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Heat Transfer and Fluid
Flow Investigations in PDMS
Microchannel Heat Sinks
Fabricated by Means of a
Low-Cost 3D Printer
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Jodo M. Miranda, Ana S. Moita, G. Minas,
Antonio L.N. Moreirva and Rui Lima

Abstract

Polydimethylsiloxane (PDMS), due to its remarkable properties such as optical
transparency and ability to easily mold, is one of the most popular polymers used in
micro- and nanofluidics. Furthermore, 3D printing technology due to its low cost
and simplicity is also gaining a great interest among the microfluidic community.

In this work, the potential of 3D printing is shown to produce microfluidic devices,
their ability for studying flows and heat transfer of nanofluids, and their applica-
bility as a heat sink device. The low-cost fused deposition modeling 3D printing
technique was combined with a PDMS casting technique for the microfluidic device
fabrication. The potential of this technique was experimentally demonstrated by
fluid flow and heat transfer investigations using different fluids, such as distilled
water-, alumina (AL,O;)-, and iron oxide (Fe;O4)-based nanofluids. The simplic-
ity, low-cost, and unique features of the proposed heat sink device may provide a
promising way to investigate nanofluids’ flow and heat transfer phenomena that are
not possible to be studied by the current traditional systems.

Keywords: microfluidics, 3D printing, microchannel heat sinks, nanofluids,
heat transfer, electronics cooling

1. Introduction

The continuous investigation on strategies for size reduction while maintaining,
or even increasing, power of technological devices demands cooling systems with
higher thermal efficiency and smaller sizes. One approach relied on the modifica-
tion of heat sinks by incorporating microchannels to increase the heat exchange
surface. Despite being a well-adopted strategy, its complex configurations proved
to be difficult to manufacture [1, 2]. Other strategies focused on the type of the
used fluids for the cooling process. Dielectric fluids [1, 3], two-phase fluids [3, 4],
and nanofluids (NFs) [5-8] have been thoroughly investigated. Among these three,
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the nanofluids, which are fluids comprised of particles, with size ranging from 1
to 100 nm, suspended in a base fluid, have been reported as presenting a better
thermal conductivity than the base fluid [8, 9]. Nevertheless, some challenges
regarding their usage, such as agglomeration, long-term stability, and high-costs,
still need further investigation [8, 10-12]. The most commonly used nanoparticles
(NPs) for NFs are metallic, such as Cu, Ag, Au, and Fe, or non-metallic such as
AlLO;, CuO, TiO, SiC, and carbon nanotubes. Many authors reported that the heat
transfer of NFs is influenced by several factors such as shape, dimensions, volume
fractions in the suspensions, and the thermal properties of the particle materials
[11, 13, 14]. Therefore, enhancement in heat transfer was also reported, but only for
small concentrations of NPs [8, 9].

Abareshi et al. [15] have evaluated the thermal conductivity of nanofluids with
different volume fractions of Fe;04 NPs, at different temperatures. The thermal
conductivity was reported to increase up to 11.5% for a volume fraction of 3 vol%
at 40°C. Xia et al. [16] have investigated the heat transfer coefficient of nanofluids
using TiO, and AL,O; NPs, with different volume fractions. For a volume fraction
of 1%, the heat transfer coefficient was significantly increased for both nanofluids,
compared with deionized water. Gavili et al. [17] have studied the thermal con-
ductivity of ferrofluids with Fe;O, particles of approximately 10 nm in diameter,
suspended in deionized water. With the application of a magnetic field, the thermal
conductivity was increased up to 200% for a 5% volume fraction. Kim et al. [18]
have investigated the thermal conductivity of alumina- and distilled water-based
nanofluids, with concentrations of 0.5, 1, and 2 wt%. The conductivity was found
to increase with the increasing of the NPs concentration. Al-Rjoub et al. [19] have
tested four cooling liquids: deionized water; distilled water; borax buffer; and Al,O4
NPs solution, on a microscale heat exchanger. It was found that the deionized water
has presented the lowest heat removal capacity, while the Al,O; solution showed the
highest capacity, corresponding to about 69% increase.

The majority of microchannel heat sink devices that can be found in literature were
fabricated in silicon, due to its thermal conductivity. However, the fabrication process
of those devices can be laborious and needs extremely expensive facilities. Novel,
fast, and low-cost fabrication techniques have been developed by means of different
kinds of polymers [20-22]. PDMS is a silicone elastomer with a set of properties that
make it suitable for many applications and is a popular choice for microfluidic devices
fabrication [21, 22]. Besides being cheaper than the monocrystalline silicon, it presents
a low elasticity change versus temperature, high thermal stability, chemical inertness,
dielectric stability, shear stability, high compressibility, and hyperelasticity [23-27].
Moreover, it is non-toxic and biocompatible [25, 27-29]. PDMS devices can be manu-
factured by simple techniques at room temperature, such as replica molding.

