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Abstract
Conjugate heat transfer is numerically investigated using a three-dimensional computational fluid dynamics approach in 
various microchannel geometries to identify a high-performance cooling method for piezoelectric ceramic stacks and spin-
dle units in high-precision machines. Straight microchannels with rectangular cross sections are first considered, showing 
the performance limitations of decreasing the size of the microchannels, so other solutions are needed for high applied heat 
fluxes. Next, many microchannel designs, focusing on streamwise geometric variation, are compared to straight channels 
to assess their performances. Sinusoidally varying channels produce the highest heat transfer rates of those studied. Thus, 
their optimization is considered at a channel width and height of 35 and 100 μm, respectively. Heat transfer increases as 
the amplitude and spatial frequencies of the channels increase due to increased interfacial surface area and enhanced Dean 
flow. The highest performance efficiencies are observed at intermediate levels of amplitude and frequency, with efficiency 
decreasing as these geometric parameters are increased further at the onset of flow separation. The sinusoidal channel geom-
etries are then optimized with respect to minimizing the system’s pressure drop for all applied heat fluxes between 5690 
and 6510 kW/m2. Doing so created an optimal geometry curve and showed that all geometries in this region had amplitudes 
close to 40 μm. Therefore, imposing a fixed heat flux requirement for a case study of cooling piezoelectric ceramics, the 
optimized sinusoidal geometry decreases the system pressure drop by 79% relative to a straight channel while maintaining 
a larger minimum feature size.
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List of Symbols
A  Amplitude, m
Ab  Base area,  m2

Ac  Convective surface area,  m2

C  Specific heat capacity, J/kgK
DH  Hydraulic diameter, m
f   Spatial frequency, 1/m
k  Thermal conductivity, W/mK
L  Length of channel, m
ṁ  Mass flow rate, kg/s
�  Dynamic viscosity, Pa s
P  Pressure, Pa

q̇  Heat flux, W/m2

Q  Heat energy, J
Q̇  Rate of heat transfer, W
�  Density, kg/m3

R  Thermal resistance, K/W
Re  Reynolds number
t  Time, s
T   Temperature, K
T
+  Average base temperature decrease, %

u  Velocity magnitude, m/s
u  Velocity vector, m/s
U  Inlet velocity, m/s
x  Position vector, m

1 Introduction

The successes and rapid development in micro and nano 
manufacturing techniques have necessitated the need to 
engineer compact and high-performance miniaturized sys-
tems in several industrial sectors. Yet, the primary difficulty 
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associated with the various applications of these technolo-
gies, such as computers, portable electronics, engines, high-
precision machines, to name but a few, pertains to their heat 
management efficacy. In many applications, large-scale 
forced-air convection systems are unsuitable for the oper-
ating conditions or do not provide a high enough cooling 
flux. Therefore, many diverse micro-scale heat exchanging 
devices have been developed to meet these demands, includ-
ing vapor chambers and heat pipes. Although they perform 
well, these devices have various disadvantages, including  
high cost, manufacturing complexity, and delicate and frag-
ile configuration. A microchannel cooling system provides 
greater robustness and excellent heat transfer properties and 
thus is a more versatile option among these new solutions.

Microchannel cooling systems emerged in the early 
1980s [1], following rapid developments in high-speed, 
high-power-density, and very-large-scale integrated circuits. 
These high-speed circuits dissipated thermal energy at a far 
greater rate than the capabilities of the small-scale cooling 
packages of the time, with systems limited to cooling rates of 
around 20 W/cm2. The compact, water-cooled microchannel 
heat sink developed by Tuckerman and Pease was tested at a 
power density of 790 W/cm2 [1].

Since this inaugural experiment, numerous studies have 
been conducted into microchannel cooling systems, both 
theoretical and experimental. With a large amount of asso-
ciated design freedom, there are many different avenues for 
increased performance, such as the choice of coolant, solid 
material, and changes in microchannel geometry. However, 
this work is most interested in geometric change, as vari-
ations in material or coolant tend to be trivial (since the 
lowest thermal resistance should always be chosen for the 
highest heat transfer rate, and balancing the weighted ben-
efits of these alterations is likely to be application-specific).

1.1  Cross‑Sectional Geometry

Traditionally, research was primarily focused on microchan-
nels with rectangular cross sections, but advances in analyti-
cal, numerical, and manufacturing techniques have made it 
possible to study a wide variety of cross sections.

A pool of mainstream microchannel research is focused 
on the rectangular cross section due to its simplicity of 
analysis and manufacture. In an overview of microchannel 
research performed by Adham et al. [2], 57 of the 65 works 
reviewed used solely rectangular cross sections, though it 
must be noted that often these studies were not specifically 
interested in cross-sectional geometry. Most studies use 
a single fixed geometry that differs from peers’ research, 
despite cross section being shown to have a consider-
able impact on microchannel performance. These studies 
also employ a wide range of flow rates and applied heat 

fluxes. Thus, drawing parallels between different studies is 
challenging.

Li and Peterson [3] researched a wide variety of rectan-
gular channel cross sections, ranging in width from 20 to 
200 µm and height from 100 to 400 µm. This allowed for 
a range of 40–140 channels per cm width, incrementally 
increasing by 20 channels per cm. The lowest thermal resist-
ance was observed at 120 channels per cm. This indicates 
that at some point, an increasing channel number density has 
adverse effects on the performance of the heat sink. An opti-
mum ratio between the microchannel width and center-to-
center channel spacing was found to be 0.7. The heat transfer 
rate was seen to be proportional to the aspect ratio of height/
width, meaning a tall but narrow microchannel is advanta-
geous. Further work in this area, including the optimization 
of these rectangular channels, can be seen in studies such 
as Husain and Kim [4], Wang et al. [5], and Wang et al. [6].

The heat transfer capabilities of differing cross sections 
have also been investigated and compared in detail. Tri-
angular and trapezoidal cross sections, for example, have 
been studied by Li et al. [7], leading to the conclusion that 
the trapezoidal cross section was the superior of the two. 
Similarly, hyper elliptical and regular polygonal cross sec-
tions were investigated by Tamayol and Bahrami [8]. Fur-
thermore, hexagonal, circular, and rhombic cross sections 
have been studied by Alfaryjat et al. [9]. Finally, a study 
by Tilak and Patil [10] investigated and compared a wide 
variety of differing cross sections. A significant difference 
was observed in channel wall temperatures and convective 
heat transfer coefficients due to the differences in cross-sec-
tional geometry. In general, the cross section can be varied 
to increase the heat transfer rate, but this is accompanied by 
an increased pressure drop, leading to an increased required 
pumping power that would ideally be minimized.

1.2  Streamwise Geometric Variation

Although the cross-sectional area is an important factor in 
the performance of heat sinks, other geometric factors can 
also alter performance significantly. How the channels vary 
throughout their length, for example, is also seen to be an 
essential factor.

