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ARTICLE INFO ABSTRACT

Keywords: This paper investigates the advantages and challenges associated with two-phase flows, specifically flow boiling
Cooling of pure liquids and nanofluids, for cooling applications in microchannel heat sinks. The study explores various
Heat sink

two-phase flow patterns, their related issues, and examines the potential of nanoparticles to enhance heat

Heat transfer transfer. Alumina (Aly03), gold (Au), and silver (Ag) nanoparticles at different concentrations were tested.

x;;?g::imel Experimental tests were conducted under different working conditions using various working fluids, including
water, Al;03 1 wt%, Ag 1 wt%, Au 1 wt%, Au 0.75 wt%, Au 0.5 wt%. The heat fluxes used were 1.026 kW/m?,
1.696 W/m? and 2.403 kW/mz, while the volumetric flows ranged between 0.5 mL/min and 1.5 mL/min. The
observed results indicate that even for the lowest particle concentration tested, the water-Au nanofluid exhibits
superior cooling performance compared to the other examined fluids. The findings suggest that although two-
phase flow conditions may not yield significant benefits, even small concentrations of nanoparticles (¢ <« 1%)
can significantly impact heat transfer mechanisms. This approach provides a cost-effective and efficient alter-
native for cooling microchannel heat sinks without necessitating the use of two-phase flow conditions.
process of solid heat conduction and fluid convection or boiling heat
1. Introduction transfer for improving temperature uniformity and minimizing the heat
accumulation in the microsystems [3-6].

Over the past few years, aerospace, aviation, defense, and military Microchannel Heat Sinks (MCHSs) are innovative micro-systems that
sectors have been among the most demanding, seeking solutions that are have the ability to efficiently dissipate large amounts of heat within a
both lightweight and efficient while withstanding harsh environmental small volume. This is achieved through a large surface area exposed to
conditions and requiring minimal maintenance and cost. the convective and/or nucleate heat transmission processes. MCHS are

However, the pressing challenge facing these industries today is to particularly useful for high-integrated level and power applications
develop aviation defense devices that are more sustainable and have [3,7-12], where enhanced heat transfer performance can lead to weight
minimal environmental impact. Unmanned Aerial Vehicles (UAVs) — minimization. Due to these promising advantages, MCHSs are becoming
have become increasingly important in aerospace and defense aviation increasingly popular in aircraft and aerospace cooling systems [13].
applications. UAVs are being used for a large range of applications, The dissipation of large amounts of heat continues to be a critical
being used for intelligence, surveillance and reconnaissance military area of research, driving researchers to explore different cooling meth-
operations, network nodes, communication relays. In fact, in UAVs were odologies. [14-15].
the main drivers of drones’ applications in the US [1-2]. As these sys- Recent studies have concentrated on optimizing the geometric fea-
tems become smaller and more complex, challenges arise in terms of tures of the microchannel structures [16]. For instance, Tuckerman and
heat dissipation. Pease [17] performed an optimization study on a rectangular shaped

As a result, the development of micro-electromechanical systems MCHS and demonstrated a reduction in thermal resistance during heat
(MEMS) has garnered increased attention focusing on the coupling transfer. Additionally, other researchers have examined the potential to
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Nomenclature

Greek symbols

Befr Thermal expansion

k Thermal conductivity coefficient
Ap pressure losses

u Molecular viscosity coefficient

p Density

c Surface tension

T shear stress on the tube walls
Roman symbols

Ag silver

Al Alumina

AR aspect ratio

Au gold

Cp Specific heat

Dy hydraulic diameter

hgg Latent heat

H height of the microchannel heat sink
H. height of the channel

L length of the microchannel heat sink
P Pressure.

Py pumping power

Q; volumetric flow rate

q” surface heat flux

Nu Nusselt number

Pr Pradtl number

Pe Peclet number

Re Reynolds number

SD standard deviation

t substrate thickness of the microchannel heat sink
Tin liquid temperature at the entrance
Tout liquid temperature at the exit

u Velocity vector.

U, mean flow velocity

u,v,w Velocity Cartesian components

w width of the microchannel heat sink
We channel width

Wy wall width

Subscripts

amb ambient condition.

ij,k Computational indexes.

n Normal component.

ng stands for nanofluid

np, stands for nanoparticle

X,V,Z Cartesian components.

Acronyms

HFE hydrofluoroether

MCHs Microchannel Heat sinks

MEMS  micro-electromechanical systems
PLA polylactic acid

UAVs Unmanned Aerial Vehicles

enhance thermo-hydraulic efficiency by considering the interlaced
structure and the geometric characteristics of MCHs [18].

Introducing two-phase flow is another popular strategy. To enhance
the performance of microchannel heat sinks. Wambsganss et al. [19]
were among the first to apply two-phase flow to the microchannel heat
sinks, which has since been a popular research area for optimizing their
efficiency. However, this method has its downsides, as it consumes en-
ergy and is prone to instabilities caused by bubbles making it difficult to
control and understand. To improve the efficiency of microchannel heat
sinks, various authors have explored different geometries, surfaces, and
working fluids, including Lee and Mudawar [20], Li et al. [21] and Ma
et al. [22]. Some authors, like [19], Harirchian and Garimella [23] and
Kandlikar [24,25] studied the patterns of flow boiling found in their
experiments, which was used as reference for the findings of the present
work.

The need to understand the dynamics of the bubbles through a more
systematic experimental approach has arisen in order to customize the
design of heat sinks using flow boiling in microchannels.

Alternatively, nanofluids have been labelled as an excellent alter-
native to conventional heat transfer fluids for conserving energy in
several applications, such as in aerospace sector [26-27] or renewable
energies in solar aircraft [28]. Nanofluids, which are specially designed
to transfer heat energy, consist of nanomaterials that are uniformly
distributed in the medium, with sizes ranging from 1 to 100 nm, and a
base fluid, forming nanoscale colloidal suspensions containing
condensed nanomaterials. These fluids possess the unique ability to
enhance thermophysical properties such as thermal conductivity, ther-
mal diffusivity, viscosity, and convective heat transfer coefficients when
compared to their base fluids, such as oil or water [29-32].