The 3D printers are gaining an increased attention by both academic and
industrial community to produce microdevices and models at an extremely low
cost. Some successful applications can already be found in lab-on-a-chip tools [30],
microfluidics [31, 32], and biomedical in vitro devices [27, 32-34]. There are differ-
ent kinds of printing methods such as the Fused Deposition Modeling (FDM) and
stereolithography [32]. Among those methods, the most popular, simple method
with the lowest cost is the FDM technology [32]. For this reason, the FDM process
was combined with a PDMS casting technique to produce a PDMS microfluidic
device. Hence, the main objective of this work is to show the potential of a FDM 3D
printer to produce microfluidic devices and their potential to be used to perform
flows and heat transfer studies of nanofluids. To demonstrate the potential of this
technique, fluid flow and heat transfer studies were performed by using different
fluids such as distilled water-, alumina (Al, O3)-, and iron oxide (Fe; O,4)-based
nanofluids with concentrations of 1 and 2.5%.
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2. Materials and methods

This section describes the experimental protocol to develop the nanofluids and the
fabrication process to produce the heat sinks, as well as the used experimental setup.

2.1 Nanoparticles preparation

Two different types of NPs were used on the flow and heat experiments: alumina
oxide (Al,O3) NPs acquired from Sigma Aldrich (ref. 702,129, Sigma Aldrich) and
iron oxide (Fe;0,) NPs synthesized on our laboratory by co-precipitation. This last
method allows to produce magnetic iron oxide NPs in a cost-effective way and is
appropriate for mass production. The Al, O3 NPs had a size inferior to 50 nm, while
the synthesized Fe; O4 NPs had an average size of 11 + 2 nm.

The co-precipitation was initiated with the preparation of the precipitation
agent by adding 0.01 g of cetrimonium bromide (CTAB), diluted in 3 mL of
distilled water, to 20 mL of ammonium hydroxide (N H, OH). Hereinafter, a ferrous
solution was prepared by diluting 7.78 g of iron(III) chloride (Fe Cl;) and 4.06 g
of iron(II) chloride (Fe Cl,) in 20 mL of distilled water, in an ultrasonic bath. The
solution was subsequently mechanically stirred at, approximately, 1500 rpm. The
precipitation solution was then added, dropwise, to the ferrous solution under
stirring, on a laminar flow cabinet. The co-precipitation occurred according to the
following equation:

Fe Clz.4Hzo(l) + 2Fe Cl36H2 O(l) + 8NH4 (OH) (aq)
= F€3O4(5) + 8NH4Cl(aq) + 2OH2 O(l) (1)

To conclude the process, the NPs were washed several times with distilled water
with the assistance of a strong magnet.

Figure 1 shows the synthesized NPs and the representative transmission elec-
tron microscopy (TEM) image. A detailed description of this process can be found
at Cardoso et al. [35].

Despite the TEM images show the aggregates of Fe; 04 NPs, in the NF, they were
stable and non-aggregated for a period of time after 10 min of ultrasonic bath.

The NPs show a normalized magnetization of ~69 emu.g 1 at ~10 kOe, which
corresponds to the saturation magnetization, and also show a superparamagnetic
behavior with an extremely low coercivity of 1.6 Oe [35-37].

Magnetic iron oxide
NPz synthesized by
co-precipitation method

Figure 1.
Magnetic ivon oxide NPs and representative TEM image, adapted from [35, 36].
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Dimensions

L 35 mm
W 75 mm
z 1 mm
We 1mm
Wp 2 mm

Figure 2.
Schematic representation of the main dimensions of the ABS master mold.

2.2 Fabrication of the heat sink microchannel

The heat sink microchannel device was produced based on a scaffold-removal
technique [25]. First, the molds were drawn by using the Autodesk Inventor®
software and then printed at the FDM 3D printer Ultimaker 2+ (Ultimaker,
Netherlands). The first mold was printed with acrylonitrile butadiene styrene
(ABS), whereas the second one was printed with polylactic acid (PLA). The fabrica-
tion of the molds was performed with a nozzle with a diameter of 0.4 mm, whereas
the layer resolution was about 100 pm. The main dimensions of the ABS master
mold can be found in Figure 2.

