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1. ABSTRACT 
The PBW thermohydraulic analysis is built around the networking of the ESS BILBAO 

Target Division with the purpose of validate and characterize the PBW System design, 

in-kind component valued in around 1M€, developed by ESS BILBAO Target Division 

for the European Spallation Source Target Station. It consists on the CFD and thermal 

analyses made in addition to the nuclear analysis performed by the neutronic group in 

order to provide valid inputs to the mechanical analysis.    

The European Spallation Source (ESS) is an under construction 5MW facility which is 

going to be become the most powerful neutron source. The ESS build is principally 

composed of the most powerful linear proton beam accelerator, the rotary helium-cooled 

tungsten target wheel and 22 different neutron instruments for scientific purposes. There 

are other important elements like multiple laboratories and a super computing data 

management and software development center. Similarly, to other spallation facilities, 

there are common elements needed to guarantee the spallation reactions like the heavy 

metal target, proton accelerator and multiple optics elements to drive the generated 

neutrons properly to the different instruments. One of these critical components is the 

separation between the target station and the beam line. For the ESS case, a physical 

window is required to separate safely both components. The Proton Beam Window 

(PBW) should be accomplish with strict structural and nuclear requirements. On one 

hand, the PBW must be thin enough to not interfere with the carefully produced and 

guided proton beam. On the other hand, the PBW is going to be the first wall of the 5 

MW proton beam, hence, heat generation on the window is high enough to need active 

water cooling.  

Temperature increments for each pulse (14 Hz) should be characterized carefully. For this 

reason, a Computational Fluid Dynamics model is realized for the PBW cooling channel. 

This model incorporates the heat generation produced by solving the transport equation 

for the incident proton beam. These values are provided by the nuclear group using 

MCNP. Later, the CFD model solves the fluid field coupled to the PBW thermal problem. 

ANSYS Fluent is used to generate the model. Moreover, a grid of values for the bulk 

temperatures and film coefficients is exported to ANSYS Thermal as boundary conditions 

in order to solve the thermal problem of the adjacent PBW bodies conforming the PBW 

system. Obviously, the heat transport problem is now not coupled to the CFD problem, 

being able now to perform the thermal analysis to a major number of solids bodies 

simultaneously.   

Pressure drop must be controlled along the hydraulic system which feeds the different 

cooling channels of the PBW and adjacent vacuum flanges. For this purpose, CFD models 

and empirical correlations are used to approximate the pressure losses on the connecting 

pipes in function of the complexity of each section. Same cooling channels combines 

different sections with rigid pipes or flex hoses which complicates the analysis.  
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 For the CFD model, different cases are studied. Beam pulses are averaged during pulse 

and relaxation time in order to obtain the steady case heat generation. This case is needed 

to start the transient case from an approximated value helping to reduce noticeably the 

computational cost. In the case of thermal problem of the PBW system and shielding, it 

is not needed the characterize temperatures with much precision. Additionally, 

operational cases are evaluated too.  

Proton Beam Window maximum temperature is restricted to 60ºC due to the radiation 

damage which downgrades the structural function of the aluminum. This temperature 

threshold is linked with the protons energy and the beam current, on this specific 

component. Helium and other light species are generated due to the proton radiation at 

higher temperatures these species are diffused forming accumulations that change the 

component shape (swelling), and in last term, cracking the component. The different 

analyses show how maximum temperature in normal operation does not exceed 50ºC on 

the PBW. Temperatures on the stainless steel vacuum flanges and shielding do not affect 

the PBW but higher temperatures are reached <200ºC.  

Thermal contact resistances are approximated using plastic correlations in order to take 

account all possible effect that compromise the design. In this case, these temperatures 

are allowed according to the requirements. Consequently, it is not needed to apply any 

change on the PBW system and shielding.  

However, the thermohydraulic analysis reveals conflicts on specific components in order 

to accomplish with minor requirements. Connecting pipes diameters needs to be modified 

for the current mass flow (0.5 kg/s on the PBW cooling channel) until pressure drop 

accomplishes with the interface criteria (0.65 bar). Correcting these diameters, the 

hydraulic system achieves all the requirements. 

From the thermohydraulic point of view, achieving all the commented requirements 

ensures the correct behavior of the PBW. Then, temperatures could be exported in order 

to perform further analyses.  

Keywords: Spallation, neutron, fluid dynamics, cooling system, hydraulic.  

UNESCO Codes: 

120326 Simulation 

220404 Fluid Mechanics 

330112 Hydrodynamic 

3313.19 Nuclear Machinery 
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2. INTRODUCTION 
2.1 The European Spallation Source 

The European Spallation Source (ESS) is a scientific facility place in Lund (Sweden) 

which is going to become the most powerful pulsed neutron source. It counts with the 

contribution of with 13 European nations as members.  

The ESS design is principally composed of the most powerful linear proton beam 

accelerator, the rotary helium-cooled tungsten target wheel and 22 different neutron 

instruments for scientific purposes. There are other important elements like multiple 

laboratories and a supercomputing data management and software development center.   

There are multiple applications for the neutron technologies which are going to be 

explored on the different laboratories and derived studies, moreover, there is a high 

dependency of the neutron intensity: 

• Engineering materials, geosciences, archaeology & heritage conservation. 

• Life science and soft condensed matter. 

• Particle physics. 

• Chemistry of materials, magnetic and electronic phenomena. 

Neutron scattering is selected due to this capacity to reveal subtle information about 

material properties. There are different reasons that confer this particle exceptional 

properties.  

• Neutrons cover a wide range of length and time scales depending on the 

wavelength.   

• Neutrons due to their low interaction with the matter are useful for high 

penetration analysis. This also allows the study of thick probes with extreme 

condition of pressure and temperature.  

• Neutrons are non-destructive, hence delicate probes or objects can be studied 

without fear of damage.  

• Neutrons nuclear interactions with matter is weak which makes quantitative 

analysis and interpretation of the data straightforward. 

• Specific neutrons cross section with different material allow to replace materials 

or highlight certain groups of elements on complex materials. This excludes the 

need for invasive chemical labelling.   

• Magnetism does not influence neutron experiments because of the neutral charge. 

Consequently, magnetic structures and dynamic material could be studied using 

neutrons.  
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To sum up, well known neutron technologies demand bigger neutrons sources in order to 

explore deeply materials and complex systems involved on current and emerging 

technologies of different fields like biotechnology and advanced materials.   

2.2 Spallation Facilities 

The nuclear spallation needs of higher energies per particle in order to fragment heavy 

metals producing chained reactions. One single reaction produces between 20 and 30 

neutrons produced by one incident accelerated proton. Obviously, this reaction requires 

specific conditions of energy, vacuum and pressure in order to produce effectively high 

neutron flux level. There are different components that must be present to ensure these 

conditions. 

• Accelerator system: an accelerator is needed in order to reach higher energies. 

Charged particles are relatively easy to accelerate thanks to their 

electromagnetic properties. Typically, linear accelerator are used where the 

protons are energized and guided in small steps through a straight line. 

Different techniques are used to focus the proton beam which combines optical 

and electronic processing like beam rastering. All these methods ensure that the 

pulse footprint conserves a proper gaussian distribution form during the 

acceleration process.   

• Beam line: the accelerator is placed inside this cavity where ultra-high vacuum 

must be achieved. This specific pressure conditions are needed to maintain a 

high current.  

• Target station: spallation material should be placed in a controlled zone due to 

consequences of the high neutron flux produced. Heat deposition could not be 

neglected, moreover, on the ESS case being the major spallation source. 

Usually, active refrigeration is needed to guarantee a proper structural behavior.  

• Shielding: elevated neutron flux implies high doses produced by secondary 

reactions that should be absorbed.  

• Instruments guides: neutron flux must be driven to the different instruments 

situated around the neutron source. For this purpose, neutron of a wide range 

of energies must be selected and the driven carefully. 

Specifically, ESS accelerator provides 2 𝐺𝑒𝑉  for a current of 5 𝑀𝑊  during 2.86 𝑚𝑠 . 

This implies that heat loads should be dissipated using high mass flow cooling. Moreover, 

the target material is composed of 36 uniformly distributed tungsten sectors around a 

wheel which spins at a specific revolution to coordinate only one pulse for each sector.  
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The ESS is going to be the major neutron source, for this reason, there are requirements 

due to the dimension of each component. The beam line due to the different vacuum 

conditions should be isolated from the target station. This critical transition have specific 

requirements: not interfere in the proton beam, add instrumentation before the target 

station and structurally it must be able to dissipate the heat loads efficiently. In order to 

accomplish with these requirements, a thin aluminum plate is situated as a window of the 

proton beam to the target station. Later, the Proton Beam Window (hereinafter, PBW) is 

going to be analyzed in detail.  

2.3 Workflow 

There are different analyses that must be performed for each component in order to 

determinate its thermomechanical behavior. Moreover, in the case of a nuclear 

component, the transport of particles is the key to characterize the heat loads.  

How it was commented, the transport equation must be solved to clarify the nuclear 

interactions of each body. Usually, stochastic codes, like MCNP, can solve this equation 

for complex geometries.  

Adjacent components should be added to each model, especially for the nuclear and 

thermal analysis, where neighbor bodies significantly influence the solution of the main 

component.   

Figure 1: European Spallation Source scheme.  
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Once, the nuclear analysis is performed, the solution map includes the heat generation for 

each body included on. These generation values (𝑊/𝑚3) are processed and imported to 

ANSYS Thermal Module. This tool is very useful to control the interpolation to be 

adapted properly to the posterior analyses.  

Most of the bodies are cooled so it is needed to perform fluid dynamic analysis using 

CFD codes in order to solve the Navier-Stokes equations coupled to the energy equation. 

Figure 2: ESS-BILBAO Target Division Workflow 
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Importing the heat generation from ANSYS, the component is solved using Fluent. 

Consequently, relevant magnitudes like temperatures and film coefficients are obtained. 

Temperatures are exported to ANSYS Mechanical where the mechanical analysis is 

realized finally. If the component passes the mechanical evaluation, the mechanical 

analysis provides positive feedback, the design can be closed.  

2.4 Proton Beam Window System 

The Proton Beam Window System includes different components in addition to the PBW. 

The main objective is to separate two different atmospheres: UH Vacuum on the Beam 

Line and medium vacuum on the Target Station.  

Figure 3: Global views of the PBW System. 



Introduction 

12 of 82                                  Escuela Técnica Superior de Ingenieros Industriales (UPM) 

The PBW System is located within the Target Station, outside the Vessel, at 3.75m from 

the spallation center. The PBW is accommodated at the PBW- Port Block and it has its 

own vessel in order to provide mechanical stability to withstand the loads transmitted by 

the PBW and the pressure volumes, and provide a volume to achieve pressures down to 

rough vacuum (1 Pa), in order to minimize the leak rates to the accelerator pipe.  

Moreover, the shielding, composed of a high number of stainless steel blocks, is placed 

above the PBW and it must seal the radiation arising from the PBW. To achieve such 

purpose, they have to cover the space left for the insertion/extraction of the PBW through 

the Vessel after the PBW is deployed in position. 

Figure 4: Components inside the PBW Vessel. 
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Then, the PWB inside the PBW frame and it is connected with different pipes and 

instrumentation from the shielding. Two supports attach the first block of the shielding  

with the  PBW frame. Two vacuum flanges are attached by bolts to the PBW Frame, one 

for each side of the PBW. Each flange is refrigerated by two communicated rectangular 

cooling channels.  These flanges have the objective to link two seals adjacent to the 

flanges, out of the scope of the PBW System.  

 

Through the shielding, a pipe box is inserted in order to group all the connections to the 

Proton Been Window. Vacuum pipes and water cooling pipes are placed at this 

component. One of the main purposes of this project is to analyze the pressure drop along 

the pipes. Inside the pipe box, there are two principal cooling circuits:  

Figure 5: PBW Frame, vacuum flanges and pipes.  
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1. PBW cooling circuit: these rigid pipes only provide cooling to the Proton Beam 

Window. Pipes are stretched at the PBW.   