Chai et al. [11] demonstrated periodic variance in the 
cross section led to reduced thermal resistance, especially 
at higher pumping powers when comparing microchannels 
with uniform cross sections to two designs with periodically 
expanding and contracting cross sections.

Similar periodic designs have also been tested by Ghae-
damini et al. [12], Chai et al. [13], Zhai et al. [14], and Xia 
et al. [15]. In general, these studies also observed an increase 
in heat transfer from the periodically varying microchan-
nels with only slight increases in pressure drop. Ahmed 
et al. [16] investigated both the frequency and symmetries 
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of these periodic designs. It was seen that an increase in 
the frequency of these expansions did not always lead to an 
increase in performance attributed to complex microscopic 
eddy interactions. Instead, a higher heat transfer rate was 
reported when geometries exhibited greater symmetry. The 
asymmetric motion of eddies typically resulted in lower heat 
transfer values, and thus, the highest heat transfer values 
were seen in channels with axially symmetric variances in 
geometry.

Similar microchannel designs have also been investigated 
by Sui et al. [17], who specifically investigated wavy micro-
channels. These channels keep a fixed cross section, instead 
of a periodically increasing and decreasing one, but their 
path in plan-view varied sinusoidally. These designs were 
tested with varying amplitudes and frequencies, with others 
having varying frequencies throughout their length. Heat 
transfer rates were observed to increase with increasing fre-
quency. This effect was attributed to the formation of Dean 
vortices, leading to chaotic advection, enhancing the convec-
tive heat transfer in the microchannel. It was also noted that 
the amplitude and frequency of this process could be varied 
along the length of the channels to cool possible regions of 
higher heat flux appropriately, mitigating hot spots. How-
ever, like other designs, a noted pressure drop penalty was 
associated with the design and increased with frequency.

Wavy microchannels have been further considered in 
research by Mohammed et al. [18], Gong et al. [19, 20], 
Rostami et al. [21], and Foo et al. [22]. In general, these 
structures have been researched. Yet, little attempt has been 
made to compare their performance to other commonly seen 
design options or to optimally choose geometric parameters 
over a wide range of operating conditions.

1.3  Additional Geometric Features

Since the introduction of vortex generators in macroscopic 
systems to increase heat transfer performance by Johnson 
and Joubert [23] in 1969, numerous studies have also imple-
mented vortex generators into microchannel systems. Liu 
et al. [24] experimentally investigated longitudinal vortex 
generators at various angle attack inflows of different Reyn-
olds numbers. It was clearly shown that the critical Reynolds 
number for turbulent flow was decreased significantly from 
approximately 2300 down to 600–730 when the vortex gen-
erators were used. The heat transfer performance increased 
in laminar flows by 9%–21% and 39%–90% in turbulent 
flows. These had significantly associated pressure drop 
drawbacks. Turbulent structures were also noted far lower 
than typical Reynolds numbers for internal channel flow by 
Chen et al. [25].

The arrangement and angle of attack of these longitu-
dinal vortex generators have also been investigated, for 
example, in the work of Datta et al. [26] or Zhang et al. 

[27]. Generally, the optimum angle of attack to a greater 
extent depends on the Reynolds number, with a decreased 
angle of attack becoming more suitable at higher Reynolds 
numbers.

1.4  Research Question

A wide variety of suggested design improvements have 
been made to microchannels since their inception. Still, 
nearly all research resides in a low volume of design 
options compared to a straight rectangular microchannel. 
Although this provides an easy comparison to this typi-
cal design baseline, nearly all studies use a wide range of 
boundary conditions, geometric feature sizes, and differ 
in coolant and solid material choice, leading to a nearly 
impossible comparison between the designs proposed in 
individual research papers. If any of these designs were to 
be considered for use in any given application, it would be 
difficult to compare these designs; thus, extensive research 
would be required to address the issue, perhaps excluding 
simple variances in cross-sectional geometry.

With precisely that in mind, the purpose of this research 
is to investigate a wide variety of possible microchannel 
designs, identifying those designs that provide the high-
est heat transfer rate, and then examine these designs in 
greater depth, optimizing their geometry to suit specific 
applications. These designs are first considered in gener-
ality but are also more deeply considered for piezoelec-
tric ceramic stack cooling applications. This application 
differs from much existing research as these systems can 
usually achieve higher Reynolds number flows than is typi-
cal, affording higher pressure drops since they are not as 
strictly constrained regarding pump sizes.

2  Methodology

2.1  Governing Equations, Problem Statement, 
and Simulation Setup

The analysis of the microchannel designs is investigated 
numerically using three-dimensional conjugate heat trans-
fer computational fluid dynamics using OpenFOAM. This 
allows for the numerical computation of the flow field 
variables and the computation of the heat transfer rates 
and temperature field within the system's solid and fluid 
domains. This computational approach allows for the com-
parison of a wide variety of designs. In addition, the large 
data sets generated by this technique also allow for a thor-
ough comparison of these different designs.
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2.1.1  Governing Equations and Their Discretization

As this research primarily focuses on optimizing the chan-
nel geometry, the working fluid is set as water for simplic-
ity. Considering the operating conditions, the flow can be 
assumed to be incompressible. Assuming water is a Newto-
nian fluid and ignoring contributions due to gravity leads to 
the following form of the continuity and momentum equa-
tions in differential form:

where u(t, x) is the velocity field, P(t, x) is the pressure field, 
μ is the dynamic viscosity of the fluid, and ρ is the density 
of the fluid.

As the flow is considered to be incompressible, the energy 
equation becomes decoupled from the momentum equation 
in the fluid domain:

where T(t, x) is the temperature field, k is the thermal con-
ductivity of the fluid, Cv is the specific heat capacity of the 
fluid at constant volume, and ρ is the fluid density.

The energy equation in the solid domain is given by the 
heat equation:

where, T(t, x) is the temperature field within the solid 
domain, ρ is the density of the solid, C is the specific heat 
capacity of the solid, and k is the thermal conductivity of 
the solid.

To solve this system of equations as a boundary value 
problem, the system is discretized using the finite volume 
method. The finite volume method considers an arbitrary 
conserved property. Thus, when its conservation equation 
is transformed using Gauss’ Divergence Theorem, it can be 
applied to a substantial number of control volumes divided 
throughout the problem domain.

The time-averaged equations form of the equations can 
then be discretized using a variety of different numerical 
schemes. In this analysis, the cell-limited least squares 
schemes are employed to solve the gradient terms, whereas 
the bounded Gauss upwind scheme is used to solve the diver-
gence terms, and a Gauss linear limited corrected scheme 
is used for the Laplacian terms. Where applicable, smooth 
solvers are employed to solve for velocity, enthalpy, internal 
energy, turbulent kinetic energy, dissipation rate, and spe-
cific dissipation rate. In addition, geometric agglomerated 
algebraic multigrid solvers were used in solving for den-
sity and pressure terms, and the preconditioned conjugate 

(1)∇ ⋅ u = 0

(2)�
(
�tu + (u ⋅ ∇)u

)
= −∇P + �∇2u

(3)�Cv

(
�tT + u ⋅ ∇T

)
= k∇2T

(4)�C�tT = k∇2T

gradient solver was used to solve for the enthalpy in the 
solid.

