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Abstract

Assembled nanofin heat sinks, nanostructures which are formed via external forces in a cooling
microfluidic to remove heat from hot spots, is a new concept that has recently been introduced.
In this work we investigate nanofin structures formed by CrO, and Fe,O; magnetic nanoparticles
and compare their performance. Thermal imaging are used for comparison of the three cases
including: (i) DI water as the coolant liquid, (i1) suspension of magnetic particles in DI water,
and (ii1) suspension of magnetic particles in DI water in the presence of a magnetic field. For
each case, the experiments are conducted at three different flow rates of 10, 40 and 120 pl min™.
Our results suggest that the high thermal conductivity of the nanofins comprising of CrO,
significantly enhances the heat exchange across the microchannel. The proof-of-concept

magnetophoretic system can offer a practical solution for the cooling of future compact

electronics.

Keywords: Cooling; heat exchange; hot spots; magnetophoresis; microfluidics; permanent

magnet
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Introduction

Ever more packing of transistors into integrated circuits (ICs), in order to achieve higher
processing powers, signifies the problem of cooling of hot spots, which are generated during the
operation of these electronic systems. Without any proper thermal management, the temperatures
of these hot spots significantly rise, thus reducing the expected life and reliability of the ICs.
Hence, effective cooling of such compact systems has become a major challenge facing the
development of future electronic components'-?,

Cooling by means of liquid types such as water, ethylene glycol or various engine oils,
has been proposed to cool the hot spots in microchannels integrated with heat sinks™*. To date,
fin structure heat sinks with various geometries have been developed for cooling applicationss'7.
Further improvement in heat transfer has been achieved by growing high aspect ratio microfins
made of highly thermally conductivitive materials (including carbon nanotubes)® °. However,
this approach is costly, not quite compatible with many silicon industry standards, time
consuming and involves rather complicated fabrication processes.

To increase the thermal conductivity of the coolant fluid, nanoparticles are added to the

5510

liquid forming suspensions known as “nanofluids” . Implementing nanofluids are suggested to

1-13. Nevertheless, addition of

be an attractive solution for cooling micro-scale devices
nanoparticles to the liquid has a limit, since high concentrations of nanoparticles increases the
viscosity of the fluid, causing a pressure drop and can even interrupt the flow passage by
clogging the microchannel'*'®. To overcome such a problem, we can use other advantages that
exist from nanoparticle materials. Nanoparticles act as near free particles in liquid suspensions.

As aresult, they can be manipulated to be aligned or trapped in specific locations of the

microchannel'”'®. By doing this, while the nanoparticles’ concentration can be increased at the
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desired location, whilst their average concentration within the microfluidic system can be kept at
a low magnitude to allow for facile liquid flow'* %,

Among nanofluids are ferrofluids that consist of nano-scale magnetic particles in a non-
magnetic liquid, and have been widely used for cooling of microelectronic devices*' >*. In this
case, the suspended magnetic nanoparticles can be manipulated by external magnetic fields to
enhance heat transfer along the well aligned magnetic nanoparticles. Microelectromagnets can
produce high gradient magnetic fields in order to guide the target magnetic particlesZS’ 2,

We have previously shown that CrO, magnetic nanoparticles can be dynamically formed
onto the hot spots magnetophoretically to allow the efficient heat exchange with coolant liquid in
a microchannel"’. We demonstrated the formation of bundles of micro-size and long fins from
the assembled nanoparticles, which we called nanofins, which could significantly enhance the
cooling process. This was due to the high aspect ratio of the fins and their flexible structure that
could allow the large interaction of the liquid coolant with them. This paper is an extension to
this previous work. We compare the performance of two different magnetophoretically
assembled nanoparticles: CrO; nanorods with high thermal conductivity as well as a long
morphological structure and Fe,O3; nanoparticles with a relatively lower thermal conductivity.
The thermal performance of the systems are assessed by measuring the temperature profiles
using an infrared camera. Extensive experimental and numerical analysis are conducted to

explore the effectiveness of these two model nanoparticles in forming nanofins at different flow

rates of the liquid.
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Experimental section
Magnetic particles preparation
CrO; and Fe,0O3 nanoparticles, were purchased from Sigma-Aldrich, Australia, and their typical
morphologies are shown in Fig. 1(a and b), respectively. CrO, nanoparticles have a rod- shape of
35 nm diameter and 250 nm length on average, while Fe,O3 nanoparticles are spherical with the
average diameter of 184 nm as confirmed by Distribution Light Scattering (DLS) system (ALV-
GmbH, Germany) (see Fig. S3). Separate solutions of CrO,- Mili-Q water and Fe;O3-Mili-Q
water were prepared as detailed below.