2. Flange cooling circuit: in this case rigid pipes are inside the pipe box and flex 

hoses are used to communicate the 4 flange cooling channels. Flex hoses are used 

in order to allow manual assembly. There are different optical and control 

instrumentation that are complex to mount. Moreover, the PBW needs space to be 

deployed or extracted inside the PBW-Vessel and above the Port Block.  

2.5 Proton Beam Window 

The Proton Beam Window (hereinafter only PBW) ensures a physical barrier between 

two different systems which operate at differenced vacuum conditions. This component 

separates accelerator and target station, thus, it is the first wall for the proton beam (1).  

There are different requirements derived of this structural function. Moreover, the PBW 

must be slim enough to not interfere with the proton beam. Despite of this quality a small 

heat load is produced by nuclear interactions of the PBW structural material and the 

proton beam, then, PBW must be cooled properly in order to avoid harmful downgrade 

of material properties. Quantifying heat deposition in the PBW requires modelling the 

system and solving the transport equation, but it is clear that the energy density of the 

proton beam bound the PBW design requiring active cooling.      

Figure 6: Different PBW views. 
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The PBW consists in two thin plates and a cooling channel between them, in turn, the 

PBW is situated into a frame connected by welding, moreover a piping system is needed 

from/to the connection plugs in order to communicate the PBW with the cooling pumps. 

The PBW cooling system includes different simple components which can be difficult to 

model at the same time. In order to simplify the problem, different parts of the PBW 

cooling system can be distinguished and analyzed separately: connecting pipes, frame 

pipes, adapters and cooling channel. Each part must accomplish with different criteria:  

• Connecting pipes need higher radius in order to reduce the pressure drop along 

the shielding blocks. The material selected is stainless steel. Then roughness 

should be considered.  

• Frame pipes radius is lower respect to the connection pipes. Frame pipes need to 

be smaller due to space requirements. Proton beam is not going to interact with 

these pipes, because it is not spread enough. Stainless steel is the selected material. 

• Adapters are needed in order to connect pipes and cooling channel. These 

components are expected to have a significant impact over the pressure drop and 

fluid flow at the cooling channel entrance/exit. Fluid inside recirculates, then, it is 

expected to enter the cooling channel more uniform..  

• The cooling channel supposes a big narrowing for the fluid flow, consequently, it 

is going to require a deeper study in order to clarify the fluid field changes. In this 

section, the proton beam is going to produce a high heat generation. The material 

selected is the aluminum, so pressure losses due to friction are expected to be 

lower. 

From the PBW cooling channel point of view, the most interesting region is the PBW 

center where the proton beam illuminates. The PBW cooling channel has a length of 22 

cm x 20 cm, and the beam footprint measures 11.21 mm H x 4.19 mm V, which it means 

that the highest heat loads are going to be placed inside the cooling channel.  

To sum up, the PBW System is needed to separate two different atmospheres. The frame 

is going to hold mechanically the vacuum flanges (CF joints) and the PBW (welded) 

which allows the beam to pass through without interfering the proton beam. On the other 

hand, the vacuum flanges connect two remote seals that isolate the cavity.  
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Figure 7: Schematic view of the PBW cooling channel. 
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3. METHODOLOGY 
Different approaches could be selected to analyze the fluid behavior along the pipes and 

PBW. However, due to the complexity of the fluid flow inside the cooling channel, more 

detailed analysis is required for this region. Hence, a CFD model is produced for this 

zone. Bulk temperatures and film coefficients could be exported to a steady state thermal 

model of the PBW, PBW frame, vacuum flanges, supports and shielding in order to 

characterize temperatures on the solid bodies.  

3.1 Objectives 

How it can be appreciated, the PBW CFD model is the key to solve the thermal analysis, 

and the pipes are only going to provide boundary conditions to the CFD model. For this 

reason, this analysis is focus on solve the CFD model properly.  

There are different necessary data that must be extracted from the CFD output to be 

imported on the thermal model. For this reason, specifically the objectives of the PBW 

CFD model should be clarified in order save efforts:  

• Produce a lightweight CFD model where further changes could be implemented 

easily. There are multiple cases that must be solved increasing the computational 

cost. CFD mesh should be high quality in order to reduce the number of cells 

meanwhile the cells should be regular enough to reduce the discretization error 

derived of non-orthogonal cells.   

• Constrain different operation parameters. For the actual design state of the PBW, 

different parameter must be concreted in order to export these values to interface 

reports and further analyses like thermalization time or temperature increments 

for different operational cases. Pressure drop is an important magnitude which 

conditions the pipes path and radius.  

• Determinate convective boundary conditions on the cooling channel. Export these 

film coefficients and bulk temperatures to other thermal solvers in order to 

contrast temperature results and integrate the PBW cooling channel inside a global 

model.  

• Understand fluid flow behavior on the cooling channel in order to detect undesired 

effects like detachment that downgrade convective properties or produce 

additional pressure losses.   

• Generate a lightweight thermal model of the adjacent component to the cooling 

channel. In last term, temperatures of the solid bodies are going to be exported 

with this model.  

• Detect components poorly refrigerated. Vacuum equipment should dissipate heat 

by diffusion or radiation properly at zones far enough of the cooling channel.  
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3.2 PBW CFD model 

According to a prototype previously manufactured, the PBW model considers all the 

important elements inside the frame: cooling channel and plates, frame pipes and adapter. 

How it was commented in the previous section, the fluid is expected to be complex in this 

region, so a detailed CFD model is required, but there is no need to include external solid 

bodies where the heat load could be neglected. 

3.2.1 Geometry Corrections 

The CFD model preserves all the components of the actual design of the PBW. However, 

due to the manufacturing the cooling channel is connected to a previous hole machined 

by Electrical Discharge Machining (EDM), this is produced because the cooling channel 

is machined by Wire EDM so sparks can erode the rest of the PBW unless this previous 

hole is created (2). This hole introduces several complications to the meshing process. 

The hole does not suppose significant changes over the fluid behavior because it is only 

connected by a narrow gap and is expected to be filled with stagnated water or different 

materials in order to not interfere with the rest of system. There is not an additional 

pressure gradient at this hole, a separation zone is expected. Consequently, the hole is 

suppressed for the CFD model. The hole is approximately of 1.75 mm of diameter and 

Figure 8: PBW last prototype. 
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the current prototype is manufactured with tolerances of +-0.05 mm. This fluid dynamic 

model is going to take account the most unfavorable cases later.   

3.2.2 Mesh Generation 

Fluid field is clearly conditioned by the PBW cooling channel. Obviously, the grid needed 

to model the cooling channel must be fine enough, from the solver point of view, to 

calculate accurately the diffusive term and specifically the boundary layer. For this 

reason, the cooling channel and frame pipes are meshed differently, and an interface mesh 

is required between them, because of the characteristic length, velocity and streamlines 

expected are different between both components.  

At the box adaptors, which are situated after and before the cooling channel, fluid flow 

suffers a big expansion and contraction so high radius swirls and separation are expected. 

Fluid velocity at this region is going to decrease. Consequently, convective term is going 

to be less important and velocity profiles deduced of the expansion and contraction are 

going to be closely related with the viscous term. This behavior implies an additional 

pressure drop.  

It makes sense to mesh differently the box adaptors respect to the pipes too. However, 

solving the viscous sublayer is going to complex the problem in a zone where it is not 

needed to export any value and the fluid behavior is going to be chaotic. For this reason, 

a mesh interface is placed inside the box adaptor in order to separate zones with different 

criteria: pipes and cooling channel. In the cooling channel, accuracy is higher than the 

box adaptors because of depending on the wall treatment other magnitudes like the film 

coefficient are going to be affected. Otherwise, a coarser grid at the hot adaptors is going 

to facilitate the problem convergence. 

Figure 9: Hole to be simplified produced by Electrical Discharge machining on 

the PBW cooling channel. 
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Figure 10: Different views of the PBW model mesh. 



 

 Target Division                                                                        ESS PBW Thermal Analysis 

Jorge Linde Cerezo                                                                                               21 of 82 

Furthermore, fluid flow is going to present detachment at the cooling channel 

exit/entrance. Behavior at this zone could be unpredictable if the first information point 

is situated in the logarithmic region of the inner layer. For this reason, the first near wall 

point must be localized in the viscous sublayer increasing the number of cells. 

To conclude, for the frame pipes and part of the adaptor, the mesh must be fine enough 

to be adapted to geometry curvature and wall functions, and the grid must be able to solve 

the high radius swirls but it has to be coarse enough to average the high frequency 

perturbations which it could introduce unnecessary complexity to the model. For RANS 

simulations, this could be easily achieved adding extra numerical dissipation.  

Mass flow is 0.5 𝑘𝑔/𝑠, with this information and the cross section of the channel, the 

length of the near wall cell could be estimated. If an 𝑦 + lower than 1 is desired, the first 

cell must be in the order of a micrometer.   

 

 

How it can be observed, grid is not conformal even in the solid region, where the plates 

present complex details to mesh conformal with the cooling channel region. There are 

different reasons to use a non-conformal mesh:  

Figure 11: Different views of the y+ on the PBW CFD model. 
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• A conformal mesh creates a bottleneck in the cooling channel because it is needed 

to solve the viscous sublayer in this region, hence cooling channel should be finer. 

The adapters then must be equally fine respect to the cooling channel, at least for 

on the cross sections. The actual number of cells is 1,105,941.  This is a 

reasonable number of elements in order to work agilely with the model. Moreover, 

there are long time transients, like ordinary trips, which require several 

computational costs and they cannot be affordable to accomplish with a higher 

number of cells.        

• The transition between the adapters and the cooling channel might require too 

time to mesh due to its complexity.   

• In the solid body, mesh interfaces are not relevant for the heat transfer problem, 

for this case, because gradients on solid region are lower than in fluid dynamics, 

where mesh interfaces should be as smoothers as possible to avoid interpolation 

problems.   

𝑦 + depends on the fluid flow. Concretely, it depends on the shear wall efforts which is 

proportional to the fluid velocity. Hence, there are different localized regions where 𝑦 + 

changes abruptly. In function of 𝑦 + different zones could be differenced:  

• 𝑦+< 5: At the cooling channel is needed to maintain 𝑦 + low. For this case 𝑦 + 

is approximately 1.  

• 50 < 𝑦+< 80: If the viscous sublayer is calculated using wall functions, 𝑦 + 

should be in this range.  

• 𝑦+> 80: How it was already commented, there are transition and stagnation 

zones where the 𝑦 + changes abruptly for the same mesh resolution. For this 

model, there are located in the adapters due to the chaotic behavior at these zones. 

Available wet cross section is reduced in adapters entrance/exit zones so 𝑦 + 

increases consequently.  

Table 1: CFD model mesh quality. 

  Fluid Field PBW 

  
Orthogonal 

Quality  
Skewness 

Orthogonal 

Quality  
Skewness 

Min Value 0.49 0.57 0.002 0.99 

Average 0.98 0.05 0.91 0.22 

Nº cells 707,480 398,461 

 

3.2.3 Boundary Conditions 

Heat load is always considered on the coolant either for the CFD model or the Thermal 

model, but the PBW heat load is not high enough to produce a big temperature increment 
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in the fluid if liquid water at this mass flow is used as coolant. However, the PBW 

temperature is going to be significantly affected by the heat load distribution. According 

with previous studies (3), the PBW temperature cannot exceed 60º𝐶.  

One of the main questions is how many frame bodies must be included in the CFD model. 

The first wall for the proton beam is the PBW aluminum channel, the heat load of the 

adjacent solid components of the PBW are negligible respect to the cooling channel heat 

load, so the maximum temperatures are expected in the center of the PBW. Consequently, 

the convection is dimensioned in order to dissipate these maximum heat loads. The 

diffusive term is low enough to be neglected because of the small contact area between 

the PBW and frame. There are simple relations that could be used to determinate the 

magnitude order of the diffusive and convective term. Conduction could be expressed as 

qd
′′ = k∇ T/Lc where 𝐿𝑐 = 0.22 𝑚 is the characteristic length. If it is supposed that the 

problem is dominated by convection and wall temperature is selected as 30º𝐶, coolant 

initial temperature is 27º𝐶, then the frame due to it is in contact with the Port Block, an 

uniform temperature of 80º𝐶  is considered, which is a remarkable conservative 

assumption because the frame is going to dissipate heat by diffusion to in-contact bodies. 