2.1.2  Problem Statement and Boundary Conditions

Regardless of the geometric changes investigated, the prob-
lem statement and boundary condition types stay the same. 
For example, a typical domain consists of many identical 
channels cut into a solid body. The domain can be reduced 
to a single channel to reduce the computational cost, as illus-
trated in Fig. 1, using a symmetry boundary condition on 
each dividing wall.

The channel is assumed to be heated from underneath, 
and thus a fixed flux heat source is applied to the bottom sur-
face of the domain. The top surface of the domain is assumed 
to be accessible to ambient conditions. Thus a derived heat 
flux boundary condition is applied, specifying the ambient 
temperature of the room and a low convection coefficient. 
The inlet to the fluid domain is a uniform velocity inlet set 
to ambient temperature, and the outlet is a pressure outlet. 
Because the flow is assumed to be incompressible and thus 
the pressure is decoupled from the temperature, this pres-
sure outlet serves only as a system reference pressure. The 
interfacial surfaces between the fluid and solid domains are 
designated as coupled interfaces, allowing energy to pass 
through them. The interfacial walls of the fluid domain are 
also set to have a no-slip condition to model viscous effects 
at the wall. Finally, the front and rear walls of the solid 
domain are set as adiabatic regions to ensure they do not 
contribute to the overall heat transfer, isolating the effects 
of the microchannel itself. These boundary conditions have 
been summarized in Fig. 2.

Since geometric changes are of most interest, the solid 
and working fluid properties are kept constant. These are 
shown in Table 1.

Fig. 1  Schematic of a system of microchannels highlighting the com-
putational domain
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2.1.3  Meshing

The domain mesh was formed using a tetrahedral and hexa-
hedral hybrid mesh, where hexahedral cells were used to 
refine the boundary layer region at the walls of the fluid 
domain. The mesh is generated by choosing minimum speci-
fied edge lengths in both the fluid and solid domains. The 
boundary layer region is then specified, setting the initial 
layer’s relative thickness, number of layers, and growth rate. 
The growth rate in the solid region is then set such that the 
area of the cell face at either side of the coupled solid–fluid 
interface is approximately equal, allowing for better con-
vergence with respect to energy transfer. The level of mesh 
refinement was iteratively increased for many different 
geometries until mesh independence was achieved. Deemed 
as such, the relative difference between mesh iterations of 
important system variables such as maximum temperature 
and maximum flow velocity and pressure was negligible. 
This level of mesh refinement was then applied to all subse-
quent simulations. The simulation's solution accuracy was 
also monitored using residuals of velocity, pressure, and 
convection coefficients, iterating the time-averaged solution 
until all of these residuals plateaued and remained at a mini-
mum value. An average mesh for the domains discussed, all 
14 mm in length, 650 μm in height, and widths Δy ranging 
between [11.25, 450] μm, contained approximately 3 mil-
lion computational cells. A typical cross section of a mesh, 
normal to the streamwise velocity component, is depicted 
in Fig. 3.

2.1.4  Data Collection

Time-averaged solution fields were analyzed using Para-
View. This allowed for rendered images of solution fields 
and the exportation of numerical data sets to be evaluated 
in MATLAB. In monitoring the performance of each micro-
channel design, several standard values were recorded at 
constant locations in the geometry. These included tem-
perature and velocity maxima and minima within the dif-
ferent subdomains and maximum and minimum pressures 
in the fluid domain to calculate the pressure drop across the 
system.

The rate of heat transfer to the coolant, Q̇ is given by,

where ṁ is the mass flow rate and Cp is the specific heat 
capacity at constant pressure. Tfin and Tfout   are the fluid inlet 
and outlet temperatures, respectively.

The convective heat flux is given by,

where Aconv is the area over which convection takes place, 
i.e., the surface area of the channel walls.

The thermal resistance of the channel is,

where ΔTmax is the maximum temperature difference 
between the solid bottom wall and the fluid and Ab is the 
area of the base of the solid.

As is highlighted later in the Results and Discus-
sion, comparing different performance measures that are 

(5)Q̇ = ṁCp

(
Tfout − Tfin

)

(6)q̇conv =
Q̇

Aconv

(7)R =
ΔTmax

qconvAb

Fig. 2  Boundary conditions of the computational domain

Table 1  Properties of the solid and fluid domains as used in the simu-
lations and preceding calculations

Domain Density, �
(kg/m3)

Thermal conduc-
tivity, k (W/mK)

Specific heat 
capacity, Cp (J/
kg K)

Solid (copper) 8960 401 385
Fluid (water) 997 0.6 4180

Fig. 3  A typical computational mesh is shown at the front face of the 
geometry. The detailed view on the right shows the boundary layer 
cells and their growth from the wall
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normalized by area terms, such as the convective heat flux 
and thermal resistance, do not always correlate to the best 
performing microchannel, i.e., the channel which maintained 
the lowest temperature when subjected to the same applied 
heat flux source. This is due to the wide disparity in surface 
area values for the different geometries. In a similar sense, 
the heat transfer rate was also not a sufficient measure since 
this did not properly scale with the channel number density 
when analyzing the entire system. Thus, performance was 
measured mainly using a relative average base temperature 
decrease, defined for each geometry j as follows:

where T  refers to the average temperature, the ref subscript 
denotes the reference geometry for the study, and b denotes 
the property value at the base of the domain, i.e., the surface 
in contact with the heat source. In short, this value would 
express a percentage increase in performance as seen in a 
drop in average base temperature. When applied with the 
symmetry boundary conditions, this automatically scales to 
a system with many channels.

The Reynolds number in this application is chosen to be:

where DH is the hydraulic diameter of the channel, and U is 
the inlet velocity.

2.2  Variation in Channel Width

As seen from Li and Peterson [3], a tall but narrow channel is 
advantageous in heat transfer, but to some degree, making the 
microchannel narrower results in a decreased performance. 
Precisely, microchannel widths were tested between 5 and 
200 μm, keeping a fixed channel height of 100 μm and keeping 
the ratio between the channel width and the center-to-center 
channel spacing constant at a value of 4/9. Channel length was 
also fixed at 14 mm (Table 2). Therefore, testing this range of 
widths assesses the feasibility of modern manufacturing meth-
ods and their suitability to these devices within this operating 
window [28–31].

A fixed flowrate was imposed on the system, leading to an 
inlet velocity of 10 m/s for all geometries. It can be seen from 
imposing continuity that the inlet velocity stays constant for 

(8)(T
+
)j =

Tj,b − T ref,b

T ref,b − Tambient

× 100%

(9)Re =
�UDH

�

the different geometries since neither the height of the chan-
nel nor the channel width to center-to-center channel spacing 
ratio changes with this change in width. Thus, as the width 
decreases, more channels would fit in the system, and the total 
channel cross-sectional area is conserved. The reference geom-
etry for the average base temperature decrease, T

+ was chosen 
to be a channel 200 μm in width. Considering the channel 
widths and flow rates, the Reynolds number for these simula-
tions varies between 107 and 1498, and thus laminar flow can 
be assumed for these straight channels.

