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Abstract: Cooling of electronic components is of great importance currently. One of the most
important methods of integrated circuit cooling is the use of microchannel heat sinks. The aim of this
work is to analyze the cooling capacity of zigzag shaped microchannels. The heat exchange for four
different microchannels was tested depending on the flow rate of the cooling liquid (water) and the
temperature of the cooled element. The system of differential equations that describe fluid flow and
heat transport is presented in the paper. The equations were solved using the finite volume method.
The work showed that both the increase in the number of zigzag sections and the increase in the flow
velocity cause an increase in the flow resistance. In contrast, an increase in the temperature of the
cooled element causes a decrease in fluid viscosity, which results in a decrease in flow resistance.
From the point of heat exchange, both the increase in the number of segments, the flow rate, and the
temperature of the cooled element increase the cooling capacity of the microchannel. Research shows
that zigzag shaped microchannels are excellent cooling elements, especially for geometrically small
heat sources such as electronic components.

Keywords: heat transfer; cooling; convection; microchannel; zigzag shaped; laminar flow

1. Introduction

The cooling of electronics, in particular integrated circuits, has recently become of
particular importance [1]. Currently produced electronic devices move towards minia-
turization. At the same time, the number of transistors placed in integrated circuits is
constantly growing. This means an increase in thermal power and an increase in heat
flux density [2]. As a result, the excessive temperature of electronic devices is the main
cause of their failure. It is estimated that up to 55% of electronic device failures are caused
by this [3]. This makes it necessary to use more and more efficient cooling systems for
integrated circuits. In this way, the performance and reliability of electronic devices can
be improved.

Typically, cooling methods are divided into active and passive [1]. Passive systems
basically use natural convection, whereas active cooling systems use forced convection.
Therefore, active systems must be supplied with external energy to increase the heat
dissipation capacity. Of course, active cooling systems generally perform better. Ac-
cording to [4], free convection cooling systems can be used for heat flux densities up to
1.5 × 103 W/m2, forced air convection up to 1.5 × 104 W/m2, and forced liquid convection
up to 1.0 × 106 W/m2. Therefore, most methods of cooling high-power electronic devices
are developed based on active cooling.

Another division of cooling methods is based on the contact of electronics with the
coolant into methods with direct and indirect contact [1]. The simplest direct contact
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method is air cooling. It is used to cool low-power electronics [5]. Liquid may be used
instead of air. In this case, the cooled electronic device is immersed in a cooling liquid.
The method is called immersion cooling. The coolant used in this method should be
characterized by good thermal conductivity, high specific heat, and very poor electrical
conductivity [6]. Heat exchange can take place by free convection; however, proper forcing
of the flow can improve the cooling efficiency by about 50%. The method is widely used to
cool servers and data centers.

Another method of direct contact is spray cooling. In this method, the droplets
generated in the nozzle are directed to the surface of the cooled element. Droplets in
contact with the surface absorb heat from it and evaporate. In this case, the latent heat of
the phase change also increases the heat flux discharged from the surface of the cooled
element, resulting in very high cooling efficiency [7]. That is why the spray method is one
of the most effective cooling methods for high-power electronic devices. The evolution
of spray cooling is droplet electrowetting cooling. The main advantages of electrowetting
cooling include the fast response, hot spot cooling, and low energy consumption [8]. A
method similar to spray cooling is jet impingement cooling. The main difference is that jet
impingement cooling does not require droplet atomization [9].

Exemplary methods representing indirect contact coolant with the cooled element
are methods using a heat pipe [10] or a vapor chamber [11]. Both methods are based
on the use of the latent heat of the phase change. Heat is absorbed from the source,
the cooled element, by evaporation of the coolant. Then, the steam is condensed in a
condenser acting as a heat sink from which the heat is discharged to the outside. Heat
pipes are used for one-dimensional heat transfer, while the evaporation chambers are used
for two-dimensional heat transfer [1]. The solid–liquid phase change is also used to cool
electronics. PCM (phase-change materials) are usually used in combination with other
cooling techniques [12].

A very important method of indirect contact cooling is the use of microchannel heat
sinks. This method was proposed by Tuckerman and Pease for the first time in 1981 [13].
The method consists of the flow of the coolant through a series of parallel microchannels [14].
The small cross-section of the channels together with their large number results in a large
heat exchange surface. This allows a high value of heat flux density to be handled. In
addition, the method allows for good temperature uniformity in the cooling system.

