed conditions. Minimization of energy use by aux-
iliary systems to circulate coolant is a priority. The pumping power re-
quired 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 a pump efficiency. 

𝑃𝑃𝑏𝑏𝑝𝑝 =
�̇�𝑚 ⋅ Δ𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝
𝜌𝜌 ⋅ 𝜂𝜂𝑝𝑝𝐶𝐶𝑝𝑝𝑝𝑝

 (8) 

Table 4 below displays the estimated pumping power required for the en-
tire proposed PEXS for pressure losses between 1 and 16 bar a pump effi-
ciency �𝜂𝜂𝑝𝑝𝐶𝐶𝑝𝑝𝑝𝑝� of 0.85 and an overall coolant mass flow rate of 20400 kg/s 
for a ~200 MWel ARC fusion reactor [18]. 

Table 10. Estimated electrical power consumption for pumping FLiBe with in-
creasing PEXS pressure losses. 

𝜟𝜟𝒑𝒑𝒍𝒍𝒐𝒐𝒍𝒍𝒍𝒍 [bar] 𝑷𝑷𝒆𝒆𝒍𝒍 [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 

2.3. Methods 
The boundary conditions relevant for this study are the heat densities 

to be transferred to the FLiBe heat transfer fluid. The design must be built 
to minimize fluid pressure losses and thus minimize energy consumption 
for cooling. Furthermore, uniform temperature gradients within the PEXS 
material are crucial to maintaining symmetric thermal stresses and mate-
rial longevity.  

A literature review was performed to find any high-power heat 
transfer applications either in commercial use or lab tested. 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 [19]. Laminar flow con-
ditions were analyzed as they represent flow conditions which exhibit the 
lowest pressure losses and worst (in terms of low) heat transfer condi-
tions. This provides a safe-sided starting point in evaluating the feasibility 
of certain designs with regarding the boundary conditions. 

3. Results and Discussion 
The results are presented in the following manner: state-of-the-art, 

design concept, and simulated output. Each section provides the design 
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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 re-

search applications which could serve as a starting point for a design con-
cept. Microchips and integrated circuits have evolved to reach 2.25 
MW/m² employing one of the four types of heat transfer: radiation and 
free convection, forced air-cooling, forced liquid-cooling, and liquid evap-
oration [20]. Another study examined the thermal exhaust requirements 
for VLSI (very-large-scale-integrated) circuits [21]. 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 tem-
perature 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 liquid-cooled heat exchanger design to microscopic 
dimensions. Table 5 below shows the experimental results for several di-
mensions, fluid pressures (𝑝𝑝), flow rates ��̇�𝑉�, and heat flux densities (𝑞𝑞). 
Note specific mass flow rates for water as a coolant, (�̇�𝑚𝑤𝑤), have been cal-
culated from available data and are of the same order of magnitude as the 
specific mass flow rates calculated using FLiBe. 

Table 11: Experimental VLSI heat sink with water filled microchannels [21]. 

Exp. 𝒘𝒘𝒄𝒄 
[𝛍𝛍𝛍𝛍]𝟏𝟏 

𝒘𝒘𝒘𝒘 
[𝛍𝛍𝛍𝛍]𝟐𝟐 

𝒛𝒛 
[𝛍𝛍𝛍𝛍]𝟑𝟑 

𝒑𝒑 
[𝐛𝐛𝐛𝐛𝐛𝐛] 

�̇�𝑽   �
𝐜𝐜𝛍𝛍𝟑𝟑

𝐬𝐬
� �̇�𝒎𝒘𝒘   �

𝐤𝐤𝐤𝐤
𝛍𝛍𝟐𝟐𝐬𝐬

� 𝑹𝑹𝒕𝒕𝒕𝒕,𝒎𝒎𝒎𝒎𝒎𝒎  �
𝐊𝐊
𝐖𝐖
�
𝟒𝟒

 𝒒𝒒 �
𝐌𝐌𝐖𝐖
𝛍𝛍𝟐𝟐 � 

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 investi-

gated for a possible corollary for a solution to this heat transfer problem 
[22]. Nuclear reactors designed to generate electricity exhibit high rates of 
heat transfer from fuel rods to coolant fluid. Various coolants are used 
depending on reactor design. An overview in Table 6 below is given to 
outline potentially suitable solutions. 

Table 12: Experimental VLSI heat sink with water filled microchannels [22]. 

