
Applied Thermal Engineering 236 (2024) 121479

Available online 2 September 2023
1359-4311/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Paper 

Experimental investigation on the effects of the geometry of microchannels 
based heat sinks on the flow boiling of HFE-7100 

G. Marseglia a, M.G. De Giorgi a, D.S. Carvalho b, P. Pontes b, R.R. Souza b,c, A.L.N. Moreira b, 
A.S. Moita b,d,* 

a University of Salento, Department of Engineering for Innovation, Via per Monteroni, Lecce 73100, Italy 
b IN+ Center for Innovation, Technology and Policy Research, Instituto Superior Técnico, Universidade de Lisboa, Portugal 
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A B S T R A C T   

In this paper, nine Microchannel Heat sinks (MCHs) all with channel lengths of 20 mm and heights of 1 mm but 
with different aspect ratios 1.33; 2 and 4, wall thicknesses 0.25–0.75 were tested in single and two-phase flows 
using the HFE-7100 as the working fluid. Three different scenarios were established, changing only the inlet 
temperature of the fluid: ambient (18–25 ◦C), intermediate (38–42 ◦C) and near saturation (55–58 ◦C). In all 
experiments the flow at the inlet was in the laminar region with Reynolds (Re) number values ranging from 50 to 
130. A thermographic camera was placed below the microchannel heat sink, to observe the cooling process 
during the flows. Thus, the main objective of this study is to evaluate the effects of channel geometry on both the 
overall heat transfer coefficient and the pressure losses. The results demonstrate that, for both single and two- 
phase flow, narrower channels exhibit better thermal performance but higher-pressure losses than wider chan-
nels. When maintaining channel width constant and varying thicknesses, channels with wider walls presented 
higher overall heat transfer coefficients and lower pressure losses.   

1. Introduction 

Greenhouse gas emissions are the primary cause of global warming, 
and their effects are already evident worldwide. Developing alternatives 
with lower environmental impacts and with increasing efficiency is one 
of the main challenges of this century. Despite extensive development, 
renewable sources offer sustainable solutions to mitigate the use of 
carbon-based fuels. 

The FlightPath2050 document from EU Commission [1] highlights 
the importance of ensuring sustainable mobility of passengers and 
freight for future aircraft. 

Nowadays, the electrification of aircraft propulsive systems repre-
sents an important priority because of the spreading concern about the 
impact of fossil fuel reserves in the aviation industry. 

Different aspects such as the lower specific energy density of on- 
board electrical devices, and the inclusion of high-power electric de-
vices in the aircraft producing high heat loads need optimization to 
allow achieving the current environmental and technical challenges 
[2–4]. 

Hybrid-electric aircraft face important thermal management issues 
with respect to current and conventional aircraft [5]. 

The importance of utilizing new architectures in thermal manage-
ment system optimization is also an actual research challenge in un-
manned aerial vehicles (UAVs). 

Unmanned Aerial Vehicles (UAVs) have become increasingly adop-
ted in aerospace and defense aviation applications [6]. UAVs are utilized 
for several purposes, integrating intelligence, surveillance, and recon-
naissance military operations, network nodes, and communication re-
lays. In fact, UAVs were the main drivers of drone applications in the US 
[7]. Due to the complexity and compactness of these systems, problems 
originate with regard to heat dissipation. 

Therefore, there is a need for an efficient thermal management sys-
tem that can allow to work optimally throughout the flight mission in 
aircraft and military sectors. In this context, the development of micro- 
electromechanical systems (MEMS) has received increasing attention, 
focusing on the coupling process of solid heat conduction and fluid 
convection or boiling heat transfer to enhance temperature homogeneity 
and reduce heat accumulation in the microsystems [8]. 
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MCHs are micro-systems that allow to transfer a high amount of heat 
using a small volume, thanks to a large surface area exposed to the 
convective and/or nucleate heat transmission processes, particularly for 
which have higher integrated level and operating power [9–18]. 

In this context, MCHSs are considered a promise for aircraft and 
aerospace cooling systems, because they can allow to improve thermal 
performance and at the same way minimize the weight [19]. 

Thus, the wasting of heat is still a current research issue that is 
leading scientists to investigate various cooling methods [20–22]. Heat 
transfer is strongly connected to key aspects, such as the thermophysical 
properties of the kind of working fluid used that affect the surface 
wettability and the spray-wall impact phenomenon [23]. 

Many researchers on MCHS have examined ways to enhance their 
thermal performance. One approach is to improve the design of the 
microchannel structures by considering their geometric features. 

One of the earliest studies in the field of microchannel heat sinks was 
developed by Tuckerman and Pease [24] in the early 1980′s during the 
heyday of very-large-scale integrated (VLSI) circuits. Three different 
geometries were tested and the one with the better results was the 
narrower heat sink with 50 μm wide channels, 50 μm wide walls and 
water as a coolant, which exhibited a thermal resistance of 9 × 10− 6 

m2K/W under a constant imposed heat flux of 790 W/cm2. Harms et al. 
[25] compared a 2.5 cm wide single channel and a multiple channel 
system with 251 μm wide channels and 119 μm thick walls and 
concluded that heat transfer performance is inversely proportional to 
channel width. Also comparing both designs, for a given level of pres-
sure drop, the thermal resistance of the multiple channel system was 
reported to be always larger than that for the single channel system. 
Harpole and Eninger [26] proposed a different microchannel concept 
with manifolds normal to the microchannel base, which guide the flow 
through alternating inlets and outlets. Ryu et al. [27] developed a three 
dimensional (3D) numerical optimization for this type of microchannel 
heat sinks and observed that, when comparing a manifold microchannel 
heat sink with a typical equivalent one, the thermal resistance was 50% 
less with the added benefit of significantly improving the temperature 
uniformity of the heated wall. 