As a result of this breakthrough, nanotechnology has taken over a
major portion of convective heat transfer engineering and is being used
in the study of thermal transport along a nanoscale flow of matter
[33-42]. Some properties of nanofluids are dependent on their prepa-
ration method and stability. Achieving the desired stability remains a

significant challenge in nanofluid technology.

The capability to enhance heat flux exchange using nanofluids was
first considered by Choi and Eastman [43] in 1995, analyzing the
behavior of metallic nanometer particles in water. They studied the
thermal conductivity behavior based on the Hamilton and Crosser model
[44] and on some experimental tests developed by Masuda et al. [45]
considering nanoparticles of y-Al,Os and water. Subsequent studies
have further demonstrated the potential of nanofluids to enhance heat
transfer. For example, a numerical study on nanofluid thermal perfor-
mance developed by [46] considering different types of nanoparticles
(CuO, Aly,03, Ag, Cu, TiO3) highlighted that a higher percentage of
nanoparticles in base fluid can enhance the Nusselt number. Esmaeili
et al. [47] demonstrated improved heat transfer rates in sinusoidal wave
shaped channels with the addition of alumina (Al,03) nanoparticles to
water. Yang et al. [48] investigated the convective resistance of the
nanofluid in the recirculation zone of backward-facing step micro-
channels. In their work they considered nanoparticles of TiO5, SiO5 and
Al;0O3 used in volume concentrations ranging from 0.1% to 0.3% and
analyzed the heat flux exchange and the flow resistance features of the
considered nanofluids. Kherbeet et al. [49] examined SiO5 nanofluids
with volume fractions of 0.5% and 1% (diameter of 30 nm), obtaining a
high value of the heat transfer coefficients in the case of the nanofluids
with higher nanoparticle concentration. Ozbolat et al. [50] investigated
the effects of various geometry features on the improvement of the heat
transfer coefficient using AloO3 nanofluids.

Recently more researchers are focusing the attention on a new gen-
eration of nanofluids, the so-called “hybrid nanofluids” that allow to
enhance the thermal properties of the fluid thanks to their possible
synergistic effects between nanoparticles [51-56].

Obviously, further investigations that compare convection mecha-
nisms within hybrid nanofluids and equivalent mono nanofluids are
required, to deepen the knowledge of these phenomena, especially
under turbulent flow conditions.

Vallejo et al. [57] investigated mono and hybrid nanofluids
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Fig. 1. Schematic of the experimental setup: (1) Computer; (2) Syringe pump; (3) DC power supply; (4) Multimeter; (5) Microchannel system; (6) Thermographic

camera; (7) DAQ 1; (8) DAQ 2; (9) Fluid reservoir; (10) High-speed camera.

containing B4C and TiB; nanoparticles at 2 wt% nanoadditive concen-
tration, using PG/W 20/80 wt% as base fluid, to analyze the convection
process in a double pipe heat exchanger.

The current challenge, especially for hybrid nanofluids, is to under-
stand in detail the complex mechanisms that present nanoparticles
composed of two or more materials. Guan et al. [58], analyzed the
relationship between the thermal conductivity and the nanolayer den-
sity and the diffusion coefficient.

However, the detailed comprehension of the relationship between
the type of nanoparticles, surfactant concentration, microchannel ge-
ometries and their complicated dependency on hydraulic and heat
transfer properties remains a significant motivation for further investi-
gation in nanofluid applications [59-62].

Alkasmoul et al. [63] studied the behaviour of the heat transfer and
hydraulic features for various nanofluids on their cooling performances
in MCHs. Recently, Maghrabie et al. [64] investigated the benefits of
using nanofluids for cooling electronic components. They analyzed the
heat transfer mechanism to avoid the hot spots on the electronic sys-
tems. Vinoth et al. [65] examined the heat transfer enhancement in
oblique finned curved microchannel comparing different nanofluids: DI
water, AloO3/water nanofluid and Al,O3 + CuO/water.

Martinez et al. [66] demonstrated the importance of the use of
nanofluids and of the reduction of the microchannel height on thermal
performance, at low Reynolds numbers in MCHs. For a nanoparticles
concentration of 3 wt% and a Reynolds number of 200, they obtained
convective heat transfer coefficients higher than 19.66%, when
compared to the base fluid.

An interesting recent work [67] analyzed the performance of Al,O3-
water nanofluids in a heat sink and demonstrated that Al,Os/water
nanofluids have a higher heat transfer coefficient by 51%, 61 %, and 68
% (respectively for volumetric concentrations of 0.25%, 0.5%, and
0.75%) with respect to distilled water.

Ho et al. [68] tested as working fluids the ultrapure water and water-
based alumina nanofluids for volume concentrations of alumina nano-
particles from 0.5 and 1.0% in a microchannel heat sink.

Their results underlined the direct link between the nanoparticles
raising and the thermal conductivity of the fluid and the heat transfer
rate.

Concerning the working fluid, recently the investigation of the
hydrofluoroether (HFE) thermophysical behaviour in microchannel
systems is also addressed as this is considered an experimental fluid of

great interest from many scientists. Yang et al. [69] investigated the flow
boiling heat transfer of HFE-7000 in nanowire-coated microchannels.
Alam et al. [70] analyzed the flow boiling HFE-7100 in silicon nanowire
and plain wall microchannels. They observed that a higher mass flux of
HFE-7100 reduces the impact of SINW on system performances and
Critical Heat Flux (CHF). Dang et al. [71] studied the flow boiling heat
transfer and pressure drop of HFE-7000 in continuous and segmented
microchannels. Cui and Liu [72] improved the flow boiling of HFE-7100
in picosecond laser fabricated copper MCHs. Bortolin et al. [73]
analyzed the flow boiling of R134a and HFE-7000 in a single silicon
microchannel with microstructured sidewalls. A new wicked-
microchannel is proposed from Li [74] to improve the heat transfer
performance of HFE-7100.

Cen et al. [75] proved that the process of boiling HFE-7100 on copper
foams under overflow conditions significantly improved the cooling
capacity during the transition from liquid to vapor phase.

