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Roughness effect on thermal-hydraulic performances of additively manufactured meandering mini-channels

, show that the Nusselt number is not a linear function of the friction factor.

 mentioned these specific AM different roughness features, such as balling, hatch spacing, keyhole, dross… In the case of mini-channels, the flow is even more sensitive to these features and to high relative roughness. To study the AM roughness, there are mainly two numerical approaches.

. This approach reproduces well the thermal-hydraulic performances of surfaces but needs an accurate surface characterization and a high simulation power. In fact, such surface meshing requires about 30 cells for each peak or between peaks. In other words, the flow around roughness peaks and through roughness valleys has to be captured by the grid. The technologies to characterize surfaces topologies are available at a laboratory scale but it requires open surfaces or else destructive measurements.

Introduction

The potential of Additive Manufacturing (AM) technologies to produce heat transfer devices has been recognized for at least fifteen years, with an application to novel heat sinks designs characterized by improved pressure loss and heat transfer [START_REF] Wong | Pressure Loss and Heat Transfer Through Heat Sinks Produced by Selective Laser Melting[END_REF], leading today to a wide range of materials and methods [START_REF] Nafis | Additive Manufacturing for Enhancing Thermal Dissipation in Heat Sink Implementation: A Review[END_REF]. Consistently with the idea of enhancing thermal dissipation in heat sinks, the idea of using AM technologies to novel heat exchangers designs has also received interest, taking advantage of the wide new manufacturing possibilities [START_REF] Koca | A Novel 3D Printed Air-Cooled Fuel Cooler Heat Exchanger for Aviation Industry[END_REF]. Nevertheless, this process is quite recent and the surface topologies are not perfectly known and controlled because there is a strong relationship between rough elements and printing parameters [START_REF] Thole | Review of advances in convective heat transfer developed through additive manufacturing[END_REF][START_REF] Wildgoose | Impact of Additive Manufacturing on Internal Cooling Channels With Varying Diameters and Build Directions[END_REF][START_REF] Stimpson | Roughness Effects on Flow and Heat Transfer for Additively Manufactured Channels[END_REF][START_REF] Kaur | State-of-the-art in heat exchanger additive manufacturing[END_REF]. Relative roughness values up to 38% of the mini-channel hydraulic diameter are reported in the literature [START_REF] Kirsch | Heat Transfer and Pressure Loss Measurements in Additively Manufactured Wavy Microchannels[END_REF].

Furthermore, even if many new geometries are feasible thanks to Laser-Powder Bed Fusion (L-PBF), the AM technology used in this article to build the mock-ups, one can observe a collapse phenomenon of the channel's ceiling [START_REF] Snyder | Build Direction Effects on Microchannel Tolerance and Surface Roughness[END_REF][START_REF] Khan | Parameters optimization for horizontally built circular profiles: Numerical and experimental investigation[END_REF][START_REF] Çalışkan | Investigation of direct metal laser sintering downskin parameters' sagging effect on microchannels[END_REF] or partial obstruction and resulting strong deviations of cross-section shapes, especially when considering mini-channels (up to one third deviation compared to the specified hydraulic diameter) [START_REF] Wildgoose | Impact of Additive Manufacturing on Internal Cooling Channels With Varying Diameters and Build Directions[END_REF], [START_REF] Stimpson | Roughness Effects on Flow and Heat Transfer for Additively Manufactured Channels[END_REF], [START_REF] Arie | Experimental characterization of an additively manufactured heat exchanger for dry cooling of power plants[END_REF][START_REF] Niknam | Additively manufactured heat exchangers: a review on opportunities and challenges[END_REF][START_REF] Da Silva | Thermal and hydrodynamic analysis of a compact heat exchanger produced by additive manufacturing[END_REF][START_REF] Dahmen | Characterization of channels made by laser powder bed fusion and binder jetting using X-ray CT and image analysis[END_REF][START_REF] Snyder | Understanding Laser Powder Bed Fusion Surface Roughness[END_REF]. As a consequence, discrepancies are observed between thermal-hydraulic performances of the CAD (Computer-Aided Design)-based component and the AM one as well as between identical prototypes made of different materials [START_REF] Arie | Experimental characterization of an additively manufactured heat exchanger for dry cooling of power plants[END_REF]. It may induce prediction difficulties. For instance, some authors show that the friction factor from their experimental data for straight mini-channel is more than two times higher than the one from Blasius law prediction [START_REF] Favero | Additive manufacturing for thermal management applications: from experimental results to numerical modeling[END_REF] or that it differs from Blasius or Colebrook laws according to the roughness-to-hydraulic diameter ratios [START_REF] Stimpson | Roughness Effects on Flow and Heat Transfer for Additively Manufactured Channels[END_REF]. As a consequence, for a given pressure ratio, the increase of friction factor may lead to a decrease (up to 70%, [START_REF] Stimpson | Roughness Effects on Flow and Heat Transfer for Additively Manufactured Channels[END_REF]) of the mass flow rate which might

