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Abstract. Recently, due to the grown development of micro devices in different fields of applications such as electronics,
solar, bio engineering, etc., the needing of more efficient of heating removal sink has become an essential concern in
this field of science. In this sense, pin fin configuration has been shown high cooling capacity and assists in uniform
temperature distribution with a low pressure drop. In this context, this work aims to analyze four different pin-fin
geometries (diamond, drop, sinusoidal, and circular), in the staggered configuration, in the search for the best
thermohydraulic performance in microscale heat exchangers, which will be attached to solar cells installed in a high-
concentration photovoltaic system (HCPV). The geometries were obtained through DLMM (direct laser metal melting)
additive manufacturing process, satisfying the required dimensional quality. It was constated that the construction of
channels with pin fins proved to be more effective in terms of heat exchange when compared to straight microchannels
with rectangular cross section results, without compromising to much the pumping power needed for the fluid flow.
Additionally, it was also be observed that the sine, drop and diamond shapes presented results with higher fluid outlet
temperature and a smaller pressure drop results than the microchannel. Among these three pin-fin geometric models,
the droplet model produced the highest heat exchanges, resulting in the highest enthalpic gain by the fluid at the HCPV
exchanger outlet.

Keywords: Pin fin, Numerical Simulation, Micro Heat Sink, Thermal Performance
1. INTRODUCTION

In recent years, new geometries have been proposed for microscale heat exchangers, mainly aiming to achieve
increases in heat exchange efficiency, but without greatly penalizing the pressure drop of the device, an effect commonly
observed in a large number of studies. In this sense, “pin fins” forest heatsink configurations have been shown to be a
viable solution in the pursuit of this objective (AlFalah et al., 2022; Cohen & Bourell, 2016; Radmard et al., 2021; Tang
et al., 2022; Yang et al., 2017).

The pin fin configuration presents high cooling capacity and assists in uniform temperature distribution with a low
pressure drop. For this reason, different pin-fin geometries have been studied, such as hydrofoil, sine, rectangular,
elliptical, diamond, circular, etc., but without a consensus on the type of pin that allows achieving better thermo-hydraulic
performance values in microscale heat exchangers. The type of pin morphology and dimensions play the role on the pin-
fin efficiency, and in particular, the spacing characteristic between pins is a very important parameter.
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On the other hand, one of the main limitations for application of this type of geometric configuration is that traditional
manufacturing techniques such as extrusion (Morrison, 2002), micro electric discharge machining (Wang et al., 2005)
and milling (Baisar & Briggs, 2009), still present great difficulty in achieving dimensional design compliance. Therefore,
additive manufacturing processes have emerged as an alternative for manufacturing of pin fin dies (Cohen & Bourell,
2016; Klein et al., 2018; Tsopanos et al., 2006), and it has been demonstrated that, depending on the morphology,
dimensions and spacing values used, dimensional quality can be achieved in the manufactured parts.

According to the literature (Ali & Arshad, 2015; Mohammadi & Kosar, 2019; Roth et al., 2013; Yan et al., 2021) that
point out that the staggered pin configuration offers better performance characteristics of heat transfer, and based on
preliminary analysis of microscopy images for evaluation of dimensional quality, the morphologies that showed greater
compatibility in the manufacturing process were chosen for computational simulation, namely, the diamond, drop,
sinusoidal, and circle geometries. Fig. 1 illustrates schematic sketches of the main geometric characteristics of the selected
pin-fins shapes studied.

Figure 1. Proposed geometries: (a) diamond, (b) drop, (c) sinusoidal, (d) circle

Figure 2 shows photographs of the CrCoW alloy printed selected geometries (M1ab200R printer), besides four open
geometries to enable the geometric evaluation of each type of heatsink in a more accessible way.

Figure 2. Final and open micro heat sinks geometries produced through DLMS (Mlab200R printer).
2. COMPUTATIONAL MODELLING

For fair comparisons of the results obtained numerically for the different proposed microchannel heat sinks, the
heating system of the laboratory test bench was modelled in the CFD platform and the simulations were implemented.
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Fig. 3 shows the summary of the regions and boundary conditions to be simulated, whose values were taken from one of
the operating points evaluated experimentally. Likewise, in Tab. 1 the physical properties of each region are presented.

[heatsme 31mv]

- .-, [ Side and bottom faces |
L] radiation + comv. natunl

{ T = 25 °C :
msm:g 035 Fluid: (water)

Flow rate: 10 g/min

— Ta=50"C

Figure 3. Regions and operating boundary conditions implemented in the simulation.

Table 1. Physical Properties of the solid regions of the heater/sink assembly.