Lee et al. [76] studied the influence of system pressure on flow
boiling in microchannels. Ates et al. [77] studied a dielectric fluid HFE-
7000. They obtained average boiling heat transfer coefficients over
effective heat fluxes ranging from 50 to 1300 kW/m2 and mass fluxes
from 125 to 280 kg/m2.

Recently Mlakar et al. [78] underlined the influence of the surface
variations on nucleate boiling performance.

Soleimani et al. [79] evaluated the thermal performance of the
cooling process by two-phase flow boiling of Al;03 HFE-7100 nanofluids
in a microchannel heat sink. They evaluated the heat transfer efficiency
in the case of the single-phase flow and two-phase boiling flow
compared for the same operating conditions. They also observed that the
addition of nanoparticles to the HFE-7100 improves the local heat
transfer of flow boiling. To evaluate the benefits of a two-phase flow, the
working fluid often considered is HFE-7100, whose zero-ozone deple-
tion potential and boiling point (61 °C, at ambient pressure) make it a
suitable option for this kind of work. In contrast with water, for example,
HFE-7100 is a dielectric fluid, so in case of leaks or any malfunction,
there is no harm caused to the electronic components of the system. In
this context, the current research aims to investigate flow boiling of
pure liquids and nanofluids on microchannel-based heat sinks. First,
specific two phase-flow patterns and their main issues related to cooling
applications are discussed, followed by a discussion on nanofluids as a
potential player to enhance heat transfer. Different experimental tests
are developed to examine the geometrical effects using water, HFE7100
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Table 1
Different geometries selected from those made by Martins [81].
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Structure Wce Wy W (mm) L H. n of channels Dy, Total Area of passage (mm?) Total Area of cooling (mm?)
(mm) (mm) (mm) (mm) 2W_.H, (mm)
W + H.

1 0.25 0.25 10.25 20 1 21 0.4 5.25 205
2 0.25 0.50 10.00 20 1 14 0.4 3.50 200
3 0.25 0.75 10.25 20 1 11 0.4 2.75 205
4 0.50 0.25 10.25 20 1 14 0.7 7.00 205
5 0.50 0.50 10.50 20 1 11 0.7 5.50 210
6 0.50 0.75 10.50 20 1 9 0.7 4.50 210
7 0.75 0.25 10.75 20 1 11 0.9 8.25 215
8 0.75 0.50 10.75 20 1 9 0.9 6.75 215
9 0.75 0.75 9.75 20 1 7 0.9 5.25 195

and water based nanofluids, with nanoparticles of silver, gold and

alumina. w

The novelty of this research compared to previous studies lies in the
use of a MEMS device capable of improving heat transfer by taking into L

the account both the use of nanofluid as working fluid and the micro-
channel heat sink geometry, with or without phase change. Further-
more, there is an unusual use and concentration of gold and silver
nanofluids which are explored here.

2. Experimental methods
2.1. Experimental apparatus

The experimental setup comprises several components. An AISI304
stainless-steel sheet (65 mm x 21 mm) is placed beneath the micro-
channels heat sink. The sheet is 20 pm thick and is fitted with two copper
plates at its end. These plates are connected to a wire that carries current
from an HP 6274B DC power supply, generating an imposed heat flux by
Joule effect. Additionally, the microchannel based heat sink is held in
place by two acrylic plates. Fig. 1 shows a schematic of the different
parts and devices used in the experimental arrangement, as well as how
they are interconnected. The syringe pump Harvard Apparatus 22 (2) is
used to pump the working fluid into the microchannel system (5), where
it is heated by an AISI304 stainless-steel sheet and subsequently stored
in the reservoir (9). The imposed heat flux is created by a current
generated using the power supply (3), which is adjusted to the desired
values based on the measurements from a Tektronix DMM4020 digital
multimeter (4). The temperature distribution of the steel sheet is
monitored using an Onca MWIR-InSb-320 thermographic camera (6),
which is placed under the microchannel system, pointing upwards, and
manually focused. The fluid’s inlet and outlet temperatures are recorded
using two type K thermocouples coupled with a DT9828 data acquisition
device (DAQ) (7), while the pressure difference between the inlet and
outlet sections is measured by an Omega PX26-005DV pressure sensor
and sent to another DT9828 DAQ (8). The QuickDAQ Base Package
software is used to record the pressure difference and fluid temperature
values. The data captured by the thermographic camera and the DAQ
devices are sent to the laptop (1), for further analysis using Matlab
routines developed in-house. Moreover, a high-speed camera (Phantom
v4.2 High Speed Camera) (10), equipped with a Leica microscope lens
with 4x magnification, is used to observe and record the flow boiling
inside the microchannels based heat sink, working at 1000fps. A cali-
bration factor of 45 pm/pixel was obtained for the current optical
configuration. It is important to note that a single channel configuration
was used to study the flow boiling patterns, while multichannel con-
figurations are used further to evaluate the global performance of the
heat sink. The microchannels based heat sinks were made from Poly-
dimethylsiloxane (PDMS) to allow optical access.

Details on the experimental setup are described in Moita et al. [80].
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Fig. 2. Schematic of the microchannel heat sink (adapted from Halelfadl
et al. [82]).

2.1.1. Microchannel based heat sinks

A key element for these experiments is represented by the micro-
channel based heat sinks. The two-phase flow studies were conducted
using a single microchannel with fixed dimensions of 20 mm in length
(L) and 1 mm in height (H.). The width of the channels (w.) and the
thickness of the walls (wy,) were varied, as indicated in Table 1.

Additional tests were conducted to assess the influence of micro-
channel geometry on the cooling process by varying the dimensions of
the channels. These different microchannel geometries were previously
fabricated using additive manufacturing, with various molds made from
PLA (polylactic acid) and produced using an Ultimaker 3D printer.

The total area of passage can be calculated by multiplying the
number of channels by the channel’s width and channel’s height. On the
other hand, the total area cooling is calculated by multiplying the width
by the length of a single channel. During this work, it was decided to
maintain the wall width while changing the width of each channel.
Therefore, the geometries used are summarized in Table 1, following
those defined by Martins [81]. The main dimensions of the channels and
the heat sink are identified in Fig. 2. L, W, H, and t represent the length,
width, height and the substrate thickness of the microchannel heat sink,
respectively. w,, wy, and H. denote the channel width, wall width and
channel height, respectively. The hydraulic diameter, Dy, is also pro-
vided in Table 1.