2.3  Streamwise Geometric Variation and Other 
Features

A wide variety of different channel geometries appear in the 
literature, but few are compared to anything but a straight 
microchannel. Several standard channel classes are compared 
and discussed below, maintaining the channel width and height 
at 200 μm and 100 μm, respectively. The reference geome-
try in all cases is a straight rectangular geometry, 14 mm in 
length (Table 3).

(1) Contraction and expansion channels
  These channels, which periodically expand and con-

tract, have featured in several studies, including those 
of Chai et al. [11] and Ghaedamini et al. [12]. Addition-
ally, geometric contractions and expansions outer walls 
and channel center were tested. This channel class has 
been denoted with an “SP” label in the results and is 
demonstrated in Fig. 4.

(2) Sinusoidal channels
  These channels maintain a fixed channel width, 

with the entirety of the section varying periodically. 
Adjusting the amplitude and frequency of the channel 
results in an alteration of the flow fields and thus the 
heat transfer rate. These channels have been denoted by 
an “Sx-y” label where x refers to the frequency and y 
refers to the sine wave’s amplitude. For example, “S10-
0.075” represents a channel with a spatial frequency 

Table 2  Fixed dimensions 
and boundary conditions for 
the variation in channel width 
simulations

Channel length (mm) Inlet velocity (m/s) Inlet temperature (K) Applied heat flux 
(W/m2)

14 10 293 250,000

Table 3  Fixed dimensions and boundary conditions for the stream-
wise geometric variation simulations

Inlet cross 
section 
(mm × mm)

Channel 
length (mm)

Inlet veloc-
ity (m/s)

Inlet tem-
perature (K)

Applied heat 
flux (W/m2)

0.2 × 0.1 14 10 293 250,000
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of 10  mm−1 and an amplitude of 0.075 mm. Similar 
channels are also tested but with sharper corners than 
the sinusoidal channel. These “zig-zag” channels are 
represented by a “ZZ y” label, where y is the chan-
nel's amplitude in mm. A sample of these geometries 
is shown in Fig. 4.

(3) Vortex generators
  Although significant effort has gone into investi-

gating vortex generators in microchannels, their per-
formance impact relative to other types of geometric 
variation is of interest. Hence, a single vortex genera-
tor design was tested. The geometric parameters of the 
vortex generators were chosen to be close to those of 
Ebrahimi et al. [32]. These vortex generator geometries 
have been denoted by a “VG” label. An example of this 
is shown in Fig. 4.

The Reynolds number for these channels is approximately 
1500. However, laminar flow cannot be assumed since turbu-
lent structures have been noted experimentally at Reynolds 
numbers less than this in similar geometries [24, 25]. Thus 
the k-ω SST model has been used for these simulations.

2.4  Sinusoidal Optimization

Following the results of Sect. 2.3, the sinusoidal channels 
were seen to have the most significant potential for high 
heat transfer rates, exhibiting the highest heat fluxes and 
lowest base temperatures of those geometries tested. Thus, 

the performance impact due to changing the sinusoid’s geo-
metric parameters is of interest, and ultimately, the choice 
for these parameters is optimal for any given application.

To do so, minimizing the number of free variables and 
thus choosing to keep the width and height of the channels 
constant is preferential. These were selected as 35 μm and 
100 μm, respectively. The analysis of Sect. 2.2 showed that 
the pressure drop increases significantly once the width of 
the channel drops below a value of approximately 25 μm. 
Thus the optimization is performed at 35 μm to gain fur-
ther performance while avoiding the region of high-pres-
sure growth. To keep the pressure drop reasonable and a 
high channel height to width ratio recommended by Li and 
Peterson [3], the height of the channel is fixed at 100 μm. 
Constraining these factors leads to a constant Reynolds num-
ber of 580 for all tested geometries, based on the hydrau-
lic diameter of the channel, meaning laminar flow can be 
assumed.  These dimensions and boundary conditions are 
summarised in Table 4.

The channel can be parameterized, with the wall of the 
channel being described by the function F(z) = Asin(fz) , 
where z is the coordinate that runs along the length of the 
channel. The wavelength of this curve can be related to the 
spatial frequency f through � = 2π∕f .

To achieve an optimization process, the values of cer-
tain performance variables, such as the average base tem-
peratures and pressure drops, are derived as functions of 
the spatial frequency f and channel wall amplitude A. These 
properties can be thus described as a set of surface func-
tions on an orthogonal basis ⟨A, f ⟩ and thus by choosing a 
suitable discretization of the {A, f } space, the problem is 
reduced to a series of surface interpolation problems. Here 
⟨A, f ⟩ is the natural basis choice for this surface interpolation 
problem. By examining the limits as A and f independently 
tend to zero, the channel wall function tends to a straight 
line of slope zero, i.e., the straight microchannel, which is 
the reference geometry. Thus, any geometry along the A and 
f  axes is purely a straight microchannel, giving boundary 
conditions to the problem. Choices of particular geometry, 
referencing a single point (A, f ) , can be chosen iteratively 
as the output variables of each simulation are monitored. 
So, by setting an upper allowable pressure drop limit on the 
system, the domain of interest is reduced to that shown by 
the extremities of the tested geometries in Fig. 5. This cut-off 
can be done since the pressure drop is expected to increase 

Fig. 4  A selection of the channel geometries tested, showing the 
internal channel as represented by the fluid domain, labeled as per the 
descriptions of Sect. 2.3

Table 4  Fixed dimensions and boundary conditions for the sinusoidal 
optimization simulations

Inlet cross 
section 
(mm × mm)

Channel 
length (mm)

Inlet veloc-
ity (m/s)

Inlet tem-
perature (K)

Applied heat 
flux (W/m2)

0.035 × 0.1 14 10 293 250,000
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monotonically with increased A and f  , at least at relatively 
large values of A and f  . The specific value of this pres-
sure drop cut-off was chosen to be close to that of a straight 
channel that produced similar heat transfer rates, albeit at 
a reduced channel width. This was done because a straight 
channel is likely desirable unless the sinusoidal channel can 
significantly improve performance. Geometries (A, f ) can 
then be chosen within this domain to achieve a desired level 
of smoothness in the surface interpolations. These surfaces 
can then be used to find an optimal geometry for a given 
application in multiple ways, two of which are considered 
in the results. The resultant geometries chosen through this 
process are shown in Fig. 5. A selection of these geometries 
in physical space are shown in Fig. 6 for reference.

In addition to taking a black-box approach by purely mon-
itoring output variables, the flow fields are also considered 
to gain insight into the physics of the problem, attempting to 
correlate the features of the surface plots with the observed 
flow mechanisms.