Both dispersions were stablelized with trisodium citrate dehydrate (NazCcHs07, 2H,0) at
room temperature to avoid aggregation. To achieve this, trisodium citrate dehydrate 300 ul at
5 mg ml™' was added to Mili-Q water 15 ml, and then the nanoparticles were added. This solution
was sonicated for 30 min to reduce aggregates. Next, the solution was placed in a thermo-mixer
at 70 °C with a speed of 600 rpm for 8 hours to functionalize the surface of each type of
nanoparticles with citric acid. The solution was then centrifuged at 8000 rpm for 15 min and
washed with Milli-Q water. This process was repeated three times, and the particles were re-
dispersed in 15 ml Milli-Q water to a concentration of suspended nanoparticles of 0.15% w/w.
We further diluted each solution 2.5 times in DI water, which reduced the final concentration to
0.06% w/w (0.012% v/v). Transmission Electron Microscopy (TEM, Jeol 1010 TEM) and
Scanning Electron Microscopy (FEI Nova SEM 650) were conducted to verify the size and shape

of the CrO; and Fe,03 nanoparticles, respectively.
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Microfluidic device

The magnetophoretic platform is schematically presented in Fig. 1(c). It consists of a
polydimethylsiloxane (PDMS) block, a heater and a glass slide. The microchannel dimensions
were set to 1500 pm x 280 um x 40 mm (widthxheightxlength). The channel height of 280 um
was chosen to prevent any possible clogging of the microchannel after the entrapment of
nanoparticles. The microchannel was fabricated from PDMS using soft photolithography
techniques®’. In doing so, SU8-3050 (Microchem, USA) layer was spin coated three times at
1000 rpm on a 3-inch diameter silicon wafer to produce a 280 um thickness layer. The sample
was then exposed to UV light source using an MA6 mask aligner for 3 min with an interval of
1 min between each exposure, and developed in SU-8 developer for 40 min to realize the
patterns on the master. A 10 g mixture of PDMS base and curing agent (Sylgard 184, Dow
Corning) were mixed in a 10:1 weight ratio, and degassed in order to remove the trapped air
bubbles using a vacuum oven. The PDMS mixture was poured onto the master, such that it
covered the microchannel and cured on a hot plate with a temperature of 70 °C for 5 min.

Next, a small heater made by winding a Eurika wire (2.2 Q/foot) around a 5 mm diameter
ceramic ring, was integrated onto the PDMS block. In order for heat to easily travel through the
microchannel, the heater was inserted 1 mm from a microchannel side wall. The rest of the
PDMS mixture was poured into the device to cover the heater. The device was cured for a further
15 min on the 70°C hot plate. The substrate was allowed to cool down for 5 min. The PDMS
block of 50 mm x 10 mm x 5 mm (lengthxwidthxheight) was carefully peeled from the master.
The fabrication process was conducted in a class 1000 cleanroom.

The PDMS block was integrated onto a glass slide (Menzel-Glaser, USA) of 60 mm x 20
mm X 100 um (lengthxwidthxheight). The glass thickness of 100 um was chosen to facilitate the

temperature measurement using infrared camera. Tygon® microtubes with an internal diameter
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of 400 um were placed into the holes punched within the PDMS block to interface with the

sample bottle and the syringe pump.

Permanent magnet

Three sheets of nikel plated neodymium magnet, which are used in standard hard disks of
computers, with dimension of 40 mm x 20 mm X 2 mm (length x width x height), were stacked
on top of each other to produce a total uniform magnetic field of ~0.36 T at the microchannel
region, as measured by a Teslameter (F. W. BELL, USA). The magnet stack was oriented in
such a way that its tip was exposed to the hot spot (Fig. 1(d)). The magnetic field drops with the

distance from the microchannel was measured and showed in Fig. S4.