Table 2

Properties of HFE7100 at atmospheric pressure and 61 °C [83].
Property Value
Liquid density p [kg/m®] 1418.602
Liquid dynamic viscosity u [Pa.s] 4.3E-4
Specific heat (o [KJ/(kgK)] 1183
Thermal conductivity k [W/(mK)] 0.069
Latent heat hy, [kJ/kg] 111.6
Surface tension ¢ [mN/m] 13.6
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Table 3
Characteristics and thermal properties of the different nanoparticles used.
Material  Shape Size pp [kg/ Kp [W/(m.  Cp,p [kJ/(kg.
[nm] mgz] K] K]
Al,03 Spherical 40-50 3970 46 0.765
Ag Triangular ~ 68-74 10,500 429 0.235
Au Spherical 40-50 19,300 317 0.129
Table 4
Thermal properties of the different nanofluids used at 20 °C and 1 atm.
Fluid pe [kg/ Heff kefr [W/ Pefy [kI/ Begr x 10*
m’] [mPa.s]  (m.K)] (kg.K)] [°C4l
Water 998.230 0.980 0.620 4.184 2.100
Al,03 1 1005.759 0.986 0.625 4.150 2.095
wt%
Ag 1 wt% 1007.346 0.982 0.622 4.145 2.098
Au 1 wt% 1007.787 0.981 0.621 4.143 2.099
Au 0.75 1005.380 0.981 0.621 4.154 2.099
wit%
Au 0.5 wt 1002.986 0.981 0.620 4.164 2.099

%

2.2. Experimental procedure and working conditions

The heat flux is controlled by imposing a DC current to the stainless-
steel sheet. The same procedure is used to heat both the single channel
and the multichannel heat sinks. To observe the flow boiling patterns the
imposed heat flux could be as high as 4.2 kW/m? The volumetric flow
rate was varied between 1 mL/min and 5 mL/min. In this case, the
working fluid is the HFE7100, from 3 M, whose properties are summa-
rized in Table 2.

The experiments performed to examine the geometrical effects
involved the use of water, HFE7100, water based nanofluids with
nanoparticles of silver, gold and alumina. In that case, the heat flux was
different than those imposed when identifying the flow regimes and was
fixed to 3.59 kW/m?. The volumetric flow rate was varied between 10
mL/min and 40 mL/min. Alumina nanofluids were prepared according
to the two-step method described in Santos [84], while gold and silver
nanofluids were prepared using the single-step method also described in
Santos [84]. All the nanofluids were firstly tested with an initial con-
centration fixed at 1%wt. Afterwards, to investigate the influence of the
nanoparticle concentration in the heat flux, three different concentra-
tions of the gold nanofluid were used (0.5 wt%, 0.75 wt% and the initial
1 wt%).

Table 3 shows the thermal properties of the nanoparticles used, while
Table 4 shows the thermal properties of the different fluids that were
used throughout our experiments in this part of the work. For the
nanofluids, the effective density (peg), viscosity (ueg), thermal conduc-
tivity (kesy) and specific heat (cp.f) were calculated using equations (1-4)
proposed by Khanafer and Vafai [85], Einstein [86], Maxwell [87] and
Xuan and Roetzel [88], respectively:

Py = (1= @) p; +Bpp, ¢

e = (14250, ) 2
33, (k, — k

kg[/ — k/+ P( P f) (3)

kp + 2k — @y (kp - kf)

_ S (1-2)) + Cpip @,
Py

(€3]

Cpy

The thermal expansion fg is the tendency of a material to increase
its volume as the temperature changes, and can be expressed by by
equation 5 [85]:

Experimental Thermal and Fluid Science 150 (2024) 111052

Table 5
Mean surface tension and standard deviation (SD) of all working fluids used in
this work, at room temperature.

Fluid ¢ [mN/m] (SD)

Water 74.580 0.771
Al,O03 1 wt% 71.928 1.949
Ag 1 wt% 74.178 0.897
Au 1 wt% 73.428 0.637
Au 0.75 wt% 73.188 1.239
Au 0.5 wt% 73.409 0.623

peff = Bf(1—@,)+8,2, (5)

As seen in Table 4, the properties of the working fluids are very
similar. Surface tension is a particularly important property, which can
be easily affected by surfactants and nanoparticles, so it was measured
for the nanofluids. Surface tension was measured using the pendant drop
method in an optical tensiometer THETA, from Attention, at room
temperature (20-24 °C). A droplet was generated at the tip of a needle
using a fixed liquid volume of approximately 1-2 uL. Afterwards, a video
of 10 s at 12 fps was recorded. Using the captured images, the software
was able to calculate the surface tension of the fluid used by force bal-
ance. The values given in Table 5 are averaged from fifteen measures, to
minimize errors in the measurements.

When examining the values for the surface tension of the fluids, it is
impossible to establish relations between the different working fluids or
nanoparticle concentrations. There are also some errors associated with
each measurement, as indicated by the different values for the standard
deviation. However, the associated errors are generally small. The
similarity between the various surface tension values can also be
explained by the fact that the different working fluids share the same
base fluid (distilled water) in their composition. Therefore, it can be
concluded that the introduction of, at least, small percentages of nano-
particles in the base fluid does not cause significant changes in its sur-
face tension. These values are also in accordance with the results
reported by Santos [84] and Maly et al. [89].

2.3. Experimental procedure

For the experiments with the single channel, to identify the boiling
regimes, the flow rate was first fixed with a progressive increase of the
imposed heat flux, and vice-versa. Each observed regime had to be
reproducible in similar conditions at least 3 times.

For the experiments with the multichannel heat sink, the procedure
was divided into two different routines. The first routine corresponded
to experiments at ambient temperature, with no heat flux applied to the
steel-sheet. This routine aimed to analyze and validate the assembly of
the system.

The objective of the second routine was to study the cooling per-
formance of the heat sink, particularly with the nanofluids. Therefore, in
this routine, the tests were conducted at ambient temperature with a
constant heat flux imposed on the steel sheet.