Xie et al. [28] conducted a numerical study on the influence of the 
geometrical proprieties of a minichannel heat sink on heat transfer and 
pressure drop for laminar flow. They concluded that deep and narrow 
channels present better thermal performances while exhibiting the 
highest pressure drops. Moreover, their work suggests there is an 
optimal value for the wall thickness of a minichannel heat sink. 
Raghuraman et al. [29] tested three rectangular microchannel heat sinks 
with three different aspect ratios (AR): 20, 30 and 46.6. The 46.6 AR 
microchannel heat sink required the highest pumping power, while the 
20 AR microchannel heat sink presented the highest thermal resistance. 

Tran et al. [30] tested one rectangular cross section channel and one 
circular cross section channel both with hydraulic diameters close to 2 
cm and concluded that, for smaller channels, nucleation is the dominant 
heat transfer mechanism over convection. 

Lee and Mudawar [31] studied the hydrodynamic and thermal per-
formance of four different microchannel heat sinks with HFE-7100 as 
the working fluid. The effects of smaller hydraulic diameters were found 
to improve cooling performance by increasing mass velocity and wetted 
area, however for smaller channels early transition from bubbly to slug 
flow can arise, decreasing thermal performance. 

More recently, Li and Wu [32] proposed and tested a bidirectional 
counter-flow microchannel heat sink with water as the working fluid 
and a hydraulic diameter of 400 μm. When compared to an equivalent 
typical microchannel heat sink, both critical heat flux and heat transfer 
coefficient increased between 35% and 55%, while pressure losses were 
significantly reduced. 

The possibility to improve thermo-hydraulic efficiency considering 
the structure and the geometric characteristics of an interlaced MCHS is 
examined from [33]. 

Creating conditions for the occurrence of two-phase flow is also a 

popular strategy. Wambsganss et al. [34] started applying two-phase 
flow to microchannel heat sinks. From these two main landmarks, a 
great number of studies has been made to identify the best working 
conditions for this kind of heat sinks. However, this method comes with 
challenges, including energy consumption and instability caused by the 
presence of bubbles, making it difficult to control and describe the 
complex phenomena observed in the system. 

Several authors, such as Lee and Mudawar [35], Li et al. [36], and Ma 
et al. [37], have studied different ways to optimize the efficiency of 
microchannel heat sinks. They have explored various approaches, 
including alternative geometries, surface modifications, and different 
working fluids. 

The understanding of the boiling mechanisms involved in the satu-
rated performance optimization for different mini-channels geometries 
in MCHS remains a research issue of interest for many scientists 
[38–40]. 

Zhuang et al. [41] recently investigated the flow boiling and 
condensation with refrigerant HFE-7100 for cooling high heat flux de-
vices. Their results underlined the heat flux mechanism and pressure 
drop performances in a microchannel with an in-line circular micro- 
pin–fin array. 

Markal et al. [42] experimentally investigated the effects of the heat 
and mass fluxes on the local two-phase heat transfer coefficient and the 
total pressure drop in a single minichannels with a defined geometry. 

Recent works [43,44] analyzed the influence of the cross-sectional 
area ratio on flow boiling performance in MCHS, considering the two- 
phase pressure drop components and the heat transfer coefficients. 

In this scenario, the aim of this research is to study the thermal 
behaviour of the working fluid considered and how different types of 
geometries of the MCHS would affect the heat transfer capabilities. 
Hence the present work is focused on two main tendencies: optimizing 
channel geometry and taking advantage of the contribution of the latent 
heat in two-phase flows. Thus, this research aims to further increase the 
understanding of the thermal performance and pressure losses of HFE- 
7100 under low velocity flows. 

A novel experimental methodology is proposed to evaluate the 
thermal performance and pressure losses of HFE-100 in single and two- 
phase laminar regimes for different particular kinds of microchannel 
geometries. 

Furthermore, an additional infrared analysis is developed during the 
experimental tests to better analyze the heat performance in MCHS. 

The thermal behavior of HFE-7100 in single-phase and two-phase 
flows in the laminar regime, along with the corresponding pressure 
losses, have been evaluated to establish a basis for future studies aimed 
at determining whether the enhancements in cooling efficiency ach-
ieved through flow boiling justify the pumping power demands. To 
evaluate the benefits of a two-phase flow, the working fluid is HFE-7100, 
whose zero-ozone depletion potential and boiling point (61 ◦C, at 
ambient pressure) make it a suitable option for this 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 solar power system. 

Therefore, the aim is to see if the use these fluids, would increase the 
cooling performance of a microchannel heat exchanger and to compare 
the thermal behaviour of HFE-7100 single-phase and two-phase flows in 
the laminar regime and the corresponding pressure losses in order to 
develop basic and important results for future works to access if the 
improvements in cooling power obtained through flow boiling outweigh 
the pumping power requirements. 

The novelty here, besides the working conditions, is the usage of a 
non-intrusive method, the thermographic analysis, to see the effect of 
the geometry when cooling a surface using flow boiling in micro-
channels. There is a need for design guidelines for these types of devices, 
as the effects of pressure drop for small channels is amplified by vapor 
clogging in comparison with single phase cooling. 

G. Marseglia et al.                                                                                                                                                                                                                              



Applied Thermal Engineering 236 (2024) 121479

3

2. Experimental methods 

2.1. Experimental apparatus 

For this work, nine rectangular microchannel heat sink geometries 
were used, all with channel lengths of 20 mm and heights of 1 mm. The 
chosen working fluid was HFE-7100. The main thermophysical prop-
erties of this fluid are summarized in Table 1 [45]. Three different sce-
narios were established, changing only the inlet temperature of the fluid: 
ambient (18–25 ◦C), intermediate (38–42 ◦C) and near saturation 
(55–58 ◦C). 

The experimental setup used is schematically represented in Fig. 1. 
The heated surface, which is being cooled by the test heat sinks is an 

AISI304 stainless steel sheet (87 mm × 19 mm) which was placed under 
the microchannel heat sinks. Two copper pieces were placed at both 
ends of the steel sheet and then two wires were welded to the copper. 