Apparatus

Supplementary Fig. S1 shows an experimental setup of the microfluidic system. A syringe pump
(Harvard PHD 2000) was used for providing the flow through the microchannel. The syringe
pump was activated in refill mode to supply a suction force in order to prevent the leakage and
generation of bubbles within the microchannel. The heater was energized via a DC power supply
(Gw Instek, GPS-X303 series, Taiwan). Before each experiment, to prevent the adhesion of
CrO,/Fe, 03 particles to the glass and PDMS surface, the channel was flushed with a 1% w/w
mixture of liquid surfactant (Triton X-305) for 10 min at a flow rate of 80 ul min' and then
washed with DI water for 10 min. The microfluidic device was mounted on an inverted
microscope (Nikon, Eclipse TE2000U, Japan) to observe the trapping of nanoparticles in time.
An infrared camera (Titanium Cedip Infrared Systems, France) was used for measuring the

temperature along the glass slide, which formed the bottom surface of the microchannel.
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Fig. 1 The microfluidic platform and magnetic nanoparticles. (a) TEM image of CrO,
nanoparticles. (b) SEM image of Fe,O3 nanoparticles. (c) The schematics of microfluidic system
comprised of a PDMS block bonded to a 100 um glass slide, an integrated heater, and a
permanent magnet. (d) The close up of the microchannel bottom view with trapped CrO,

magnetic nanoparticles.
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Simulation details

Extensive computational fluid dynamic (CFD) simulations were carried out to further analyse the
thermal performance of the magnetophoretic system. The simulations were conducted in both

three-dimensions and steady state using the ANSYS Fluent 6.3 (Canonsburg, PA, USA) software

package. This involved solving the differential equations governing the balance of mass,
momentum and energy to calculate the variations of velocity, pressure and temperature

throughout the microchannel, as given below:

V.U =0 ey

p suspension (U : V) [j == VP + # suspension V zlj (2)
7 _ 2

(p‘cp )suspension (U : V) T - kszupmzsi(mV T (3)

N
where U, P and T are the velocity, pressure and temperature of the suspension, p, u, ¢, and k are
the density, dynamic viscosity, heat capacity and thermal conductivity of the suspension. The

values of p, u, ¢, and k for the DI water, CrO, suspension, and Fe,Os suspension are given, as

presented in the Supplementary Information 2.

The simulations involved solving the energy equation for the heater, PDMS block,

magnetically formed nanofins, and glass slide, as given below:

Knearer VT + Qpeer =0 4)
kppys VT =0 (5)
Knanofin V2T =0 (6)
k., VT =0 (7

glass
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where Kieaters KppMSs knanofin and Kkgiags are the thermal conductivities of the heater, PDMS block,
nanofins and glass slide, respectively, while 0 neater 18 the source term representing the power

injected via the heater.

The boundary conditions used for calculating the variations of velocity and pressure
within the microchannel include the zero pressure at the inlet and the desired flow rate at the
outlet of the microchannel. No slip boundary condition was applied at the surfaces of the channel
for the pure liquid, which was replaced with the slip boundary condition for the CrO; or Fe;O3
suspensions, as detailed in our previous work'. The boundary conditions used for calculating the
variations of temperature within the solid parts included: the ambient temperature at the inlet of
the channel, a fully developed boundary condition at the outlet of the channel, and free
convection at the free surfaces of the system in contact with the surrounding environment with

the natural convection coefficient assumed to be 10 W m> K", The value of 0, was

calculated by considering the injected power as 0.2 W.
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Results

Trapping characteristics of nanoparticles

The trapping mechanism of CrO; and Fe,O3 nanoparticles was studied at the flow rates of 10, 40
and 120 pl min™". The permanent magnet was placed at the bottom of the device (Fig. 1(d)) to
provide a strong magnetic field within the microchannel. To minimize the heat conduction
between the hot glass slide and the surface of the permanent magnet, the magnet was isolated
from the glass by a 0.5 mm layer of rubber (Blu-Tack). Moreover, to ensure that the hot region
surrounding the heater is visible by the infrared camera, the tip of the magnet was placed 1.5 mm
from the microchannel (Fig. 2(a)). The heater was energized with a constant DC current of 0.5 A
and voltage of 0.4 V for 10 min to allow the system reach its steady state temperature before
applying the magnet.