The first routine was repeated for water and the Al,O3 nanofluid and
can be described by the following steps:

1. The syringe was filled with the working fluid at ambient
temperature;

2. The desired flow rate was set on the syringe pump and turned on;

3. When the temperature of the steel sheet reached a constant value,
i.e, steady state condition, the software controlling the acquisition
boards was initiated. Data were collected, including the inlet and outlet
temperatures, as well as the pressure difference between these two
points, at 10 Hz during 60 s, resulting in 600 different values for each
data type;

4. When the acquisition routine finished, the syringe pump was
turned off;
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5. The acquired data was saved as a.csv file;

6. Excess fluid was removed from the system piping, and the routine
was repeated.

The second routine was carried out for the AlyO3, Au and Ag nano-
fluids. This process can be described in the steps bellow:

1. The syringe was filled with the working fluid at ambient
temperature;

2. The desired flow rate was set on the syringe pump;

3. The DC power supply was turned on, providing a fixed current of
6.5A, corresponding to 3592.69 W/m?;

4. The routine for data acquisition was initiated to record the tem-
perature evolution of the steel-sheet at a rate of 4-6 fps;

5. Once the steel sheet reached a temperature of around 65 °C, the
syringe pump was turned on to initiate the cooling process;

6. When the flow reached steady-state i.e. the temperature of the
steel-sheet was observed to reach a constant value on the software,
another acquisition routine was initiated, collecting data from the
thermocouples and pressure sensor at 10 Hz for 60 s;

2.4. Data treatment

In terms of internal flow, pressure drop inside the microchannels was
evaluated based on the pressure drop, which was further treated to
obtain the Fanning friction factor, f given by:

o 27 o DhAp

B pu, B 2Lpu2,

(5)

With 7 being the shear stress on the tube walls, Dy the hydraulic
diameter, Ap the pressure losses, u;, the mean flow velocity and p the
density of the fluid. The higher the channel’s pressure drop, the higher
the costs associated with the respective system. This is due to the in-
crease in pumping power (P,) of the system, evaluated through
equation:

Pp:n Qi Ap (6)

Where @, is the volumetric flow rate in each channel and n is the total
number of channels in the system.

As for the heat transfer calculations, when considering an imposed
heat flux to the surface, the heat transfer mechanisms can be studied.
This allows for a better understanding of the fluid flow inside our heat
exchanger. To achieve the surface heat flux on a thin heated surface
(q¢”), Kenning and Yan [90] define the heat flux as:

2 2
q = fI(; + ki, (?)77; + 37?) - Phc,zhﬁ,,% @)

Where qq” is the imposed heat flux from the heater. The constants kp,
pn, Cpp and &y, are the conductivity, density, specific heat and thickness of
the heated surface.

Then the heat removed by the liquid is obtained from an energy
balance, being the heat transfer coefficient simply obtained by:
"

Tin+Tou
T, — it

h= (8)

Being T the surface temperature and Tj,, Ty the liquid temperature
at the entrance and exit of the heat sink. The temperature values taken
from the analysis of the thermal images are treated as detailed in Mendes
[91].

All the quantities obtained were averaged from 5 tests performed
under similar working conditions.

As for the analysis of the flow patterns, each regime was identified
from at least 3 experiments performed under similar working condi-
tions, for a single channel. Bubble diameters were evaluated at three
sections of the channel (beginning, middle and end of the channel)
considering fifteen imagens in each section, for at least 3 experiments
performed under similar working conditions.
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Table 6

Equipment uncertainties for experimental tests.
Equipment Uncertainty
Onca MWIR-InSb-320 Camera +0.5°C
Harvard Apparatus 22 Syringe Pump + 0.035%
Omega PX26-005DV Pressure Sensor + 0.34 kPa
Type K Thermocouple +0.5°C
DT9828 DAQ + 20 uv
HP 6274B DC Power Supply + 0.05°
Tektronix DMM4020 Digital Multimeter + 0.00001A

Table 7

Accounted Heat Losses.
q'[W/m?] 1026 1696 2403
Tsurf [°C] 59 71 84
Heat Losses [W/m?] 133.2 175.3 220.8

2.5. Uncertainty analysis

The uncertainties of the frequency count and of the detachment di-
ameters and velocities measures are + 1 pixel. This means that the un-
certainty associated with the bubble detachment diameter is + 45 pm
and the uncertainty for bubble detachment velocity is + 0.0029 m/s.
The main uncertainties of the other parameters are shown in Table 6.

Throughout the experimental work, there are errors associated with
the equipment used. To assess the solidness of the experimental results,
there is a need to quantify these errors. Uncertainties related to the
equipment used in the experimental work can be seen in Table 6.

The heat losses are shown in Table 7, where surface temperatures
were measured, and an equivalent resistance model was considered.
This model includes a 6 mm acrylic plate underneath the sheet with a
conductivity of 0.17 W/(m.K) and natural convection to air at 21 °C.

3. Results and discussion

The results presented and discussed here are divided into two main
groups. The first group focuses on two-phase flow working conditions in
the microchannel based heat sink. Firstly, the flow-boiling regimes are
identified and discussed for the working conditions covered in this
study. Then, the heat transfer mechanisms are analyzed in terms of the
benefits of heat transfer enhancement (in comparison with single-phase
flows) versus the problems resulting from flow instabilities. Overall, the
main conclusion for the working conditions explored here is that they do
not recommend the use of two-phase flow conditions in the heat sink.
Following this, additional strategies are addressed in a final section,
namely the use of nanofluids.