Convection is approximated as 𝑞𝑐
′′ = ℎ(𝑇𝑤𝑎𝑙𝑙 − 𝑇∞), where the film coefficient could be 

approximated using the Dittus & Boelter correlation, which it is a really conservative 

assumption due to the thin cross section is going to increment the film coefficient 

compared to a normal circular channel, using 𝑅𝑒 ≈ 14000 and 𝑃𝑟 = 7 for 𝐿𝑐 = 𝐷ℎ =

3.9 𝑚𝑚, ℎ𝑓𝑖𝑙𝑚 ≅ 16000
𝑊

𝑚2𝐾
. Finally, the convective term 𝑞𝑐

′′ ≅ 48000
𝑊

𝑚2 is lower than 

the diffusive term, 𝑞𝑐
′′ ≅ 63636

𝑊

𝑚2, in heat per square meter. The total heat exchanged 

depends on the heat transfer area. Total convective heat on the cooling channel is 𝑞𝑐 ≅

1488 𝑊  and external conduction toward the cooling channel is 𝑞𝑑 ≅ 207 𝑊 . Not 

considering the external bodies is going to simplify the model considerably and it is not 

going to suppose important differences taking account the conductive term and the 

internal heat diffusion to the box adapters.   

The PBW farthest zones of the channel are not affected by convection, from the physical 

point of view, they only would dissipate heat with the diffusive term of the corresponding 

governing equation, in this case, thermal conduction. If the rest of the solid parts are not 

considered, an adiabatic condition is imposed in this interface zone between solids. This 

adiabatic condition is going to underestimate temperatures on these external surfaces of 

the PBW CFD model because how it was commented earlier the frame is expected to heat 

the PBW. Cooling channel temperatures are not going to be affected by this consideration 

due to the differences between conduction and convection estimated earlier. This 

assumption is corroborated on the PBW thermal analysis, where it could be seen how 

plates temperatures are thermalized to coolant temperature as soon as the cooling channel 

is reached, presenting similar wall temperatures. Consequently, conduction from the 

frame is not affecting the wall temperatures or bulk temperatures. Moreover, heat 

necessary to increase the temperature of an 0.5 𝑘𝑔/𝑠 mass flow one degree is 2070 𝑊, 
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If convective condition could be only considered constant if flow temperature it is not 

affected by the extra heat exchange produced by conduction with the frame, which is 

neglected in the CFD model, then frame conduction needs to be one magnitude order 

higher. It could be considered that both models are correctly coupled taking account the 

expected error on the adiabatic boundary condition. 

Heat loads are exported from MCNP, processed using ANSYS Thermal Module, and 

later, the heat loads are imported to Fluent. How it was made for the Target Wheel and 

Shaft CFD Analysis (4), the pulse is averaged in order to produce a steady state. For the 

maximum temperatures, half of the cooling and one pulse is performed from the steady 

state. It could require simulating more pulses in order to check that the maximum 

temperature converges.    

Different magnitudes could be exported to ANSYS Thermal Steady State and Transient 

State in order to check the values obtained by Fluent. There are different ways to supply 

the boundary conditions for the steady thermal problem: flux temperature and heat 

transfer coefficient, or heat flux. Imposing the convective conditions as a Neumann 

boundary condition, using a heat flux, does not allow to modify the boundary condition 

in function of the wall temperature. If the bulk temperature does not change, it is better 

to import the convective conditions providing a heat transfer coefficient and bulk 

temperatures. Fluent has got two ways of approximating the heat transfer coefficient: 

using a reference temperature to calculate the film coefficient, in function of the total 

surface flux and the wall temperature; or using wall functions to calculate the film 

coefficient in function of characteristic magnitudes of the wall law like the law-of-the-

wall temperature or the turbulent kinetic energy of the first cell. Bulk temperatures are 

obtained defining a new function in Fluent: 

𝑇𝑏𝑢𝑙𝑘 = 𝑇𝑤𝑎𝑙𝑙 − (
𝑞′′

ℎ𝑤𝐻𝑇𝐶
)  

 

3.2.4 Solver Configuration 

At this point, the solver configuration is bounded by the necessity of using models which 

combine different wall treatments: wall function for the frame pipes and adapter, and 

resolution of the viscous sublayer for cooling channel. The RANS model used is 𝑘 − 휀 

Realizable Menter-Lechner. Realizable option is selected due to the big spreads produced 

in the fluid at the entering and exit of the cooling channel. This method ensures a proper 

treatment of the wall effects. First order is used for the moment discretization, only for 

the steady case, in order to improve the convergence. This is useful to reduce the 

linearization error because the different fluid behaviors in frame and cooling channel are 

not easy to solve. Discretization error are conditioned by the necessity to solve the viscous 

sublayer. 
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Discretization of the different magnitudes, which intervene on the governing equation, 

usually are set as second order. However, the entire PBW model needs a first order 

discretization in momentum, for the steady case, in order to find a converged solution for 

the velocity and pressure, for different points distributed in each component of the model. 

These points on separation zones, for the second order discretization, are going to 

fluctuate between many steady solutions, this amplitude is only acceptable for the first 

order solution. In accordance, to the previous CFD models of the target wheel, the steady 

problem is the averaged solution of the transient case, so the steady solution is needed in 

order to initialize the transient case unless enough pulses are simulated to be situated in 

operation conditions. Transient case is easier to solve and can be solved using second 

order discretization for all the variables. For this problem, first order solution (for the 

momentum discretization) is used how initial conditions. Then, various pulses are 

simulated until there are not significant changes between each pulse.  

Fluid flow inside the cooling channel is expected to be uniform, far enough of the entrance 

and exit, where the fluid is close to be developed. Although, the two adapters are heavily 

variable, so the cooling channel is affected at its inlets and outlets by the adapters, 

information is propagated through the cooling channel. Then, it is difficult to find out a 

converged solution for this apparently noncomplex system, from the cooling channel 

point of view.  

3.3 Pressure Drop Calculations 

Pressure drop must be calculated along all the hydraulic system, including sections either 

rigid pipes or flex hoses.  

3.3.1 Rigid Pipes Correlations: 

In order to check the results, pressure drop can be estimated using experimental and 

analytical correlations. A good prediction is expected from these correlations for the 

ordinary sections but at the cooling channel and its proximities is expected that this value 

differs. Pressure drop could be decomposed in local and friction losses. Friction losses 

are easy to estimate because of the Darcy friction factor is well known if the fluid regime 

and material are known. The associated pressure drop could be formulated as (5):  

Δ𝑝 =
𝜆𝐿

𝐷
 
𝜌𝑣2

2
  

Local losses are more difficult to approximate because they require for the complex 

geometries using highly experimental dependent correlations. For the more unusual cases, 

these correlations have high uncertainties. However, they are useful to check the 

magnitude order of the pressure drop on the PBW which is one of the main concerns.   
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Pressure drop in smooth elbows depends on the curvature radius, 𝑅𝑐; diameter, 𝐷; and 

angle, 𝛿. For the PBW model the angle of curvature are 90º, the next equation describes 

the pressure drop when 𝑅𝑐/𝐷 ≥ 1:  

Δ𝑝 = 𝑘𝑐 𝜌
𝑉2

2
 

𝑘𝑐 = 0.051 + 0.19 
𝐷

𝑅𝑐
 

After the 90º elbows, the other elements are the adapters and the cooling channel. These 

elements imply abrupt fluid expansion and contraction with different hydraulic diameter. 

The expression for the local pressure drop of these elements are:  

Δ𝑝 =
1

2
𝜌 𝑣2 (1 −

𝐴1

𝐴2
)

2

 

For the abrupt expansion, where 𝐴1 and 𝐴2 are the inlet and outlet area. In the case of an 

abrupt contraction:   

Δ𝑝 =
1

2
𝜌 𝑣2𝐾𝑐 

In this case the constant 𝐾𝑐  is a function of the hydraulic diameter 𝐾𝑐 = 𝑓 (
𝐷2

𝐷1
). The 

values for this function are tabulated and extracted for experimental data. Due to this 

condition, the guessed values for these correlations are expected to differ respect to the 

CFD model at this section.  

3.3.2 Flex Hoses Correlations: 

Local losses correlations could be used for this kind of pipes too. The main question is 

estimating the friction losses for corrugated flex hoses. Due to this capacity to flex, flex 

hoses path is unpredictable after the installation process, for this reason, it is usual 

introducing conservative factors. Flex hose correlation used needs to estimate a modified 

Reynolds depending on the geometrical parameters of the corrugated hose and the friction 

coefficient (6). Once the special Reynolds number is calculated, the fluid regime is 

classified in three regions. Each region is going to approximate the friction coefficient 

differently.  Then, the next equation system is presented:  

𝑅𝑒∗ = 𝑓(𝜆, 𝑅𝑒) 

𝛹(𝑅𝑒∗) = 𝑓(𝑅𝑒∗, 𝜆) 
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This system of equations, which implies implicit equations how it can be seen later, is not 

worth to be solved directly, instead of that, it is easier to solve iteratively. For this purpose, 

first the friction factor is guessed using the Colebrook equation: 

1

√𝑓
= −𝑙𝑜𝑔10 (

휀 𝐷⁄

3.7
+

2.51

𝑅𝑒√𝑓
) 

Colebrook equation can be solved easily using the Newton method. The guessed value of 

the friction factor is used to estimate the special Reynolds number:  

𝑅𝑒∗ =
𝑅𝑒√𝑓

𝐷 𝑇⁄
 

Where 𝑇 is the thread of the corrugated section. Then, for annular-type hoses:  

• If  170 ≤ 𝑅𝑒∗ ≤ 1400 then 𝛹(𝑅𝑒∗) = 4.35. 

• If  1400 < 𝑅𝑒∗ ≤ 11000 then: 

𝜒 = log(𝑅𝑒∗) − log (1400) 

§ = 𝑙𝑜𝑔 {
20 𝛷

log (100 − 𝛷)
} 

𝛹(𝑅𝑒∗) = 4.35 − 𝛷 

§ could be divided in two regions where can be approximated:  

 For 𝜒 ≤ 0.54: 

§ =
𝜒 − 0.094

0.09 + 0.539𝜒
 

 For 𝜒 > 0.54: 

§ =
𝜒 − 0.094

0.0395 + 0.633𝜒
 

The third region is not used in anyone of the sections. On the second equation, the implicit 

equation can be solved taking account that 𝛷 ≪ 100 then log (100 − 𝛷) ≈ 2. Following 

the previous process, the new friction factor could be estimated again with this equation:  

𝛹(𝑅𝑒∗) =
1

√𝑓
− 4log (

𝐷

𝑇
) 

With a few iterations the system quickly converges. A safety factor of 4 is introduced 

here. If the flex hoses are curved there is a correlation that could be applied in function 

of the bending radius:  

𝑓𝑏

𝑓
= 1 + 59 (

𝐷

𝑟𝑏
) 𝑅𝑒−0.17 
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For this specific correlation, a 20% error is supposed, so a 1.2 factor is applied.  

3.4 Piping System 

Piping system presents multiple pipe elbows of different sizes. Pressure drop along the 

piping system must be calculated accurately in order to constrain the total pressure drop. 

Despite of the good expected behavior of the correlations, a CFD model is produced in 

order to minimize this error. There are two different pipe sections that have been 

calculated using this method. However, all the rigid pipes CFD models presents the same 

elements. Path through shielding is quite similar either the PBW pipes or the flange pipes. 

Meshes generated for both models are similar because for both models the viscous 

sublayer is solved, then the first layer high is corrected for each fluid regime. In the case 

of the PBW pipes, a gradual diffuser is added due to the high difference in the pipes 

diameter between the connecting pipes (DN25) and the frame pipes (DN15). This diffuser 

could not be neglected and introduces a high pressure drop.  