Fig. 2(a) shows a schematic represents the microchannel. Fig. 2(b) demonstrates a flow of
DI water within the microchannel. Fig. 2(c-e) depict the CrO, nanoparticles trapped along the
side wall of the microchannel 10 min after the application of magnetic field (refer to
Supplementary Fig. S5 for Fe,O3; nanoparticles trapping under various flow rates). The images
were captured by a 4x microscope objective lens and assembled along the x-axis to demonstrate
the full picture.

Approaching the magnet, the nanoparticles began to form chains, were deflected towards
the side wall (near hot spot), and also docked perpendicular to the side wall (as demonstrated in
Fig. 2(f). The docked chains grew to form micro-sized bundles of CrO; nanoparticles (nanofins)
along the side wall with maximum lengths closer to the tip of the magnet (Fig. 2(f)).

At a low flow rate of 10 pl min'l, the maximum width of nanofins reached 450 um, or

30% of the microchannel width (0.3W channer). At the same time, the total length of the nanofin
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arrays reached ~4600 um (i.e. ~3.1 Wpanner). Interestingly, the maximum width and length of the
nanofins increased with an increase in flow rate Fig. 2(d and e). For example, at the flow rate of
40 ul min'l, they increased to ~0.45 W channer and ~3.5 Wnannel, respectively. Likewise, at a high
flow rate of 120 ul min'l, they reached ~0.68 W hannel and ~3.9 W channel, respectively (see
Supplementary video-1 and 2 for the formation of CrO; and Fe,O3 nanofins at the above
conditions, respectively). The system had a saturation time, after which the growth of nanofins
was decelerated. Under the aforementioned conditions, the saturation was observed 8-10 min
after the application of the magnetic field. The nanofins can be washed away from the side wall
by removing the magnet and applying DI water to the microchannel at a flow rate of 200 pl min”

for 3 min. A full discussion on the dynamics of the nanofins can be found in our previous

work .
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243 Fig. 2 (a) A schematic of the microchannel. Growing length of CrO, nanoparticles into nanofins
244 under the influence of the magnetic field at different flow rates of 10, 40, and 120 pl min’! after

245 10 min. (b) A flow of DI water in the microchannel. (¢) At 10 ul min”' the length of CrO,
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nanofins were obtained to be 30% of the microchannel’s width. The inset demonstrates a close
up image of the nanofins layer. (d) At 40 ul min™ the length of CrO, nanofins were obtained to
be 45% of the microchannel’s width. (e) At 120 ul min” the length of CrO, nanofins were
obtained to be 60% of the microchannel’s width. (f) the schematic representing the growth of

nanofins.

Thermal characterization of nanofins
Next, we characterized the thermal performance of the magnetophoretic platform by obtaining
thermal images from the side of the 100 um thick glass substrate using an infrared camera, as
described in our previous work'. The measurements were conducted at three different flow rates
of 10, 40 and 120 pl min™'. The temperature of the fluid entering the microchannel followed the
ambient temperature, which was 298+0.3 K during the experiments. The heater was energized by
applying a DC signal of 0.5 A and 0.4 V. The results obtained at 40 and 120 pl min™ are shown
here and the case involving a 10 ul min™' flow rate is presented in the Supplementary Fig. S6.
The thermal imaging was conducted for the cases of (i) DI water, (ii) CrO, suspension
without permanent magnet, and (iii) CrO, suspension with permanent magnet (Fe,O3 suspension
thermal images are shown in Supplementary Fig. S7). For the case (iii), we used a permanent
magnet close to glass slide, as described in the previous section. However, for the cases (i) and
(11) there was no magnetic field present. In order to mimic the same situations for these two cases
and capture comparable geometries by the infrared camera, we placed a 1 mm thick aluminum
plate exactly at the location of the permanent magnet (see Fig. 1(d)). The aluminum plate was
separated from the glass slide by a thin layer of rubber (Blu-Tack) to insulate it thermally. In

comparison to CrO,, almost no change was discernible in thermal images of Fe,O3 suspensions
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at similar cases. As a result, only the thermal profiles of Fe,O3; suspensions are shown in the next
section for comparison and discussion.