3.1. Two-phase flow regimes and heat transfer in microchannels based
heat sinks

In this first section, the boiling patterns are discussed for the working
conditions studied here. To ensure the accurate identification of the
regimes, the patterns were analyzed in the beginning, middle and end of
a single channel. For this phase of the study, three heat fluxes were
selected: 1,026 kW/m?, 1,696 W/m?, and 2,403 kW/m?2. Additionally,
the volumetric flow rates varied between 0.5 mL/min and 1.5 mL/min.
Fig. 3 identifies the flow regimes observed. From these, 3 dominant
regimes are identified: dispersed bubbles, bubbly and transition to slug
flow. The first regime is characterized by small, dispersed bubbles. In the
second regime, both small and large bubbles are observed, with coa-
lescence of larger bubbles being more frequently observed. Finally, in
the slug flow regime, large masses of vapour cover the section of the
channel and start growing in a cylindrical shape. These masses are
formed by the coalescence of multiple bubbles and absorb all the vapor
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Fig. 4. Heat Transfer coefficient for microchannel based heat sinks, varying the
width of the channel.

masses as they pass through activated nucleation sites. Regarding the
effect of governing parameters, it is evident that a higher flow rate will
lead to a higher frequency of bubbles. It is also observed that a higher
heat flux, in general, increases the number of bubbles per second.
However, it can also activate so many nucleation regions that the
pressure increases, and the flow may be obstructed. This means that for
higher heat fluxes, there may be larger bubbles at lower frequencies, due
to the occurrence of coalescence. Gravity also plays an important role, as
nucleation occurs near the base of the microchannel, causing all bubbles

to rise to the top of the channel due to the density difference. Some
bubbles can either keep growing or be absorbed by the liquid, as phase
change occurs near the liquid—-vapour interface.

As bubbles grow with the imposed heat flux and decrease their fre-
quency, clogging is more likely to occur. In fact, since coalescence is
more likely to occur under these conditions, slugs may quickly form,
raising the pressure and leading to instability and the occurrence of
backflow. Therefore, using a large number of thin channels may not be
beneficial since, despite the potential for a more uniform wetted area,
the occurrence of clogging and instabilities outweighs this potential
benefit. This observation seems to be supported by the heat transfer
coefficient obtained for a heat sinks with several microchannels. Indeed,
Fig. 4 depicts the heat transfer coefficient as a function of the Reynolds
number for microchannel heat sinks with fixed wall width (in this case,
equal to 0.75 mm) and square side lengths of the channel area of 250 pm,
500 um and 750 um. Overall, the best results are obtained for the heat
sink with the largest channel side.

Furthermore, it is not evident that two-phase flow conditions
consistently lead to higher heat transfer coefficients, given the large
fluctuation in the results. While there is an obvious increase in the heat
transfer coefficients as phase change occurs, it is mainly observed in
geometries with larger channels. On the other hand, the smaller width
channels do not show significant improvement in heat transfer with two-
phase flow and exhibit larger fluctuations associated with clogging
caused by vapor and the occurrence of backflow. There is an observable
increase in pressure drops, but fluctuations are also present due to
bubble generation in the channels. Considering this analysis, alternative
strategies should be explored.
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Fig. 5. A) pressure drop, b) fanning friction factor and c) required pumping power for the water flow in pdms microchannel based heat sinks with varying chan-

nel width.

3.2. Alternative cooling strategies: The use of nanofluids

Following the analysis performed so far, it is difficult to recommend
the use of working conditions leading to two-phase flows, given that the
benefits in terms of heat transfer coefficients and heat fluxes obtained,
when compared to single-phase flows are not enough to compensate the
problems caused by the flow instabilities.

Hence, additional strategies are discussed to close the analysis and
recommend the working conditions for the microchannel based heat
sink being developed. Firstly, the experimental setup is validated
comparing the pressure drop, Fanning friction factor and pumping
power for the microchannel based heat sink working with water at
ambient temperature, to the results previously reported by Martins [81]
and Carvalho [92]. Three different geometries, from Table 1, were
tested: geometry 2, with a channel width of 0.25 mm and an aspect ratio

AR of 4; geometry 5, with a channel width of 0.50 mm and an AR of 2,
and finally, geometry 8, with a channel width of 0.75 mm and an AR of
1.33. In all these cases, the wall width was fixed at 0.50 mm, the length
of the channels was 20 mm and the height of the channels was 1 mm.
Therefore, the main parameter varying here is the channel width,
ranging between 0.25 mm and 0.75 mm. According to the literature
[46,48], the aspect ratio directly influences the pressure drop in
microchannels. Higher aspect ratios would result in higher pressure
drops and, consequently, higher friction factors and pumping power.
However, the use of nanofluids (discussed at the end of this section)
should not have a significant influence on the pressure drop when
compared to water [93,94].

Fig. 5 (a)-(c) depict, respectively, the pressure drop, friction factor
and pumping power obtained for water flowing in the aforementioned
geometries as a function of the Reynolds number, Re.
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with geometry 8.

When looking at Fig. 5(a), it is clear to see that, for all microchannel
heat sinks tested, the pressure drop increases with the increasing volu-
metric flow rate (which increases the Reynolds number). However, the
friction factor shows an inverse behaviour, decreasing with the growth
in the flow rate, meaning that the inertial forces of the flow are larger
than the local shear stress (see Fig. 5b). As shown in Fig. 5(c), the trend
of the pumping power is analogous to that of the pressure drop,
increasing exponentially with the flow rate and implying rising pumping
energy costs. These trends are in agreement with those reported in
[71,82]. Furthermore, experimental results were compared against
theoretical values deducted by the Darcy-Weisbach equation given by:

Sp_ 12840

L n D} ©)

The results are close enough to the theoretical values to validate the
experiments.

3.2.1. Effect of nanoparticles’ material and concentration

In this subsection, the stainless-steel sheet was heated up to
65-70 °C, and the tests were performed in geometry 8. It is worth noting
that the selection of the geometry used for the nanofluid tests was not
random. Previous work addressed and extensive study of the effect of the
channels’ geometry (e.g. [90,91]), which demonstrated a better equi-
librium between the increase in the heat transfer coefficient and the
pressure drops for larger channels. Hence, geometry 8 was chosen based
on this previous extensive analysis.

Thermal images were taken with the thermographic camera and the
processed data was used to compute the experimental Nusselt number,
Nu, which was compared to the empirical correlations proposed by Peng
and Peterson [95] and by Xuan and Li [96]:

D,
Nu = 0.1165 (W’;)O‘SIAR’O”ReO'(’ZPr]/3 (10)
Nuye = 0.4328(1 + 11.285¢) > el )Rel? Prot an

Where Dy = 4Area/Perimeter is the hydraulic diameter, AR is the
aspect ratio, nf stands for nanofluid and np for nanoparticle. Pr is the
Prandtl number and Pe is the Peclet number.