Region Thermal conductivity Density Specific heat

[W/(m.K)] [kg/m3] [J/kg.K]
Heating resistance 60 8960 385
Aluminum base 138 2700 893
Micro heat sink 14.82 8387 422

For the solid regions of the simulation, listed in Tab. 1, we only have heat transfer by conduction, characterized by
the following steady-state energy conservation equation:

V'[‘%‘”’]:‘? (1)

where k is the thermal conductivity of each material (W/m.K), ¢, is the specific heat of the material at constant pressure
(J/kg.K), H is the enthalpy (J/kg, such that H = ¢,,T) and q is the volumetric heat source [W/m?]. For the heating resistor,
total heat source is equal to Q = gV = 31.88 W, while in the other solids it is equal to zero.

Thus, at the interface of each solid, the heat is received from a neighboring region and dissipated to the next region
by conduction. In the external walls of the solids, the boundary conditions are related to heat fluxes to the environment,
Qwan» €iven by the sum of the contributions of the natural convection (q.on,) and radiation (q,,4) in each exposed surface:
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(4-7)
h is the convective heat transfer coefficient, Ra is the Rayleigh number, g is the acceleration of gravity, and ag;,
(= kair/(Paircpair))s Vair (= Hair/Pair), and Bg;y, are the thermal diffusivity, the kinematic viscosity and the volumetric
expansion coefficient of the air, respectively. L, is the characteristic plate length, given by the ratio between the plate
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surface area (4) and its perimeter (P). Ty and T,,,, are the surface and environment temperatures. The thermodynamic
properties of air as a function of temperature (in Kelvin) are shown in Tab. 2. In the radiation calculations, € is the
emissivity of the material (¢ = 0.35 for CoCrW alloy) and ¢ is the Stefan-Boltzmann constant (¢ = 5.67 x 1078 W/m?K*).

Table 2. Temperature dependence of the thermo-physical properties of air.

Property Polynomial fit (film temperature dependence)
k [W/m.K] 107%x(2.5219 + 8.506x1072T; — 1.312x1075T7)
2 [kg/m?] 2.0132 — 0.0034 T,

#[kg/m.s] 1076x(1.5061 + 6.16x1072T; — 1.819x1075T#)

¢ [VkgK]  948.76 +0.39171 Ty — 107#x(9.5999 T# — 1.393x1072T7 + 6.2029x107°T/)

The simulations performed in the present work were conducted in OpenFOAM, an open-source software for
computational fluid dynamics simulations, based on the FVM (Jasak, 1996). Specifically for the heat sink problem, the
multiregion solver chtMultiRegionSimpleFoam was used, which simultaneously solves the transport equations of multiple
solid and fluid regions, in steady state, allowing the coupling between these regions through boundary conditions called
interface conditions. At these interfaces, the boundary values of the boundary of a region are mapped to the boundary
with which it interacts, and a relationship of the same property value can be established between these two boundaries (as
is generally the case for temperatures) and property flow relationships between one region and another.

Besides the dimensions presented in Fig. 1, Table 3 brings additional information about the main geometric
characteristics of pin fin heatsinks simulated. Additionally, since comparisons will be performed with a microchannel
heat sink of rectangular straight geometry its characteristics are also listed in this table.

Table 3. Main geometric parameters of pin fin heat exchangers.

Micro pin-fin geometry

Straight

Description Variable Unit . Circle Drop Sine Diamond
Microchannel
Cross-sectional area Age [mm?] 4,58 0.03% 0.04° 0.07° 0.06°
Pin height (channel height) H [mm)] 1.0 1.5 1.5 1.5 1.5
Length of the heat sink L [mm)] 22.88 22.88 22.88 22.88 22.88
Number of pins (microchannels) N [-] 53 1534 1918 1357 1161
Heat exchange (wet) area A, [mm?] 2628.8 1514.4 2542.86 2307.69 1932.04
Total volume of pin fins (solid) Vot mm’? 242.53 69.03 115.08 142.49 104.49
a - Cross-sectional area (top view) of one microchannel wall b - Cross-sectional area (top view) of one single pin fin

The values of the operational parameters considered in the simulations for all heat exchangers are summarized in Tab.
4. Since the surface temperature, T, is not known at priori, an iterative procedure for evaluation of the boundary conditions
that depends on this variable is implemented. Besides, once the experimental setup can’t be considered perfectly insulated,
an additional 10% heat loss, based on experimental measurements, is adopted in the simulations.

Table 4 - Operating conditions implemented in the simulations.