It is expected that the flow is detached for the more pronounced elbows. Then, it is 

required that the mesh could be fined enough to solve the viscous sublayer.   

All the variable discretization are second order. The models used is 𝑘 − 𝜔 which provides 

a proper wall treatment. Then, 𝑦 + must be lower than 5, this is easy to achieve due to 

the simplicity of the models.  

Figure 12: Swagelok Convoluted 316L Core, Stainless Steel Braided Hose. 
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Figure 13: Different views of the generated mesh in the connecting pipes. A caption of 

the y+ is presented on the bottom.  



Methodology 

30 of 82                                  Escuela Técnica Superior de Ingenieros Industriales (UPM) 

3.5 Thermal Analysis  

3.5.1 Geometry 

Once the heat deposition produced by nuclear interactions between the proton beam and 

the different components is determined; a thermal analysis must be performed, in order 

to determinate the temperature map useful for establishing operational temperatures and 

performing further mechanical analysis. Heat generation (W/m3) could reach remarkably 

Figure 14: Geometry of the thermal model including PBW, frame, 

vacuum flange, instrumentation and supports. 
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high values on different parts like the cooling channel. For this reason, it is needed water 

cooling at these critical locations because of the lower capacity of the PBW to dissipate 

this heat source by diffusion to the adjacent components. Otherwise, the specified vacuum 

conditions difficult the cooling of all bodies with low contact area, natural convection are 

not present, so the temperatures of the isolated bodies are going to increase until the heat 

losses by radiation reach similar values than the heat source. Decreasing the temperatures 

of this remoted zones, like joints and other different connections, requires a proper 

distribution of the different cooling channels. Then, for this analysis, Ansys Thermal 

Module is used. This model must include: the radiation problem on specific zones, 

convective boundary conditions determined by the PBW CFD model and turbulent 

correlations. The heat source is imported from the MCNP model.   

Additionally, after the PBW is located a frame with thermocouples (APTM frame), this 

instrumentation is needed to outline the beam monitoring the footprint. Above the 

vacuum flange of the accelerator side is added a wire box. These two components are 

designed by ESS and are included in this model in order to quantify the impact over the 

PBW System.  

3.5.2 Mesh 

There are different requirements to generate the grid. Refinement of the geometry should 

be good enough to correctly represent the topology, but it must be adapted to the MCNP 

model. Deterministic methods, moreover, thermal diffusion, could employ finer meshes 

without compromising the computational cost, achieving relatively good convergence. 

Consequently, the spatial distribution is limited by the heat source distribution imported 

from MCNP in order to ensure correct physical behavior. However, the thermal model is 

detailed enough to include bolts, screws, thermocouples and different small components 

that need finer resolution.  

The mesh uses hexahedrons and prism in order to minimize the computational cost, which 

it is important to reduce the number of cells and to achieve a better convergence of the 

radiation problem.  

Table 2: Mesh quality overview of the Thermal Model. 

  PBW Shielding 

  Orthogonal Quality  Skewness 
Orthogonal 

Quality  
Skewness 

Min Value 0.01 0.95 0.39 0.86 

Average 0.96 0.12 0.97 0.15 

Nº cells 859,166 894,537 
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The grid is refined too at regions where higher temperature gradients are expected. This 

is the case of the PBW, instrumentation and both vacuum flanges. In this bodies, the heat 

transport must be solved taking account the convective boundary condition and the 

adjacent bodies with different deposition.  

Figure 15: PBW thermal model mesh. 
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Finally, it is a good practice increasing the orthogonal quality in order to reduce the 

linearization error and improving the interpolation at mesh interfaces.  

 The PBW shielding is modelled separately due to the low influence over the PBW and 

the different characteristic scale. The shielding geometry is simplified in order to adequate 

the ANSYS model to MCNP one like it was already commented before. It is important to 

notice the small contact area between each slid of the shielding. Practically, it is only 

communicated by small copper washer. For this reason, the radiation is going to suppose 

the principal heat transfer contribution. It is needed to reduce the number of cells, once 

again, in order to reduce the computational cost, so prims and hexahedrons are used again.  

The PBW frame and shielding are separated in different models in order to reduce the 

computational cost. The physical implications are described on the next section.   

Conformal grids are used as reasonable as possible in order to minimize the interpolation 

error between mesh interfaces.  

3.5.3 Models Used and Boundary Conditions: 

On last section, it was commented that shielding and PBW are modelled separately. Heat 

deposition is quite different between both models. Furthermore, the heat transfer problem 

is dominated by different terms. Then, each model needs different treatment in order to 

solve the heat transfer problem properly.   

3.5.4 PBW 

The PBW includes the vacuum flanges, cooling channels, instrumentation and frame. At 

the same time, two different cooling systems are coupled to the presented model, flange 

cooling channels and PBW cooling channel. Obviously, it is needed to stablish reasonable 

boundary conditions to preserve the problem physics.  

In this model convection and radiation plays and important role at the energy conservation 

problem. Conduction with the Port Block on the PBW frame is going to be treated as a 

Dirichlet condition (80º).  

This model needs to import convective conditions from the CFD model at the cooling 

channel.  The boundary conditions are imported from the PBW steady case and the 

geometry match is perfect due to either model uses a similar mesh for the cooling channel.  

3.5.4.1 Convective Conditions 

Vacuum flanges are cooled from a different cooling system. This problem could be 

treated differently for the next reasons: this system is only composed of pipes and fluid 

adapters between different nominal diameters, so the fluid behavior is simple compared 

with the PBW cooling channel; the vacuum flanges, made of stainless steel, have more 

margin to accomplish with their requirements, heat source is one magnitude order lower 
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than the PBW heat source so small temperature variations are not conditioning normal 

operation; mass flow is higher enough to neglect significative changes of the fluid field 

behavior through the flange cooling channel. Consequently, correlations for turbulent 

flow are used to calculate the uniform convective conditions on the flange cooling 

channels. Two different turbulent correlations have been used to approximate the film 

coefficient. Dittus & Boelter and Pethukov are valid to be applied at this flow regime.  

 

 

 

 

Figure 16: Boundary conditions of the thermal model 
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The Dittus & Boelter correlation is valid for: 0.6<Pr<160 and Re>10000 

𝑁𝑢𝐷 = 0.023𝑅𝑒𝐷
0.8𝑃𝑟0.4 

The Pethukov equation is valid for:  0.5<Pr<2000 and 10000<Re<500000  

𝑁𝑢𝐷 =
(𝑓/8)𝑅𝑒𝐷𝑃𝑟

1.07 +
900
𝑅𝑒𝐷

−
0.63

1 + 10Pr + 12.7(𝑃𝑟
2
3 − 1)(𝑓 8⁄ )1/2

 

The film coefficient is obtained for each correlation, then both values are averaged.  

Film coefficient values imported from the CFD model varies are approximately of 0.2 

MW/m2K. These values cannot be approximated using the previous correlations and 

necessarily they must be imported from Fluent, because of the error of these correlations 

for complicated channel forms.  

Both boundary conditions suppose the principal heat sink of the PBW model. This 

condition is accurate if these assumptions are accomplished:  

• Flow regime and fluid field behavior are slightly affected by the non-considered 

bodies of the CFD model, which are in contact to the wet wall.  There is a 

neglected heat exchange with the neighbor bodies which could modify the wet 

solid temperature. The CFD model considers adiabatic boundaries which is a 

conservative assumption as long as the heat exchange is low compared to the 

convective term. The maximum deposition is located at the PBW cooling channel, 

so convection must domain at the cooling channel.  

• Fluid properties are approximately constant for these slight temperature 

variations. For non-compressible fluids this is a safe assumption unless fluid 

temperature changes significatively.  

Temperature increment for each flange cooling channel should be considered too. In order 

to couple fluid and thermal analyses, simple iterations are performed between.  

Firstly, a temperature increment is guessed for the first flange. Temperature is averaged 

in all the channel is calculated using the guessed value. Thus, the same ambient 

temperature is applied along the walls. This value defines the convective condition in the 

thermal model. The convective condition is going to produce a Neumann boundary 

condition depending on the wall temperature.  

Once, the simulation is finished, the heat exchange on the cooling channel due to the 

convective condition is obtained, it depends on the final wall temperature defining the 

Neumann condition. This heat exchange is used to estimate the temperature increment 
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over the cooling channel again updating the boundary condition, this process is repeated 

until the heat exchange by convection is negligible between iterations.   

3.5.4.2 Radiative Conditions 

The radiation problem is added in order to represent the physics in the hottest bodies. The 

rest of the system is going to present low temperatures hence the radiation exchange is 

negligible. Furthermore, the radiation exchange between the Port Block and the PBW is 

negligible too compared to the heat generation. In this case, the instrumentation, due to 

the long distance to the heat sinks and the low contact with the rest of the bodies, is 

expected to be the hottest zone of the model. For this component, any small heat source 

is going to produce high temperatures due to the isolation, since the APTM frame is only 

supported by 4 plates at each corner, resulting in a high thermal resistance; consequently, 

the radiation exchange between the APTM and the Port Block should be considered. The 

radiation problem at the APTM is divided in two enclosures:  

• Upper enclosure: The APTM upper zone is enclosed by a box at 80ºC in order to 

simulate the Port Block, in order to close the radiation model, all this zone is 

separated. Not taking account the diffusion exchange at the flange is a 

conservative assumption due to the vacuum flange is obviously colder.  

• Lower enclosure: The lower zone of the APTM exchanges heat by radiation 

majorly with the vacuum flange. Planes at 80ºC are situated at the open 

boundaries to recreate the Port Block effect and to quantify radiative leaks.   

Figure 17: APTM upper zone model. 
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How it was commented, the upper zone of the APTM is calculated separately, then, 

obtained temperature values must be imported, as a Dirichlet condition, from the isolated 

model (more conservative) to the global PBW model at the APTM flange.    

The emissivity is highly dependent of the material composition and machining. 

Conservative values are chosen for stainless steel and aluminum. 

    

  Emissivity  

SS 316l  0.18 

Al 6061-T6 0.09 

 

Energy balance for the radiation exchange at each closure should be neutral. It means, 

that the addition of all the outgoing net radiation for each body should be equal to the 

system leaks. Radiation leaks depends on how good the system closure is. ANSYS 

Thermal quantifies the outgoing radiation independently if the heat flux is going to be 

absorbed. For the upper enclosure case, the geometry is properly closed by an 80ºC box, 

then there are not any noticeable leaks. For the lower enclosure, how it was commented, 

two planes are added to reproduce the Port Block influence. In this case, the total outgoing 

net radiation is 13W. One simple estimation could be done to quantify the radiation losses 

due to the imperfect closure using the reciprocity theorem:  

𝐹𝑐−𝑠 = 𝐹𝑠−𝑐𝐴𝑠/𝐴𝑐 

Figure 18: Lower enclosure model. 
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This means that if the view factor of the system respect to the closure 𝐹𝑠−𝑐 = 1 is equal 

to 1, the view factor of the system respect to the closure plane is a simple relation between 

the surface areas, 
𝐴𝑠

𝐴𝑐
= 0.16. For this case, the leaks due to this plane are approximately 

10W, so the rest of the radiation leaks are 3W, which it is a very reasonable value 

considering the complexity of the model.  

3.5.5 PBW Shielding 

Each shielding block only radiates their neighbors due to their spatial distribution. The 

radiation exchange is only noticeable between blocks with high temperature differences. 

The furthest blocks from the proton beam barely have a heat deposition, hence, radiation 

between them could be neglected. Otherwise, the heat exchange by radiation between the 

Port Block and the shielding blocks must be considered in order to define the 

thermalization temperature of the cold blocks.   

Conduction between block, trough copper washers, is considered but it does not suppose 

an important term.  

