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Abstract. Technological advances in manufacturing processes and materials have enabled the miniaturization of
electronic components, which is positive in many ways but also introduces thermal management challenges due
to the increased power density of components and reduced surface area for heat dissipation. In this sense, the use
of compact heat exchangers presents itself as a possibility for controlling the temperature of these devices, such
as those based on micropillars and microchannels. This study is based on the numerical simulation of a compact
heat exchanger of square micropillars with 0.35 mm, with different arrangement configurations. Deionized water
is used as the working fluid for the single-phase flow regime under different mass velocities (335-1414 kg/m?s) and
input heat powers (~ 15 W). The modeling was implemented in the Ansys Fluent software, and the results obtained
were validated and compared with experimental data, where data adherence was verified. Moreover, the numerical
results were compared with another reference case based on a plain surface without micropillars. In terms of
pressure drop and micropillar temperature, discrepancies are more pronounced for the plain case (overestimation),
but the simulations capture the overall temperature and pressure trends of all the cases. The results show that
micro-pin fin heat sinks can be very effective as a thermal management technique.
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1 Introduction

Optimized heat sinks are helpful in solving thermal and fluid dynamic problems encountered at the mi-
croscale. McHale and Garimella [1] investigated trapezoidal microchannels with different aspect ratios to improve
heat transfer. The authors observed that both the aspect ratio and the sidewall angle of the trapezoidal channel
increase heat transfer. Thus, it is suggested that adjusting geometric parameters can be an effective strategy to op-
timize the thermal performance of devices that use microchannels, such as compact heat exchangers and electronic
cooling systems. Micropillars, another example of optimized structures, are promising for improving heat trans-
fer in convective boiling [2} [3]]. For example, Prajapati et al. [4] carried out a comparative experimental study of
micropillars with parallel microchannels. The results showed a higher heat transfer coefficient for the micropillar-
based heatsink, with a negligible penalty in pressure drop. In general, such studies show that the presence of
micropillars in the flow leads to the constant formation of the hydrodynamic and thermal boundary layers at the
edges of each fin, effectively reducing the thickness of the boundary layer [3].

The study of compact heat exchangers encompasses a range of topics, including the selection of appropriate
fluids, geometry optimization, and advancements in 3D printing technologies. In the study of Kempers et al. [6]],
a high-performance water-cooled micro heat sink for the thermal management of high heat flux microelectronics
was fabricated using an additive manufacturing process to produce complex flow, which is impossible to fabri-
cate with traditional processes. A prototype heat sink was fabricated and tested at heat fluxes exceeding 1000
W/cm?. Inlet water at 20 °C corresponded to a measured base temperature of 54 °C at an applied heat flux of 1000
W/cm?. The work of Shen et al. [7] investigates using impingement jet nested arrays to strengthen the thermal
performance of double-layer microchannel heat sinks based on 3D printing technologies. The thermal control was
very effective, with a reduction in peak temperature of more than 20 K lower than traditional microchannel heat
sinks. Even though the proposed structure yields a higher pressure drop penalty, the overall thermal performance
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factor that balances the influence of heat transfer augmentation and pressure drop penalty still favors the proposed
geometry. The study of Zhang et al. [8] developed a water-cooled pseudo 3D heat sink structure using a two-
layer heat sink model, and the authors performed a topology optimization. Compared with the one-layer heat sink
model, the two-layer heat sink model was proved to have better heat transfer capability. Gilmore et al. [9] studied
manifold microchannel heat sink structures for high heat flux cooling by applying topology optimization within a
multi-objective 3D conjugate heat transfer model. Compared to rectangular manifold microchannels, the proposed
structures reduce pressure drop by 17% by suppressing stagnation regions and a more substantial 79.2% by limit-
ing nozzle constrictions. This structure simultaneously reduces thermal resistance by 22.4% by introducing pins
and constrictions, which augment jet impingement and counteract streamwise heating of the fluid.

The above scenario suggests that compact heat exchangers can address the industry’s typical thermal chal-
lenges. Therefore, this work aims to study heat transfer and pressure drop of water through a heat exchanger with
square micropillars, with different arrangements (aligned and staggered), in addition to a reference surface — flat,
without micropillars — and validate them with experimental data.

2 Methodology

The numerical problem described in this work is inspired by an experiment conducted at NEST-n (Nano and
Microscale Heat Transfer Lab) [10]. The experimental setup consisted of a QUIMIS® Q241M thermostatic bath
to control the water flow and its inlet temperature into the preheater. A Swagelok® needle valve was used for fine
flow adjustment, and a Yokogawa Coriolis mass flow meter (RCEP25S, 0.10% uncertainty) measured the flow rate.
The preheater consisted of a coiled electric resistance around a copper pipe (diameter of 9.5 mm, 800 mm long),
insulated with polyurethane foam and PVC. Absolute pressure transducers (PXM309 OmegaTM, + 0.25% FS) and
K-type thermocouples measured the pressure and temperature at the inlet and outlet of the test section. The heat
sink was made of a copper block with machined square micropillars. K-type thermocouples at the heat sink’s base
measured the temperature to determine the heat flux. A 250 W/220 V cartridge heater powered by a TECTROL
power supply provided the necessary heat for the tests. A polycarbonate plate provided thermal insulation and flow
visualization, while a ceramic mold insulated the walls.