The heat flux (q’0 = 5420 W/m2) is imposed under controlled con-
ditions, by Joule effect, by adjusting the value of the DC current that is 
directly fed to the stainless-steel sheet, using a HP6274B DC power 
supply (2). A Harvard Apparatus Model 22 syringe (4) pumps the fluid 
(HFE-7100) into the microchannel heat sink (6). If required, the fluid 
can be heated by passing through a heat exchanger (5). Inside the 
channels, the fluid is flowing directly in contact with the AISI304 
stainless steel sheet and is lastly stored in a reservoir (8). The current 
being fed to the stainless-steel is measured and monitored with a Tek-
tronix DMM4020 multimeter (3). Inlet and outlet temperatures are 
measured with two type K thermocouples and are sent to a DT9828 data 
acquisition device (9). The pressure drop is measured with an Omega 
PX26-005DVdifferential pressure sensor and the data is sent to another 
DT9828 data acquisition device (10). Both temperature and pressure 
acquired values are logged using the Quick DAQ Base Package software. 
The working fluid, (HFE-7100) was stored and heated in a container 
which consists of a resistance wrapped around the container. A type K 
thermocouple connected to a KS 20-I PID controller takes the tempera-
ture from the working fluid inside the container and uses this informa-
tion to regulate the power dissipated through the resistance (2). The 
fluid flows through a 700 mm long tube (with internal and external 
diameters of 3 mm and 4 mm, respectively) rolled around an aluminum 
block. The schematic of the whole container system is provided in Fig. 2. 

2.1.1. Thermographic analysis 
Below the microchannel heat sink (6), an Onca MWIR-InSb-320 

thermographic camera (7) records the evolution of the temperature 
distribution around the central area of the steel sheet. Details on data 
reduction and calibration procedures can be found in [46,47]. The 
camera was positioned vertically, sustained by an aluminum support, 
below the microchannel heat sink. The analog to digital converter has a 
resolution of 14 bits so the camera assigns a value between 0 and 214-1 
= 16383 analog to digital units (ADU) according to the radiation in-
tensity. Another important aspect is the integration time, which is an 
adjustable parameter that allows the user to choose the exposure time 
for each frame. Higher integration times mean that the sensor captures 
more radiation, resulting in higher ADU values that can eventually 
saturate, for that reason it is important to choose the adequate inte-
gration time. In this work the integration time was fixed at 280 μs on the 

account that, based on the expected range of temperatures (40–80 ◦C), 
saturation does not occur, and the calibration software presented ab-
solute errors lower than 1 ◦C. During the experimental work, the AISI 
304 stainless-steel sheet (87mmx19mm) was laid down on an acrylic 
plate (130 mm x100mm × 5 mm) which is a material with a lower 
transmissivity than desired, so a small piece of sapphire glass (10 mm 
diameter and 3 mm height) is used to facilitate the observation of the 
metal sheet, as seen in Fig. 2a. Sapphire glass is electromagnetically 
transparent for wavelengths between 0.2 and 5.0 μm and presents a high 
thermal resistance [48]. The steel sheet is held down to the bottom 
acrylic plate with two copper pieces, one on each side. The contact be-
tween the steel sheet and the copper pieces is done through a liquid 
metal paste composed mainly of tin, gallium and indium (Thermal 
Grizzly Conductonaut) with a high electrical conductivity. Each piece 
has a copper wire welded to its top and was fixed to the bottom acrylic 
plate with two M5-0.75 internal hex screws. The microchannel heat sink 
is placed on top of the steel sheet with its center aligned with the sap-
phire glass. An acrylic plate 100 mm × 55 mm × 5 mm) was placed 
above, to seal the system. The top acrylic plate was fixed to the bottom 
one with four M5-0.75 internal hex screws. Each microchannel heat sink 
was perforated in the inlet and outlet plenums and the top acrylic plate 
had two concentric holes. In addition, the side of the steel sheet facing 
the thermal camera was painted black with a high temperature resistant 
paint to improve emissivity (ε = 0.98 according to the manufacturer 
[46]). The system represented in Fig. 3 was then fixed to a cross shaped 
wooden panel with a 35 mm diameter hole cut in the middle, making it 
possible to see the sapphire glass from below. The bottom acrylic plate 
was fastened to the wooden panel by two M6-0.8 set screws. Lastly, the 
wooden panel was placed above the aluminum structure supporting the 
thermographic camera and fixed with two M8-1.25 carriage bolts. 

2.1.2. Microchannel systems 
The microchannel heat sinks differ from each other on the width of 

the channels (Wc), the thickness of the walls (Ww) and the number of 
channels. Fig. 4  is a schematic drawing of a microchannel heat sink and 
the main geometric variables [49]. The nine final microchannel heat 
sink measurements are summarized in Table 2. 

The microchannel molds were made of polylactic acid (PLA), using 
an Ultimaker 3 3D printer. With this equipment the minimum achiev-
able wall thickness of a mold is 0.25 mm and this is the reason behind 
the channel lengths and wall thicknesses seen in Table 2. The 
manufacturing of the molds was done through a Fused Filament Fabri-
cation process with a 0.25 mm diameter nozzle at 215 ◦C and a bed 
temperature of 70 ◦C. Each mold was then enveloped in aluminum tape 
and the cavity was filled with polydimethylsiloxane (PDMS). The PDMS 
was prepared through a mixture of Sylgard® 184 elastomer and curing 
agent with a mixing mass ratio of 10:1. The fluid will be in direct contact 
with an electrified steel sheet therefore it is beneficial that the micro-
channel heat sinks are electrically isolated, which is assured by the 
PDMS. This material is also transparent which provides optical access to 
the flow. Despite these advantages, PDMS has low thermal properties. 

2.2. Experimental procedure 

The experimental procedure is divided into two stages: 
• Execution of the experimental routine consisting in the process of 

acquiring data regarding pressure losses, inlet and outlet fluid temper-
atures and steel sheet surface temperature. In this section, the inlet fluid 
temperatures are set for the three different experiments conducted. 

• Processing and treatment of the acquired data consisting in the 
routine used to compute the overall heat transfer coefficients for single 
and two-phase flows. There are three different routines described in this 
section, one for each of the different ranges of inlet fluid temperatures 
tested. 