Heat exchange with the frame supports is modelled as a Von Neuman’s condition. This 

heat flux between shielding and PBW should reproduce the conduction between both 

models. Frame temperature could be supposed as constant in order to guess a first flux 

Figure 19: Boundary conditions of the shielding thermal model. 
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approximation, then this guessed heat flux is introduced in both models, obviously surface 

temperatures for either model is going to be different, the heat flux is corrected using the 

relative error between both temperatures, which is a quick method when the heat transfer 

is simple enough, because it is supposed that the relative error is equal to the heat flux 

error, which it only happens if heat flux and temperature are linearly related. The contacts 

zones temperatures are averaged to realize the approximations. The iteration process ends 

when the average temperature of both models are approximately equal at the same contact 

surface.  

  

Due to the complete shielding model is bounded by the planes that represent the Port 

Block, heat radiation could not leak from the model. However, in order to the reduce the 

computational cost only the most important shielding surfaces are considered. Then, heat 

losses due to radiation to non-quantified surfaces are 36W, which it is a reasonable value 

compared to the magnitude order of the heat emitted by bigger surfaces (2993W for the 

shielding block), so these leaks could be neglected.   

3.5.6 Power Deposition: 

Highest deposition are located at the PBW and frames. On the target side, depositions are 

higher too due to the target contribution. Some components are 2 magnitude orders lower.  

Steady state heat source is easy to obtain. Heat deposition is averaged for a complete 

pulse and relaxation time. For 14 Hz, the steady solution is 1/24 times the transient 

solution because the pulse could be considered as a step function in time (2.86 ms). The 

steady state is useful to characterize the averaged properties and it is needed to start the 

transient case.   

Table 3: Corrected power deposition. 

Tally  TOTAL (W) Max (W/m3) 

Frame 820 1.55E+06 

APTM  115 9.56E+06 

Acc Flange 292 3.56E+05 

Tgt Flange 1351 9.44E+05 

Supports 93 1.99E+05 

PBW 3622 4.96E+08 
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4. Results 
There are multiple cases that must be analyzed with the present models. Firstly, in order 

to clarify the analysis of the different cases, the solution for the CFD steady case in normal 

operation is going to be commented. Once this case is commented, the rest of the cases 

present a similar solution which differs on the maximum and minimum values for the 

solid body, so steady case could be used as reference. 

Mechanical analysis covers a high number of operational cases depending on the different 

load combinations. From the thermal analysis point of view, these multiple cases are 

evaluated at two different temperatures: 

• Design temperatures (TD): Design fixed temperatures provided by ESS, based on 

their analysis of the PBW system and surroundings. 

• Operational temperatures (TO): CFD analysis and Thermal analysis are evaluated 

at this specific conditions. Rastering failure (AC) and trips are evaluated as 

additional cases beginning from operational conditions. The rastering failure 

implies a malfunction on focusing system producing a more concentrated beam 

but with the same energy.  

In order to analyze the behavior of the PBW and its fluid field for the steady case, the 

results could be separated in changes produced over the fluid field and solid body.   

At the same time, connecting pipes could be isolated because of this system barely 

influences the cooling channel, velocity profiles are modified by the elbows of the frame 

pipes and the fluid adaptors at the cooling channel entrance. Moreover, it is not needed 

to solve the energy equation because of the unique interesting magnitude is the pressure 

drop. Pressure drop is the only magnitude conditioned by the piping system. For this range 

of temperature and pressure, for liquid water as coolant, small variations of the absolute 

pressure do not produce differences of the relative values calculated as the pressure drop 

in the PBW, liquid water properties could be considered as constant.  

Thermal model is going to be presented after the CFD model. Convective conditions, film 

coefficient and bulk temperatures, are imported from the CFD model.  

4.1 CFD Model 

Solver configuration was commented in the previous section, Methodology. Achieving 

low values for the residuals is important to minimize linearization error, this could be 

difficult for the steady case where solution is more bounded. Moreover, expected 

behavior at adapters are clearly oscillating and unsteady even if heat load is considered 

as constant. Reducing the number of cells might be a good solution to minimize residuals, 
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but in this case, it is worth to maintain a proper resolution at the cooling channel, where 

fluid behavior is going to determinate the solid cooling, as long as the cooling channel 

behavior is barely affected by the adapters solution changes. The last assumption is based 

on transport phenomena, increased by turbulence, is high enough on the fluid to uniform 

its properties inside the cooling channel for a constant section which has a high 𝐿/𝐷 rate. 

Velocity monitors inside the cooling channel are less oscillating between each iteration, 

and steady solution at this zone is easier to achieve.  

 

Figure 20: Residual data and monitors for the steady state case. Selected time 

scale factor is showed on the residual data graph. 
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To sum up, it is not needed to accomplish with an exigent residual criterion for the steady 

case, while fluid behavior inside the cooling channel is well known, because changes 

produced at the adapters do not have significant influence over the cooling channel 

solution. 

Steady solution is needed to initiate the transient case. The steady case presents 

difficulties to converge, velocity in points situated at the adapters, when second order is 

used for all the discretization. It is easy to achieve convergence if first order is used in the 

momentum discretization or the PBW model is reducing by suppressing one of the 

adapters, changing the outlet condition. Logically, the entire model is used to initiate the 

transient case.          

4.1.1 Fluid Field 

Fluid flow is fully developed at the entrance of the adapter which is needed in order to 

drive the fluid from the connection pipes to the cooling channel. The adapter is a 

component highly dependent of the frame geometry and other adjacent components.  

How it was already commented, the flow is going to suffer a remarkable acceleration and 

streamlines are going to be grouped at the entrance, opposite effect is produced at the exit. 

Hence, high pressure and velocity gradients are going to be presented in the shear 

direction. For this reason, the fluid is hard to solve in this region and requires a fined 

enough mesh near the wall. The adapters behavior is detailed later. However, heat transfer 

inside the cooling channel is simple for different reasons:  

• The cooling channel is large and uniform respect to the exit/entrance geometry. It 

supposes that a major part of the channel does not notice the effects of the 

exit/entrance.    

• The cooling channel only drives a thin film of water. Proton beam barely interacts 

with the cooling.  

• Coolant could be considered as non-compressible for these thermodynamic 

conditions.   

• Proton beam is not spread enough to produce heat loads in the outer parts of the 

PBW. Thus, heat generation is very localized.   
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From the fluid field point of view, the fluid only suffers a small increase of temperature 

through the cooling channel. Then, steady and transient state present similar temperature 

distribution for the fluid field.   

Fluid behavior might seem excessively chaotic, Figure 21, moreover, if the pressure and 

velocity in the adapters are checked. Different phenomena could be identified, that shed 

light to the adapters behavior. In the next figure, Figure 22,velocity vectors show fluid 

tendencies. Fluid velocity inside the cooling channel remains constant, but there are high 

velocity vectors at the entrance obliques to the cross section normal. It means that fluid 

from the frame pipes does not enter perfectly into the cooling channel due to the notable 

differences on the cross section. This produces an irregular reduction of the available 

Figure 21: Different captions of the velocity streamlines. 
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cross section, which originates the commented velocity vectors. Despite of the uniform 

fluid behavior inside the cooling channel, this effect is going to characterize the adapters.       

Figure 22: Velocity vectors at the entrance and exit, respectively. 
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Figure 23: Wall shear stress for different axis, +/- indicate the stress 

direction respect the axis, pressure and streamlines inside the adapters.  
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Fluid is always impacting the adapters walls, which wall and how is impacted depends 

on the inlet or outlet adaptor. Adaptors behavior could be understood if the fluid 

expansion is considered. Mass must be conserved inside the adapters, for this reason, 

velocity increases with the reduction of available cross section area. Momentum must be 

conserved too, even in the wall collision, consequently, fluid is expanded and distributed 

in the different available directions after the collision, describing high radius swirls. At 

the same time, swirl radius are conditioned by the bounding conditions, in this case, the 

walls represents stagnation area where the corners represent typical velocity sinks.  

Streamlines in the collision area, Figure 23, shows clearly both process: wall boundary 

condition and momentum conservation. Then, streamlines inside the adaptors are not just 

chaotic swirls, but rather are dependent of the particular boundary conditions applied to 

the momentum equation. On this way, shear wall stress vector provides useful 

information about this behavior. Depending on the wall shear effort component, 

streamlines directions could be guessed, Figure 23, at each side of the impact contour for 

both adapter, and 𝑧 and 𝑥 components.    

Outlet and inlet adaptors are slightly different. Inside the outlet, streamlines are presenting 

less swirls before entering the outlet frame pipe respect to the inlet, where entering the 

cooling channel is more difficult. However, while cooling channel streamlines remain 

constant, adapters behavior are not relevant for the solid region.  

There are different ways to include the roughness effects in the Fluent model. Roughness 

might have important consequences over the pressure drop, actually, wall functions could 

be modified taking account of this. Although, these effects can be negligible if specific 

fluid regime conditions in relation to the roughness are achieved. There is a typical 

approximation to evaluate if the turbulent boundary layer is affected by the roughness (5).  

How it was said, velocity profile near the wall could be conditioned by the roughness, it 

depends on the characteristic length to the wall. The length to the wall of the viscous 

sublayer can be formulated as:  

𝑦𝑠𝑣 =
𝜇

𝜌𝑢∗
  

That is extracted from the law-of-the-wall approach on the linear zone:  

𝑢

𝑢∗
=

𝑦𝜌𝑢∗

𝜇
 

A common relation to study velocity profiles near the wall extracted from the Pi theorem. 

Then 𝑢∗ = (𝜎𝑤𝑎𝑙𝑙/𝜌)1/2 is the friction velocity, which is representative of the turbulent 

agitation velocity, which usually is 𝑢 ≈ 5𝑢∗  only in the viscous sublayer, 𝑢  is the 

absolute velocity at this zone too. Also 𝑢∗ is a 10% of the velocity outside the boundary 
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layer, 𝑈 , in unidirectional turbulent fluids. Finally, the next well know equation is 

reached:  

𝑦𝑠𝑣 ≈
50𝜇

𝜌𝑈
 

The roughness could be linked to a characteristic length 𝑘. If the characteristic length to 

the wall of the viscous sublayer, 𝑦𝑠𝑣, is higher than the roughness, 𝑘 ≪ 𝑦𝑠𝑣, thus, the 

roughness effects over the velocity profile and the pressure drop changes are negligible. 

For the aluminum, the characteristic roughness is 0.003 𝑚𝑚, and at the cooling channel 

the velocity is 3.5 𝑚/𝑠 . Then, 𝑦𝑠𝑣 = 0.014 𝑚𝑚  which is high enough to neglect the 

roughness effects compared to the usual CFD error.  

In the piping system, 𝑦𝑠𝑣 = 0.045 𝑚𝑚 and the stainless steel roughness is 0.043 𝑚𝑚, so 

these values are in the same magnitude order. Due to the length of the piping system, for 

the stainless steel, the roughness is considered.      

4.1.2 Solid Field 

Temperature field of the PBW is defined by the heat transfer problem. One of the 

principal mechanisms is forced convection, at the same time, this process depends on the 

coolant thermal properties and the flow characteristics. 

The cooling channel is deep enough to standardize the velocity inside the channel and to 

reach the fluid development. Walls of the channel is going to produce slight variations of 

velocity, specially at the edges, but this is not going to produce high increments of 

temperatures.  

Mass flow is high enough to cool the PBW, so the fluid barely change its temperature. 

Due to the flow direction component of the thermal gradient is low, the coolant properties 

are not changing. Heat deposition and fluid velocity field is going to define the differences 

of the surface heat transfer coefficient.  

To sum up, heat deposition is going to dominate the heat transfer problem and it is going 

to define the temperature field of the solid part, because the cooling system is simple 

enough to provide a uniform cold focus.  

Obviously, temperatures on the PBW depends on the proton beam footprint. How it was 

commented previously, the principal dissipation mechanism is going to be the convection. 

However, not all the PBW is in contact with the cooling channel. Then, a temperature 

increment is produced that it might be not intuitive. This region stabilizes for a high 

amount of pulses from the cold stop, but it is approximately constant over time because 

the thermal inertia is high enough to cushion the low heat flux received by conduction. 