Operating condition Variable Unit Value
Heat source power 0 [W] 31.88
Environment temperature Tamp [°C] 25
Convective heat transfer coefficient h [W/m?K] Eq. (3)
Coolant fluid volumetric flow rate 14 [ml/min] 10, 20, 30
Coolant fluid inlet temperature Tin [°C] 50

3. RESULTS

A mesh converge analysis is performed for the microchannel heat sink straight channel with rectangular cross section
geometry, the simplest geometry that will be employed for comparison purposes. Three meshes were used to verify the
energy balance between the different regions of the computational domains, as well as the micro heat sink outlet
temperature of the coolant fluid. These meshes are named M1 (4.89 x 10° elements), M2 (9.62 x 10° elements), and M3
(13.17 x 10° elements), and are illustrated in Table 5, where the mesh clustering characteristic near the interface regions
of each computational domain is highlighted.
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Since the computational domain is of multi-region type, the heat transfer rate at the domains interfaces between each
region (cartridge resistance, heating block, heat sink and coolant fluid) is employed as the convergency parameter, as
illustrated in Table 6. From this table, it is possible to see that the results for the heat transfer rate can only be considered
converged for the M3 mesh, since it is the mesh that minimizes the differences between heat transmitted and received
between the regions. This behavior shows that for the pin-fin micro heat sinks the mesh should have a number of elements
of the same order of mesh M3, at least.

After this preliminary mesh convergence, the selected pin-fin heat sink geometries were analyzed by following the
same methodology applied to the microchannel heat sink studied. The number of mesh elements employed in each case
(circle, drop, sinusoidal and diamond) is described in Table 7. It is worth to mention that due to the sharp edges of the
pin-fin with diamond shape, a mesh with the double of elements of mesh M3 is required for good convergence. The
general aspects and details of the meshes of the fluid region for each geometry are also illustrated in Table 7.

Table 5. Mesh characteristics of each region of the computational domain.

Mesh characteristics

Region M1 M2 M3
(4.89 x 10° elements) (9.62 x 10° elements) (13.17 x 10° elements)
Cartridge
resistance
Heating
block
Heat sink

solid region

Heat sink
fluid region

Table 6. Mesh convergence for the heat transfer rate between each computational domain.

Mesh
Region Heat transfer at the interfaces M1 M2 M3
Heat Transfer Rate - Q [W]
Cartridge resistance Transmitted to the heating block -31.88 -31.88 -31.89
Received from the cartridge resistance 31.71 31.94 31.76
Heating block Dissipated to the environment 0 0 0
Transmitted to the heat sink -31.71 -31.94 -31.80
Received from the heating block 27.11 30.73 31.84
Heat sink solid region Dissipated to the environment -3.51 -3.41 -3.42
Transmitted to the heat sink fluid -23.59 -27.73 -28.62
Heat sink fluid region Received from the heat sink 21.52 27.74 28.61

The mesh convergence analysis from the energy balance between the regions of the different computational domains
was also verified for the pin-fin micro heat sinks. Here, the maximum, average and minimum deviations of heat transferred
between the regions are presented in Table 8. From this table, it is clear that the number of elements implemented in the
mesh of each one of the evaluated pin heat sinks is adequate.
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Table 7. Mesh detail of the fluid region of the pin-fin micro heat sink

Pin-fin geometry
Circle Drop Sinusoidal Diamond
12.80 x 10° elements 10 elements) 38 x 10° elements) 8 x 10° elements)

Table 8. Heat transfer rate deviations for the different pin-fin geometries for the meshes employed.

Deviation Pin-fin geometry
[Yo] Circle Drop Sine Diamond
Maximum 1.92 1.22 1.22 0.57
Medium 0.87 1.10 0.62 0.39
Minimum 0.16 0.89 0.03 0.11

Now, results for the friction factor (f) and the local heat transfer coefficient (h) are analyzed for different volumetric
flow rates (10, 20 and 30 ml/min). Here, these parameters ae evaluated according to the approach described in
Kewalramani et al. (2019). The overall friction factor is based on the Darcy equation, being a function of the heat sink
pressure drop (Ap), length (L), hydraulic diameter (d},), and fluid mean velocity (1) and density (p):

f= 2Apdp (10)

p Lu?

For this kind of geometry, Haaksman et al. (2017) proposes to evaluate hydraulic diameter as function of the ratio
between the total volume of pin fins (Vi) and the wall surface areas (pin fins, A,;,s, and channel walls, A,y4;):

4 Viot

dy = (11)

Awan+ Apins

Therefore, taking a line along the micro heat sink, the local friction factor can be defined as (where p(x) , u(x), p(x)
are the local flow pressure, axial velocity and density along the line, and p,,;; is the pressure at the exit of the heat sink):

_ 2[p()—pexitl dn
f) = p(0) L u(x)? (12)

Similarly, the local convective heat transfer coefficient along the same straight line, h(x), is evaluated as function of
the heat flux (q"’), and the local and mean micro heat sink temperatures (T (x), T,):

h(x) = _ar (12)