The routine for the near saturation inlet fluid temperature experi-
ments was repeated for the nine different geometries and followed the 

Table 1 
HFE-7100 physico-chemical properties [35].  

Fluid Properties at Tsat = 61 ◦C Value Value 

Liquid Density (kg/m3) 1400 
Vapour Density (kg/m3) 9.4 
Thermal Conductivity (W/m.K) 0.062 
Specific Heat Capacity Liq. (kJ/kg.K) 1.26 
Enthalpy of Vaporization (kJ/kg) 111.6 
Kinematic Viscosity (mm2/s) 0.228  
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ensuing steps:  

1. The syringe is filled with HFE-7100 at ambient temperature and the 
desired flow rate is set;  

2. The heat exchanger resistance is turned on and the set temperature is 
chosen on the controller panel taking into consideration the flow rate 
and the desired range of inlet temperatures (55–58 ◦C); 

3. The DC power supply is turned on with a fixed current of 8A corre-
sponding, as previously mentioned, to a heat flux of 5420 W/m2;  

4. At this point the MATLAB routine developed in-house is initiated to 
keep in check the steel sheet temperature and is constantly recording 
at a rate of 4–6 fps;  

5. When the steel sheet temperature reaches a certain temperature the 
syringe pump is turned on and the fluid flows to the heat exchanger. 

The objective is for the fluid to initially reach the steel sheet when 
this last one is at a temperature of 100 ◦C, so the temperature of the 
steel sheet at which the syringe pump is turned on is estimated in 
advance taking into account the flow rate;  

6. When steady state is reached, i.e. the steel sheet temperature is 
practically constant, the Quick-. 

7. DAQ routine is started, acquiring values of inlet and outlet temper-
atures and pressure drop for one minute at a 10 Hz frequency;  

8. When the QuickDAQ routine finishes, the MATLAB program and the 
DC power supplier are turned off;  

9. The steel sheet is left to cool down for five minutes and then the 
process is repeated. 

For each microchannel heat sink five different flow rates are set (in 
order to get Reynolds numbers of 50, 70, 90, 110 and 130 at the entrance 
of each individual channel) and each flow rate is repeated five times. In 

Fig. 1. Schematic of the experimental arrangement: (1) computer, (2) DC power supply, (3) multimeter, (4) syringe pump, (5) heat exchanger, (6) microchannel heat 
sink, (7) thermographic camera, (8) reservoir, (9) DAQ 1 and (10) DAQ 2. 

Fig. 2. Schematic of the container of the working fluid: (1) container, (2) 
resistance, (3) outlet, (4) aluminum block, (5) KS 20-I PID controller, (6) type K 
thermocouple and (7) inlet. 

Fig. 3. Simplified explosion view of the heat sink support system: (1) upper 
acrylic plate, (2) copper pieces, (3) heat sink, (4) steel sheet, (5) sapphire glass 
and (6) bottom acrylic plate. 
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order to obtain a practically identical Reynolds number, the pump flow 
rate was changed, which was adjusted based on the dimensions of each 
channel using a reference excel spreadsheet. 

The routine for the ambient inlet fluid temperature scenario was 
repeated for the nine different geometries and followed the ensuing 
steps:  

1. The syringe is filled with HFE-7100 at ambient temperature and the 
desired flow rate is set; 

2. The DC power supply is turned on with a fixed current of 8A corre-
sponding, as previously mentioned, to a heat flux of 5420 W/m2;  

3. At this point the MATLAB routine is initiated to keep in check the 
steel sheet temperature and is constantly recording at a rate of 4- 
6fps;  

4. When the steel sheet temperature reaches a certain temperature the 
syringe pump is turned on and the fluid flows directly to the 
microchannel heat sink. The objective is for the fluid to initially 
reach the steel sheet when this last one is at a temperature of 70 ◦C, 
so the temperature of the steel sheet at which the syringe pump is 
turned on is estimated in advance taking into account the flow rate;  

5. When steady state is reached, i.e. the steel sheet temperature is 
practically constant, the Quick-DAQ routine is started, acquiring 
values of inlet and outlet temperatures and pressure drop for one 
minute at a 10 Hz frequency;  

6. When the QuickDAQ routine finishes, the MATLAB program and the 
DC power supplier are turned off;  

7. The steel sheet is left to cool down for five minutes and then the 
process is repeated. 

Similarly to the previous scenario, there are 5 tested flow rates (in 
order to obtain Reynolds numbers values of 50, 70, 90, 110 and 130 at 

the entrance of each individual channel) and each one is repeated 5 
times. Afterwards, in the interest of comparison, a similar experimental 
routine was repeated with geometries 2 and 9 with the fluid heated to an 
intermediate temperature (40 ± 2 ◦C). Geometry 9 was chosen because 
it is the geometry with the widest channel width and wall thickness. 
Geometry 1 is the heat sink with the narrowest channel width and wall 
thickness, however the walls of this geometry were damaged during the 
experiments in the first two scenarios, so geometry 2 was used instead. 

The experimental methodology consisted in the following steps:  

1. The syringe is filled with HFE-7100 at ambient temperature and the 
desired flow rate is set;  

2. The heat exchanger resistance is turned on and the set temperature is 
chosen on the controller panel taking into consideration the flow rate 
and the desired range of inlet temperatures (38–42 ◦C); 

3. The DC power supply is turned on with a fixed current of 8A corre-
sponding, as previously mentioned, to a heat flux of 5420 W/m2;  

4. At this point the MATLAB routine developed by Mendes [47] is 
initiated to keep in check the steel sheet temperature and is 
constantly recording at a rate of 4-6fps;  

5. When the steel sheet temperature reaches a certain temperature the 
syringe pump is turned on and the fluid flows to the heat exchanger. 
The objective is for the fluid to initially reach the steel sheet when 
this last one is at a temperature of 85 ◦C, so the temperature of the 
steel sheet at which the syringe pump is turned on is estimated in 
advance taking into account the flow rate;  

6. When steady state is reached, i.e. the steel sheet temperature is 
practically constant, the Quick- DAQ routine is started, acquiring 
values of inlet and outlet temperatures and pressure drop for one 
minute at a 10 Hz frequency;  