Hence, the temperature oscillations for each pulse are low at these external zones, 

meanwhile the cooling channel characteristic time is lower, convection quickly reduce 
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the temperature during the relaxation time. For this reason, maximum temperature not 

necessarily should be in the first wall surface at the end of the cooling period.   

 

Wall heat transfer coefficient provides important information about the temperature 

distribution and explains particular characteristics. This coefficient is situated between a 

small range, 260 𝑘𝑊/𝑚2𝐾  to 200 𝑘𝑊/𝑚2𝐾 , because fluid flow is approximately 

Figure 24: Wall heat transfer coefficient along the cooling channel compared 

with the velocity vectors on one of the adapter surfaces. 
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constant inside the cooling channel. In Figure 24, the scale is situated between upper and 

lower limit. There are differences between the center and external regions of the cooling 

channel. Once more time, it could be explained analyzing the adapters fluid behavior. In 

Figure 24, velocity vectors are shown in the impact wall, the impact zone is circular, so 

this caption correspond with the inlet. It could be observed, how only the fluid that enters 

the cooling channel directly is situated at the center, where the maximum wall heat 

transfer coefficient is situated. The rest of fluid loses kinetic energy due to friction and 

enters the cooling channel with worse direction for cooling the PBW, modifying the 

advection term of the convection process. Velocity decreases in the cooling channel 

rounded corners obviously decreasing wall heat transfer coefficient too.          

In the cooling channel could be observed that magnitude values distributions are not 

symmetrical. This behavior is inherited from the upstream flow and gravity acceleration. 

Inlet frame pipe presents a 90º-elbow which introduces a small vorticity; hence, symmetry 

is broken and cannot be restored in all the model. Moreover, gravity acceleration 

contributes to concentrate more fluid in one side of the channel. For this reason, symmetry 

simplifications cannot be applied on the PBW model.       

 

 

 

Figure 25: 3D render of the temperature distribution of the solid part compared 

with the cross section of the temperature contour. 
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Figure 25 shows a volume rendering of solid temperature so not the most colored parts 

implies higher temperatures, but rather a tridimensional concentration of higher 

temperatures. For this reason, the thinner region with lower temperatures are barely 

colored. In Methodology, it was commented how the outer parts of the PBW only 

dissipate heat by the diffusive term so are thermalized at higher temperature than the most 

cooled parts. Steady case temperature distribution is representative for the different 

transient cases because convection term could be considered as constant, temperature 

gradient at the outer parts changes slowly and the mass flow is high enough to cool the 

channel. Hence, for each transient case the principal differences are going to be localized 

at the beam center where a temperature peak is observed.        

Furthermore, diffusive term is more appreciated in the solid cross section temperature 

contour. This view shows how the external value are barely affected for what happens in 

the PBW center.    

4.1.3 Operational Values 

The transient case is easy to calculate if the steady case solution is situated between the 

maximum and minimum value. Steady case heat load is calculated in order to preserve 

this relation; hence, steady case temperatures are the averaged values of a single point 

during the pulse and relaxation time. Additional iterations are performed in order to 

achieve better convergence values. 

Table 4: Temperature on the solid for each iteration until convergence is reached. 

Maximum Temperatures on the PBW (ºC)  

Iteration Pulse End Relaxation End 

1 46.7 45.1 

2 46.5 45.1 

3 46.4 45.1 

4 46.4 45.1 

5 46.4 45.1 
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Maximum temperature is restricted to 60ºC. For the actual design and requirements this 

condition is fulfilled. Although, it is interesting to analyze the temperature distribution 

and where the maximum is located. In the PBW, the heat transfer problem is dominated 

by different terms depending on the region. Outer parts of the PBW are dominated by the 

diffusive term, conduction, meanwhile, zones located near the cooling channel are clearly 

determined by convection. From the steady case point of view, it is logical the outer parts 

are hotter than the cooled zones because the heat load is always applied, and the small 

diffusive term is not countered. On the other hand, from the transient case point of view, 

the characteristic times for the heat transfer terms are quite different so the maximum 

temperature is going to switch alternatively between the beam zone at the end of the pulse 

and the outer region for the coldest instant. Due to the cooling system design the most 

radiated part of the PBW is not always the hotter part, this is useful due to the maximum 

temperature restriction is motived by the radiation effects on aluminum.   

Figure 26: Residual data for the transient case. Steady residual data 

is shown too. 
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Figure 27: Monitors only for the transient case. The first column shows this data in 

function of the iterations. The second column proportionate monitors data in function of 

the time flow. 
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Figure 28 offers a comparison between maximum and minimum values for different 

views.  

 

PBW plates are far enough of the proton beam to not suffer a temperature increment. 

Their warming is caused by conduction from the warmer zone. It is important to 

Figure 28: Temperature contour and temperature difference of the solid body, 

for the end of heating and cooling process. 
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understand the different characteristic times of each process. Solid diffusion dissipate heat 

from the center to the outer zone slowly compared to the forced convection. However, 

plates heating comes from the outer zones and it is barely affected by the cooling channel 

convection. For this reason, there are no appreciable changes in the plates temperature 

distribution between the pulse end and relaxation time end.  

In the third column of Figure 28, difference between pulse end and relaxation time end is 

shown. The maximum temperature for each case are 46.4ºC and 45.1ºC respectively, how 

it was already commented, these maximums are placed in different position: the first one, 

at the center; and the second one, at the outer parts of the PBW. It is necessary to know 

accurately the maximum temperature increment in order to perform mechanical 

calculations later. Maximum temperature increment between pulses is about 10.7ºC, 

which is produced at the PBW center due to the quick energy deposition and posterior 

cooling.  

To sum up, PBW center is the most susceptible zone to change its temperature. 

Operational values at this point oscillates between 46.4ºC and 35.7ºC.  

4.1.4 Cooling Channel Deformation Comparison 

Deformations produced by manufacturing tolerance and operational conditions must be 

considered in this analysis if they are relevant enough to change the convective 

conditions: 

• Manufacturing tolerance on PBW plates: ±0.05 𝑚𝑚. 

• Maximum operating expansion: +0.2𝑚𝑚. 

Operational deformations are produced due to the force that the fluid inside the cooling 

channel is executing over the walls. The effects of this forces are interesting for the CFD 

analysis because the cooling channel cross section is going to be modified. Operational 

deformations could be manifested as very localized and irregular. Consequently, there are 

different combinations depending on values of the external forces and where these efforts 

are applied. For the scope of this analysis, all the deformations are overestimate as the 

maximum value of deformation along all the cooling channel and cross section, so 

deformations are considered as regular. Fluid behavior for big and regular or very 

localized variations is not expected to change. Streamlines inside the cooling channel are 

approximately parallel despite of the big narrowing. Expected deformations are in the 

magnitude order of 0.1 𝑚𝑚, for this reason, the fluid behavior is not expected to change. 

There are different magnitudes that are going to be influenced by changes in the cross 

section: pressure drop and heat flux transfer coefficient. If the cooling channel cross 

section is wider, fluid velocity is going to decrease. Pressure drop decreases with ∝ 𝑣2, 

likewise velocity is linearly linked with the cross section area. Heat transfer coefficient is 

conditioned by velocity increments because is related with the film coefficient which 
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depends on the convection term. It is needed to explore different scenarios in order to 

check if these changes will need a more detailed analysis: 

• Narrower: combination of possible deformation with the small cross section area.  

• Wider: both deformations contribute to widen the channel.  

• Compensated: this is going to be the normal case. Probably, deformations are 

going to be less than the maximum contemplated before, and manufacturing 

tolerance could help to narrow the cooling channel meanwhile operating 

expansion widens it.    

To sum up, on one hand the narrower case gives the maximum expected increment of 

pressure drop. On the other hand, wider case gives the minimum film coefficient, so the 

cooling is going to be worsen.  

Pressure drop due to deformations is easy to estimate if the pressure drop of the adjacent 

components remain constant. Any changes on the streamlines produces variations of the 

effective wet surface. Hence, pressure drop changes at the cooling channel entrance/exit 

because the adapter are differently communicated with the cooling channel. If it supposed 

that the streamlines barely changes, pressure drop could be estimated using correlations. 

The value given by this method differs from the CFD analysis value in the cooling 

channel. However, this value could be used as a good reference and the incremental value, 

deformed case minus non-deformed case, is going to be more accurate. 

Film coefficient is often calculated using correlations deduced from experimental data 

with the help of non-dimensional parameters, specifically, the Nusselt number which 

provides a relation between the heat transfer produced by convection and conduction. At 

the same time, convection depends on velocity and conduction remains constant. It is easy 

to check, using dimensional analysis, that this number could be obtained from the 

Reynolds and Prandtl number. Hence, experimental correlations have got the next form, 

𝑁𝑢 = 𝑓(𝑅𝑒, 𝑃𝑟), both numbers are known in this case. For turbulence non compressible 

flow, Dittus & Boelter is often used because it is valid for most of the typical internal 

flows. Dittus & Boelter, 𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟𝑛, could be used if: 

• 𝑅𝑒𝐷 > 1000: in the cooling channel 𝑅𝑒 = 13698. 

• 𝑙/𝐷 > 10: for this case 𝑙/𝐷 = 51.8. 

• 𝑃𝑟 > 0.7: 𝑃𝑟 ≅ 7 for non-compressible liquid water.   

Pethukov & Kirillov (7) could be used in the same range as the Dittus & Boelter 

correlation, which introduces the roughness in order to achieve better accuracy:  

𝑁𝑢𝐷 =
(

𝑓
8

) 𝑅𝑒𝐷𝑃𝑟

1.07 + 900/𝑅𝑒𝐷 − 0.63/(1 + 10𝑃𝑟) + 12.7(𝑓/8)1/2(𝑃𝑟2/3 − 1)
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The cooling channel cross section is geometrically different to a regular circular or 

rectangular pipe, however, if the analysis of deformations is based on incremental values 

between the different scenarios, and the scenarios are similar enough, the additional error 

for this correlations could be the same for all the cases. Hence, the previous equations 

could be used to approximate the magnitude order of the incremental values between each 

scenario. 

Prandtl number is not expected to change because the fluid is considered as 

incompressible. Reynolds changes slowly for the same flow when cross section is 

modified because 𝑅𝑒 ∝ 𝑣𝐷  and 𝑣 ∝ 𝐷−2 . Then, for low variations of 𝐷ℎ  velocity 

changes similarly so Reynolds and friction coefficient barely are modified. For this 

reason, pressure drop must be taken account because it only depends on the velocity. On 

the other hand, film coefficient depends on Re and Nu, hence, for the heat transfer point 

of view, this kind of deformations are not a problem.    

Table 5: Film coefficient relation between deformed cases and the non-deformed case. 

Case Dh (mm) Re Nu 
Wet Area 

relation 
h /h standard  

Standard 3.91 13698 112 1 1.00 

Narrower  4.87 13624 113 0.99 1.24 

Wider 3.74 13751 111 1.01 0.96 

The previous table shows how due to the cooling channel expansion, for the wider case, 

or reduction, for the narrower case, Nusselt number barely changes.  Convective term 

over conduction remains constant for these three scenarios, then if this happens too for 

the case with the highest hydraulic diameter, necessarily heat transfer coefficient must be 

lower for this case. Heat transferred by convection depends on the wet area too. Wet are 

modification of each case compared to the standard case could be neglected.  

Convective conditions on the cooling channels are slightly affected by small variations 

of the cooling channel cross section, convective flux differences produced by 

manufacturing or operation deformations, for the worst scenarios, are lower than the 

expected error of the correlations and other approximations applied.  

4.1.5 PBW Reaction to Trips 

There are planned a concreted number of trips per operational period (8). These trips 

imply different stopping time. It is necessary to calculate the temperature increment 
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produced by these stops. The main difficult for these cases are the elevated calculation 

time due to that increasing time step makes difficult the convergence of the transient 

problem.  

For all the types of planned trips is needed to calculate the cooling transient. The 

representative cooling times selected for the planned time stops are:  

• 6 s: This is the most probably stop duration. Calculation time is assumable. 

• 60 s:  In this time scale, solid regions near to the cooling channel are thermalized. 

Outer parts of the window are cooled by conduction. 