Fig. 3(a) shows a representation of the obtained temperature contours. Fig. 3(b-d) show
the obtained temperature contours at the glass surface for the aforementioned three cases at the
flow rate of 40 ul min™. The results were captured after 20 min, with 10 min to ensure the
system had reached a steady state temperature with the flow of DI water, and an extra 10 min to
ensure nanofin structures had been formed whilst subjected to the magnetic field with the
constant flow of nanoparticles. The heat, generated by the heater, was propagated through the
PDMS via conduction, as evidenced by the symmetric distribution of temperature contours
across the PDMS. However after reaching the microchannel, there was a competition between
the conduction and convection mechanisms to convey the heat.

In case (i), the hot side wall of the microchannel reached a maximum temperature of
313.8 K (Fig. 3(b)). At a high flow rate of 40 ul min™', the low thermal conductivity of DI water
led to a poor conduction through the microchannel, as evidenced by the stretching of temperature
contours towards the microchannel outlet (Fig. 3(b)). This led to a maximum temperature of
307 K at the opposite side of the microchannel and an average temperature of 304 K at the outlet
(Fig. 3(b)).

In case (ii), the heat exchange between the hot spot and the coolant fluid was improved
by adding CrO; nanoparticles (0.06% w/w) into the suspension. No magnetic field was applied in
this case. CrO, nanoparticles had a higher thermal conductivity than DI water, and increased the
overall thermal conductivity of the suspension, as evidenced by advancing the red contours
towards the opposite side wall and the outlet. This increased the maximum temperatures of the

hot and cold side wall to 315 K, and 308 K, respectively, while the average outlet temperature
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increased to 304.6 K microchannel (Fig. 3(c)). Similar effects have been demonstrated by other
researchers”>",

In case (iii), a permanent magnet was applied to the system. The magnet generated a
magnetic field and caused CrO; nanoparticle to form chains which eventually created nanofins at
the hot spot, as shown in Fig. 2(c). Given the high thermal conductivity of nanofins
(31 Wm™ K1) *?, they provided an efficient path to conduct the heat from the hot side wall
towards the core of the microchannel, as evidenced by further advancing of red contours towards
the opposite side wall and the outlet (Fig. 3(d)). This increased the maximum temperature along
the hot and cold side walls to 316 K and 308 K, respectively while the average outlet temperature
increased to 306.5 K.

Fig. 3(e-g) show the obtained temperature contours at the glass surface for the three cases
at the flow rate of 120 ul min™'. Likewise, these results were captured 10 min after the system
had reached its steady state temperature. Similar trends were observed in the temperature
contours before and after the addition of nanoparticles and also after applying the magnetic field.
However, increasing the flow rate to 120 ul min' enhanced the convective heat transfer across
the microchannel, which resulted in a general temperature drop across the microfluidic platform
(Fig. 3(e-2)).

Simulations are also conducted to verify and further discuss the performance of the
systems with and without nanoparticles as well as in conditions in which the CrO, nanoparticles
are trapped in the presence of a magnetic field, and form nanofins. The optimum flow rate of
120 pl min™ is used for these simulations. Additionally, in order to compare the results, and
assess the conditions for increasing the thermal exchanges between the hot spot and the liquid

coolant in the channel, a set of thermal performance analyses was conducted by investigating the
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temperature profiles along the parallel lines to the side walls, which are presented in the next

section.

Channel

CrO, without magnet

Channel

CrO, with magnet

Channel

Channel

CrO, without magnet

Channel

CrO, with magnet

Channel

At 120 pl min?!
Water "

310

306

302

298

Fig. 3 (a) Schematics of the microchannel. Contours of temperature along the glass slide,

obtained by infrared camera at flow rates of 40 and 120 ul min™ for the cases of: (b) Water

flowing through the microchannel. (¢) CrO; nanoparticle suspension in the absence of the

magnet. (d) CrO, nanoparticle suspension in the presence of the magnet, forming CrO; nanofins

along the side wall. (e) Water flowing through the microchannel. (f) CrO, nanoparticle
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323  suspension in the absence of the magnet. (g) CrO; nanoparticle suspension in the presence of the
324  magnet, forming nanofins.