7. When the QuickDAQ routine finishes, the Matlab program and the 
DC power supplier are turned off;  

8. The steel sheet is left to cool down for five minutes and then the 
process is repeated. 

2.2.1. Data reduction 
In the fully developed laminar flow region Shah and London [50] 

derived Eq. (1) for a rectangular channel where the channel aspect ratio 
(AR) is defined as the ratio between the height and the width of a 
channel. 

f =
24
Re

(
1 − 1.3553AR+ 1.9467AR2 − 1.7012AR3 + 0.9564R4 − 0.2537AR5)

(1) 

where f is the Fanning friction factor and Re is the Reynolds number. 
Also, the Poiseuille number is defined as the product of the Reynolds 
number and the Fanning friction factor and is expected to be constant for 
internal laminar flow. For thermally developing flow Phillips [51] 
compiled various values of the Nusselt number for different aspect ratios 
(AR) into Table 3. The values were adapted from the work of Kays [52] 
on thermally developing flow between two plates which is a fair 
approximation to make when one side of the channel is much larger than 
the other. 

Kenning and Yan [53] modeled the surface heat flux of a thin heated 
plate as: 

q˝ = q˝
0 + khδh

(
∂2T
∂x2 +

∂2T
∂y2

)

− ρhCphδh

∂T
∂t

(2) 

Where q0″ is the imposed heat flux from the heater. The constants kh, 
ρh, Cph and δh are the conductivity, density, specific heat and thickness of 
the heated surface. Eq. (2) can be divided into three terms: the second 
order spatial derivatives, the first order temporal derivative and the 
provided heat flux which will be considered constant. When post pro-
cessing the data from the thermographic camera, the several frames are 

Fig. 4. Schematic of the microchannel heat sink ([38]). This figure was already 
in the other paper. A new one must be made. 

Table 2 
Microchannel heat sink geometries.  

Structure Wc 
(mm) 

Ww 

(mm) 
W 
(mm) 

L 
(mm) 

Hc 

(mm) 
number 
of 
channels 

Total 
cooling 
area 
(mm2) 

1  0.25  0.25  10.25 20 1 21 205 
2  0.25  0.50  10.00 20 1 14 200 
3  0.25  0.75  10.25 20 1 11 205 
4  0.50  0.25  10.25 20 1 14 205 
5  0.50  0.50  10.50 20 1 11 210 
6  0.50  0.75  10.50 20 1 9 210 
7  0.75  0.25  10.75 20 1 11 215 
8  0.75  0.50  10.75 20 1 9 215 
9  0.75  0.75  9.75 20 1 7 195  
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converted into matrixes with temperature values corresponding to each 
pixel. The temporal and spatial derivatives in equation (2) are then 
calculated for each pixel. These derivatives are approximated through a 
second-order central difference: 

∂2T
∂x2 ≈

Ti,j+1,t − 2Ti,j,t + Ti,j− 1,t

Δx2 (3)  

∂2T
∂y2 ≈

Ti,j+1,t − 2Ti,j,t + Ti,j− 1,t

Δy2 (4) 

Here Δx is considered to be the pixel size calibration, changed in 
accordance with each test. The temporal term is approximated through a 
first order precision forward difference: 

∂T
∂t

≈
Ti,j+1,t − Ti,j,t

Δt
(5) 

Here Δt is replaced with the time between frames (1/frames per 
second). 

Heat transfer coefficients (h) are adapted to evaluate the thermal 
performance of the microchannel heat sink as a whole, like the work of 
Li and Wu [32]. If the fluid enters the microchannel heat sink at a 
temperature significantly lower than saturation, the heat transfer coef-
ficient is calculated by eq. (6). 

h =
q˝

Ts −
Tin+Tout

2
(6) 

Being Ts the surface temperature and Tin, Tout the liquid temperature 
at the entrance and exit of the heat sink. To calculate the surface tem-
perature, the values taken from the analysis of the temperature matrixes 
are averaged in the studied area, similar to the procedure detailed in 
[47]. 

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

For the cases where the fluid enters at temperatures close to satu-
ration, it needs to be ascertained if the boiling point was reached in the 
interest area. The length of the single-phase region (Ls,p) is calculated as: 

Ls,p =
ṁCp(Tsat − Tin)

q˝
s W

(7) 

Where ṁ is the mass flow rate, Cp is the fluid specific heat capacity, 
Tsat is the fluid saturation temperature and W is the total width of the 
microchannel heat sink. For the case of this work, the interest area is 
centered at half the length of the microchannel heat sinks, so, if Ls,p is 
lower than half the length of the channel, then there was flow boiling 
and the heat transfer coefficient is calculated as: 

h =
q˝

s

Ts − Tsat
(8) 

If the length of the single-phase region is superior to half the length of 
the channel, then there was no flow boiling in the interest area and the 
heat transfer coefficient is calculated with eq. (9): 

h =
q˝

s

Ts − Tf
(9) 

where the fluid temperature Tf is given as: 

Tf = Tin +
q˝

s WL
ṁCp

(10)  

2.2.2. Uncertainty analysis 
The uncertainty values for the used equipment in the experimental 

work are compiled in Table 4. 
The overall bias limit (BX) of each measurement can be calculated as 

in [54]: 

Bx =
(∑

B2
i

)1/2
(11) 

where Bi is the estimated error of one component that contributed to 
the measurement. For the pressure losses values, the overall bias limit 
will be affected by the pressure sensor and the syringe pump. For the 
heat transfer coefficient calculations, the overall bias limit will be 
affected by every equipment listed in Table 4, except for the pressure 
sensor. 

2.2.3. Heat losses 
Heat losses on the channel were estimated using a simplified thermal 

resistance model. For this purpose, the surface was considered to be in 
contact with two distinct materials: acrylic and sapphire and then air at 
ambient temperature. The equivalent thermal resistance for this system 
was then calculated. The details used for this calculation are included in 
Table 5. 