The second approach is roughness modeling, where "modeling" has to be heard in the sense that roughness effects are averaged in sub-grid scale models. It means that in the computational domain, the surfaces are perfectly smooth in the meshing but the roughness is taken into account with special treatments of the walls. The work made by the author [START_REF] Aupoix | Roughness Corrections for the k-ω Shear Stress Transport Model: Status and Proposals[END_REF] stands in the modification of the turbulent Prandtl number boundary condition at the walls. The authors [START_REF] Mazzei | CFD Modelling Strategies for the Simulation of Roughness Effects on Friction and Heat Transfer in Additive Manufactured Components[END_REF] have then applied this model to the authors [START_REF] Stimpson | Scaling Roughness Effects on Pressure Loss and Heat Transfer of Additively Manufactured Channels[END_REF] experiments. The authors [START_REF] Mazzei | CFD Modelling Strategies for the Simulation of Roughness Effects on Friction and Heat Transfer in Additive Manufactured Components[END_REF] propose two correlations to determine the constants needed in their model. Along the same lines, the authors [START_REF] Favero | Additive manufacturing for thermal management applications: from experimental results to numerical modeling[END_REF] modify the condition close to the wall by adjusting the Equivalent Sand Grain Roughness (ESGR), using the implemented models in Ansys Fluent v20.1, until an optimum is found. This study reveals a strong relationship between roughness and printing orientation. However, their geometries were too complex to deduce a correlation linking the ESGR and the surface orientation.

The present work deals with an AM application in the context of a heat exchanger/reactor intended for process intensification in the chemistry industry. Its design is based on wavy minichannels. This shape is chosen because of its high thermal performances with moderate pressure drop while triggering the laminar/turbulent transition at lower Reynolds numbers, which is of great interest for chemistry applications [START_REF] Anxionnaz | Heat exchanger/reactors (HEX reactors): Concepts, technologies: State-of-the-art[END_REF][START_REF] Anxionnaz-Minvielle | Influence of the meandering channel geometry on the thermo-hydraulic performances of an intensified heat exchanger/reactor[END_REF][START_REF] Anxionnaz | Transposition of an exothermic reaction from a batch reactor to an intensified continuous one[END_REF]. It enables to combine high residence time with heat and mass transfer intensification in a Reynolds number range between 200 and 6,000.

The objective of the present work is: in a first step, to analyze and compare experimentally different mock-ups obtained either by Hot Isostatic Pressing (HIP) or by L-PBF (AM), with different cross-sections (circular and square) and various surface states (raw and polished); in a second step, to propose a numerical approach of the roughness modeling kind and to validate it on present experimental data.

The paper is organized as follows. The experimental set-up is described. Then the experimental results are presented, considering thermal, hydraulic and global performances, comparing HIP versus AM, circular versus square cross-sections and as-built versus polished minichannels. The numerical study is then presented, starting with an emphasis on the geometry, ending with results and a sensitivity analysis.

Experimental set-up

Description of the facility

The schematic diagram of the experimental rig is presented in figure 1. Figures 2 and3 illustrate the test facility which is composed of two loops.

A hot water closed loop, which temperature is controlled by a thermostatic bath and which flow rate is controlled by a magnetic pump. The instrumentation includes two temperature sensors (Pt100) located at the inlet and outlet of the channel, a flow rate sensor and a pressure drop sensor between inlet and outlet of the mock-ups, as illustrated in figure 3.

A cold water open loop, which instrumentation includes: two temperature sensors (Pt100), for inlet and outlet of the cooling boxes and a flow rate sensor.

Description of the mock-ups

The mock-ups made of Alloy 600, were fabricated by L-PBF and tested in as-built state.

Although Alloy 600 has applications in chemical, heat treatment and aeronautical industries, few studies relative to L-PBF of this alloy are available in the literature [START_REF] Anderson | NEET-AMM Final Technical Report on Laser Direct Manufacturing (LDM) for Nuclear Power Components[END_REF]. Our team recently developed L-PBF process parameters of this alloy; we studied the microstructure and mechanical properties of as-built and heat-treated samples [START_REF] Salvador | Microstructure and Tensile Properties of Alloy 600 Parts Produced by Laser Powder Bed Fusion (L-PBF) Process[END_REF], [START_REF] Gloriod | Characterization of Alloy 600 heat exchanger-reactor mock-ups obtained by Laser Powder Bed Fusion (L-PBF) process[END_REF]. We showed that a 10-45 µm gas atomized Alloy 600 powder, with limited amounts of impurities such as boron, phosphorus and sulfur, was compatible with L-PBF process. Built samples were close to 100% density.

Several heat exchanger-reactor mock-ups were produced. Their external dimensions are 105 mm in length, 22 mm in height and 6 mm in thickness. All mock-ups include a 2D zigzag geometry mini-channel with a hydraulic diameter around 2 mm, with either square or circular crosssections. The hot water flows into this mini-channel and the cold water flows on the upper and lower faces of the mock-up. One pattern of the mini-channel geometry is depicted in figure 4. Its nominal dimensions are =135° (bend angle), L=3.5 mm (half straight length between tow bends) and R=1.5 mm (bend curvature radius). This pattern is repeated seven times to make a whole channel (figure 5).

As illustrated in figure 5, the channel pattern is drawn on the outer surface of each mockup so as to be located prior to mock-ups cutting. The inlet and outlet pipes have been welded after L-PBF step. The thickness of the mock-up's wall separating the hot and the cold fluid is 2 mm.