Water was usually used as the coolant. However, the better thermal properties of metal
suspensions resulted in a growing interest in their use for heat exchange in microchannels.
The disadvantage of this type of suspension is the possibility of channel clogging, as well as
the lack of flow stability [14]. Therefore, it was proposed to use nanofluids, i.e., suspensions
of solid particles with dimensions of the order of nanometers [15]. Although nanofluids
used in the microchannels can improve cooling capacity, after a period of operation, the
deposition of nanoparticles leads to clogging of the microchannels, making them ineffective
and even damaging electronic devices [1].

A significant part of the research on the use of microchannels for refrigeration is
devoted to the shape of the channels. Most of the work concerns rectilinear micro-channels.
The simplest solutions are channels with a constant rectangular [13,16], trapezoidal [16,17],
triangular [16], or circular cross-section [18]. A comparison between these cross-sections
shows better thermal performance of rectangular and circular channels than trapezoidal
and triangular ones [16,18].

The second group consists of rectilinear microchannels with a variable cross-section.
Various structures are proposed, e.g., alternately converging and diverging microchan-
nels [19] with different ribs [20,21] or fans inside the microchannel [22]. A comprehensive
overview of these types of flow structures is provided in [14].

The third group of works is devoted to the study of microchannels with a constant
cross-section but non-rectilinear course of the channel. Gaikwad and Nalawade [23]
experimentally investigated heat transfer in straight and zigzag-shaped microchannels
with water as the cooling fluid. They observed that the heat transfer in zigzag microchannels
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increased from 58 to 88% compared to straight channels. At the same time, they observed
an increase in pressure drop from 22 to 35% compared to simple microchannels. Sui
and coworkers experimentally [24,25] and numerically [26] investigated flow friction and
heat transfer in sinusoidal microchannels with a rectangular cross-section. They used
water as a coolant. The test results showed that because of efficient mixing in sinusoidal
channels, the heat transfer efficiency is much better than in straight channels with the same
cross-sections. At the same time, the increase in pressure drop was much smaller than
the improvement in heat transfer. Wavy microchannels with a rectangular cross-sections
were examined by Sakanova et al. [27]. They analyzed water and three nanofluids as a
coolant. In the case of water as coolant, the wavy shape was clearly better. The higher
the amplitude and shorter the wavelength of the wave channel, the lower the thermal
resistance, especially for higher Reynolds number values. However, when nanofluids
were used as coolant, the effect of the wavy channels was unnoticeable and the wavy and
straight runs gave very similar cooling efficiency. This means that the use of nanofluids
in curved microchannels is not appropriate. Zhou et al. [28] studied numerically the flow
of water in similar wavy microchannels with a rectangular cross-section. By optimizing
the shape of the microchannel, they achieved a heat transfer improvement of 2.8 times
compared to the flow in a straight-line channel for flow with a high Reynolds number.
Mohammed et al. [29,30] examined numerically the influence of the microchannel shape on
the hydraulic and thermal performance. They analyzed straight, sinusoidal, zigzag, curvy,
and step-shaped microchannels. All microchannels had a rectangular cross-section, and
water was used as the coolant. The best thermal performance shows a zigzag microchannel.
The second place in terms of thermal quality is the curved microchannel, and the third is the
sinusoidal one. The step-shaped microchannel does not give much improvement in thermal
properties compared to the straight channel. Similar numerical simulations were performed
by Parlak [31] for straight, sinusoidal, and zigzag microchannels with a rectangular cross-
section. In contrast to [31–33] the results of this work indicate that the sinusoidal shape is
better than the zigzag shape. However, in [31], the influence of microchannel walls on heat
transfer was not taken into account. Only heat flow in water was considered, assuming
thermal insulation on the walls. All authors of numerical simulations assumed a known,
constant heat flux supplied to the system [23,29,31]. This allowed determination of the
temperature value but did not provide the possibility of determining how microchannels
affect the heat flux value.