3 After the thermal resistance was assessed, heat losses were esti-
mated using the following equation: 

q″
loss =

Ts − Tamb

Rtot
•

1
Afoil

(12) 

The surface temperature during tests was measured and the heat 
losses estimated for each Ts. For each channel and Reynolds number, the 
estimated heat flux losses are displayed in Fig. 5. 

3. Results and discussion 

The results obtained from the experimental tests are presented and 
discussed in this section. Three different scenarios were tested, where 
the only variable was the inlet temperature: firstly, the fluid entered the 
microchannel heat sink at ambient temperature (between 18 ◦C and 
25 ◦C), afterwards the fluid was heated up to temperatures between 
55 ◦C and 58 ◦C, to evaluate the cooling potential of flow boiling. Lastly, 
the fluid was heated to an intermediate temperature (38 ◦C-42 ◦C) for 
comparison purposes of the heat sink performance, for single phase flow 
conditions. 

Table 3 
Typical Nusselt numbers for different aspect ratios and thermally developing 
laminar flow.  

L/(DHRePr) AR = 1 AR = 2 AR = 3 AR = 4 

0.0001  25.20  23.70  27.00  26.70 
0.0025  8.90  9.20  9.90  10.40 
0.005  7.10  7.46  8.02  8.44 
0.00556  6.86  7.23  7.76  8.18 
0.00625  6.60  6.96  7.50  7.92 
0.00714  6.32  6.68  7.22  7.63 
0.00833  6.02  6.37  6.92  7.32 
0.01  5.69  6.05  6.57  7.00 
0.0125  5.33  5.70  6.21  6.63 
0.0167  4.91  5.28  5.82  6.26 
0.025  4.45  4.84  5.39  5.87 
0.033  4.18  4.61  5.17  5.77 
0.05  3.91  4.38  5.00  5.62 
0.1  3.71  4.22  4.85  5.45 
≥1  3.60  4.11  4.77  5.35  

Table 4 
Uncertainties of the equipment used in the experimental work.  

Equipment Uncertainty 

Harvard Apparatus 22 Syringe pump ±0.035% 
Onca MWIR-InSb-320 Thermographic camera ±2.5%(±1◦C) 
Omega PX26-005DV Dif. Pressure Sensor ±1%(±0.34 kPa) 
Type K Thermocouple ±0.46%(±1.5 ◦C)  
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3.1. Inlet ambient temperature 

Pressure drop values are compiled in Fig. 6a)-c). If wall thickness is 
maintained constant, with the decrease in channel width there is space 
for more channels and, consequently, more area in contact with the 
fluid, which increases pressure losses. Lower widths also translate into 
lower hydraulic diameters so, when comparing a wider channel with a 
narrower channel for the same value of the Reynolds number, Re, the 
narrower channel will present a higher flow velocity and, consequently, 
higher pressure drops. 

The figures also show that, maintaining wall thickness constant, with 
the increase in channel width promotes the decrease of pressure losses. 
Also, most of the geometries showcase pressure losses varying almost 
linearly, the Reynolds number increases. Pressure drops in ducts are 
proportional to the velocity squared, however, in this work, the range of 
Re number values evaluated is very low, so it is not possible to see the 
quadratic correlation between pressure losses and flow velocity. 

The used pressure sensor has an uncertainty of ± 0.34 kPa which is 
too high to accurately measure pressure. 

losses for the wider channels. Therefore, only the narrower channels 
are compared, as depicted in Fig. 7. 

The results are overall in good agreement with the Fanning factor 
calculated from eq. (1). However, for lower Re number values and 
pressure losses, a little divergence is more evident due to the sensor 
sensitivity. 

As for the heat transfer processes, Fig. 8a)-c) compare the experi-
mental values of the Nusselt number, Nu, for different geometries, for 
inlet ambient temperature, with the same channel width. 

The expectation was for heat sinks with the same aspect ratio to have 
similar heat transfer coefficients and heat sinks with slimmer channels to 
have better thermal behaviour than wider geometries. 

Also, for the same geometry, the heat transfer coefficient is expected 
to increase slightly with the Re number. The values for the Nu number 
obtained from the experimental data are distant from the theoretical 
values. This can be partially due to the flow being thermally developing 
and, therefore, difficult to predict. However, this argument does not 
explain the fact that narrower channels do not always present the higher 
heat transfer coefficients. These results can further be explained by the 
fact that the PDMS microchannel is being compressed and, since this 
material is an elastometer, the aspect ratio is being changed and cannot 
be fully controlled. Also, the thermal conductivity of PDMS is three or-
ders of magnitude lower than the typical values for aluminum or copper, 
for example. These unsuitable properties of PDMS are known. However, 
at this stage of the work there are clear advantages to use this material, 
given that it is unexpensive, easy to work with and allows for visual 
inspection of the flow. 

3.2. Near saturation inlet temperature 

The working fluid HFE-7100 was heated to temperatures between 55 
and 58 ◦C before entering the microchannel heat sink and the main 
objective is to compare the heat transfer coefficients and pressure losses 
of single-phase and two-phase flows. Fig. 9a)-c) showcase the obtained 
pressure losses where the distinction between flows that reached the 
saturation temperature and those that did not is made. 

Comparing these results with those described in section 3.1, all 
microchannel heat sinks present higher pressure losses, which are 
aggravated by the formation of air bubbles in the fluid. HFE-7100 con-
tains up to 53% of air by volume [55] and, consequently, during the 
heating process the fluid releases a considerable amount of air bubbles 
which can perpetuate instabilities, decrease thermal behaviour and clog 
channels. Also, Martins [56], in a similar work, observed flow reversion 
which can lead to pressure fluctuations. 

Table 5 
Properties considered to calculate heat losses.  