The cold fluid exchanges heat on the two mock-up's external surfaces of 13 mm width and 78 mm length and flows in an around 4 mm hydraulic diameter channel. Four different AM mock-ups are studied (table 1). A reference mock-up, obtained by HIP and characterized in a previous work ([44]), is introduced to compare the influence of the manufacturing process.

The circular cross-section mock-up is considered as the nominal one. The channel wall roughness was measured on a part of the wall which was vertically manufactured which corresponds to the smoother part. Depending on the measurement method (optical or mechanical) and on the location, some discrepancies are observed. Therefore a correction factor is applied to these values in our numerical model, as described in the roughness modeling section.

In this paper, the classical one-dimensional parameters Ra and Rz are used to characterize the surface based on the vertical deviations of the roughness profile from the mean line. Let zj be the altitude of a point part of a surface profile.

Ra is the arithmetic average roughness:

𝑅𝑎 = 1 𝑛 × |𝑧 -𝑧̅ | (1)
Rz is the maximum peak to valley height of the profile:

𝑅𝑧 = max 𝑧 -𝑧̅ (2) 
Where

𝑧̅ = 1 𝑛 × 𝑧 (3) 
Baseline 'circular" mock-up was cut longitudinally by electro-discharge machining for optical roughness measurement of the channel walls; measurement based on focus variation was done with an Infinite Focus microscope from Bruker-Alicona. Average roughness (Ra) and maximum roughness (Rz) were measured on vertical walls (when referring to the mock-up orientation on the L-PBF baseplate).

A second circular cross-section mock-up, 'Circular bis', is also presented. It has been obtained with different printing parameters as shown in table 1.

The second mock-up channel, 'Square', has a square cross-section (2 mm width). The purpose of this mock-up is to compare the thermal-hydraulic performances of the wavy minichannel obtained from AM, 'Square', with the ones from HIP, named 'Smooth square' in table 1.

The HIP process consists in plate laser machining. The plates are then stacked and assembled under high controlled temperature and pressure. Unlike AM, circular cross-section are not feasible by HIP. That is the reason why AM square cross-section mini-channel has been manufactured. The influence of mini-channel manufacturing process on thermal-hydraulic performances as well as the performances of circular cross-section vs square one are studied in the 'experimental results' section.

The last mock-up, 'Polished', has a circular cross-section like the first one, but a chemical surface treatment of the channel has been done (50°C, HNO3-HF, 1 hour). By this way, the roughness has been modified from Ra =7.7 μm to Ra=4.1 μm and from Rz=44 μm to Rz=27 μm. Once the channel was chemically milled, the mock-up was cut longitudinally. The roughness has been characterized on the vertical walls parallel to their direction using a direct roughness meter.

Several printing parameters have been used to solve various printing issues ( [START_REF] Gloriod | Characterization of Alloy 600 heat exchanger-reactor mock-ups obtained by Laser Powder Bed Fusion (L-PBF) process[END_REF]). Table 2 presents the printing parameters common to all mock-ups. Parameters that have been changed between the mock-ups are specified in table 1 (powder quality and baseplate temperature). The two powders used, virgin and re-used, come from the same batch. The re-used powder was employed three times in the L-PBF machine; it was sieved after each printing cycle to remove the coarse particles. We noticed that its flowability has deteriorated with the cycles, which may impact the powder bed density which, in turn, can generate defects such as pores in the final parts. Mock-ups are printed in such a way that the zigzag amplitude is in the vertical direction (Figure 5a).

Data reduction

The temperature difference between the hot fluid outlet temperature Toh and inlet one Tih is:

∆𝑇 = 𝑇 -𝑇 (4𝑎)
Similarly the temperature difference between the cold fluid outlet temperature Toc and inlet one Tic is:

∆𝑇 = 𝑇 -𝑇 (4𝑏)
Thus, the logarithmic mean temperature difference of the heat exchanger is calculated as:

𝐿𝑀𝑇𝐷 = (𝑇 -𝑇 ) -(𝑇 -𝑇 ) ln(𝑇 -𝑇 ) -ln(𝑇 -𝑇 ) (5) 
The Reynolds number Re, the Prandtl number Pr and the Nusselt number Nu, are calculated as:

𝑅𝑒 = 𝜌 • 𝑣 • 𝐷 𝜇 (6) 𝑃𝑟 = 𝐶𝑝 • 𝜇 𝜆 (7) 𝑁𝑢 = ℎ • 𝐷 𝜆 ( 8 
)
where 𝑣 (m•s -1 ) is the flow averaged velocity, Dh (m) the hydraulic diameter, h

(W•K -1 •m -2 )
the convective heat transfer coefficient of the cold or the hot fluid. The water material properties are calculated at the average temperature of the fluid: viscosity

μ (Pa•s), density ρ (kg•m -3 ), conductivity λ (W•m -1 •K -1 ), heat capacity Cp (J•kg -1 •K -1 ).
On the cold fluid side, the heat transfer coefficient is determined from the Colburn correlation:

𝑣 = 𝑄 𝐴 • 𝜌 (9) 𝐷 = 4 • 𝐴 𝑝 (10) 𝑁𝑢 = 0.023 • 𝑅𝑒 . • 𝑃𝑟 (11) 
Where Q (kg•s -1 ) is the mass flow rate, A (m 2 ) the cross section area of the channel and 𝑝 (m) its perimeter.