Once the 3D models were printed, PDMS was prepared by adding a PDMS cur-
ing agent into the pre-polymer with a mixing ratio of 1:10. The PDMS was poured
onto the PLA mold with the ABS master mold inside it. Once the PLA mold was
filled with PDMS, the elastomer was cured at room temperature for about 1 day.
Finally, the PDMS was removed from the PLA mold and immersed in an acetone
bath to remove the ABS for approximately 24 h. Figure 3 shows the schematic dia-
gram of all the main steps to produce the PDMS heat sink device. The overall cost to
fabricate the PDMS heat sink device is about 3.8 €. This cost includes the printing of
the ABS master mold (~1 €) and PDMS casting process (~2.8 €).

Notice that after the PDMS curing process, small holes were made below the
inlet and outlet to insert the thermocouples (type K). Figure 4 shows the PDMS
heat sink microfluidic device used in the flow and heat experiments.

2.3 Experimental procedures

The PDMS heat sink was placed on top of a hot plate controlled by a 9400-
temperature controller (CAL Controls). The temperature of the plate was set
to 60°C, whereas the flow rate of the fluids was controlled by a syringe pump
(Harvard) connected to the inlet of the heat sink. The temperature at the entrance
and exit of the device was acquired through a data acquisition instrument con-
nected to the thermocouples of the device. Wood and polystyrene blocks were used
to minimize the heat losses. Figure 5 shows a schematic diagram of the experi-
mental setup. The flow of the Fe; O, nanofluid was analyzed by optical microscopy
at a flow rate of 10 pL/min. Note that the temperature measurements presented
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FDM 3D printer .
. Ultimaker 2+
CAD Drawing . Printed ABS

master mold

— Jiij — s

PDMS cast
and cure

Dissolved ABS
in acetone

Completely cleaned PDMS
heat sink microfluidic device

ABS
master
mold

Microfluidic channel

Figure 3.
Schematic representation of main steps to fabricate the PDMS heat sink.

Thermocouples
Outlet

Channels

Figure 4.
PDMS heat sink microfluidic device with the inserted thermocouples.

an uncertainty of +1°C. The thermographic studies were performed with distilled
water at a flow rate of 1, 5, 7.5, 10, and 15 mL/min and a thermographic camera
Onca-MWIR-InSb (Xenics Infrared Solutions). The setup and calibration proce-
dures of the camera were performed as in Teodori et al. [38]. Images, with a resolu-
tion of 150px x 150px, were taken with a frame rate of 1000 fps.

To evaluate the influence of the nanofluids properties in the heat sink microfluid
device, the tests were performed using distilled water, Fe; O, at a concentration of 1
and 2.5%, and Al, O3 at the same concentrations. All the fluids were set to a flow rate
of 1up to 30 mL/min.

2.4 Heat transfer calculations

The properties of the nanofluids were obtained taken into account fundamental
equations described on previous studies [39, 40]. The thermal conductivity of the
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Figuress.
Schematic representation of the experimental setup.

nanofluid was obtained according to the Maxwell model described by the following
Equation [39, 40]:

K, + 2Ky + 29(K, - Kiy) > )

Kop = Ko <1<,, + 2K - 20(K, - Kiy)

where K, is the nanofluid thermal conductivity, K, is the NPs thermal conduc-
tivity, Ky is the base fluid thermal conductivity, and ¢ is the NPs concentration.

The nanofluid density and heat capacity were calculated through the weighted
average of the individual properties of both the NPs and base fluid. The first is
expressed by Eq. (3) [14, 41] and the latter by Eq. (4) [11, 14].

Puf = Pp @ + Ppr(1 - @), (3)

Cpp=PPpCp,, * (1 - (P) PfoCpyy (4)

In the abovementioned equations, p,r represents the nanofluid density, p, the
particle density, pjr the base fluid density, and ¢, and ¢, the specific heat capacity
of the NPs and of the base fluid, respectively.

The nanofluid viscosity was determined through the equation proposed by
Batchelor [42]:

fhnf = (1 +2.5¢ + 6.2q)2) s 0<p<10% [5]

where 4, is the nanofluid viscosity and yjp, the base fluid viscosity. This equation
brings in a quadratic dependence with the volume fraction, which provides a better
representation of the interaction between the particles on the fluid.