Figure 4 shows the behavior of the local friction factor along the micro heat sink length at its symmetry line, for the
three flow rates analyzed. This figure reveals that the local friction factor for the micro heat sink with diamond pin fins
(Fig. 4c) is the highest of all geometries. This behavior is due to sharp vertices present in this geometry and that strongly
impair the flow dynamics. For the other formats, the friction factor varies similarly and, thus, it can be concluded that the
hydrodynamic characteristics of the heat sink with the pin fins with circular, drop, and sinusoidal shapes are similar.
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Figure 4. Friction factor along the pin-fin heat sink: a) Circular, b) Drop, ¢) Diamond and d) Sinusoidal

Figure 5 shows the variation in the local heat transfer coefficient in a central position of domain around different rows
of fins for the different flow rates. The pin-fin rows where the main variations of 4 occur are shown, identified with the
respective numbers above. It can be seen that the heat transfer coefficient is maximum in a region between the central
part and the outlet (x = 16 mm) of the heat sink, and as the flow passes through each row of pins, the local heat transfer
coefficient varies less around the pin fin. It can also be noted that as the inlet flow rate increases, the average value of the
local heat transfer coefficient around the pins also increases due to the increase in the size of the vortex around a pin.
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Figure 5. Heat transfer coefficient along the pin-fin heat sink: a) Circular, b) Drop, ¢) Diamond and d) Sinusoidal

The results for the pressure drop, fluid outlet (75.,) temperature and heat sink mean surface temperature (7., obtained
with the present simulations are presented in Tab. 9 for the pin-analyzed pin-fin geometries and for the straight
microchannel heat sink. Comparing the results between the microchannel and the pin-fin heat sinks, it is concluded that
the pin-fin heat sinks present the best compromise between pressure drop (smaller) and thermal performance (higher).

Table 9. Pressure drop, fluid outlet temperature and heat sink mean surface temperatures for each micro heat sinks.
Volumetric flow rate of 10 ml/min.

Output Straight Pin-fin geometry

microchannel Circle Drop Sinusoidal Diamond
AP [Pa] 153 33.89 40.46 33.85 30.03
Tou [°C] 88.90 88.02 93.00 92.12 91.12
Tsurf [°C] 85.66 85.80 91.30 89.19 86.03

From the average outlet temperature obtained for the case of the drop heat sink, of 93.00 °C, it is possible to state that
the use of this type of pin fin as a geometry for thermal exchanges proved to be more efficient than all the heat sinks
evaluated. Abdoli et al. (2015) numerically investigated the influence of different pin fins (circular, droplet, sinusoidal)
for cooling electronic chips and obtained the droplet shape as the best thermal performance. izci et al. (2015) obtained
the highest heat transfer coefficient for the drop shape, followed by the square shape. It was observed that pin fins with
protruding corners have this thermal performance in relation to more simplified geometries.

The average outlet temperature for the sinusoidal geometry is 92.12 °C. Here it is also possible to state that the use of
sine-type pin fins promotes greater heat transfer to the fluid. Zhao et al. (2016) experimentally showed that sine-shaped
geometry has better flow line with low thermal resistance and the triangle-shaped geometry has higher flow resistance
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compared to other shapes. In Yang et al. (2017), who used an inlet flow of 100 mL/min, this geometry was the one that
obtained the best performance, unlike the present research in which it ended up being relatively inferior to the drop shape.

The average temperature of the fluid outlet for the diamond geometry reached only 91.12 °C. This geometry is
characterized in some literature as the one with the lowest pressure drop (Ambreen et al., 2022; Yang et al., 2017), but its
thermal performance is below the droplet geometry. For a global view of the thermal behavior of the heat sink designs,
Figure 6 shows the temperature fields of the fluid region for each pin-fin heatsinks. It is observed that the top of the
aluminum base reaches temperatures of up to 104 °C in most cases simulated with pins.
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Figure 6. Temperature field of the fluid regions of the pin heatsinks.

4. CONCLUSION

In general, the numerical simulations were able reproduce the general behavior expected in the literature for cases
with pin fins, considering all heat losses to the surroundings. The proposed CFD modeling, therefore, proved to be
effective for this type of analysis. The construction of channels with pin fins proved to be effective in terms of heat
exchange, where it can be seen that they present a significant relationship with a smaller pressure drop and a higher
thermal performance, comparing the simulated results between the microchannel and the pin-fin heat sinks. The droplet
model produced the highest heat exchanges, for providing the highest outlet temperature and for having the largest heat
exchange area among the others and, despite having the highest pressure drop, resulted in the highest enthalpy gain by
the fluid at the exit of the HCPV exchanger. In its geometric form, in the use of pin fins, it could be observed that use of
irregular and not so usual shapes led to better results, due to the modification of the flow dynamics caused by this fact.

The results obtained were relevant in order to maximize the use of heat rejected by the photovoltaic cells. As next
steps, tests will be carried out on the bench and, later, on the HCPV panel to validate the results obtained with the new
geometries. However, more simulations will be carried out from other operating points tested on the bench in order to
have a greater number of comparable results to increase confidence in the implemented methodology.
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