The thermal power Pth (W) is written:

𝑃 = 𝑄 • 𝐶 • ∆𝑇 ( 12 
)
Then the intensification factor UA/V (W•K -1 •m -3 ) of the heat exchanger is calculated as:

𝑈𝐴 𝑉 = 𝑃 𝑉 • 𝐿𝑀𝑇𝐷 (13) 
V is the hot fluid volume contained into the heat exchanger mini-channel (m 3 ).

Then the heat transfer coefficient of the hot fluid hh (W•K -1 •m -2 ) is determined:

1 ℎ = 𝐴 𝑈𝐴 - 𝑒 • 𝐴 𝜆 • 𝐴 - 1 ℎ • 𝐴 𝐴 (14) 
Where Ah (m²) is the area of the wetted surface of the hot fluid; Ac (m²) the area of the wetted surfaces of the cold fluid; Am (m²) the mean between these two last ones. e (m) is the minimum thickness between the two fluids.

𝜆 (W•K -1 •m -1 )
is the thermal conductivity of the heat exchanger material (Inconel 600) and hc

(W•K -1 •m -2 )
is the heat transfer coefficient of the cold fluid, determined by Eqs. ( 8) and [START_REF] Çalışkan | Investigation of direct metal laser sintering downskin parameters' sagging effect on microchannels[END_REF].

Finally, the Nusselt number of the hot fluid is calculated according to Eq. ( 8).

Considering the hydraulic analysis, the Fanning number is calculated as:

𝑓 = ∆𝑃 • 𝐷 2 • 𝜌 • 𝑣 • 𝐿 (15)
Where ΔP (Pa) is the pressure drop between the inlet and the outlet of the hot fluid and Ldev (m) is the developed length of the channel.

Sensor's uncertainties

Measurement uncertainties are summarized in table 3.

As presented in table 3, experimental uncertainties are limited, so that even if they are all included in the following graphs, they are not always visible because hidden by the point size.

Experimental results

Manufacturing process comparison: AM vs HIP

The square cross-section channels have been manufactured either by AM or HIP. Their thermal-hydraulic performances are compared in this section. Two different sets of experiments have been performed: adiabatic experiments for hydraulics performances and non-adiabatic ones for thermal performances. As shown in figure 6 and figure 7, the heat exchange through the channel increases when the flow rate increases as expected. The heat transfer is enhanced in the AM channel. At the same average flow velocity, the intensification factor of the AM mock-up is 30% higher than the one of the mock-up made by HIP. This trend is similar for the Nusselt number as a function of the Reynolds number, which allows an average increase of 80% with L-PBF compared to HIP. As reported in literature [START_REF] Chen | Numerical simulation of laminar heat transfer in microchannels with rough surfaces characterized by fractal Cantor structures[END_REF], [START_REF] Dharaiya | A numerical study on the effects of 2d structured sinusoidal elements on fluid flow and heat transfer at microscale[END_REF], the heat transfer enhancement measured in AM mini-channels is related to higher roughness values in the AM channel.

Thermal performances

Hydraulics performances

The hydraulic characterizations of mock-ups are displayed as a function of the flow velocity and Reynolds number (figure 8 As seen in figure 8 and in figure 9, both the pressure loss and the Fanning number are always higher (up to 37%) with AM than with HIP. This result is directly related to the roughness, which is higher in 'square' AM mock-up than in HIP 'square' one, as seen in table 1.

Global thermal-hydraulic comparisons

Finally, the thermal-hydraulic behavior of the mock-ups can also be analyzed considering a global criteria: the intensification factor, UA/V (W•K -1 •m -3 ) as a function of the volumetric pumping power (W•m -3 ) as illustrated in figure 10.

This graph can be seen as a picture of the "operating cost" (pumping power) to "return on investment" (heat exchange) ratio. The uncertainties reported in the figure are discussed in the following section. From this point of view, the AM manufacturing is in average 30% more competitive than the same geometry made by HIP. This conclusion is very positive for AM because it means that the process is of interest, not to mention the new design opportunities.

Different AM mock-ups comparisons

Cross-section scans

Computed tomography (CT) scans have been performed on some 'Circular' mock-up crosssections (figure 11). Analyses were performed under 220 kV using a helicoidal Nikon XTH225 device equipped with a 5 µm micro-focus X-ray source. Voxel sizes were in the 35-39 µm range.

These CT scans characterize the geometrical variation of the channel between CAD dimension (2mm in diameter) and the real printed channel. Results showed the effect of the part orientation on the walls quality; channel sections were slightly smaller than on CAD designs; ceiling surfaces were rougher and more defective than floor surfaces. Circular sections were ovalized; the greatest reductions in section were noticed at the bends built in cantilever position.

In an attempt to take it into account, a "geometrical factor uncertainty" of 10% is introduced on the hydraulic diameter. This "geometrical factor uncertainty" is called herein uncertainty because (i) the whole set of mock-ups has not been fully analyzed by a CT scan and (ii) different discrepancies from the CAD geometry could have been obtained with the different printing parameters. However, this factor can also be seen as a sensitivity to the hydraulic diameter on the results.