3  Results and Discussion

3.1  Variation in Channel Width

The results shown in Figs. 7 and 8 quite clearly show that 
although the average base temperature continues to decrease 
as the width decreases, it is accompanied by a very rapid 
increase in the pressure drop as the width drops below 
around 25 μm. This is a key finding, as for applications 
with extremely high cooling requirements (Table 5), purely 
decreasing the channel size is insufficient as a means to keep 
increasing the heat transfer rate. This indicates that choos-
ing the smallest channel width is not necessarily beneficial 
if smaller feature sizes can be achieved. Thus, it creates an 
opportunity for performance gains using other geometric 
features such as vortex generators.

3.2  Streamwise Geometric Variation and Other 
Geometric Features

Comparing the results of the simulations, it is clear that there 
are discrepancies between the different performance meas-
ures shown in Table 6. With this in mind, it is assumed that 
the system's goal is to minimize the temperature of the heat 

Fig. 5  {A, f } plane showing each of the geometries tested in the opti-
mization. Each point (A, f ) represents a different geometry

Fig. 6  Internal geometry of a selection of tested channels, shown in 
cross section with approximately 10% of the channel length in view. 
Fluid domain (blue), solid domain (gray)

Fig. 7  Pressure drop across the system at varying channel widths
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source, i.e., the temperature of the medium assumed to be in 
contact with the base of the domain. Thus, the average base 
temperature is seen as the primary indicator of performance. 
The results show how measures normalized by surface areas 
can be misleading. As changes in geometry occur, multiple 
geometries exhibited higher heat fluxes or lower thermal 
resistances than the sinusoidal and zig-zag channels, which 
were the channels that obtained the lowest average base 
temperatures. This is important to note, as many studies do 
not use temperature-based measures and rely solely on heat 
transfer rates or thermal resistances when analyzing the per-
formance of microchannels.

Figures 9 and 10 show the velocity and temperature fields 
within a cross section of each channel. The temperature of 
the fluid and surrounding solid, in particular, can be easily 
compared between different geometries. Notably, the chan-
nel wall temperature varies significantly between channels, 
with the sinusoidal channels having the coldest channel wall 
temperatures.

Sinusoidal channels were seen to show the highest heat 
transfer performance exhibiting low average base tempera-
tures and low thermal resistances relative to the other geom-
etries tested (Table 6). In particular, the relative average base 
temperature decrease, T

+ increased by around 36% for the 
best performance of these geometries relative to the straight 
microchannel reference (Eq. 8). They did, however, indicate 
a high-pressure drop relative to the straight channel. Increas-
ing the sinusoid amplitude was seen to lower the average 
base temperature and increase the pressure drop further. 
Superior heat transfer can be attributed to an increased con-
vective surface area and a higher thermal energy diffusion 
rate observed in the concave regions near the channel wall. 
This higher thermal diffusion rate is evident in examining 
Fig. 11, where an increased temperature is observed in the 
large separation regions of low-velocity fluid. This low-
velocity, high-temperature fluid is then forced to mix with 
the high-velocity stream by the sinusoidal geometry. Zig-zag 
channels were seen to produce similar performance levels as 
the sinusoidal channels, outlined by the average base tem-
peratures in Table 6, but at an increased pressure drop due 
to the sharpened extrema.

Expansion and contraction geometries lowered the aver-
age base temperature relative to the straight geometry. How-
ever, the pressure drop increased moderately compared to 
that of the sinusoidal geometries, and thus this channel class 
may be best in applications where lower applied heat fluxes 
exist. A disadvantage of these geometries is that the inlet 
cross section must typically be sizable compared to other 
channel classes for fixed minimum feature size, leading to a 
relative reduction in performance. This is clear when applied 
to design SP4. Here the average base temperature was higher 
than that of the rectangular design, but the pressure drop was 
also decreased relative to other channels.

The use of vortex generators decreased the average base 
temperature, but a significant pressure drop was incurred 
relative to the increased heat transfer. Large separation 
regions manifested behind the vortex generators, as indi-
cated in Fig. 12, and these regions distorted the tempera-
ture field within the channel as intended. The heat transfer 
was increased relative to the straight channel by an amount 
similar to the experimental readings of Liu et al. [24], with 
the average base temperature decreasing by around 20%. 
The pressure drop appeared greater than predicted by the 
work of Ebrahimi et al. [32]. Therefore, this is indicative of 
the performance sensitivity of these devices relative to their 
operating conditions.

At the working conditions of interest, the sinusoidal chan-
nels are seen to perform the best of the designs tested. These 
channels also have the distinct advantage of minimizing the 
width of the channel for a given minimum feature size. The 
large pressure drops associated with these geometries can 
be reduced by increasing the channel's height or decreasing 

Fig. 8  Average base temperature decrease at varying channel widths

Table 5  Numerical results of the channel width variation simulations

Channel 
width 
(μm)

Reynolds 
number

Avg. base 
temperature 
(K)

q̇base(kW/m2) Pressure drop 
(kPa)

200 1498 296 212 530.414
100 1124 295.2 229 994.523
50 750 295 234 1,815.865
35 583 294.8 238 2,553.361
25 449 294.7 241 3,807.584
10 204 294.4 247 15,287.55
5 107 294.1 144 57,216.68
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the sinusoid's amplitude. The amplitude and frequency of the 
sinusoid need not be constant throughout the length of the 
channel and thus can be varied to address hot spots. Varying 
the amplitude and frequency throughout the channel’s length 
could also be used to increase cooling performance near the 
exit of the channel where the temperature difference between 
the coolant and solid has decreased.

Table 6  Numerical results 
of the streamwise geometric 
variation simulations

Geometry Avg. base temp. 
(K)

Q̇(W) q̇conv(W/m2) R(K/W) Pressure drop (kPa)

S0.2 × 0.1 296 1.333 158,690 3.745 222.37
SP1 295.9 1.359 165,328 8.092 668.97
SP2 295.6 1.417 179,822 6.729 969.71
SP3 295.3 1.367 188,292 6.705 1747.48
SP4 296.3 1.717 132,689 3.699 454.24
S10-0.075 295.2 1.467 167,466 2.891 1697.17
S10-0.12 294.9 1.525 164,534 2.605 3670.76
ZZ 0.075 295.2 1.55 176,941 2.436 2791.15
VG 1 295.4 1.381 164,515 7.283 1829.60

Fig. 9  Scalar velocity field normalized by the inlet velocity shown 
for each tested geometry, viewed in cross section from above. Flow 
moves from left to right as indicated by the arrows. Channel length: 
14 mm. Re = 1500

Fig. 10  The temperature field is shown for each of the tested geom-
etries, viewed in cross section from above. Flow moves from left to 
right as indicated by the arrows. Channel length: 14 mm, Re = 1500

Fig. 11  Velocity (normalized by the inlet velocity)/ temperature of 
the fluid shown centered at x/L = 0.07 for geometry S10-0.12, viewed 
in cross section from above (flow from left to right). Re = 1500

Fig. 12  Wake of vortex generators as used in design VG1. Channel 
width: 0.2 mm, Re = 1500
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3.3  Sinusoidal Optimization

Examining the contour plots of the surface interpolations, 
the general trends for the pressure drop and the average base 
temperature decrease are observed. In general, the pressure 
drop increases with increased frequency and amplitude, with 
peak pressure drops incurred when both amplitude and fre-
quency increase (Fig. 13). That being said, the pressure drop 
increase is quite reasonable in proximity to the axes, and 
thus, not straying too far from a straight channel appears to 
be desirable.