325

326  Numerical simulation results

327  Simulations were conducted at a flow rate of 120 ul min” and in three different cases to be in
328 line with the experiments: (i) DI water flowing through the channel, (ii) a suspension of CrO,
329  nanoparticles flowing through the channel, and (ii1) a suspension of CrO, nanoparticles flowing
330 through the channel while a CrO, nanofin structure is formed along the hot side wall.

331 Fig. 4 shows the simulated temperature contours along the external surface of the glass
332 slide (which was experimentally measured using the thermal imaging camera) as well as along
333  the plane normal to the microchannel, which passes through the heater and magnetically formed
334  nanofins (which cannot be measured using the thermal imaging camera).

335 For case (i), the simulations indicated the propagation of heat towards the microchannel,
336  which was associated with the deflection of temperature contours towards the right (Fig. 4(a)),
337 which was also confirmed in the thermal imaging experiments. The cross sectional contours
338 indicated that the temperature does not significantly change along the thickness of the glass slide
339  and the height of channel. This means that the temperature contours obtained by thermal imaging
340 camera could correctly obtain the temperature variations across the channel (Fig. 4(b)).
341 However, a sharp temperature drop of 6.1 K was obtained across the width of the channel,
342  indicating the dominance of convection (Fig. 4(b)).

343 For case (ii), the heat was more smoothly propagated within the system, as evidenced by
344  advancement of ‘yellow’ and ‘green’ bands towards the microchannel, and also the receding of

345  the ‘blue’ band along the channel (Fig. 4(c)). Moreover, the temperature drop across the width of
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the channel reduced to 5.05 K, indicating the improvement of the thermal conduction through the
channel (Fig. 4(d)).

For case (iii), the nanofin bundles were simulated using a structure (the conditions of this
structure are presented in our previous work'? formed adjacent to the hot side wall of the
microchannel with a geometry similar to that obtained in experiment (Fig. 2(e)), which extended
along the height of the channel. The simulations revealed that the formation of the CrO; nanofins
led to better propagation of heat through the entire microfluidic system, as evidenced by the
formation of a ‘yellow’ region at the location of nanofins, as also the receding of the ‘blue’ band
along the channel (Fig. 4(e)). More interestingly, the temperature drop across the width of the
channel reduced to 3.15 K (Fig. 4(f)). In other words, the incorporation of CrO; nanofins resulted
in an increase of a forced convection through the microchannel and also the free convection
across the free surfaces of PDMS block and the glass slide, which in turn avoided the

accumulation of heat at the hot spot.
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Temperature contours (bottom view) Cross section AA

b /4

CrO, suspension Water

CrO, nanofins
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|
¥ D «

Fig. 4 Simulation results for heat transfer within the magnetophoretic system. The flow rate of
the outlet is set to 120 pl min™ while the temperature of the liquid at the inlet is set to 298 K.
Temperature contours across the glass slide and cross section of the microchannel for the case of:
(a-b) water. (c-d) CrO, nanoparticles suspension in the absence of magnet and (e-f) magnetically

assembled CrO; nanofins.
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Thermal performance of CrQO; vs. Fe;O3 nanofins
To further explore the effectiveness of CrO; and Fe,O3 nanofin structures, we studied the
thermal performance of the system under different flow rates of 10, 40 and 120 ul min™. In all
cases, the heater was energized by applying a DC signal of 0.5 A and 0.4 V. Both nanoparticle
suspensions were applied under the same concentration (0.06% w/w), and the results were
obtained after 10 min. The variations of temperature were examined along nine parallel lines
across the channel including both side walls, thus there was a gap of 187.5 pm gap between the
lines. At each flow rate, temperature variations were studied for the cases of (1) DI water, (ii)
CrO; nanoparticle suspension without magnet, (iii) CrO, nanoparticle suspension with magnet,
(iv) Fe,Os nanoparticle suspension without magnet, and (v) Fe,O3 nanoparticle suspension with
magnet. When comparing different cases, we focused on three characteristic temperatures of the
system, including: the maximum temperature of the channel side wall close to the heater, T},
the maximum temperature of the channel side wall far from the heater, 7,4, and the average
temperature of the outlet, 7,,,.;. Here, we demonstrate the thermal performance of the system at
the flow rates of 40 and 120 pl min'l, while the results obtained at a low flow rate of 10 ul min’!
are given in Supplementary Fig. S9. For the case involving the constant flow rate of 10 ul min™,
the conduction was more dominant than the convection so it could not be directly compared to
40 and 120 pl min™ cases.