Thermal performances

The thermal performances of AM mock-ups are shown for the intensification factor (figure 12) and the Nusselt number (figure 13) as a function of the flow velocity and the Reynolds number respectively.

In figure 12 and figure 13Figure 13 , the intensification factor and the Nusselt number are compared between the 'Circular', 'Square' and circular 'Polished' mock-ups (defined in table 1)

all of them being made by AM. It shows that the mock-ups have the same thermal behavior, whether the cross-sections are circular or square; whether the surfaces are as-built or polished.

Moreover, the heat exchange increases with the flow rate, linearly in the double-logarithmic scale of the Nusselt number as a function of the Reynolds number. It is then possible to build the following correlation:

𝑁𝑢 = 0.20 × 𝑅𝑒 . × 𝑃𝑟 ( 16 
)
Where the Pr number power is chosen equal to 1/3, to keep the same temperature dependency as the Colburn correlation.

The relative error of the correlation (eq. 16) when compared to our experimental data is between -16% and +10% and its coefficient of determination is R²=98%. Its validity domain is:

200 < 𝑅𝑒 < 6,600 (17) 
2.6 < 𝑃𝑟 < 5.7

Hydraulics performances

The hydraulic performances of AM mock-ups are shown for the linear pressure drop (figure 14) and the Fanning number (figure 15) as a function of the flow velocity and the Reynolds number respectively, taking into account the geometrical factor uncertainty (right) or not (left).

When the geometrical factor uncertainty (right plots) is introduced, the comparisons can hardly be done, its effect (right plots) being very high compared to left plots differences. This first result confirms the importance of controlling the channel geometry and specially the hydraulic diameter during the manufacturing step [START_REF] Wildgoose | Impact of Additive Manufacturing on Internal Cooling Channels With Varying Diameters and Build Directions[END_REF], [START_REF] Stimpson | Roughness Effects on Flow and Heat Transfer for Additively Manufactured Channels[END_REF], [START_REF] Arie | Experimental characterization of an additively manufactured heat exchanger for dry cooling of power plants[END_REF][START_REF] Niknam | Additively manufactured heat exchangers: a review on opportunities and challenges[END_REF][START_REF] Da Silva | Thermal and hydrodynamic analysis of a compact heat exchanger produced by additive manufacturing[END_REF][START_REF] Dahmen | Characterization of channels made by laser powder bed fusion and binder jetting using X-ray CT and image analysis[END_REF][START_REF] Snyder | Understanding Laser Powder Bed Fusion Surface Roughness[END_REF]. Otherwise, as illustrated in figures 14 and 15 (right side), prediction of hydraulic performances seems compromised even for a 10% variation on the hydraulic diameter (±200 µm in the present study).

The mock-ups have been nevertheless manufactured with the same orientation on each baseplate.

Assuming that the geometrical factor shifts more or less all the curves in the same direction, it may be still possible to draw some general tendencies from the left plots. Looking at figure 14 and figure 15 from this viewpoint, the results may be discussed as follows.

Comparing 'Circular' and 'Circular bis' which differ by the printing parameters (table 1), a conclusion would be that the powder quality and the heating of the baseplate have a strong sensitivity on the friction loss (30%).

Comparing the 'Circular bis' and the 'Polished' mock-ups, for which powder and printing parameters are the same, provides information on the polishing effect. According to literature [START_REF] Da Silva | Thermal and hydrodynamic analysis of a compact heat exchanger produced by additive manufacturing[END_REF], [START_REF] Idel'cik | Mémento des pertes de charge[END_REF] polishing conducts to a lower Fanning number (around 15% for high Reynolds numbers when the roughness decreases from 20 to 2-3 µm, [START_REF] Da Silva | Thermal and hydrodynamic analysis of a compact heat exchanger produced by additive manufacturing[END_REF]) for the polished surface than for the as-built surface (by reducing the roughness). However, when comparing the pressure loss of the 'Circular bis' and the 'Polished' mock-ups, they are quite similar and the chemical polishing does not seem to have any influence on the friction factor. This may be due to the small roughness variation, in our case, between chemical polishing and raw channels with respective roughnesses of 6.7-7.7 µm and 4.1 µm.

Comparing the 'Circular' and the 'Square' mock-ups provide information on the crosssection geometry effect itself. At the same Reynolds number and at Re higher than 1,500, 'Circular' mock-up has a Fanning number 16% lower than the 'Square' mock-up. This result confirms the interest of changing the manufacturing process and using the freedom of geometry printing of the AM technique.

Global thermal-hydraulic comparisons

The thermal-hydraulic behaviors of the 'Circular', 'Square' or 'Polished' mock-ups are compared in figure 16. No significant difference is found between these three mock-ups. This means that both chemical polishing and cross-section have no influence on the intensification factor for a given pumping power.

Numerical study

This section describes the mock-ups Computational Fluid Dynamics (CFD) modeling setup and results. Ansys Fluent 2021R1 is used with Ansys Workbench to draw, mesh and calculate the studied case.