Considering the numerical modeling of this experimental setup, the overall geometry of the problem is il-
lustrated in Fig. [I] The fluid domain represents the water flow, represented by the brown color, while the solid
part, made of copper, is blue. The remaining walls are not simulated; their influence is added through boundary
conditions (adiabatic and non-slip). Water flows from the inlet to the outlet, and the heat is added to the geometry’s
central bottom part.
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Figure 1. Numerical domain

This main configuration will be tested for two different arrangement configurations: aligned and staggered.
A view of each of these configurations is given in Fig2] The micropillars are cubes with 0,35x0,35x0,35 mm.
For the aligned configuration, the distances are Sz, = St = 0, 55 mm, while for the staggered Sy, = St = 0,80
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Figure 2. Micropillar arrangements

A third case without any micropillars (plain case) is also assessed. This benchmark case will be used to
determine the improvement in the thermal and hydraulic performance of the heat exchanger.

2.1 Mesh

Three meshes are generated to perform a convergence and grid independence test. For all meshes, a refine-
ment was applied for regions with corners and the fluid domain around the micropillars. Also, boundary layers
were added at the fluid domain near the wall. The pressure drop between the inlet and outlet (A P) and the average
micropillar temperature (7},) were monitored for each mesh. The main results are summarized in TabE

Table 1. Grid independence test

Plain Aligned Staggered
Mesh Cells AP [kPa] T, [°C] Cells AP [kPa] T, [°C] Cells AP [kPa] T, [°C]
1 51,242 2.331 27.01 70,642 5.418 24.117 73,645 7.130 26.96

2 90,134 2.786 27.51 120,966 5.998 24712 131,431 7.491 27.17
3 241,346 2.805 27.57 272,494 6.058 24.767 286,731 7.502 27.23

Based on the above results, Mesh 3 was selected as its computational cost was affordable. Its minimum,
maximum and averaged orthogonal quality are 0.15, 0.997, and 0.779, respectively. Its maximum aspect ratio is
64. These parameters are obtained using polyhedra cells.

2.2 Governing equations

To solve the flow and the heat transfer related to this study, the continuity (eq. [T), momentum (eq. 2, and
energy (eq. [3) equations are solved, considering an incompressible flow, Newtonian fluid, steady-state condition,
without body forces, viscous work, and internal energy sources.

Continuity:
V-V =0 (1)
Momentum:
p(V-V)V = —Vp+ uV3V ()
Energy:
V.VT =aV?T 3)
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2.3 Boundary conditions

The boundary conditions used in this work are based on experimental results, where the mass flow, the heating
power, and the inlet temperature were controlled. Therefore, at the inlet, the boundary conditions for the mass flow
(kg/s) and temperature (°C) are prescribed, while at the outlet, the manometric pressure was set as 0 Pa. For the
interface between the fluid domain and solid domain, a no-slip condition (V = 0) was prescribed, in addition to
the continuity of temperature (1 = T) and heat flux conservation (—k;0Ty0n = —k, %77;5 ). The subscripts f
and s are valid for fluid and solid domains, respectively. For simplification, the external walls of the domain are
adiabatic, except for the copper’s base, where a heat flux was prescribed.

The mass flow of the simulation is small, with Reynolds number (based on the hydraulic diameter) not greater
than 675. Therefore it is assumed that there will be a laminar flow for all the cases.

2.4 Study cases
The simulations are performed according to the parameters of Tab. where G is the mass-velocity flux

(based on the minimum area of the test section), T;, is the inlet temperature of the water, and @) is the power
applied at the bottom wall of the copper.

Table 2. Study cases

Arrangement G [kg/m?s] T, [°C] Q@ [W]

Plain 335.25 24.60 15.43
Plain 498.06 24.35 15.43
Plain 634.82 23.50 15.43
Plain 723.98 23.10 15.42
Plain 802.57 22.94 15.46
Plain 848.71 22.82 15.48
Plain 890.42 22.59 15.49
Plain 985.17 22.56 15.50
Plain 1046.92 22.61 15.50
Plain 1140.34 22.68 15.50
Plain 1240.41 22.90 15.50
Aligned 458.69 22.30 16.14
Aligned 571.31 22.31 16.23
Aligned 648.25 22.38 16.37
Aligned 737.61 22.38 16.47
Aligned 847.52 22.41 16.42
Aligned 994.09 22.48 16.59
Aligned 1055.46 22.45 16.63
Aligned 1134.02 22.48 16.66

Staggered 382.66 26.46 15.96
Staggered 550.54 26.36 15.98
Staggered 748.48 25.02 15.79
Staggered 820.72 23.79 15.74
Staggered 934.06 23.40 15.74
Staggered 1121.73 22.96 15.83
Staggered 1295.92 23.45 15.87
Staggered 1414.03 23.50 15.83
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2.5 Numerical schemes and convergence criteria

A coupled scheme with second-order for pressure, momentum, and energy, with relaxation factors of 0.5,
0.5, and 0.75, respectively, is used for pressure-velocity evaluation. For convergence criteria, residuals lower than
1 x 107 for all the conservation equations, except for the energy, where a residual of 1 x 10~? is assumed. These
simulations are performed using the software Ansys Fluent 2022 R2, with the license provided by Unesp.