The Peng and Peterson [95] correlation analyzed the single-phase
forced convective heat transfer and flow characteristics of water in
microchannel structures/plates with small rectangular channels and
distinct geometric configurations, while the Xuan and Li [96] correla-
tion considered the microconvection and microdiffusion effects of the
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a)

Fig. 8. Sedimentation on the stainless-steel sheet for: a) water-Al,O3, b) water-Ag and c¢) water-Au nanofluids, after a day of experiments.

suspended nanoparticles in the nanofluids during the single-phase flow.
Both correlations were developed from experimental investigations.

Figs. 6 and 7 depict the thermal behaviour of the three nanofluid
used (water-Aly03 1%wt, water-Ag 1%wt and water-Au 1%wt) as a
function of the Reynolds number. The Nusselt number, Nu, is compared
with the empirical correlations proposed in [85-86].

As expected, the three nanofluids exhibit a similar thermal behav-
iour, directly proportional to the increasing Reynolds number, Re. Ac-
cording to Fig. 6, the nanofluid that demonstrated the best heat transfer
coefficient overall was the one composed of gold nanoparticles, having
only the worst thermal behaviour for the lowest volumetric flow rate
compared to the water-Ag and water-Al,O3 nanofluids.

The increase in heat transfer from nanofluids is generally associated
with an increase in their thermal conductivity, as can be seen in [97],
but in the present study, the nanofluids used has practically identical
thermal properties, see Table 4. However, another characteristic that
can influence the heat transfer coefficient is the size of the nanoparticle,
although there is still no consensus among the scientific community
about it [98]. As shown in the work [98], it is believed that the reduction
of the size of the nanoparticles increases the effective surface area,
thickens the interfacial layer and increases Brownian motion, which
would increase the thermal conductivity of the nanofluid. So, the Au
nanofluid composed of smaller nanoparticles would have better heat
transfer compared to the Ag nanofluid, even though Ag has a higher k
than Au. The distinct behavior observed for the gold nanofluid at the
lowest volumetric flow rate may be associated with the fact that gold
nanoparticles are more prone to agglomeration and sedimentation
compared to silver nanoparticles (gold is denser). Agglomeration de-
creases the efficiency of heat transfer. In addition, the agglomerated
particles have difficulty interacting with the base fluid, which impairs
thermal dissipation. However, this negative effect tends to disappear as
the system flow rate increases.

Similarly, as anticipated, the Nusselt number, Nu, also increases with

b)
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c)

the Reynolds number, Re, and is larger for the water-Au nanofluid,
followed by the silver and alumina nanofluids, respectively, as shown in
Fig. 7. The thermal properties of the three nanofluids are very similar, as
indicated in Table 4, due to the low particle concentrations used.
Because of this, the Nusselt numbers estimated from the empirical cor-
relations also agree well for the three fluids, particularly with the
nanofluid using the gold particles. Also, the correlation from Xuan and Li
[86] shows a better agreement with the experimental values, in com-
parison with that proposed by Peng and Peterson [95] which is over
100% overestimating the results.

The fact of considering the effects of the suspension of nanoparticles
during the flow of nanofluids it is possible one of the reasons why the
Xuan and Li [86] correlation presented more satisfactory results when
compared to the Peng and Peterson [95].

Both the alumina (Fig. 7a) and silver (Fig. 7b) based nanofluids, for
all flow rates, depict lower experimental values for the Nusselt number
in contrast with the empirical correlations. Inversely, the gold nanofluid
(Fig. 7¢) starts with lower Nu values but then overcomes the estimations
from [95].

Another important aspect to consider when evaluating the nano-
fluids is their tendency for sedimentation or fluid stability. To study this,
a photo of the stainless-steel sheet was taken after a day of experiments
for each nanofluid, as depicted Fig. 8. It is possible to see that the three
nanofluids sedimented. Nevertheless, the water-Au nanofluid (Fig. 8c)
appears to be the most stable nanofluid, while, on the other hand, the
water-Al,03 shows the greatest amount of nanoparticle buildup on the
stainless-steel sheet.

This can be further asserted by looking at Fig. 9, which shows the
large amount of sedimentation on the syringe used to pump the fluid
into the microchannel heat exchanger, when using alumina nano-
particles. Comparably, the gold and silver nanofluids barely showed
nanoparticles buildup in the syringe.

With both the thermal behaviour and stability of the nanofluid

Fig. 9. Sedimentation on the syringe for water-Al;O3 nanofluid after a day of experiments.

10
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Fig. 10. Heat transfer coefficient as a function of Reynolds number, for water-
Au nanofluids at different nanoparticles concentration, using geometry 8.

evaluated, the water-gold nanofluid was selected to conduct the last part
of the experimental work, which consisted in inferring on the effect of
varying the nanoparticles’ concentration in the fluid.

3.2.2. Effect of nanoparticles’ concentration

Given that the best results were obtained with the water-Au, nano-
fluid, different nanoparticles’ concentrations were tested using this
nanofluid, namely 0.5%wt, 0.75%wt and 1%wt. Fig. 10 depicts the ef-
fect of nanoparticles’ concentration in the heat transfer coefficient. The
costs and effort associated to an optimization task are out of the scope of
the current work, so the optimum gold concentration could not be
assessed. Detailed investigations will be presented in future work.
Comparison between gold and silver was not performed either, due to
the same argument. However, previous work, (e.g. [84]) addressed a
systematic study on the effect of nanoparticles concentration from both
Ag and Au. Overall, the results showed a similar behaviour of Au and Ag
nanofluids with the increase in nanoparticles concentration, overall
depicting better heat transfer coefficients for gold.

In Fig. 11, it is possible to notice that the thermal behaviour of the
nanofluid is, on average, better for the largest particle concentration,
only having the worst results for the slowest volumetric flow rate.
Additionally, the heat transfer coefficient of the two smallest particle
concentrations increases with similar slopes throughout the graph.
However, for the highest nanoparticle concentration, the increase in the
heat transfer coefficient is significantly greater than that of the other
concentrations, being over 50% higher for the fastest flow rate.