At a low flow rate of 40 ul min™, application of DI water case (i), led to the following
temperatures along the microchannel: Ty, - 313.5 K, T,»;s= 307 K and 7,4, = 304 K (Fig. 5(a)).
Alternatively, addition of CrO; nanoparticles to DI water case (ii), led to a slight increase of

temperatures along the microchannel: Ty, - 315 K, T;,s= 308 K and 7,4, = 304.6 K (Fig. 5(b)),

which can be attributed to higher thermal conductivity of the suspension. Interestingly, the
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activation of the magnetic field in the presence of CrO, nanoparticle suspension case (iii), led to
further increase of temperatures along the microchannel: T}, = 316 K, T,;y= 308 K and 710, =
306.5 K (Fig. 5(c)), which can be attributed to strong conduction along the patterned nanofin
structure. The extent of the formed nanofin is shown in the graph. Moreover, a temperature drop
of 4 K was observed from the base to the tip of the nanofin.

Increasing the flow rate to 120 ul min™, enhanced the convective heat transfer through
the microchannel, and thus reduced the overall temperature across the system. For the case of DI
water, case (i), the following temperatures were measured along the microchannel: 7}, - 309 K,
Teoia= 304 K and T,,4.,= 303.3 K (Fig. 5(a)). Addition of CrO, nanoparticles to DI water,
case (i), slightly increased the temperatures along the microchannel: 7}, - 310 K, T;,;= 304 K
and T, = 304 K (Fig. 5(b)), as observed before. Activation of magnetic field in the presence of
CrO; nanoparticle suspension, case (iii), further increased the temperature along the
microchannel: Ty, = 313 K, T;p1a=304 K and T, = 304.2 K (Fig. 5(c)). Moreover, the
temperature drop from the base to the tip of the nanofin increased to 6.4 K.

In contrast, the addition of Fe,O3 nanoparticles to DI water, case (iv), led to almost
similar trends observed for the DI water at both flow rates of 40 and 120 ul min’! (Fig. 5(d)).
However, activation of magnetic field in the presence of Fe,O3; nanoparticle suspension, case (v),
increased the overall temperature along the microchannel: Ty, - 314 K, T,,;=306.2 K and
Touer=304.2 K at a flow rate of 40 pl min™! (Fig. 5(e)). Moreover, a temperature drop of 4.5 K
was observed from the base to the tip of the Fe,O3; nanofin. Compared to the case of CrO,
nanoparticle suspension, case (iii), temperature increase was less, which can be attributed to the
low thermal conductivity of Fe,Os nanoparticles (6 W m!' K ¥ compared to CrO; nanoparticles

(31 W m™ K") *2. Moreover, the spherical structure of Fe,O3 nanoparticles led to more phonon
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scattering, which in turn could cause a heat loss along the chains. In contrast, the CrO,
nanoparticles had a rod-shape structure, as shown in SEM images (Fig. 1(a)), allowing phonons
to propagate with minimal scattering, which imposed less heat loss along the chains. Increasing
the flow rate to 120 ul min™ led to similar trends and the following temperatures were measured
along the microchannel: T}, = 311 K, T,;s=304.2 K and 7,4, = 303.5 K at a flow rate of

40 ul min” (Fig. 5(e)). The temperature drop from the base to the tip of the Fe;O3 nanofin
increased to 7 K.

A set of experiments were conducted to observe the formation of the nanofin bundles at
different widths of the microfluidic channel, which is presented in Supplementary Information 9.
A study on the effect of various morphologies (aspect ratios) of CrO, and Fe,O3 on thermal
conductivity of nanofins is shown in Supplementary Information 3. The results indicate that an
elongated morphology such as rod-shaped (CrO,) performs better for heat conduction