Computational domain geometry

In order to take into account the conduction effects, the computational domain geometry includes the solid part around the channel described in the 'description of the mock-ups' section.

The fluid computational domain geometry (figure 17) includes the channel itself to which upstream and downstream straight pipes have been added to numerically stabilize the flow. Looking at the CT-scans of the cross-section (figure 11), the channel volume can be seen as a sweep function of a half-circle (1.095 mm radius) and a partial circle (0.72 mm height). Based on this interpretation, the dissymmetry of the cross-section is taken into account in the fluid computational domain geometry (figure 18).

Numerical model set-up

Boundary conditions

On the external faces in contact with the cold fluid, a free stream temperature and a convective coefficient are set. The convective coefficient is calculated using the Colburn correlation

(23,670 W•K -1 •m -2 )
. At the inlet, a flow rate and a temperature are set. At the outlet, a pressure boundary condition is set with a prevention of backflow and a targeted flow rate specification.

Mesh

The meshing is done using Ansys Fluent Meshing. It is made of poly-hexcore cells for a total of 0.68Mcells in the fluid domain (figure 19). The meshing is refined at the walls in order to resolve the main flow phenomena and to avoid the wall function call, with non-dimensional distance values from the first fluid computational cell to the wall (y+) between 0.2 and 2•10 -3 .

A mesh sensitivity has been conducted for the simulation on the whole range of present Reynolds numbers (between 200 and 6000). The grids were made successively of 0. between the inlet and the outlet and the pressure drop varied both by less than +/-5%. We concluded that the resolution with 0.68 Mcells was sufficient for the present study.

Turbulence modeling

The Reynolds Averaged Navier-Stokes (RANS) ,k-𝜔 SST (Shear Stress Transport) model is used. The authors [START_REF] Mazzei | CFD Modelling Strategies for the Simulation of Roughness Effects on Friction and Heat Transfer in Additive Manufactured Components[END_REF] showed the accuracy of this model in the present context of both a roughness modeling approach as defined in the introduction and AM mock-up calculations. A turbulence model is needed because of the zigzag pattern which decreases the laminar/turbulent transition around Re=200 [START_REF] Anxionnaz-Minvielle | Influence of the meandering channel geometry on the thermo-hydraulic performances of an intensified heat exchanger/reactor[END_REF], [START_REF] Rosaguti | Laminar Flow and Heat Transfer in a Periodic Serpentine Channel[END_REF]. Thus, even if the simulations are done at low Reynolds numbers (Re between 200 and 6 000), the flow is assumed turbulent.

Roughness modeling

As shown by [START_REF] Stimpson | Roughness Effects on Flow and Heat Transfer for Additively Manufactured Channels[END_REF], the roughness value Ra depends on the surface orientation. However, the wall roughness is assumed to be constant through the domain in the present approach. It is a first source of uncertainty. Obviously a second source of uncertainty is the roughness measurement itself in similar conditions [START_REF] Stimpson | Scaling Roughness Effects on Pressure Loss and Heat Transfer of Additively Manufactured Channels[END_REF]. When it comes to the present roughness modeling, a third source of uncertainty is the translation of roughness measurements into an ESGR concept. It is a subject of research since at least five decades ago [START_REF] Koch | Loss Sources and Magnitudes in Axial-Flow Compressors[END_REF][START_REF] Croner | Industrial use of equivalent sand grain height models for roughness modelling in turbomachinery[END_REF][START_REF] Adams | A Simple Algorithm to Relate Measured Surface Roughness to Equivalent Sand-grain Roughness[END_REF]. The option chosen in the present study, as a first approach, is to use the Stimpson correlation [START_REF] Stimpson | Scaling Roughness Effects on Pressure Loss and Heat Transfer of Additively Manufactured Channels[END_REF] which was built in a similar AM context:

𝑘 𝐷 = 18 • 𝑅 𝐷 -0.05 (19) 
However some discrepancies exist: the correlation was established in straight channels (wavy channel in the present study), printed with an angle of 45° (15° in the present study) for hydraulic diameters between 0.415mm and 1.246mm (2 mm in the present case).

In the present study, the Ra measurements of table 1 for the Circular section are used, which give a range from 6.7 to 7.7 μm. As previously mentioned, these measurements were done on the smoothest walls which were vertically manufactured and which represent only a small portion of the total walls. 

Where 𝛽 * = 0.09 is a constant used in the SST k-𝜔 model. 𝑘 is the non-dimensional ESGR parameter (-) and 𝑦 the non-dimensional distance to the wall (-). It is defined as:

𝑦 = 𝜌 • 𝑢 • 𝑑 𝜇 (22) 𝑘 = 𝜌 • 𝑢 • 𝑘 𝜇 ( 23 
)
Where 𝜌 is the density (kg•m -3 ), 𝑢 the friction velocity (m•s -1 ), 𝑑 the distance to the wall (m),

𝑘 the ESGR parameter (-) and 𝜇 the viscosity (Pa•s). Then the values of k and 𝜔 at the wall are determined:

𝑘 = 𝑘 • 𝑢 (24) 𝜔 = 𝜌 • 𝜔 • 𝑢 𝜇 (25)

Numerical versus experimental results

Validation of the present model

The CFD calculations are compared with experimental data with regard to the Nusselt number (figure 20) and the Fanning factor (figure 21) as a function of the Reynolds number. ± 20% deviation areas are indicated (red dotted lines) in order to better visualize the CFD versus experiment comparison. As far as CFD uncertainty quantifications are concerned, they generally rely on CFD results versus experiment comparisons and sensitivity calculations as an input.