Regarding the Nusselt number, and in agreement with the previous
analysis, our experimental results closely match the correlation pro-
posed by Xuan and Li [86], following it almost perfectly. The experi-
mental data follows trends reported in the literature, with the largest
nanoparticle concentration having the better thermal behaviour.
Therefore, even for very small concentrations (¢ < 1%), the effect of
nanoparticles on cooling performance is tremendous, as seen in this
section, and becomes more pronounced at higher flow rates. As afore-
mentioned, one of the largest problems associated with nanofluids is
sedimentation. For this reason, in order to increase their reliability in
cooling and heat transfer mechanisms, it is extremely important to study
these fluids with the purpose of increasing their stability, without
diminishing their thermal properties, and to find the optimal concen-
tration for the largest cooling performance, with little to no
sedimentation.

Similar conclusions were also reported by Bowers et al. [96],
although used nanoparticles different from those presented here. Bowers
et al. [96], conducted experimental studies on flow and heat transfer of
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silica and alumina nanofluids in microchannels. They demonstrated an
increase in heat transfer with increasing Reynolds number and micro-
channel hydraulic diameter. However, it was observed that most ex-
periments showed a larger increase in pumping power requirements
compared to heat transfer enhancements.

3.3. Thermographic analysis

In this section, the various thermal images captured by the thermo-
graphic camera, Onca MWIR-InSb-320, are analyzed and displayed for a
better understanding of the heat transfer processes that occurred in the
stainless-steel sheet when using the various nanofluids as the cooling
liquid. Therefore, the main objective of this section is to examine the
temperature drop of the steel sheet and corresponding cooling time
associated with it.

Fig. 12 shows the temperature evolution of the steel sheet with
thermographic images captured at specific instants during the cooling
phase. This image is relative to the experiment that used Water-Alumina
nanofluid as the working fluid, for a microchannel structure with 0.75
mm of channel width (geometry 8) and with a flow rate of 15 mL/min.

It is possible to observe, in Fig. 12, that the stainless-steel sheet takes
more than a full minute to stabilize its temperature, reaching this point
at around 90 s for this particular case. Additionally, the initial drop in
temperature (from 65 to around 63 °C) is related to the presence of air
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Fig. 13. Cooling of the stainless-steel sheet overtime, using a dimensionless temperature (T*), for: a) different flow rates, b) different heat sink geometries, c)

different nanofluids and d) different nanoparticles’ concentration.
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inside the pipes circulating through the microchannels, with the fluid
entering the structure at the 15 s mark. The red lines that emerge in the
second circular image correspond to the cooler areas, i.e, the micro-
channels where the nanofluid is circulating. As the steel sheet cools
down, the images show darker shades of red, gradually transitioning to
blue. Once the stainless-steel sheet temperature completely stabilizes
last circular image, the channel lines in the image captured by the
thermographic camera become almost imperceptible. In the next step, to
better perceive and better understand the temperature evolution,
various different cases are compared to each other. For this purpose,
data from the steel sheet is transformed into a dimensionless tempera-
ture data from the steel sheet is transformed into a dimensionless tem-
perature variable (T*), given by:

T —Tam

T =
Tamb

11
Tmax - ( )

With Tpee being the maximum temperature achieved by the
stainless-steel sheet during the heating process, which is 70 °C, and Tgmp
being the average ambient temperature, with a value of 22 °C. In
addition, with the aim of assisting in the data comparison and analysis
and to describe the average cooling behaviour of each case, since they
are repeated five times, corresponding exponential tendency lines were
traced, as seen in Fig. 13.

For comparing the different cooling times for different flow rates, the
data used was relative to geometry 8 (in Table 2) while using the Al,O3
nanofluid. For the remaining three graphs, the experimental results
correspond to the highest volumetric flow rate (40 mL/min) used during
the experimental work. Upon analyzing the different temperature evo-
lution data, it is evident that, for the most part, the cases that showed a
better heat transfer coefficient, as discussed in the previous paragraphs,
also exhibit lower stabilization temperatures and a faster cooling time.
This is particularly noticeable in the graph comparing the various
nanoparticle concentrations (Fig. 13d), where the temperatures at
which the steel sheet stabilizes and corresponding cooling times are very
similar. Moreover, this graph further confirms our analysis from the
previous paragraphs, demonstrating that even for the lowest particle
concentration used, the Water-Gold nanofluid outperforms the remain-
ing fluids tested during the experimental work.

4. Conclusions

The present study evaluated the benefits and challenges of two-phase
flows, specifically flow boiling of pure liquids and nanofluids, on
microchannel heat sinks for cooling applications. The study analyzed
different two-phase flow patterns, identified associated issues during the
volumetric flow rates, and explored the potential of nanoparticles to
enhance heat transfer. Were used Alumina (Al;03), gold (Au), and silver
(Ag) nanoparticles in concentrations of 0.5%wt, 0.75%wt and 1%wt.
The key findings that can be drawn from this study are:

e Low concentrations of nanoparticles (¢ < 1%) significantly
enhanced heat transfer mechanisms and offered a cost-effective and
efficient alternative for microchannel heat sink cooling applications;
Two-phase flow conditions in microchannel heat sinks did not pro-
vide significant benefits for cooling applications;

The analysis of flow boiling regimes and heat transfer mechanisms
revealed occurrence of flow instabilities, clogging, and backflow
outweighed the potential advantages of two-phase flow;

The choice of nanoparticle kind and concentration had a notable
impact on the thermal behavior of nanofluids;

Gold nanofluids demonstrated better cooling performance compared
to alumina and silver nanofluids;

The thermal behavior of nanofluids, as observed through thermo-
graphic analysis, indicated that the use of water-gold nanofluids led
to faster cooling and lower stabilization temperatures compared to
other nanofluids tested;

13

Experimental Thermal and Fluid Science 150 (2024) 111052

e The use of dimensionless temperature analysis, at thermal analyzed,
allowed for effective comparison and characterization of cooling
behavior across different flow rates, heat sink geometries, nano-
fluids, and nanoparticle concentrations.
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