A reasonably similar trend is observed for the average 
base temperature decrease (Fig. 14), with high-performing 
channels tending to correlate with a high-pressure drop. At 
fixed amplitude, the average base temperature decrease is 

seen to increase rapidly with increased frequency, exclud-
ing the region of poor performance at low frequencies and 
amplitudes, as shown in the dark blue area in Fig. 14. Nota-
bly, the average base temperature decrease begins to pla-
teau with increased frequency at lower amplitudes (seen in 
amplitudes less than 0.06 mm), meaning that increasing the 
frequency becomes less effective to gain performance at 
higher frequencies incurring a relatively large increase in 
pressure drop. An increase in amplitude is seen to shift these 
fixed amplitude curves closer to the amplitude axis such that 
the steep increase in performance occurs at lower spatial 
frequencies. Similar trends are observed in the alternate case 
where curves of fixed frequency are examined.

In general, equivalent changes in frequency or amplitude 
result in a similar output, and thus, choosing an optimal 
geometry from only these outputs is complex. This means 
that other approaches must be used to seek a path for further 
development or determine an optimal geometry.

As well as examining temperature changes, we can also 
approach the problem from a heat flux perspective. Given 
an arbitrary application, one can likely calculate the heat 
flux requirements of the cooling system needed. Thus, it is 
helpful to know the maximum heat flux that can be applied 
to each geometry. To do this, one must first prescribe a maxi-
mum allowable temperature for the system. If an 80ºC cut-
off is selected, then the maximum applied heat flux can be 
computed for each geometry. The surface interpolation of 
these values is shown as a contour plot in Fig. 15.

This maximum absorbable applied heat flux plot can be 
combined with the pressure drop contours to optimize for a 
given application. This is done by first calculating the heat 
flux emitted by the heat source, incorporating any desired 
safety factors. This heat flux would, in turn, correspond to 

Fig. 13  Contour plot of the natural logarithm of the pressure drop for 
a variety of geometries. Re = 580

Fig. 14  Contour plot of the avg. base temperature decrease T
+
 for a 

variety of geometries. Re = 580

Fig. 15  Contour plot of the maximum applied heat flux for a variety 
of geometries. Maximum allowable temperature: 80ºC. Re = 580
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a distinct contour on the maximum applied heat flux plot. 
This contour on the {A, f } plane can then be mapped to the 
pressure drop contour plot. The highest performance design 
can then be determined by computing this heat flux contour 
mapping, searching for the lowest possible pressure drop. 
Doing so achieves the lowest possible pressure drop while 
ensuring the heat flux requirements are met. This process 
can also be accomplished visually by considering a general-
ized optimization plot shown in Fig. 16.

If it is assumed that for each value of the maximum 
absorbable applied heat flux, there is a unique minimum for 

the pressure drop, then this process can be repeated for each 
heat flux in the domain to trace an optimal design curve in 
the {A, f } plane. This is depicted in Fig. 17 and represents the 
best choice of (A,f) for each maximum absorbable applied 
heat flux between 5690 and 6510 kW/m2, as indicated by 
the contours. The optimal choice in this range tends to stay 
close to an amplitude of 0.04 mm as the frequency increases 
to increase the maximum heat flux. Given that there was no 
clear choice between varying amplitude and frequency based 
on the analysis of Figs. 13 and 14, this is an intriguing result.

When applied to a case study, improvements due to these 
sinusoidal channels can be considerable. For example, the 
discussed optimization strategy for sinusoidal channels, i.e., 
Fig. 17, was implemented to cool piezoelectric ceramics 
used in a nanomanufacturing method, where a known heat 
flux was emitted from the ceramics. Using this value as the 
maximum applied heat flux, the pressure drop was decreased 
by 79% due to using the optimal sinusoidal channel relative 
to the straight rectangular channel geometry, which pro-
duced the same heat flux. Importantly, this was also achieved 
with the sinusoidal channel having a larger minimum feature 
size, 35 μm, compared to the straight channels’ minimum 
feature size of 10 μm (this reduced minimum feature size of 
the straight channel was needed to be able to meet the heat 
flux requirement).

Another route to find an optimized channel geometry 
and assess the relationship between the pressure drop 
and the average base temperature more closely is to con-
sider the ratio of these properties (Fig. 18). Here, a high 
value for this ratio is desirable since it signifies that the 
relative cooling gain is greater than the relative pressure 
drop incurred. It is evident that the highest performance 

Fig. 16  Generalized optimization plot. Maximum allowable tempera-
ture: 80 ºC. Re = 580

Fig. 17  Optimal geometry choice for each maximum applied heat 
flux between 5690 and 6510  kW/m2 whereby the system pressure 
drop is minimized for each value. Maximum allowable temperature: 
80ºC. Re = 580

Fig. 18  Contour plot showing the average base temperature decrease 
to pressure drop ratio for a variety of geometries. A high value will 
exhibit a high-performance efficiency. Re = 580
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efficiency occurs in the red region at high frequencies and 
low amplitudes, low frequencies and high amplitudes, or 
at medium levels of both frequency and amplitude. It is 
also clear that performance efficiency typically increases 
with increased amplitude and frequency (at least exclud-
ing the blue region of low efficiency) until a maximum is 
reached, but the efficiency then decreases with increased 
amplitude and frequency.

By examining the flow fields for all geometries, it is 
seen that this reduction in efficiency can be ascribed to 
flow separation. As the amplitude and frequency increase, 
the radius of curvature at the inner wall decreases, and at a 
critical value, the flow begins to separate at the outer wall. 
The onset of this flow separation is shown in Fig. 19. An 
example of more extreme flow separation can be seen in 
Fig. 11. This flow separation contributes significantly to 
the system losses resulting in a rapid increase in the pres-
sure drop once flow separation has occurred.

Generally, three main factors contribute to the perfor-
mance and efficiency of the sinusoidal microchannels–con-
vective surface area, flow separation, and the strength of 
the secondary flow mechanisms.

The convective surface area increases significantly as 
the amplitude and frequency increase, leading to increased 
heat transfer. This relates directly to the arc length of the 
sinusoid, s, which can be computed numerically by evalu-
ating the following integral:

where the space coordinate z runs down the length of the 
channel.

