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ABSTRACT 

The main steps in the development of the calorimeter design for the Neutral Beam Injector 

(NBI) of Divertor Tokamak Test (DTT, a new tokamak whose construction is starting in 

Frascati, Italy) are presented. The beam power absorbed by the calorimeter panels is removed 

by the pressurized water flowing through the cooling pipes drilled into the panel structure. The 

heat transfer to the coolant is enhanced by twisted tape inserts. The design and dimensions of 

the panels and cooling pipes are based on the thermal-hydraulic optimisation using detailed 

Computational Fluid Dynamics (CFD) analyses. 

The analysis considers local thermal-hydraulic parameters, such as maximum 

temperature of the panels and of the coolant, coolant pressure drop and geometric constraints 

like panel inclination angle and available space. The beam power of the DTT NBI takes into 

account the beam imprints and power distributions in the beam core and in the beam halo, which 

are modelled by superposition of Gaussian functions. In CFD simulations the coupled solid-

fluid heat transfer problem is solved. Main design choices and optimisation are determined by 

minimising the maximum temperature of the panel structure and of the near-wall temperature 

of the coolant. 

1 INTRODUCTION 

The aim of this work is to develop a conceptual design of the calorimeter for Divertor 

Tokamak Test facility (DTT) Neutral Beam Injection (NBI) system. The positioning of the NBI 

system outside the DTT tokamak [1] is shown in Figure 1. The three beamline components 

(neutralizer, Residual Ion Dump (RID) and calorimeter) are located inside the vacuum chamber, 

as shown in Figure 1. The design is based on the »panel concept«, which has been also used for 

RID in MITICA [2]. This design features two beam intercepting panels made of CuCrZr, having 

deep drilled cooling pipes with twisted tape insertions. The main purpose of the calorimeter is 

to measure and analyse the power distribution of the neutral beam. It has to be able to absorb 

all the energy that is generated from the impact of the neutralized particles. In a closed position, 

the calorimeter has to intercept and remove the total beam power of 3.75 MW. 
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Figure 1: NBI system for DTT. Zoom-in shows the calorimeter in open and closed positions 

[3] 

The panels should intercept the whole beam with a suitable angle (around 10°-30°). The 

angle of the calorimeter panels in a closed position should minimize the heating power density, 

while respecting the maximum available length for placing the calorimeter, 1.5 m in total. A 

system for moving the panels is envisaged, able to switch from an open to the closed position 

and vice-versa. The maintenance of the calorimeter assumes moving the calorimeter along 

dedicated rails. The rails will be hosting all three Beam Line Components (BLCs) and will be 

able to remove each of them through the beam source flange, once the beam source has also 

been removed [3]. The calorimeter should be able to withstand the foreseen heat loads in DTT 

NBI with a suitable margin. In this regard, CFD analyses have been performed to optimize the 

design in terms of minimizing the panel temperature while respecting the boundary conditions 

on the cooling flow, pressure drop and overall dimensions. 

 

2 DESIGN OF THE CALORIMETER 

The proposed calorimeter design consists of two CuCrZr panels with multiple U-shaped 

cooling pipes. The inlet and outlet manifolds are positioned on the same side of the calorimeter 

panel (see Figure 2, left). The inlet manifold tends to evenly distribute the water flow between 

the multiple inlet legs, while the outlet manifold collects the coolant water from the outlet legs. 

Each cooling pipe is equipped with twisted tape, inserted in the inlet and outlet legs for the 

purpose of heat transfer enhancement. The model of the cooling pipe with the twisted tape 

inserts is shown in Figure 2, right. 

The available mass flow rate for the whole calorimeter is 25 kg/s and the operating 

pressure of the water coolant pump is expected to be 20 bar. The maximum pressure drop in 

the entire cooling loop should not exceed 6 bar, or 3 bar in the panel itself. From the geometrical 

point of view, the length of the calorimeter panel L with the manifolds should be less than 1.5 

m. The beam cross-section, hitting the calorimeter, is 0.8 m x 0.8 m.  



513.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

 

 

 

 

 

   

 

 

Figure 2: Panel design with inlet and outlet manifolds (left). Panel element with two twisted 

tape inserts in the cooling pipe represents the CFD domain (right) 

2.1 Beam power distribution 

A cumulative heat load on the calorimeter due to the neutral beam is expected to be 3.75 

MW on both panels. The beam power distribution over the entire surface of a single panel for 

the reference case (𝐿=1 𝑚; 𝐻=0.8 𝑚) is shown in Figure 3. Power distribution is based on the 

superposition of beam core and beam halo over beam footprints approximated by 3D Gaussian 

functions. The inclination angle of the panel scatters the heat load over the panel surface. For 

the reference case (described in section 3) the inclination angle of 23.5o is used, which 

corresponds to 1 m length of the panel. Calculation of the beam power distribution is described 

in detail in [4]. 