Solid Parts  

Name Acrylic 
Plate 

Sapphire 
Glass 

Units 

L - Thickness 5.00E-03 3.00E-03 m 
k - Thermal Conductivity 0.19 46.06 W / (m 

K) 
A - Area 1.52E-03 1.33E-04 m2 

R = L / (k A) – Thermal Resistance 1.73E +
01 

4.91E-01 K/W 

Air Properties  
Name Air Acrylic Air Sapphire  
h - heat transfer coeficient 4 4 W / (m2 

K) 
A - Area 1.52E-03 1.33E-04 m2 
R = 1 / (h A) – Thermal Resistance 1.64E +

02 
1.88E + 03 K/W 

Tamb 21 21 ◦C 
R total ¼ (1/(Rac þ Rair_ac) þ 1/ 

(Rsaf þ Rair_saf))-1 
1.66E + 02 K/W  

Fig. 5. Estimated heat flux losses for all tests performed.  
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Fig. 6. Pressure difference between inlet and outlet of heat sinks for different geometries: effect of the thickness of the channel walls. a) 0.25 mm thick walls, b) 0.5 
mm thick walls, c) 0.75 mm thick walls. 
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Heat transfer coefficients are expected to be higher when compared 
to the values observed in section 3.1, especially when the fluid reaches 
boiling temperature. Thermal behaviours are again expected to be 
inversely proportional to channel width, however the formation of 
bubbles could clog the narrower channels and, consequently, worsen the 
thermal behaviour, as seen, for example, in the work developed by Fu 
et al. [57]. 

Fig. 10a)-c) compare heat transfer coefficients for geometries with 
same channel width. 

The results shown in Fig. 10 show also the effect of two-phase flow on 
the transfer coefficient as the Reynolds number increases. Although it 
was expected that narrower heatsinks would present better results, what 
is observed is thermal instability. Due to the rapid growth of steam 
bubbles that form right at the entrance of the microchannels, they lead 
to a blockage of the passage of liquid through the channel. In other 
words, as the vapor title increases along the microchannels, the refrig-
erant flow inversion occurs, resulting in thermal instabilities, directly 
affecting the heat transfer performance [58–60]. This phenomenon 
(associated with the reverse flow of the liquid) has already been 
observed by other researchers in the literature and results in fluctuations 
in the temperature, flow and pressure of the system, which leads to the 
degradation of heat transfer. Or, as shown more recently [43,44], the 
interactions between the inertia force of the liquid and the force of the 
evaporation moment trigger oscillations in the inlet temperature and 
pressure values, causing the instabilities [61–62]. 

In relation to the single-phase regime, the heat transfer coefficient 
tends to increase as the Reynolds number increases. Although, in some 
cases, the acrylic plate used to keep the PDMS fixed and seal the system 
could have compressed the microchannel. As PDMS is a flexible elas-
tomer, there is the possibility that small imperfections may have 
occurred (bent, compressed, wavy channel) in one or more of the 
analyzed geometries. If this happened, undulations in the channel could 
promote turbulence in the region, even at lower Reynolds numbers, 
causing instabilities and impairing the heat transfer mechanisms. 

3.3. Intermediate inlet temperature 

The working fluid (HFE-7100) was heated to temperatures between 
38 and 42 ◦C, before entering the microchannel heat sink. For this ser of 
experiments, only geometries 2 and 9 were tested, for Re number values 
at the inlet of each channel of 50, 90 and 130. 

In Fig. 11a)-b) pressure losses and pumping powers for geometries 2 
and 9 at the intermediate temperature scenario are compared with the 

values obtained at ambient temperature and at near saturation sce-
narios. As expected, as the Reynolds number increases the pressure drop 
increases, for different initial liquid temperature levels and tested ge-
ometries. Furthermore, after the onset of nucleate boiling, i.e., when the 
saturation temperature of the fluid is reached, the greater the increase in 
pressure drop. In this condition, as the amount of vapor increases, the 
shear stress at the liquid–vapor interface is greater, resulting in an in-
crease in pressure loss due to friction along the flow, as also observed 
[63–64]. Such behavior may even lead to reverse flow, requiring a 
greater pumping capacity. However, what draws the most attention in 
the results shown in Fig. 11a)-b) is related to the geometric effect of the 
outflow channels. As seen in Table 2, the two microchannels have 
similar total cooling areas, but differ in number of channels and width of 
channels (obviously). The microchannels represented by Geometry 9, 
present smaller values for the pressure drop for all evaluated test 

Fig. 7. Friction factor for various heat sink geometries. Comparison between 
experimental Fanning friction factor and theoretical values (eq.1) for geome-
tries 1, 2 and 3. 

Fig. 8. Experimental Nusselt number values for geometries with variable 
channel widths, considering the inlet ambient temperature. a) 0.25 mm wide 
channels, a) 0.25 mm wide channels, b) 0.50 mm wide channels, c) 0.75 mm 
wide channels. 
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conditions, Fig. 11b. As Geometry 9 has wider channels compared to 
other geometry, with more space available to flow the resistance and the 
liquid velocity is lower resulting in a lower pressure drop. 

Fanning friction factor and Poiseuille number obtained experimen-
tally are compared with the theoretical expectations, as depicted in 
Fig. 12a)-b). 

As previously seen in section 3.1, the friction factor for geometry 2 is 
close to the theoretical one and the obtained Poiseuille number values 

diverge on average 9% from the theory. The friction factor and Pois-
euille number for geometry 9 are once again very far from the theoret-
ical values due to the pressure sensor uncertainty (±0.34 kPa). 

Fig. 13a)-b) compare the Nu number values obtained experimentally 

Fig. 9. Pressure losses between inlet and outlet for geometries different ge-
ometries: a) Geometries1, 4 and 7, b) Geometries 2, 5 and 8, c) Geometries 3, 6 
and 9. 

Fig. 10. Heat transfer coefficients for different geometries. a) Geometries 1, 2 
and 3, b) Geometries 4, 5 and 6, c) Geometries 7, 8 and 9. 
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with those theoretically determined. Although, the Nu number values 
for geometry 9 are close to the theoretical values, varying on average 
11%, the results are in conflict with the expected trend. As previously 
mentioned, it was expected that narrower geometries, as is the case of 
geometry 2, would present greater heat transfer. What can be concluded 
from this result, and consequently from the entire study presented, is 
that there is a dispute between the hydrodynamic and thermal effects on 
the flow of microchannels. In some cases, the pressure drop may play a 
dominant role in the flow, while the effect of forced convection is sec-
ondary. If there is a greater expenditure of energy due to pressure drop 
in the channels, heat transfer is impaired and there is no hydrodynamic 
and thermal equilibrium point. This study points out that there should 
be an “ideal” geometry, which may not necessarily be represented by the 
narrowest channels, however, to confirm this assumption, more studies 
are needed. 