(10)s =

L

∫
0

√
1 + (Af )2 cos2 (fz)dz

Importantly, this is independent of the base area of the 
channel for these sinusoidal channels. This can be seen by 
considering the integral describing the base area of the 
channel, where Δw is the channel width:

This also shows that the channel number density is inde-
pendent of amplitude and frequency and thus is purely a 
function of the channel width and center-to-center channel 
spacing.

Amplitude and frequency changes also increase the 
strength of secondary flow mechanisms. In particular, 
increasing the amplitude and frequency of the sinusoid 
reduces the radius of curvature at the extrema, giving rise 
to Dean flow due to the increased centripetal acceleration. 
Due to these secondary flow mechanisms, this induced 
rotation within the fluid is seen clearly in the velocity 
vector fields of Fig. 20 near the top and bottom of the 
channel. These induced vortices are observed to grow 
and dissipate as the radius of curvature decreases and 
increases again, leading to distinct mixing as seen in the 
cross-sectional velocity vectors in Fig. 21. The strength 
of these mechanisms is seen to vary significantly with fre-
quency and amplitude, as indicated in Fig. 20, comparing a 
cross-sectional velocity vector plot for geometries (0.04,5) 
and (0.04,15). Indeed, an increase in the frequency of the 

(11)

L

∫
0

[
A sin (fz) + Δw

]
−
[
A sin (fz)

]
dz = ΔwL

Fig. 19  Dimensionless velocity field of geometries (0.06,25) and 
(0.06,15), showing the onset of flow separation induced by increased 
spatial frequency. The performance efficiency was reduced due to 
this separation, despite (0.06,25) exhibiting higher flow velocities. 
Re = 580

Fig. 20  Cross section of the channel, showing the spanwise velocity 
vector components, colored by their magnitudes, in this case, normal-
ized by the inlet velocity. Dean vortices are observed at the top and 
bottom of the channel. Re = 580
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channel by 10  mm−1 leads to an increase in the width-wise 
velocity magnitude by a factor of more than 6, despite the 
average fluid velocities being the same when streamwise 
components are additionally considered.

4  Conclusions

As the width of straight rectangular microchannels is 
decreased, large pressure drop penalties are incurred by the 
system leading to an increased pumping power to achieve the 
same flow conditions. The pressure drop increases at a rate 
considerably higher than the temperature-based performance 
gain, and thus these channels are highly inefficient at widths 
less than 25 μm at the operating conditions at tested operat-
ing conditions. This indicates that decreasing the channel 
width is often an inefficient design choice, and so other geo-
metric alterations are necessary to address applications with 
high cooling requirements.

Comparing a selection of microchannel designs that vary 
geometrically along their length, it was noticed that sinu-
soidally varying microchannels produced the highest per-
formance among those tested, exhibiting the lowest average 
base temperatures at the specified operating conditions. This 
performance can be ascribed to the large convective surface 
areas, increased thermal energy diffusion rates in regions of 
flow separation, and increased mixing due to the formation 
and dissipation of Dean vortices.

Geometric optimization of the sinusoidal channels was 
undertaken at channel width and height of 35  μm and 
100 μm, respectively. Decreases in performance efficiency 
due to high-pressure drop increase were observed at high 
channel amplitudes and spatial frequencies where flow sepa-
ration occurred. Thus, it can be concluded that the highest 
performance efficiencies are achieved when the channel is 
at the onset of flow separation and intermediate levels of 
amplitude and frequency. Based on the developed curves 
relating the heat flux, pressure drop, and channel geometry, 
the optimal choice of sinusoidal geometry is calculated at 
the tested operating conditions for any applied heat flux 
between 5690 and 6510 kW/m2. Unexpectedly, all the opti-
mal geometries in this region had amplitudes approximating 
0.04 mm, with increases in frequency being used to increase 
the heat transfer rate. In a case study of cooling piezoelectric 
ceramics, the optimized sinusoidal channel reduced the sys-
tem pressure drop by 79% compared to an equivalent straight 
channel, when a fixed heat flux requirement was imposed. 
This was achieved while maintaining a larger minimum fea-
ture size, showing the significant benefit of using sinusoidal 
microchannels and the utility in their optimization.

Acknowledgements This publication has emanated from research sup-
ported in part by a grant from Science Foundation Ireland (No. 15/RP/
B3208). The acknowledgment also goes to the “111” Project by the 
State Administration of Foreign Experts Affairs and the Ministry of 
Education of China (No. B07014).

Declarations 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Tuckerman DB, Pease RFW (1981) High-performance heat sink-
ing for VLSI. IEEE Electron Device Lett 2(5):126–129

 2. Adham AM, Mohd-Ghazali N, Ahmad R (2013) Thermal and 
hydrodynamic analysis of microchannel heat sinks: a review. 
Renew Sustain Energy Rev 21:614–622

Fig. 21  Dimensionless cross-sectional velocity field, with vec-
tors colored by magnitude, shown at successive intervals along the 
length of the channel. Mixing is seen due to the vortices at the top 
and bottom of the channel and more aggressively as the flow direction 
changes in cross section  5. Geometry: (0.04,15). Re = 580

http://creativecommons.org/licenses/by/4.0/


368 Nanomanufacturing and Metrology (2022) 5:354–369

1 3

 3. Li J, Peterson GP (2006) Geometric optimization of a micro 
heat sink with liquid flow. IEEE Trans Compon Packag Technol 
29(1):145–154

 4. Husain A, Kim KY (2008) Shape optimization of micro-chan-
nel heat sink for micro-electronic cooling. IEEE Trans Compon 
Packag Technol 31(2):322–330

 5. Wang ZH, Wang XD, Yan WM, Duan YY, Lee DJ, Xu JL 
(2011) Multi-parameters optimization for microchannel heat 
sink using inverse problem method. Int J Heat Mass Transf 
54(13–14):2811–2819

 6. Wang XD, An B, Lin L, Lee DJ (2013) Inverse geometric optimi-
zation for geometry of nanofluid-cooled microchannel heat sink. 
Appl Therm Eng 55(1–2):87–94

 7. Li Z, Tao WQ, He YL (2006) A numerical study of laminar con-
vective heat transfer in microchannel with non-circular cross-
section. Int J Therm Sci 45(12):1140–1148

 8. Tamayol A, Bahrami M (2010) Laminar flow in microchannels 
with noncircular cross section. J Fluids Eng 132(11):114502

 9. Alfaryjat AA, Mohammed HA, Adam NM, Ariffin MKA, 
Najafabadi MI (2014) Influence of geometrical parameters of 
hexagonal, circular, and rhombus microchannel heat sinks on the 
thermohydraulic characteristics. Int Commun Heat Mass Transfer 
52:121–131

 10. Tilak AK, Patil RS (2020) Study on effects of novel cross sec-
tions of microchannel heat sink on thermohydraulic performance. 
J Heat Transfer 142(4):044506

 11. Chai L, Xia G, Wang L, Zhou M, Cui Z (2013) Heat transfer 
enhancement in microchannel heat sinks with periodic expansion–
constriction cross-sections. Int J Heat Mass Transf 62:741–751