• 6 min: Time step cannot be increased enough to solve this problem using finite 

volume method with high order scheme in a reasonable calculation time. 

Although, after a cooling of 102s the solid body could be considered as 

thermalized, for this reason, trips longer that this value are going to suffer the 

same temperature increment because the heat transfer problem is steady now.  

• >6min: In this time scale the window is thermalized. Inlet temperature depends 

on the residual heat load of the shielding, at the same time, the heat transfer 

problem is complex enough to assume a constant inlet temperature of 26.9ºC. In 

order to calculate the maximum temperature increments, inlet temperature used is 

22ºC.       

It is needed to identify where the major temperature increments are produced. Obviously, 

maximum temperature corresponds with the pulse end time, then, it is going to be located 

at the center of the footprint in the inner face of the PBW. If the transient case is 

thermalized, the point where the maximum temperature increment is produced is the 

center of the footprint. When the time stop is shorter than the thermalization time, the 

maximum temperature increment is not obvious that is located at the center of the cooling 

channel. It is expected that this point is going to be displaced from the center.    

Table 6: Maximum temperature values on the PBW for different operational transients. 

Maximum temperature on the PBW (ºC)  

Case Minimum  Maximum  (∆T) 

Star/Stop 22 46.4 24.4 

Operation 35.7 46.4 10.7 

6s trip 26.9 46.4 19.5 

1 min trip 26.9 46.4 19.5 

T(102s) 26.82 46.4 19.58 

Maximum temperature increments are exported to Ansys Mechanical to calculate stress 

and deformations.  



 

 Target Division                                                                        ESS PBW Thermal Analysis 

Jorge Linde Cerezo                                                                                               59 of 82 

4.2 Thermal Model  

How it was already commented, temperatures of the steady state thermal model include 

all the adjacent components. For the materials of the PBW and frame (Al6061-T651) 

temperatures requirements are more restrictive, especially on the PBW. In the case of the 

stainless steel (SS316L- EN 1,4404) temperature requirements allows higher 

temperatures, below 400ºC it is not expected any change of phase. All the following 

presented temperatures should be evaluated in function of these requirements.   

4.2.1 Thermal Contact Resistance Modelling 

Simple correlations have been used to model the contact resistances. Additionally, safety 

factors have been applied to in order to keep a conservative approach. Thermal contact 

resistance are highly difficult to estimate accurately, and they are heavily dependent of 

the material properties, installation and manufacturing. 

Interfacial pressure must be determined in first order. Welds are considered as perfect 

contacts meanwhile bolted connections have been calculated using tightening relations 

(9). Axial forces are determined for each bolt and contact pressure are supposed uniform 

along the interface. This assumption is accurate if the bolts are uniformly distributed for 

each connection and the tightening sequence minimize modifications of the preload of 

each bolt (10), then the stress could be supposed as constant regarding the expected error.  

𝐹𝑎 = 0.7𝜎𝑦 ∙ 𝐴𝑠 

The strength class and the effective area are needed to calculate the axial force produced 

by one bolt.  

Table 7: Axial forces at every contact.   

 

The Yovanovich plastic correlation is used to determine the contact resistance (11). This 

correlation could be used for medium and high interface pressure, but it is more 

conservative at high pressure values (12) (13). 

ℎ𝑐 = 1.25
𝑘𝑠𝑚𝑠

𝜎𝑠
(

𝑃

𝐻𝑐
)

0.95

 

Connection
Instrumentation 

Frame

Instrumentation 

Flange

Shielding-Frame 

Connection

Frame - Flange 

Connection
Frames

Modified 

Instrumentation 

Connection

Shielding Washers

D nom (mm) 4 8 8 10 10 4 3

A effective (mm2) 8.78 36.6 36.6 58 58 8.78 5.03

Strength class (kgf/mm2) 112 84.8 84.8 84.8 84.8 112 24

Axial force (N) 6753 21313 21313 33775 33775 6753 829

Nº bolts/Connection 1 8 1 36 4 2 1

Total Force 6753 170504 21313 1215888 135099 13505 829

Interface Force
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Where ks is the equivalent thermal conductance, ms is the equivalent surface slope and 𝜎𝑠 

is the equivalent roughness and Hc is the micro hardness of the weaker material. 

Table 8: Thermal contact resistances at every contact. 

 

Once the thermal contact conductance has been obtained a safety factor of 10 is applied 

for each contact.  

  

Table 9: Materials properties needed for the Yovanovich correlation (13). 

 Al Cu SS 

sigma (m) 8.00E-07 8.00E-07 3.20E-06 

m 1.14E-01 1.14E-01 2.00E-01 

k (W/mK) 167 380 16 

Hc (Pa) 7.05E+08 9.24E+08 2.30E+08 

 

4.2.2 Temperature Maps 

The PBW heat transfer is dominated by convection. The cooling channels provide high 

heat dissipation meanwhile cooling water barely is affected. Radiation exchange respect 

to the Port Block could be neglected due to the low temperature differences. Hence, the 

most problematics zones could be identified at the farthest zones to the cooling channels 

like the shielding connection and instrumentation supports, where radiation exchange 

Contact Frames Cu - Frame Cu - Flange
Frame - 

Flange

Frame-

Shielding
Supports-Washer

Instrumentation 

Flange

Washer-

Instrumentation 

Frame
Area (m2) 0.131 0.011 0.011 0.017 0.0017 0.00029 0.0073 0.00029

Axial Force (N) 1.35E+05 1.22E+06 1.22E+06 1.22E+06 2.13E+04 1.35E+04 1.71E+05 1.35E+04

Pressure (Pa) 1.03E+06 1.06E+08 1.06E+08 7.08E+07 1.24E+07 4.73E+07 2.35E+07 4.73E+07

Conductance 6.99E+04 7.93E+06 1.48E+06 9.63E+05 1.84E+05 6.90E+05 1.66E+05 6.90E+05

Resistance (W/m2k) 1.43E-05 1.26E-07 6.74E-07 1.04E-06 5.43E-06 1.45E-06 6.03E-06 1.45E-06
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now is going to be the principal heat dissipation mechanism. Cooling channels maintain 

frame and flanges temperatures below 100ºC: 

• Vacuum flanges are properly cooled in comparison with their heat deposition, 

moreover at the accelerator side flange. The target side receives the most part of 

the vacuum flange heat load specifically on the nearest surface to the target.  High 

temperature values are obtained at these zones how it was expected. Although, 

thanks to the low conduction, due to the stainless steel sheet are thin, these 

maximum temperatures are confined by the most external cooling channel, which 

are going to provide non comparable heat shrink again, decreasing the 

temperatures from approximately 150ºC at the external surface to 30ºC on this 

cooling channel.    

• Frame heat deposition (820 W) is more concerning due to its distance to the 

adjacent cooling channels. Moreover, the Port Block contact is going to introduce 

a local heating. However, the frame is properly connected with the flange cooling 

channel and the PBW cooling channel by welding and bolted union, respectively. 

These good values of thermal contact resistance ensure a proper conduction. 

Consequently, the PBW frame is barely affected by the shielding because the heat 

exchange trough the shielding supports is negligible compared to rest of the terms.  

• The PBW cooling channel has been analyzed detailly in the CFD model. Thermal 

analysis temperatures present similar distribution, supporting the assumption that 

the diffusion term at the cooling channel could be neglected compared to the heat 

deposition and convection. Although, cooling channel heat exchange with the 

frame is high enough to cool the frame. 

Figure 29: Global view of the Thermal model temperatures. 
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• The instrumentation frame is poorly connected with the vacuum flange.  

Consequently, the radiation term is going to increase until the heat generation is 

compensated. In this way, a component with different requirements like the 

instrumentation frame does not significantly affect the rest of the components.  

 

 

Figure 30: Temperature contours of different bodies of the thermal model.  
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Figure 32: Temperature contour of the upper enclosure.  

Figure 31: Shielding section and temperature contour. 



Results 

64 of 82                                  Escuela Técnica Superior de Ingenieros Industriales (UPM) 

Radiation emitted by the instrumentation is going to affect adjacent bodies. Outgoing 

radiation on the instrumentation frame is 83W. Comparatively, this additional heat load 

is one magnitude order lower than the MCNP heat generation.  This heat load has a low 

repercussion over the PBW and PBW frame because this additional heat deposition is 

well distributed along the cooling channel.  

Temperature values at the shielding present a peak on the first block. Heat load is non 

uniform, the first shielding block receives highest part of the total heat load. This first 

block is poorly connected between with the others, but the presented temperatures are 

affordable for the current requirements and it has a low impact to the neighbor bodies.  

It can be seen on the next figure, screws and washers are the bodies for each block with 

hottest or coldest temperatures depending where the contact is placed upper or lower 

connection. However, heat fluxes are low, temperatures only decreases a few degrees for 

each block by conduction. Consequently, radiation exchange combined to the decrease of 

the heat source for each block determinates the final temperature values.  

 

Figure 33: Temperature contour of three middle shielding blocks and temperature 

contour of the full shielding. 
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How it was commented, temperatures under 400ºC are not going to suppose a problem. 

For the shielding blocks and the instrumentation temperatures are really higher respect 

the rest of the model but there is a wide margin until the 400ºC.  

4.3 Pressure Drop 

Interface criteria for either the PBW cooling or the flange cooling a sets maximum 

pressure drop of 0.65 𝑏𝑎𝑟 (14). How it was already commented, pipes diameter either for 

the flex hoses or rigid pipes has been calculated in order to achieve this requirement. 

Pressure drop for all the sections are showed in the next figure:  

Table 10: Pressure drop calculations for each section. 

Section Methodology Pressure Drop (bar) 

PBW CFD Model  0.43 

PBW Pipes CFD Model (DN25) 0.13 

PBW Flex Hoses Correlations (DN30) 0.02 

  Total 0.59 

      

Flange Pipes CFD Model (DN15) 0.1 

Flange Cooling Channel Correlations (Dh=13 mm) 0.18 

Connecting Flex Hoses Correlations (DN15) 0.12 

Upper Shielding Flex Hoses Correlations (DN20) 0.04 

  Total 0.44 

PBW flex hoses and upper shielding flex hoses are located on the upper shielding. 

Meanwhile, connecting flex hoses are the connection between each flange cooling 

channel. Approximately, upper shielding flex hoses length are 1 𝑚 for each section.  

How it can be appreciated on the last table, pressure drop through each cooling present 

high values. Due to the particular operation needs of the PBW System, maximum allowed 

pressure drop is relatively high for this component in order to provide a high mass flow 

that could cool the 5 kW heat load on PBW and fluid field.  

In addition, for each section total pressure drop could be break down:  
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• PBW: this section includes the frame pipes (DN15), fluid adaptors and the cooling 

channel. Hand-made calculations using correlations, that were presented in the 

methodology, approximate a pressure drop of 0.29 bar. Even, if the CFD value 

differs respect to the correlations, the pressure drop trend, for every subsection, is 

reasonable in both cases. Correlations are expected to underestimate pressure drop 

if detachment and recirculation are present, in other terms, if the fluid flow present 

parabolic behavior. In the PBW CFD model this behavior could be appreciated in 

the cooling channel exit/entrance and the fluid adaptors. This differences on the 
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Figure 34: Pressure drop approximation for different sections on the PBW 

compared to the pressure drop obtained by the CFD model. 
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pressure drop are showed in the last figure, in the subsection CD and DE 

correlations underestimate compared to the CFD solution.  

• PBW pipes and flange pipes through the shielding are calculated using a CFD 

model. Pressure drop on the diffuser at these velocities produce a local loss of 

0.026 𝑏𝑎𝑟 . It is interesting the influence of the previous detachments and 

stagnation zones on the flux entering the frame pipes, where Reynolds number 

approximately duplicates, reattaching and detaching in a short distance.   

 

• PBW flex hoses and upper shielding flex hoses: for these sections two 90º-elbows 

and abrupt contraction/expansion are considered. This zone needs increasing the 

pipe diameter in order to accomplish with the interface criteria. 

 

• Connecting flex hoses are used to connect the flange cooling channels between. 