The integral power load on a single panel corresponds to 1.875 MW. As shown, the 

highest heat loads occur in the middle of the panel. Therefore the CFD simulation domain is 

taken at the location, where the highest heat loads are calculated (see Figure 2, right). CFD 

domain includes one U-pipe with water cooling. 

 
Figure 3: Beam power distribution over the panel surface for the reference design (𝐿=1 𝑚; 

𝐻=0.8 𝑚)  
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3 CFD MODEL – REFERENCE DESIGN 

The reference panel design is cooled by 18 U-pipes (18 inlet and 18 outlet pipes). Due to 

excessively high computational time, the CFD model includes only a section of the panel with 

a single cooling U-pipe with twisted tape inserts. This is fully representative for the pressure 

drop calculation in the calorimeter. In addition, the CFD simulation domain is taken at the 

location, where the highest, but realistic, heat loads are expected (see Figures 2 and 3). 

Dimensions of the reference panel element with a detail of a twisted tape are shown in Figure 

4. Other design parameters for the reference case are summarized in Table 1 (section 4.2). 

 
Figure 4: Dimensions of the reference U-pipe panel element with twisted tape inserts 

The CFD model with boundary conditions and a cross-section of the computational mesh 

are presented in Figure 5. The heat flux boundary is applied on the top surface of the solid 

domain. Front, back and bottom surfaces of the solid are modelled as adiabatic boundary 

conditions. Considering that the same cooling elements are placed on each side, the side 

surfaces are set as symmetry planes, which imposes a zero temperature gradient.  At fluid-solid 

interfaces the conservative flux of variables is considered. The mass flow rate and inlet 

temperature are set at the fluid inlet, whereas the pressure boundary is imposed at the fluid 

outlet. 

 
Figure 5: CFD domain with boundary conditions (left) and mesh cross-section (right) 

A cross-section of the mesh in the solid and fluid domain is shown in Figure 5, right. A 

hybrid meshing is applied for the fluid domain. The fluid domain primarily consists of tetra 

elements in the core of the fluid, the fluid mesh is refined with prism layers near the solid wall 

to properly resolve the high velocity and temperature gradients. Similar meshing strategy is 

used in the solid domain, but using a much coarser mesh than in the fluid. The number of prism 

layers near the solid walls is 15 and the total number of mesh elements in the solid and fluid 
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domain is around 129 millions. Mesh strategy and details of mesh parameters are presented in 

[4]. 

The CFD model solves a coupled fluid-solid heat transfer with the ANSYS CFX code 

[5]. In the solid domain the steady-state heat conduction equation is solved. In the fluid the 

Reynolds Averaged Navier-Stokes (RANS) model is used to solve momentum and energy 

equations. RANS model uses the Stress Transport (SST) model [6] to solve the turbulence in 

the fluid flow. Temperature dependent thermo-physical properties of the water are used to 

model the fluid flow [7].  

4 RESULTS 

4.1 Reference design 

The results for the reference design are presented in Figure 6. The maximum temperature 

on the heated surfaces is 403 oC (Figure 6, left). The non-symmetric temperature pattern on the 

heated surface can be observed, with higher temperatures above the outlet leg of the U-pipe, 

due to the heating of the coolant towards the outlet. The temperature distribution over the 

structure cross-section is presented in Figure 6, middle. The maximum temperature of the pipe 

wall at the fluid-structure contact is 228 oC (Figure 6, right). As shown in Figure 7, the twisted 

tape enhances the turbulent motion of the flow and consequently also the heat removal from the 

structures. On the other hand, turbulent mixing also increases the pressure drop compared to an 

empty pipe (175 kPa vs. 28 kPa, as shown in Figure 8), but this is still well below the acceptable 

value. 

 

 
Figure 6: Temperature distribution on the heated surface (left), in the structure cross-section 

(middle), on the pipe wall (right) 
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Figure 7: Reference case: velocity magnitude in the flow cross-section  (left) and flow 

streamlines in the U-bend region colored by the velocity magnitude (right) 

 

4.2 Design optimisation 

To further improve the heat transfer characteristics of calorimeter design, several other 

design options were analysed, differing in diameter and number of pipes (N), panel wall 

thickness, twisted tape coefficient (k) and panel inclination angle. 