Within the microfluidic device, the heat transfer will occur by convection inside
the microchannels and by conduction in the walls between them. Consequently, the
mathematical approach that better allowed the evaluation of the heat transfer was
described by Ma et al. [10]. The convection heat transfer coefficient was calculated
by iterations using the following equations:

_ Q
h - N(Ah + 2T]Al)(Th - Taygf)’ (5)
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, 2h; 4
m; = 4|——-L 6
! kPDMS'wp ( )

L th (m;z.) (7)

i = "z

where A, represents the area of microchannel bottom, A, the area of microchan-
nel sidewall, T,,,r the average temperature of the fluid, n the fin efficiency, w, the
average width of fin, and 2, the height of the channel. The main dimensions of
the heat sink are illustrated in Figure 2. The heat transfer rate, Q, represents the
amount of heat energy taken by the fluid when it flows through the channels and is
given by Eq. (9). This parameter was obtained for each mass flow rate, 7z, after the
temperature at the inlet, T},, and at the outlet, T,,,, were measured.

Q= q pfcpf(Tout - Tin)a (8)

where g, ¢,, and pyis the volume flow rate, specific heat capacity, and density of
the working fluid, respectively.

3. Results and discussion

In this section, the obtained results are presented and discussed. The tempera-
ture measurements and the known properties of the materials were used to calcu-
late the parameters described on the previous section. Using those parameters, the
influence of the environment conditions and of the fluid properties in heat transfer
was analyzed.

3.1Influence of the nanofluid properties

As described previously, the prepared nanofluids with iron oxide (Fe;0,) and
alumina (Al,O3;) NPs were used to verify the thermal properties influence of the
nanofluids in the heat transfer performance of the developed PDMS heat sink device.

Figure 6 shows the temperature difference between the inlet and the outlet
as the tested nanofluids flow through the proposed PDMS heat sink. Overall, it is
possible to conclude that both tested nanofluids present a bigger temperature dif-
ference between the inlet and the outlet in comparison with distilled water. Hence,
these measurements indicate that the amount of heat energy absorbed by both
nanofluids was bigger than that absorbed by the distilled water. In addition, the
amount of heat absorbed by the nanofluids was found to be bigger for smaller flow
rates, as shown in Figure 6. These results corroborate the measurements performed
by Chein and Chuang [43], where they have investigated the heat performance of
nanofluids with CuO NPs in a microchannel heat sink. These results also show that
the flow rate affects the amount of heat absorbed by the nanofluids.

In Figure 7, an increase of the convective heat transfer coefficient was regis-
tered on both nanofluids, in comparison to the base fluid. The increase was more
pronounced for the alumina nanofluid due to the greater stability of the nanofluid
and bigger thermal conductivity of these kind of NPs [6]. By increasing the convec-
tive heat transfer coefficient, an increase of the heat transfer rate is expected. In
Figure 8, it is possible to observe an increase in the heat transfer rate for both tested
nanofluids in comparison with distilled water. From these results, it is also possible
to conclude that for both nanofluids, the convective heat transfer coefficient and
heat transfer rate increase with the flow rate, which agrees with the results obtained
by Wen and Ding [44].
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Figure 6.
Temperature difference between the inlet and the outlet for the tested nanofluids at the proposed PDMS heat
sink microfluidic device.
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Figure 7.
Convective heat transfer coefficient of distilled water, alumina, and iron oxide nanofluids as the function of the
Sflow rate.

Figure 9 compares the convective heat transfer coefficient for two different con-
centrations of NPs, i.e., 1 and 2.5% of both Fe; 0, and Al, O;. From a macroscopic
view, it was noted a better dispersion for the nanofluids containing 1% of NPs. In
addition, by increasing the concentration, the heat transfer was not enhanced. In
fact, it was noted a decrease of the convective heat transfer coefficient when the
concentration of NPs was increased to 2.5%. Although these results are somewhat
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Figure 8.
Heat transfer rate of distilled water, alumina, and iron oxide nanofluids as the function of the flow rate.
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Figure 9.

Convective heat transfer coefficient of nanofluids as the function of the flow rate, for two different
concentrations of alumina and iron oxide NPs.

paradoxical, other researchers, such as Wen and Ding [45] and Putra et al. [46],
have reported similar results. The main possible reasons for the seen heat transfer
deterioration include both the aggregation and sedimentation of the NPs. However,
the possible reasons and mechanism attributed to such phenomena require further
research. Currently, our group is carrying out both experimental and numerical
work to identify the exact causes for such phenomena.