 12. Ghaedamini H, Lee PS, Teo CJ (2013) Developing forced con-
vection in converging diverging microchannels. Int J Heat Mass 
Transf 65:491–499

 13. Chai L, Xia GD, Wang HS (2016) Parametric study on thermal 
and hydraulic characteristics of laminar flow in microchannel heat 
sink with fan-shaped ribs on sidewalls–Part 3: performance evalu-
ation. Int J Heat Mass Transf 97:1091–1101

 14. Zhai YL, Xia GD, Liu XF, Li YF (2014) Heat transfer in the 
microchannels with fan-shaped reentrant cavities and different ribs 
based on field synergy principle and entropy generation analysis. 
Int J Heat Mass Transf 68:224–233

 15. Xia G, Zhai Y, Cui Z (2013) Numerical investigation of thermal 
enhancement in a micro heat sink with fan-shaped reentrant cavi-
ties and internal ribs. Appl Therm Eng 58(1–2):52–60

 16. Ahmed HE, Ahmed MI (2015) Optimum thermal design of tri-
angular, trapezoidal and rectangular grooved microchannel heat 
sinks. Int Commun Heat Mass Transfer 66:47–57

 17. Sui Y, Teo CJ, Lee PS, Chew YT, Shu C (2010) Fluid flow and 
heat transfer in wavy microchannels. Int J Heat Mass Transf 
53(13–14):2760–2772

 18. Mohammed HA, Gunnasegaran P, Shuaib NH (2011) Numerical 
simulation of heat transfer enhancement in wavy microchannel 
heat sink. Int Commun Heat Mass Transfer 38(1):63–68

 19. Gong L, Kota K, Tao W, Joshi Y (2011) Parametric numerical 
study of flow and heat transfer in microchannels with wavy walls. 
Jf Heat Transfer 133(5):051702

 20. Gong LJ, Kota K, Tao W, Joshi Y (2011) Thermal performance 
of microchannels with wavy walls for electronics cooling. IEEE 
Trans Compon Packag Manuf Technol 1(7):1029–1035

 21. Rostami J, Abbassi A, Saffar-Avval M (2015) Optimization of 
conjugate heat transfer in wavy walls microchannels. Appl Therm 
Eng 82:318–328

 22. Foo ZH, Cheng KX, Goh AL, Ooi KT (2018) Single-phase con-
vective heat transfer performance of wavy microchannels in macro 
geometry. Appl Therm Eng 141:675–687

 23. Johnson TR, Joubert PN (1969) The influence of vortex generators 
on the drag and heat transfer from a circular cylinder normal to an 
airstream.

 24. Liu C, Teng JT, Chu JC, Chiu YL, Huang S, Jin S, Dang T, Greif 
R, Pan HH (2011) Experimental investigations on liquid flow and 
heat transfer in rectangular microchannel with longitudinal vortex 
generators. Int J Heat Mass Transf 54(13–14):3069–3080

 25. Chen C, Teng JT, Cheng CH, Jin S, Huang S, Liu C, Lee MT, 
Pan HH, Greif R (2014) A study on fluid flow and heat transfer in 
rectangular microchannels with various longitudinal vortex gen-
erators. Int J Heat Mass Transf 69:203–214

 26. Datta A, Sanyal D, Das AK (2016) Numerical investigation of 
heat transfer in microchannel using inclined longitudinal vortex 
generator. Appl Therm Eng 108:1008–1019

 27. Zhang JF, Jia L, Yang WW, Taler J, Oclon P (2019) Numerical 
analysis and parametric optimization on flow and heat transfer of 
a microchannel with longitudinal vortex generators. Int J Therm 
Sci 141:211–221

 28. Zhou T, He Y, Wang T et al (2020) Algorithm of Micro-Grooving 
and Imaging Processing for the Generation of High-Resolution 
Structural Color Images. Nanomanuf Metrol 3:187–198

 29. O’Toole L, Kang C, Fang FZ (2020) Advances in Rotary Ultra-
sonic-Assisted Machining. Nanomanuf Metrol 3:1–25

 30. Fang FZ, Zhang X, Gao W, Guo Y, Byrne G, Hansen HN (2017) 
Nanomanufacturing- perspective and applications. CIRP Ann 
Manuf Technol 66(2):683–705

 31. Jia G, Li B, Zhang JF (2018) Influence of SiC surface defects 
on materials removal in atmospheric pressure plasma polishing. 
Comput Mater Sci 146:26–35

 32. Ebrahimi A, Rikhtegar F, Sabaghan A, Roohi E (2016) Heat trans-
fer and entropy generation in a microchannel with longitudinal 
vortex generators using nanofluids. Energy 101:190–201

Matthew McCormack received 
his B.E. degree in Mechanical 
Engineering from University 
College Dublin in 2021, com-
pleting research in the Centre of 
Micro/Nano Manufacturing 
Technology (MNMT-Dub-
lin).  His research interests span 
various areas of theoretical and 
computational fluid dynamics 
such as turbulence, flow insta-
bilities, and heat transfer. 



369Nanomanufacturing and Metrology (2022) 5:354–369 

1 3

Fengzhou Fang is a joint Profes-
sor and the director of Centre of 
Micro/Nano Manufacturing 
Technology (MNMT) at Tianjin 
University and University Col-
lege Dublin. He has been doing 
both fundamental studies and 
application development in the 
areas of optical freeform design 
and manufacturing, visual optics 
and bio-implants manufacturing, 
ACSM, ultra-precision machin-
ing and measurement benefiting 
a variety of industries in medical 
devices, bio-implants, optics and 
mold sectors. He is a Fellow of 

ISNM, AET, CIRP, and SME. 

Jufan Zhang is a lecturer/assis-
tant professor at University Col-
lege Dublin. His research inter-
ests include mechanism study 
and application of atmospheric 
pressure plasma machining, 
design and manufacturing of 
micro/nano functional surface 
structures, design and fabrication 
of geometrical optical waveguide 
system, innovative medical 
devices and bioimplants. He is 
the member of AET and ISNM. 


	Numerical Analysis of Microchannels Designed for Heat Sinks
	Abstract
	1 Introduction
	1.1 Cross-Sectional Geometry
	1.2 Streamwise Geometric Variation
	1.3 Additional Geometric Features
	1.4 Research Question

	2 Methodology
	2.1 Governing Equations, Problem Statement, and Simulation Setup
	2.1.1 Governing Equations and Their Discretization
	2.1.2 Problem Statement and Boundary Conditions
	2.1.3 Meshing
	2.1.4 Data Collection

	2.2 Variation in Channel Width
	2.3 Streamwise Geometric Variation and Other Features
	2.4 Sinusoidal Optimization

	3 Results and Discussion
	3.1 Variation in Channel Width
	3.2 Streamwise Geometric Variation and Other Geometric Features
	3.3 Sinusoidal Optimization

	4 Conclusions
	Acknowledgements 
	References