Therefore present results can be considered as a first step towards this direction. However it is beyond the scope of the present paper to perform all the necessary calculations for an uncertainty quantification and to perform the relevant post-treatment of them in this view. It is an area of ongoing research [START_REF] Wenig | CFD Uncertainty Quantification using stochastic spectral methods-Exemplary application to a buoyancy-driven mixing process[END_REF]- [START_REF] Hassan | Uncertainty quantification (UQ) for CFD simulation of OECD-NEA cold leg mixing benchmark[END_REF] which is not mature enough to be used in the context of the present study. As a logical consequence, no uncertainty quantification are added to the numerical results in this paper. The experimental data have been collected in the 'circular' mock-up. The data have been reduced assuming the deformation as illustrated in figure 18. The equivalent hydraulic diameter is thus 1.94 mm instead of 2 mm.

The prediction of the Nusselt number is satisfactory (figure 20), the systematic overestimation giving an average relative error of 10%.

The agreement on the Fanning number is satisfactory (figure 21) with again an average relative error of 10%. The point at Re=897 seems out of the trend, it is due to a numerical convergence issue.

The two main modifications presented in this paper in comparison with a CFD approach of a conventionally manufactured heat exchanger are about the roughness modeling approach and the use of a different geometry than the CAD guideline. Neither approach includes tuning parameters.

The present roughness modeling relies on the ESGR as described in the previous section and then on the Ra measurement.

The change of geometry is a feature to underline because it means that the printing and the dimensional characterization of the considered object is required prior to CFD modeling. To the authors' knowledge, it is difficult to predict the geometry differences between a CAD geometry and the final AM printed component. This fact is a break with the usual modeling in which the design of an object is assumed to be known before manufacturing it.

In summary, the present results could not have been obtained from a blind calculation of a new design AM object because of the necessary knowledge for modeling of both Ra and the geometry change between CAD and reality. In view of this issue, a sensitivity study on both parameters is presented in the following sections.

Sensitivity to the ESGR

The ESGR used in the present modeling (results in the previous section) has been set up from the Stimpson correlation [START_REF] Stimpson | Scaling Roughness Effects on Pressure Loss and Heat Transfer of Additively Manufactured Channels[END_REF] with ks=116.9 μm .

The sensitivity of ks on the flow is shown for the Nusselt number (figure 22) and the Fanning number (figure 23). Six different ks have been considered (ks=40; 80; 116.9; 160; 200; 240) at three different typical Reynolds numbers (Re=380; 730; 1,290). Each Reynolds value is not exactly the same as the typical target value because the mass flow rate is set in the simulation, not the Reynolds number. As the fluid physical properties depend on the temperature, the Reynolds number can slightly vary (max 1.7%).

These graphs show the relationship between the thermal-hydraulic prediction of the numerical model and the ESGR which is especially strong for high Reynolds number. The ESGR sensitivity increases with the Reynolds number for the Nusselt number (+36% on the studied range for Re=1300) and the fanning numbers (+26% on the studied range for Re=1300). It shows that neglecting the roughness or inputting an erroneous roughness may lead to significant discrepancies at high Reynolds numbers. At low Reynolds numbers, it may not be such a concern. Despite the various hypotheses that differ between the present study and the work of Stimpson et al. [START_REF] Stimpson | Scaling Roughness Effects on Pressure Loss and Heat Transfer of Additively Manufactured Channels[END_REF], the calculated ESGR from eq. ( 19) proposed by the authors [START_REF] Stimpson | Scaling Roughness Effects on Pressure Loss and Heat Transfer of Additively Manufactured Channels[END_REF] seems well adapted to predict the thermal-hydraulic performances of the present meandering milli-channel made by AM without any needs in tuning parameter.

Sensitivity to the cross-section change

The sensitivity to the cross-section change on the thermal-hydraulic performances is shown for the Nusselt number (figure 24) and the Fanning number (figure 25) as a function of the Reynolds number. The objective is to compare the present model which is based on the actual geometry observed on the CT scans with the CAD cross-section, the latter being most likely used during blind CFD calculations e.g. for design optimization.

The cross-section affects both the Nusselt and the Fanning numbers. On the Nusselt number, the mean error done by simulations is of 9.9% considering the visualized cross-section and of 16.6

% considering the CAD cross-section. About the Fanning number, the choice of the cross-section is more complex and looking at the mean error is not sufficient (visualized cross-section: 8.6% or 6.5% not considering point at Re=897 and CAD cross-section: 4.1%). Using the visualized cross-section allows a better estimation especially at low Reynolds number (Re<400). Nevertheless, it creates higher calculation instability as for example at Re=897. However, the most realistic choice is to use the visualized cross-section in simulations, which leads to a better agreement with the experimental Fanning number curve.