Reactor Type1 PWRa BWR/6b HTGRc LMFBRd GCFRe CANDU 
PHWf 

Manufacturer2 Wa B&Wb GEc - - - - - 
Coolant H2O H2O H2O H2O He Na He D2O 
Avg. heat flux3 0.685 0.64 0.65 0.503 0.204 0.105 0.093 0.050 
Max. heat flux3 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 & Wilcox; 2c General Electric. 
3 [MW/m2]. 

 



17 February 2023 Blanket Cooling of a Fusion Reactor 

Robert Beaufait Page 24 

 

Coolant is under a forced convection flow regime to maximize heat trans-
fer 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 for high-power laser light experi-
ence significant heating. Light beam quality experiences a sharp decline 
when the mirror begins to distort due to heating [23,24]. To mitigate these 
negative thermal effects, active cooling of the mirror with water is applied. 
Table 7 below outlines the assumptions made for 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 the mirror. Similar to the VLSI circuit heat 
sink, the microchannels were found to have a high depth to width ratio. 

Table 13. Assumed conditions for simulation of a laser disk mirror [23]. 

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) 

 
Figure 22: Proposed heat sink for the cooling of a laser mirror [23]. 

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 of a very low acceptable 
temperature increase. The design of the heat transfer surface in this appli-
cation 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 of a thyristor [25].  
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Figure 23: HVDC thyristor heat sink [25]. 

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

3.2. Design approach 
The results of the literature review gave a deeper insight to 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 coolant near a surface to remove heat. In combi-
nation with required geometry of the proposed ARC reactor design the 
following concept was developed followed by an evaluation with numer-
ical simulation.  

3.2.1. Proposed ARC PEXS design 
The proposed design provided from 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 sche-
matic (a) and illustration (b) of how heat is removed from the fusion reac-
tor. 

  
(a) (b) 

Figure 24: (a) Simple schematic of PEX in operation; (b) Detailed illustration of 
PEX cooling the vacuum vessel. 
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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 𝑇𝑇𝑖𝑖𝑛𝑛 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 be-
low 1500 K on the plasma facing side of the tungsten shell. The heated 
coolant is discharged locally (red arrows) into the FLiBe tank which en-
closes vacuum vessel. The heated FLiBe is taken from the tank to generate 
steam for electricity generation (b). The ARC reactor components relevant 
for this study are the divertor leg (2), FLiBe blanket (5), and vacuum vessel 
(8) shown in Figure 11 below. 

 
Figure 25: Conceptual design of the ARC reactor [26]. 

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 of 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. 

 
Figure 26: Conceptual design for the PEXS on the divertor leg. 
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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 presents 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. Fig-
ure 13 below shows a cross-section (a) and perspective (b) of the ∩ - type 
lower channel. 

  
(a) (b) 

Figure 27: (a) Cross-section of ∩ - type lower channel; (b) Perspective of ∩ - type 
lower channel. 

3.3. Numerical Simulation 
The construction shown in Figure 14 was chosen to take advantage 

of symmetry planes along 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.  

 

Figure 28: Flow regime as set-up in COMSOL Multiphysics. 

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 ren-
dering of the design concept with three channels in the simulated envi-
ronment. Geometries with 1, 2, 3, 4, 5, 10, and 20 inlets for each fin length 
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were analyzed for a total of 18 unique assessments. Figure 15 below shows 
a 20-inlet geometry. 

 
Figure 29: 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. 

Thermal performance was first assessed by analyzing the average 
outlet temperature of each configuration. Figure 16 below shows calcu-
lated average outlet temperatures for each fin length (1.5, 2.5, and 3.5 mm) 
shown in the legend. 

 

Figure 30: Average outlet temperatures for each simulated geometry 

Each successive addition of inlets showed a reduction in average fluid 
temperature at the outlet. This was expected as the addition of inlets in-
troduced more FLiBe to a channel with fixed cross-sectional area. Maxi-
mum fluid velocity (𝑢𝑢𝑝𝑝𝑝𝑝𝑎𝑎), increased with the number of inlets while de-
creasing with fin length (𝑓𝑓𝐿𝐿) for geometries with the same number of in-
lets. The maximum domain temperature, (𝑇𝑇𝑝𝑝𝑝𝑝𝑎𝑎), and average heat trans-
fer coefficient on the fluid surface, �𝛼𝛼𝑓𝑓�, also decreased with the addition 
of inlets up to 3-4 inlets before increasing again. The maximum pressure-
drop from inlet to outlet across each geometry, (Δ𝑝𝑝𝑝𝑝𝑝𝑝𝑎𝑎), increased with 
increasing 𝑢𝑢𝑝𝑝𝑝𝑝𝑎𝑎. Table 8 below shows the trends observed organized by 
fin length, area ratio, and average minimum heat transfer coefficient,  
(𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛), for each geometry by the number of inlets (𝑁𝑁𝑖𝑖𝑛𝑛).  
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Table 14. Estimated electrical power consumption with increasing PEXS pressure 
losses. 