4. Conclusions 

A new experimental study was conducted to evaluate the thermal 
performance and pressure losses of HFE-100 in single and two-phase 
laminar regimes. To further enhance the cooling power and overcome 
the pumper power requirements, flow boiling was proposed. However, 
the malleability of the heat sink material was identified as a major issue, 
and caution must be exercised in generalizing the results obtained and 
discussed here. Additionally, the measured pressure losses for geome-
tries with 0.50 mm and 0.75 mm wide channels may not be entirely 
accurate due to the uncertainty of the differential pressure sensor. 

Main conclusions can be summarized as follows:  

• Keeping the thickness of the walls constant, narrowing the channels 
results in smaller inlet areas, leading to higher fluid velocities for the 
same flow rate. Consequently, narrow channel geometries are ex-
pected to exhibit higher pressure losses. The findings suggest that, 

Fig. 11. Pressure difference between inlet and outlet for different geometries. 
Comparison for the various temperature conditions. a) Geometry 2, b) Geom-
etry 9. 

Fig. 12. Experimental Fanning friction factor compared with the expected 
theoretical values (eq.1) at different temperatures. a) Geometry 2, b) Geome-
try 9. 
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regardless of the inlet temperature, pressure losses were consistently 
higher for narrower geometries. 

In the context of microchannel heat sinks, maintaining a constant 
channel width while decreasing the thickness of walls results in a higher 
number of channels and fluid velocities. The results obtained indicate 
that thinner walls lead to higher pressure losses, as expected.  

• For the heated fluid scenario, it was not possible to conclude if 
pressure losses are significantly affected by the boiling process as the 
values for two-phase flow and single-phase flow often see similarly 
proportional increments when the flow rate is increased.  

• In the ambient temperature scenario, narrower geometries were 
expected to have higher Nusselt number values due to their higher 
aspect ratio. However, the results showed a different trend with 
higher Nusselt numbers for wider geometries.  

• In the near saturation scenario, the heat transfer coefficients in the 
single-phase region were higher for narrower geometries, except for 
geometry 1. Additionally, the results showed a decrease in the heat 
transfer coefficient from two-phase to single-phase flow, indicating 
that flow boiling at lower flow rates could result in better thermal 
performance with lower pumping power requirements, and hence 
enhance the cooling power.  

• When comparing geometries with the same channel width, in the 
near saturation scenario, the microchannel heat sinks with 0.50 mm 
and 0.75 mm thick walls presented similar results, which might 
suggest that the same thermal behaviour can be achieved with ge-
ometries with wider walls and lower pressure losses, however this 
cannot be taken as a certainty and further testing is needed. The 
results for geometries with 0.25 mm thick walls seemed to present 
lower heat transfer coefficients with geometry 4 being an exception, 

• Both pressure losses and heat transfer coefficients for the interme-
diate scenario were higher than the ambient temperature scenario 
and lower than the near saturation scenario. Pressure losses for ge-
ometry 2 presented deviations from the theory like those seen for the 
narrower geometries in the ambient temperature scenario, so these 
deviations are most likely due to experimental uncertainties.  

• The results of this study can provide valuable insights not only for 
researchers and users but also for those working in electronics and 
renewable energy devices, as they may lead to potential improve-
ments in the cooling process of microchannel heat sinks.  

• Further studies need to be developed with the objective of optimizing 
the performance of higher velocity flows, especially in the two-phase 
region because of the cooling requirements of a solar cell. 
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[48] G. Katyba, K. Zaytsev, I. Dolganova, I. Shikunova, N. Chernomyrdin, S. Yurchenko, 
G. Komandin, I. Reshetov, V. Nesvizhevsky, V. Kurlov, Sapphire shaped crystals for 
waveguiding, sensing and exposure applications, Prog. Cryst. Growth Charact. 
Mater. 64 (4) (2018) 133–151, https://doi.org/10.1016/j.pcrysgrow.2018.10.002. 

[49] S. Halelfadl, A. Adham, N. Mohd-Ghazali, T. Mare, P. Estelle, R. Ahmad, 
Optimization of thermal performances and pressure drop of rectangular 
microchannel heat sink using aqueous carbon nanotubes based nanofluid, Applied 
Thermal Engineering, 62(2014): 492-499, 01. 10.1016/j. 
applthermaleng.2013.08.005. 

[50] R.K. Shah, A.L. London, Laminar flow forced convection in ducts: a source book for 
compact heat exchanger analytical data, Academic press, 2014. 

[51] R.J. Phillips, Forced-convection, liquid cooled, microchannel heat sinks, 
Massachusetts Institute of Technology, 1987. PhD thesis,. 

[52] W.M. Kays, Convective heat and mass transfer, Tata McGraw-Hill Education, 2011. 
[53] D.B.R. Kenning, Y. Yan, Pool boiling heat transfer on a thin plate: features revealed 

by liquid crystal thermography, Int. J. Heat Mass Transf. 39 (15) (1996) 
3117–3137, https://doi.org/10.1016/0017-9310(96)00006-3. 

[54] R.J. Moffat, Describing the uncertainties in experimental results, Exp. Therm Fluid 
Sci. 1 (1) (1988) 3–17, https://doi.org/10.1016/0894-1777(88)90043-X. 

[55] K.-S. Yang, Yeau-Ren Jeng, Chun-Min Huang, C.-C. Wang, Heat transfer and flow 
pattern characteristics for hfe-7100 within microchannel heat sinks, Heat Transfer 
Engineering 32 (2011) (7-8):697–704. 10.1080/01457632.2010.509774. 

[56] L. Martins, Sistema de refrigeração por microcanais com escoamento multifásico 
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