Conclusion

In the present work, heat exchangers made by AM with mini-channels and meandering flows are studied both experimentally and numerically.

Experimentally, different mock-ups obtained either by HIP or by L-PBF AM, with different cross-sections (circular and square) and different surface roughnesses (raw and polished) have been characterized and compared.

On the one hand, the circular cross-section has a benefit of up to 16% on the Fanning number with no difference on the Nusselt number, comparing to square cross-section. On the other hand, a clear trend is found on the Nusselt number and the intensification factor versus the Reynolds number: moving from an HIP to AM leads to an increase by 80% on the Nusselt number, due to the roughness effects of the AM. Present Nusselt number versus Reynolds number experimental data are embedded in a proposed correlation within a precision range of +10/-16% with a coefficient of determination equal to 98%. These data therefore contribute to see AM as a great opportunity to heat exchange intensification.

Concerning the Fanning number, a gain up to 37% was measured between AM and HIP.

Amongst the various AM mock-ups, it was shown that the hydraulic diameter uncertainty based on available cross-sections CT-scans hindered a clear identification of differences.

A numerical approach to calculate the AM circular cross-section mock-ups tests is also presented. It is based on RANS k-𝜔 SST turbulence modeling and a roughness modeling of the ESGR type. Inputting in this model the measured roughness data on the actual mock-up is enough to get satisfactory thermal-hydraulic results, providing that the channel geometry is carefully computed using CT-scans of the actual mock-up and not using the original CAD. The numerical results are then in agreement with the experiment within errors comparing to experiment of 10% in average for the Nusselt number and within a maximum of 20% for the Fanning numbers.

Thus, there is still progress required to be able to perform blind CFD calculation and thermalhydraulic performances prediction of a new design AM object because of the necessary knowledge for modeling of both the roughness and the geometry change between CAD and reality. In the present case, the geometry modification introduced a shift of 6.7 % on the Nusselt number accuracy. Indeed the mean error is of 9.9% and 8.6% respectively on Nusselt and Fanning numbers.

The roughness is not an issue for Reynolds numbers below 400, but for Reynolds numbers around 1300, the Nusselt number could vary as much as 36% in our sensitivity calculation range.

Future works could be dedicated to the prediction of both roughness and dimension deviation from defined AM printing parameters to be able to perform a priori both modeling and design of thermal-hydraulic performances of the AM components. b Optical measurement using a focus variation microscope on vertically manufactured walls. 
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 6 Figure 6 and figure 7 display the thermal performances of the two mock-ups, intensification

  and figure 9), using the linear pressure drop ∆𝑃 𝐿 ⁄ (bar•m -1 ) and the Fanning number (-) respectively. To assess accurate Fanning numbers, the hydraulic tests (dedicated to pressure drop measurements) are performed in adiabatic conditions. This means that the data presented in figures 6 and 7 (non-adiabatic tests to assess thermal performances) do not come from the same experimental set of data than those presented in figures 8 and 9 (adiabatic tests). Since the temperatures and thus the physicochemical properties of the flow (specially the viscosity) differ between the adiabatic and non-adiabatic sets of experiments (around 20°C for hydraulic tests and 60°C for thermal tests), at a given flow velocity, the Reynolds numbers are different between figures 7 and 9.
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  Mechanical measurement using a direct roughness meter on vertically manufactured walls.
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 21 Figure 21 : CFD model calculation versus experimental data: Fanning number (friction factor).
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 25 Figure 25 : Cross-section sensitivity, Fanning number as a function of Reynolds number.
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  Stimpson et al. [6] measured Ra roughness of different direction-facing manufactured channel surfaces, and found in the case of Inconel (coupons L-1x-In and L-2x-In) a ratio of 1.75 between the vertical surface and the 45 deg downward-facing surface. Consequently it leads us to use in the present case an average roughness of 12 μm, yielding to ks = 120 µm.

	This ESGR is used in the High Roughness (Icing) model which is natively implemented in
	Ansys Fluent. The icing model [35] uses the following equations to compute the non-dimensional
	k and ω on a wall, named kw + and ωw + :				
	𝑘 = max 0;	1 𝛽 *	𝑡𝑎𝑛ℎ	𝑘 30 𝑙𝑛(10) 𝑙𝑛	+ 1 -𝑡𝑎𝑛ℎ	𝑘 125	𝑡𝑎𝑛ℎ	𝑘 125	(20)
	𝜔 =	300 𝑘	tanh	15 4𝑘	+	191 𝑘	1 -𝑒

Table 1 :

 1 Mock-up's dimensional characteristics.

			Variable printing
	Cross-		parameters
	Name	Ra (μm) Rz (μm)	Remark
	section		Powder	Baseplate
			quality	temperature
		6.7-7.4 b ;	
	Circular Circular		
		7.7 a	

Table 3 :

 3 measurements uncertainties

	Sensors	Uncertainty (including	Measurement range
		standard deviation and	
		sensor calibration)	
	Temperature	±0.06°C	12.7°C -77.9°C
	Flow rate (hot fluid)	±0.4%	1.2 kg/s -30.9 kg/s
	Flow rate (cold fluid)		1 104 L/h -1 483 L/h
	Differential pressure	±1.3%	3.0 mbar -299.2 mbar
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