3.2 Optical and thermal imaging analyses

The biggest advantage of the developed PDMS heat sink device is the ability to
visualize the flow phenomena happening inside the microchannels. By using a high-
speed video microscopy system, it was possible to visualize several flow phenomena
of the nanofluids such as the formation, growing, and breakdown of NPs clusters
(see Figure 10). From these observations, it was concluded that one of the main
causes for the formation of the clusters was the high roughness of the PDMS surface
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Figure 10.
Optical images of the formation, growing, and breakdown of a cluster of NPs.

Figure 11.
Optical image of the surface voughness of the heat sink device used in this study.

channels (Figure 11). This verified roughness was caused by the ABS master mold
fabricated by the FDM 3D printer. In order to improve the surface roughness, the
ABS master molds should undergo an acetone vapor treatment before performing
the PDMS casting procedure. More detailed information about this method can be
found elsewhere [27].

Another interesting advantage of this PDMS microfluidic device is the ability to
visualize both the flow and thermal performance of the system by using a thermo-
graphic camera, as shown in Figure 12. Notice that the temperatures acquired were
from the surface of the heat sink device and not directly from the working fluid
flowing in the microchannels. In fact, PDMS is transparent to visible radiation but
partially opaque to the infrared (IR) radiation. Hence, to obtain the temperatures
more closely related to the working fluids flowing through the microchannels,
the thickness of the upper walls should be reduced in future experiments. A very
interesting observation was the ability to detect bubbles that are likely to happen
in microfluidic devices. In Figure 13, it is possible to visualize a bubble within the
microchannel and the thermal performance of the heat sink device.

3.3 Limitations and future directions
In this study, a microchannel device was successfully manufactured and used

in microfluidic essays. Nevertheless, some limitations arose throughout the work.
Despite the advantages of using PDMS, some properties of the material, such as
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Figure 12.
Temperature gradient analyzed through the thermographic camera at three diffevent instants: t = 0 5;t = 60 s,
andt =120s.

Figure 13.
Formation of a bubble at the entrance of the microchannels, which affects the thermal performance of the
microfluidic device.

the low conductivity and partial opacity to the infrared (IR) radiation, were not
favorable for the experiments. Also, the walls of the heat sink were rough due to the
ABS master mold used in the fabrication technique, and the thickness should be
reduced. The stability of the nanofluids has yet to be optimized since the deposition
of NPs was detected on the heat sink walls. Future works will aim to improve of
those limitations.

4. Conclusion

The main objective of this work was to show the potential of a PDMS heat
sink microfluidic device to perform flows and heat transfer studies of nanofluids.
The PDMS heat sink device was produced by using the FDM 3D printing process,
combined with a PDMS casting technique. This fabrication process allowed to
manufacture devices in an easy, low-cost, and reasonable reproductively way. To
demonstrate the potential of the produced PDMS heat sink device, fluid flow and
heat transfer studies were performed by using two different nanofluids, i.e., alumina
(AL, O3)- and iron oxide (Fe; O4)-based nanofluids with concentrations of 1 and
2.5%. Overall, it was found that the thermal performance of the working nanofluids

11
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is in good agreement with several past studies. For instance, it was noted that the
heat energy absorbed by both nanofluids was higher than that absorbed by the
distilled water. In addition, it was found that the flow rate affects the amount of heat
absorbed by the nanofluids. However, the most interesting and unique results were
the optical and thermal imaging results. These results were only possible due to the
optical transparency of the PDMS heat sink device. Hence, by using this device,

it was possible to visualize several flow phenomena of the nanofluids such as the
formation, growing, and breakdown of NPs clusters. From these latter observations,
it was possible to conclude that one of the main causes for the formation of the
clusters was the high roughness of the PDMS surface channels caused by the surface
roughness of the ABS master mold fabricated by the FDM 3D printer. This drawback
can be overcome by performing an acetone vapor treatment before performing

the PDMS casting. Overall, the simplicity, low-cost, and unique features of the
proposed PDMS heat sink microfluidic device may prove a viable alternative tool to
investigate nanofluids flow and heat transfer phenomena that are not possible to be
performed by the current traditional systems.
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Nomenclature

A area

cp heat capacity

h convection heat transfer coefficient
K thermal conductivity

N number of microchannels
q volume flow rate

Q heat rate

R resistance

Rt thermic resistance

T temperature

wp average width of fin

ZC height of the channel
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Greek symbols

n fin efficiency

Ul viscosity

[0 nanoparticle concentration
p density

Subscript

b microchannel bottom
bf base fluid

ext. exterior

f fluid

in inlet

| microchannel sidewall
nf nanofluid

out outlet

P nanoparticles
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