3 Results

This section presents, discusses, and compares the numerical results with experimental data. The numerical
results are presented, discussed, compared with experimental data in this section. Figure[3|summarizes the pressure
drop achieved through the heat exchanger, measured between the inlet and outlet, for different mass flux velocities
and arrangements. As expected, the plain configuration without micropillars presents the lowest pressure drop
across the test section, while the aligned arrangement shows a smaller pressure drop than the staggered case
when the experimental data are assessed. This behavior can be attributed to the more complex flow pattern for
the staggered arrangement configuration, as the flow can be divided and redirected, creating vortices, greater
disturbance, and separation of the flow, causing an increase in pressure drop. In the aligned arrangement the
fluid flows preferentially along the primary channels, parallel to the main flow direction. Similar observations
were made by Reeser et al. [11]], who reported a 50% increase in pressure drop for the staggered arrangement
configuration compared to the aligned arrangement. However, the results are very close for identical mass-velocity
fluxes when looking at the numerical data between the aligned and staggered cases.

Except for the staggered configuration, the numerical solution was overestimated compared to experimental
data; however, it still presents a similar tendency of pressure drop augmentation with mass-velocity flux. Although
there is no conclusive answer to this question, one possible reason for such a discrepancy can be attributed to
uncertainty about the test-section height, ideally 0,35 mm. Variations in the microscopic dimensions across the
experimental test section can influence the flow pressure. Additionally, surface imperfections — such as slight
irregularities or sharp edges between the channels resulting from the manufacturing process— may also contribute
to these discrepancies, as the numerical simulation assumes a perfectly smooth surface.
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Figure 3. Pressure drop

Figure [4| shows the flow’s outlet temperature (7,,;), measured after the test section. Since the heat input
was very similar among the cases, the outlet temperature drops with the mass velocity of the flow. The highest
levels are obtained for the staggered configuration, followed by the aligned and the plain, respectively. The plain
configuration shows temperatures at the outlet lower than the plain case, which can be explained by the fact that
in the plain geometry, the heat available is not efficiently transferred to the fluid due to the lack of pillars. The
presence of pillars increases the area for heat transfer and promotes some mixture of the fluid, both conditions
that promote the outlet’s temperature increase. The percentage difference between the numerical and experimental
results is below 3% for the plain and aligned cases, whereas it rises to 12% for the staggered geometry. For the
staggered configuration, this difference reduces at greater mass velocities, while it increases for the aligned case
and remains almost constant for the plain.

Figure [5| summarizes the micropillar temperature (7},) of each case. As expected, this temperature reduces
when the mass velocity increases. It is interesting to notice that the numerical simulation captures the overall
behavior, but there is more discrepancy between the results for the plain cases. One possibility for this may be
related to the procedure of obtaining these data. The wall temperature is obtained in the experimental analysis
by linear extrapolating three measured temperatures from the thermocouples embedded in the copper block. In
contrast, in the numerical evaluation, it is an average of the entire upper surface of the copper in contact with the
flow.
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Figure 4. Outlet temperature
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Figure 5. Micropillar temperature

Finally, Fig. [6] compares the numerical data obtained for each geometry. The influence of micropillar, es-
pecially for the staggered configuration, is evident in these results, in both pressure and temperatures achieved
by the fluid. Interestingly, the plain case can achieve the highest micropillar temperature (7,) for a given mass-
velocity flux; however, its poor mixing characteristics result in the lowest outlet temperatures (7},,,;). As mentioned
previously, the pressure drop is similar for both cases with micropillars.
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Figure 6. Comparison of numerical configurations

4 Conclusions

The study presented a comprehensive numerical analysis of the heat transfer and fluid flow features in a heat
exchanger with different micropillar arrangements. The numerical results showed that the staggered and aligned
micropillar arrangements exhibited similar pressure drop, followed by the plain case, although this tendency for the
micropillar cases is not observed in the experimental data. Except for the staggered case, the numerical simulations
tended to overestimate the pressure drop compared to experimental data.

Regarding the temperature levels, the staggered arrangement resulted in the highest outlet temperature, in-
dicating better heat transfer performance compared to the aligned and plain cases. The numerical simulations
captured the overall temperature trends, although discrepancies were more pronounced in the plain case, likely due
to differences in measurement techniques between the numerical and experimental methods.

Therefore, the staggered configuration, while causing a higher pressure drop, provides better heat transfer
efficiency, and the numerical model captured this despite some overestimations. Future work should focus on
refining the numerical model and exploring additional geometric configurations to improve results’ performance
and convergence.
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