There are 4 subsections with different lengths depending on the cooling channel 

location from the target side to the accelerator side.  There are 8 miter bends (90º) 

and 8 soft bends (180º). At this zone local losses (0.098 𝑏𝑎𝑟) are approximately 

a half of the friction losses (0.2 𝑏𝑎𝑟).  

 

4.3.1 Fluid Adaptor Modification 

Fluid adaptors are placed at the exit/entrance of the cooling channel and their function is 

to adapt the flow to the peculiar form of the PBW cooling channel. Adaptors length has 

been modified adding 8.1 mm in the 𝑦 direction.  

Figure 35: Fluid adaptor section. Velocity contour and vectors are overlapped.  
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How it was commented earlier, fluid describe high swirls inside the fluid adaptors until it 

enters the cooling channel. The cooling channel barely notices this change and 

temperature increments associated can be neglected, it also presents 42ºC on the PBW 

center for the steady case and 45ºC at the adiabatic boundary. Although, pressure drop 

increases approximately a 2% even when the length of the pipes is reduced. Fluid inside 

the adaptors is separated and now it has more space to recirculate, thus turbulent kinetic 

energy consequently increases. A way to explain this pressure drop increment is linking 

the increment of the turbulent kinetic energy with an increment in the turbulent  kinetic 

production, which could be approximated as a diffusive term depending of the turbulent 

viscosity which usually is various magnitude orders higher than the molecular viscosity. 

Then, this extra friction of the fluid could be associated with the eddies.  

  

 

 

Figure 36: Caption of the fluid adaptors at the PBW. In blue is added the extra material 

associated with the new depth (+8.1 mm).  
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5. CONCLUSIONS 
The main concerns of the PBW cooling systems are to achieve a maximum temperature 

of <60ºC, on the PBW aluminum for the operational temperatures (TO), and accomplish 

with the interface criteria. PBW design is influenced by different structural and nuclear 

requirements, consequently, the cooling system characteristics are bounded to these 

peculiarities, which adds an extra complexity from the CFD analysis viewpoint.  

Thermohydraulic analysis has been divided in the CFD analysis of the fluid field and the 

steady state thermal analysis of the implicated solids. Each part has been analyzed with 

different methodology.  

For the connecting pipes:  

• Pressure drop on the pipes is expected to not overcome the 0.65 𝑏𝑎𝑟 limitation. 

For the PBW cooling expected pressure drop is 0.59 𝑏𝑎𝑟 . In the case of the 

flanges cooling pressure drop is 0.44 𝑏𝑎𝑟 . This requirement is achieved 

modifying the pipe diameter at zones where heat transfer analysis is not needed.  

• Pipe diameters accomplish with the spatial restrictions, according to ISO 6708 

NPS: PBW pipes, DN25; frame pipes, DN15; PBW flex hoses, DN30, flange 

pipes, DN15; connecting flex hoses, DN15; and upper shielding flex hoses, DN20.  

 

For the PBW:  

• Maximum temperature on the PBW is 46.4ºC at the end of the pulse. Taking 

account, the usual CFD error and the approximations made, there is margin 

enough until the 60ºC threshold on operative conditions, which it guarantees the 

PBW safety on normal operation, but it can be exceeded in short-term transients. 

The cooling channel provides uniform heat sink for the PBW.  

• The PBW is thermalized in 102 seconds, but in less than 6 seconds the PBW 

maximum temperature descends to 26ºC. 

• Cooling channel deformation due to manufacturing or normal operation do not 

produce relevant consequences over the PBW cooling, thus, there is no need to 

perform additional CFD analysis.  

• Beam trips during normal operation are considered for this model. CFD analysis 

reveals how the PBW due to the high mass flow quickly thermalized the PBW in 

less than 102s. Solid temperatures are nearly thermalized (less than 2ºC) in 2 

seconds. 

For the PBW adjacent components like the vacuum flanges, PBW frame and PBW 

Shielding:  
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• Vacuum flanges temperatures are inferior to 200ºC, temperature distribution is 

quite irregular. Target side is always hotter than the accelerator side.  

• Flange cooling channels are well distributed and only isolated zones like the 

instrumentation exceeds critical temperatures for the stainless steel. With the 

inclusion of the thermal radiation to the analysis, temperatures on the isolated 

zones could be controlled under 400ºC.  

• Shielding temperatures are under 200ºC. Temperature distribution on the bricks 

is highly dependent of the block height. Higher blocks are quickly thermalized 

due to the low heat load.   

With regards to the previous values obtained from the realized models, there is no need 

to include modifications of the actual design. The PBW is cooled properly for all the 

considered cases in accordance with the imposed conditions.  
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6. BUDGET AND SCHEDULING 
This study is developed in the context of a work package for ESS Lund. Consequently, 

the scheduling is conditioned by the peculiarities of design of in-kind components unique 

in its kind. During the development of the analysis has been multiple changes of geometry 

specially on the piping system. Moreover, different operational cases have been 

calculated and added to the scope. Additionally, the major complication for this project 

has been the necessity of validate and calculate accurately every single calculation 

showed on this document taking account all the less relevant phenomena like thermal 

contact resistances, pressure drop on flex hoses or thermal radiation on non-perfect 

enclosures. Phenomenon where the scientific literature is scarce and not well documented 

for the elevated requirements of the industry.   

It has been two major time consuming milestones in the workflow:  

• Reaching convergence for the CFD model which it has implied multiple 

modifications of the mesh and the discretization order of momentum. 

• The mesh generation of the PBW and shielding model for the steady state thermal 

analysis.  

Figure 37: WBS diagram of the PBW Thermohydraulic Analysis 
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A simple fragmentation of the work could be seen in the Figure 37. The WBS includes 

the two principal analyses and the pressure drop calculations. Thermal analysis and CFD 

analysis present a similar structure, for both cases the work package are similar but due 

to the nature of each analysis, in last term, the complexity of the governing equations, 

similar tasks imply different duration. For this reason, a Gantt Chart has been introduced 

to in order to visualize the duration of the work package. 

According to the information provided by the Gantt Chart, the number of hours consumed 

for this project has been approximately a minimum of 34 weeks, working 36.5 hours per 

week, is equal to 1241h which is a reasonable time taking account the project nature. 

Using this value, the project budget could be calculated.  

Table 11: Project budget. 

Expenditure Cost (€) 

Worker remuneration 20777 

Office Pro license 299 

ANSYS license 30000 

Illustrator license 240 

Computer  1940 

Total 53256 

 

The last prototypes cost nearly 15,000 €. This cost is not considered due to the prototypes 

are needed independently of the presented analysis. The PBW in-kind value is 

approximately 960,000 €.  
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7. SOCIAL AND ENVIRONMENTAL 

RESPONSIBILITY 
Due to the nature of this project, the social, ethic and environmental dimension is not one 

of the main concerns. Although, there are a few considerations that have been influenced 

the development of this analysis.  

ESS is the divided in different components developed by different countries and 

organization independently of the complexity or duration of each work package. 

Consequently, ESS needs a tight collaboration between each contributor. Sometimes the 

revision and quality system is different between components or system that share an 

interface between. It is important to guarantee a commitment with the quality between 

the different developers. One of the main concerns of this analysis was to accomplish 

with the Q/A system imposed by the ESS BILBAO in agreement with the ESS policy. It 

is essential for every individual worker should accomplish with the well-known good 

practices and rigor that characterize the engineering environment. Moreover, for the cases 

where the development of new technologies, facilities or techniques are involved. Every 

technical knowledge should be submitted to the same controls and rigor in pro of the 

dialectical process.  

In accordance with this approach, every calculation made in this project has been made 

rigorously using the commented tools in order to ensure a proper reproduction of the 

model, specially, in the hand-made approximations used. This analysis should be properly 

understood by every formed worker of the shared interfaces in order to minimize the 

impact of the natural work fragmentation.   

On other hand, the ESS is participated majorly by public organizations of the different 

European Governments. This facility is built for scientific purposes being the innovation 

one of its main pillars. From this point of view, ESS is built to return the invested money 

of the European contributor in form of innovation and knowledge for the global 

community. For this reason, it should be a social commitment of every direct worker of 

this facility with the supporters. In other words, the ESS developers must ensure the 

correct return of a countable magnitude, invested money, in form of an intangible output 

and this can only be achieved understanding the role of the innovation on the actual 

society contextualized on the social contract.  

On this line, ESS should return during its operation all the resources wasted in the 

construction and operation. ESS staff should not forget that optimizing is one of the keys 

to return this effort. There are multiple considerations that should be accounted in order 

to optimize the efforts, most of them are resumed on the good practices, that frequently 

are forgotten by the engineers. Moreover, these problems are emphasized on this kind of 

international project where different cultures and disciplines are presented. 

Communication between different groups are often good in terms to explain results, but 
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specially on groups of different fields, changes on the methodology are not well 

understood by the interlocutor, even more, the implications in time and effort of the 

proposed changes due to there is not any experience shared on the topic.  

To sum up, the social responsibility always start with oneself. Frequently, there are facts 

non controlled by the individual, but there is always a common guide between engineers 

of different groups that are summarized on the good practices, helping the engineers to 

accomplish with the elevated expectations derived of a high qualified technical 

knowledge. 
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GLOSSARY AND ABBREVATIONS 
Abbreviations: 

1. ESS: European Spallation Source 

2. PBW: Proton Beam Window 

3. Q/A: Quality & Assurance 

4. CFD: Computational Fluid Dynamics  

5. WBS: Work Breakdown Structure 

6. EDM: Electrical Discharge Machining  

7. RANS: Reynolds Averaged Navier-Stokes 

8. Re: Reynolds Number 

9. Nu: Nusselt Number 

 

- Beam footprint: perpendicular section of the power distribution. In the case of 

accelerated beams footprints presents gaussian or hyper gaussian distribution.  

- Montecarlo methods: stochastic computational methods used to solve 

deterministic or stochastic problems. Montecarlo Methods uses sampling of random 

variables, with their probability distribution known, in order to solve complex models 

formed by these random variables.  

- Nuclear spallation: nuclear reaction produced by the interaction of a proton with 

an atomic heavy nucleus at specific energies. The first proton interaction produces a 

cascade of energy liberating secondary particles, majorly neutrons, and exciting the 

nucleus. The second stage of the spallation reaction produces a high number of neutrons 

(20-30) due to the de-excitation of the nucleus.  

- Orthogonal quality: normalized value of the scalar product of the normal vector of 

a face to the vector formed by the cell centroid and the face centroid.  

- S2S model: Surface-to-Surface radiosity model. This model calculates for each 

surface the radiosity (emitted radiation plus reflected radiation) exchange between every 

viewed surface in function of the view factor. If there is a high number of surfaces, 

adjacent surfaces are usually clustered in order to reduce the computational cost. 

- Skewness: deviation of cell respect to the optimal size of a regular shape cell of the 

same volume. Highly skewed cells can decrease accuracy and complicate convergence. 

Skewness worst value for a cell is 1.   
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- Thermal contact resistance: thermal resistance, in analogy with electrical 

systems, produced by the non-perfect contact between two bodies. Thermal contact 

resistance depends on multiple parameters like roughness, hardness or inter facial 

pressure.  

- Turbulent kinetic energy: kinetic energy associated to the fluid movement 

produced by eddies. Turbulent kinetic energy is characterized by the root mean square of 

the fluctuating component of the velocity.  

- Turbulence model: Navier-Stokes equations need a proper closure in order to solve 

the Reynolds Averaged Navies-Stokes equation. Usually, turbulence is modelled using 

the eddy viscosity approach given in the Boussinesq approximation. Two equation 

models usually model the turbulence solving two additional conservative equation in 

function of the turbulent kinetic energy and dissipation.  

- y+: dimensionless wall distance. Perpendicular distance to the wall is dimensionless 

using the friction velocity. Friction velocity is calculated using the shear wall stress and 

characteristics magnitudes in order to give the shear wall effort velocity units. y+ 

represents a characteristic distance to the wall relative to its position respect to the 

boundary layer end.  
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