(Supplementary Fig. S2).
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Fig. 5§ Thermal effect of Fe,O3 and CrO, nanofins along the microchannel at flow rates of 40 and
120 ul min™": (a) DI water, (b) CrO, nanoparticles suspension without applying the magnet, (c)
CrO; nanofins after applying the magnet, (d) Fe,Os nanoparticles suspension without applying

the magnet, and (e) Fe,O3 nanofins after applying the magnet.
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In the last stage of the experiments, the study of different size Fe,O3 nanoparticles in
liquid was conducted to observe the effect of the size of the particles forming the nanofin
bundles on the heat transfer. The particles were separated using filters of different sizes. As a
result, three different suspension solutions were obtained for comparison. DLS was used for
measuring the average diameter of the particles suspended in DI water for three different samples
(see Supplementary Information 4): (1) no filter with the average diameter of 184 nm, (2) filter
with the porosity of 450 nm that resulted in the average diameter 128 nm and (3) 220 nm porous
to obtain particles of average diameter of 106 nm.

The experiments were carried out at the flow rate of 40 ul min™. The results are shown in
Figs. 6 and 7. As can be seen in Fig. 6, after 10 min the nanofins height reached 50%, 56% and
67% of the channel width for suspensions of 184 nm, 128 nm and 106 nm particles, respectively.
As can be seen in Fig. 7, the nanofins formed using the smaller particles (106 nm) shows an
improvement in heat transfer and the maximum temperature (T.o1q) at the opposite side wall of
the microchannel was increased by ~2 K compared to the nanofins formed by the larger
nanoparticles (184 nm). This better heat transfer for smaller particles can be attributed to two
reasons. Longer nanofins are formed that can more efficiently transfer the heat into and other
side of the microchannel as well as the fact that more nanoparticles are in intimate contact with

each other, which promoted the thermal conductivity.
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56 % W

channel

Fe203 67 % W
Davg =106 nm

channel

Fig. 6 (a) A schematic of the microchannel. (b) A flow of DI water representing the trapped
section of nanoparticles. Growing length of Fe,O3; nanoparticle bundles (nanofins) under the
influence of the magnetic field at a flow rate of 40 ul min™ after 10 min for the cases of: (¢) With
184 nm average sized Fe,O3 nanoparticles, the length of Fe,Os fins was obtained to be 50% of
the microchannel’s width. (d) With 128 nm average sized Fe,O3 nanoparticles, the length of
Fe,Os3 fins was obtained to be 56% of the microchannel’s width. (e) With 106 nm average sized

Fe,O3 nanoparticles, the length of Fe,O3 fins reached 67% of the microchannel’s width.
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Fig. 7 (a) Schematics of microchannel. Temperature contours along the glass slide obtained
using infrared camera at flow rates of 40 ul min™ for the cases with average diameters of: (b)
184 nm, (c¢) 128 nm, and (d) 106 nm Fe,O3 nanoparticles, respectively. (¢) Temperature
distribution for different size of Fe,O3; nanoparticles forming nanofins along the microchannel at

flow rates of 40 ul min” (the temperature profiles are taken similar to those of Fig. 5)
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Conclusion

This work presents a magnetophoretic system to enhance the heat exchange in a microfluidic
platform with an embedded heater. Experiments with CrO, and Fe,O3 nanoparticles indicate that
magnetically formed nanofins can be established along the walls of the microchannel upon the
application of a magnetic field. The nanofins are quite stable and their configurations do not
significantly change by increasing the flow rate from 10 to 120 pl min™. CrO, nanoparticles have
a higher thermal conductivity and are rod-shaped, and therefore the nanofins made of CrO,
perform better than their Fe,O3 counterparts, which are comprehensively discussed in the paper.
The spherical Fe,O3 nanoparticles’ cooling effect was minimal due to their low thermal
conductivity and high phonon scattering, which in turn reduce their efficiency. Compared to the
case of DI water as the coolant fluid, the formation of CrO, nanofins can increase the maximum
temperature of the hot side wall and the average temperature of the outlet by 2.5 and 2.5 K,
respectively, at a flow rate of 40 ul min™', and by 4 and 0.9 K, respectively, at a flow rate of

120 pl min™. This means that the heat conduction across the nanofins leads to better propagation
of heat across the platform, reducing the temperature at hot spots. The outcomes of this paper
show the importance of the selection type and morphology of nanoparticles in forming nanofins

for cooling applications.
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This work presents the thermal performance of a microfluidic system in the presence of
magnetically formed nanofins (CrO; and Fe,05).
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