𝒇𝒇𝑳𝑳 [mm]/𝑨𝑨𝒓𝒓 [-]; 
𝜶𝜶𝒎𝒎𝒎𝒎𝒎𝒎³ [𝐖𝐖/(𝛍𝛍 ⋅ 𝐊𝐊)] 

𝑵𝑵𝒎𝒎𝒎𝒎 [-] 𝒖𝒖𝒎𝒎𝒎𝒎𝒎𝒎¹ 
[𝛍𝛍/𝐬𝐬] 

 𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎¹ 
[𝐊𝐊] 

𝜶𝜶𝒇𝒇¹ 
[𝐖𝐖/(𝛍𝛍 ⋅ 𝐊𝐊)] 

𝚫𝚫𝒑𝒑𝒎𝒎𝒎𝒎𝒎𝒎¹ 
[𝐏𝐏𝐛𝐛] 

𝑷𝑷𝒆𝒆𝒍𝒍²* 
[MW] 

1.5/2.5; 
9160 

1 0.134 1465 10703 39 14.4 
2 0.260 1433 11222 133 14.4 
3 0.393 1429 11266 269 13.3 
4 0.527 1434 10842 443 12.2 
5 0.666 1434 10851 675 11.8 
10 1.350 1556 8542 2774 9.6 
20 2.664 1917 8472 8494 8.0 

2.5/3.5; 
6540 

1 0.102 1467 9324 27 11.1 
2 0.199 1435 10146 82 10.6 
3 0.300 1435 9927 162 8.0 
4 0.402 1425 10118 285 7.8 
5 0.518 1442 9740 423 7.3 
10 1.033 1621 7340 1569 5.4 
20 2.026 2131 5495 4806 4.2 

3.5/4.5; 
5090  

1 0.081 1486 9510 22 9.3 
2 0.160 1449 9364 59 6.9 
3 0.246 1448 9193 114 5.6 
4 0.328 1464 8922 185 5.0 
5 0.413 1490 8524 273 4.6 
10 0.855 1692 6596 1032 3.6 
20 1.675 2368 4549 3170 2.8 

1 Simulated output. 
2 Calculated with simulated output. 
3 Calculated with theory section 2.2.1. 
* Hydraulic power needed to supply FLiBe to the tungsten vacuum vessel only. 

Simulated results indicate thermal performance satisfying boundary con-
ditions for geometries with 1 to 5 inlets based on 𝑇𝑇𝑝𝑝𝑝𝑝𝑎𝑎 . The minimum av-
erage heat transfer coefficient for a 2 mm thick tungsten wall and flat plate 
(𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛) is not consistent with maximum temperature results. Simulated ge-
ometries included thermal bridges and a cool side boundary condition not 
considered in the theoretical analysis. Errors associated with the model, 
the use of average domain values for calculations (e.g., average outlet tem-
perature), and deviations from theory explain simulations where 𝑇𝑇𝑝𝑝𝑝𝑝𝑎𝑎  ex-
ceeded 1500 K while 𝛼𝛼𝑓𝑓 exceed 𝛼𝛼𝑝𝑝𝑖𝑖𝑛𝑛.  

4. Conclusion 
The results of this study have determined there is a viable path for-

ward to develop a PEXS capable of fulfilling the thermodynamic con-
straints of the ARC reactor design. Theory 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. Analysis 
of 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 approach values 
found using an energy balance for heat exchangers. The most feasible so-
lution was a channeled block of tungsten with fins of 3.5 mm in height, fin 
and channel width of 1 mm, and 5 sequential inlets. It represented the 
solution with the lowest pressure losses and thus only consumes 2.3% of 



17 February 2023 Blanket Cooling of a Fusion Reactor 

Robert Beaufait Page 30 

 

the produced electrical power generated. However, the simulated results 
were not fully in agreement with the theory. Further investigation is nec-
essary 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 con-
struction of an experimental test rig for measuring empirical performance 
is required to understand the accuracy of calculated and simulated re-
sults. A design of experiment must be developed using the materials (or 
their analogs) which accurately model the problem described in this work. 
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