 
Figure 8: Comparison of CFD results for different design variants: maximum temperatures of 

the solid and fluid and pressure drop 
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Comparison of different designs with the reference case is shown in Figure 8. Maximum 

temperatures of the solid and liquid and the pressure drop are compared. Only a few design 

variants are presented here, more options are described in [4]. The green column represents the 

reference design and the blue one represents the case with the same dimensions as the reference 

design, but without the twisted tape. The most favourable design choice with the lowest 

maximum temperatures is denoted as “optimal” design and is represented by the orange column. 

Albeit this design shows the highest pressure drop of almost 3.3 bar, this value is still acceptable 

considering that the total allowable pressure drop in the cooling circuit should remain below 6 

bar. Comparing to the reference design, it has a lower panel inclination angle in the fully closed 

position (consequently a larger panel length and heat-intercepting surface), reduced number of 

cooling pipes, reduced panel thickness, increased twisted tape coefficient and chamfered edge 

at the U-bend side. The comparison of design parameters between the reference and the 

optimised design is presented in Table 1. The CFD results between the two are compared in 

Table 2. 

Table 1 Comparison of design parameters for the reference and the optimised design 

Design parameters Reference design Optimised 

design 

Length of the panel 1 𝑚 1.17 𝑚 
Number of pipes 36 32 
Pipe diameter 0.014 𝑚 0.014 𝑚 
Mass flow rate through one pipe 0.6944 𝑘𝑔/𝑠 0.781 𝑘𝑔/𝑠 
Distance between the pipes 0.008 𝑚 0.01 𝑚 
Distance between the pipe and heated wall 0.004 𝑚 0.003 𝑚 
Beam angle of attack 23.578° 20° 
Height of the panel 0.044 𝑚 0.044 𝑚 
Thickness of the panel 0.022 𝑚 0.020 𝑚 
Swirl tape coefficient 0.8 1.0 
Edge chamfering NO YES 

 

Table 2 Comparison of CFD results between the reference and the optimised design 

CFD results Reference design Optimised 

design 

Temperature at outlet 95 °𝐶 91.95 °𝐶 
Pressure drop  𝟏𝟕𝟒 𝟗𝟓𝟎 𝑷𝒂 𝟑𝟐𝟗 𝟎𝟎𝟎 𝐏𝐚 
Max fluid temperature 𝟐𝟐𝟖 °𝑪 𝟏𝟗𝟓. 𝟖𝟓 °𝑪 
Max heated wall temperature  𝟒𝟎𝟑 °𝑪 𝟑𝟑𝟒. 𝟎𝟓 °𝑪 
Average pipe wall temperature 93 °𝐶 87.45 °𝐶 
Average fluid temperature 63 °𝐶 61.45 °𝐶 
Average heated wall temperature 208 °𝐶 172.45 °𝐶 
Average heat flux on the heated wall 4.59 𝑀𝑊/𝑚2 3.90 𝑀𝑊/𝑚2 

5 CONCLUSIONS 

A conceptual design of the calorimeter for the DTT NBI has been developed. The 

proposed design is based primarily on the expected beam power distribution, thermal-hydraulic 

factors (maximum temperature of the panel and coolant, pressure drop) and geometrical 

constraints (beam cross-section, panel inclination angle, available space for the calorimeter, 

etc.). Design optimisation is made on the basis of CFD simulation results.  
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The representative CFD simulations were performed for the middle section of the panel, 

where the beam power density is the highest. Preliminary CFD simulations were performed for 

the reference design evaluating the temperature distributions and maximum local temperatures 

in the solid structure and the coolant.  

It was found out that the main design drivers are limiting temperatures of the panel 

structure and of the coolant, rather than the overall pressure drop. To minimise the maximum 

temperatures of the CuCrZr panel and of the coolant, further CFD simulations were carried out, 

differing in diameter and number of pipes, panel wall thickness, twisted tape coefficient and 

panel inclination angle. The results for the most successful (optimised) panel design are the 

following: maximum solid temperature is 334oC, maximum coolant temperature is 196oC 

(below the boiling temperature at the considered local pressure) and the pressure drop is 329 

kPa. All values are below the threshold. The pressure loss over the entire cooling loop 

(considering the calorimeter panel, manifolds and 20 m of piping at the inlet and outlet) amounts 

approximately 4 bar, which is below the maximum allowed value of 6 bar. 

In July 2020, it has been decided to modify the requirement on the NBI power from 7.5 

MW to 10 MW and the one on the beam energy from 400 to 500 keV. This means that the heat 

load to be considered for the calorimeter are now about 33% higher than the ones considered 

in this paper. Anyway, the study reported here is still valid and useful for the project, as it 

proposes a design solution that could be adapted with minor modifications also for the updated 

design. 
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