The main purpose of this work is to check how the temperature of the heat source, the
shape of the microchannels, and the fluid velocity affect the heat transfer during cooling.
According to [29,30], zigzag-shaped microchannels are chosen. Fluid and heat flows were
studied using numerical simulations. As a result of the calculations, it was obtained that
with the increase in the flow rate of the coolant and with the increase in the temperature
of the heat source, the heat flux discharged with the coolant also increases. Increasing the
number of zigzag-shaped segments increases the cooling capacity of the microchannel.
This phenomenon is greatest for higher liquid flow velocities.

2. Materials and Methods

The main purpose of this work is to investigate the cooling of electronic components
using microchannel heat sinks. Analysis of the available literature [29,30] indicates that the
best thermal properties of microchannels with a non-linear course have the zigzag-shaped
microchannels. Therefore, heat sinks of this shape are studied in this work. The results
of [16,18] show that the rectangular or circular shape of the microchannel cross-section is
the best. Since it is difficult to make zigzag-shaped microchannels with a circular cross-
section, a rectangular cross-section was chosen for analysis. Such a cross-sectional shape
was investigated in works considering microchannels with a non-linear course [24–30].
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2.1. Microchannels Geometry

In this work, four types of microchannels were used: a straight channel and three with
the angles between each section modified separately. The straight channel was introduced
as the element by which the appropriate ranges of flows analyzed in zigzag channels
were selected. We established the flow rate for the straight microchannel with a specific
objective: to illustrate a scenario where heat removal from the solid surface is not optimized.
This baseline scenario was intentionally chosen to highlight a condition that is less than
ideal, with discernible room for improvement in heat transfer performance. By doing so,
we created a reference point against which the enhancements in heat transfer efficiency,
achieved through the introduction of zigzag modifications to the channel geometry, could
be quantitatively assessed. Figure 1a presents a dimetric view of the multi-channel shape.
Figure 1b presents the details of the single channel with the corresponding sizes used in
formulations. The dimensions used in the calculations are given in Table 1.
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The zigzag profiles were designed using the typical CAD based approach to construct
a solid using a leading line. The leading line was formed into a zigzag shape, and the
channel solid profile was created by dragging its envelope in a path’s preset direction and
shape. This ensures that the cross-section always has the specified width.
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Table 1. The dimensions used in the calculations.

Dimension (Figure 1b) Value (mm)

a 1
b 3
c 0.5
h 1
l 80

The process of creating the mesh for the CFD simulations in Ansys Fluent 2022
R1was conducted in accordance with standard procedures, without the use of any special
optimization techniques. A tetrahedral mesh was employed for both the flow and solid
domains, as this is a common choice due to its flexibility in representing complex geometries.
The domains were defined in the SpaceClaim 2022 R1 geometry drawing software, and
the same global settings were applied to both domains during the meshing step. The
grid element size was determined based on a prior convergence analysis using mass
balancing, which ensured adequate model accuracy (Figure in Section 2.4). The interface
between the domains was left at the default settings, allowing Fluent to manage the heat
exchange automatically.

For all calculated cases, it was assumed that the top and side faces defined symmetry
conditions. Inlets to channels were defined by the velocity vector normal to the inlet face,
and outlets were defined by a pressure condition specifying the absence of pressure jump
at the outlet and, thus, defined free channel discharge. For the sake of graphic clarity,
both drawings (Figures 1 and 2) show only the shape of the solid body, while the inner
void cavity was also modeled with an appropriately embedded flow space. Interface type
conditions were defined between the rigid solid and the body, defining the flow space,
which allowed heat transport between the fluid and the solid to be taken into account.
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The bottom face has a temperature boundary condition was defined (see Equation (10)).

2.2. Mathematical Model Assumptions

In order to develop a mathematical model, it is necessary to make appropriate assump-
tions. These are as follows:

• both the flow of fluid and heat transfer take place under steady state conditions;
• the working fluid is water, which is treated as an incompressible Newtonian fluid;
• fluid flow is caused only by pressure difference, and gravitational force is negligible;
• fluid flow is in a laminar regime;
• thermal expansion of the solid part of the heat exchanger is negligible;
• heat flow in a fluid is caused by convection and conduction;
• the energy dissipation due to viscosity is negligibly small;
• heat flow in a solid is caused by conduction;
• there are no internal heat sources;
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• radiation heat transfer is negligible;
• the influence of temperature on fluid density and viscosity is taken into account;
• the specific heat and thermal conductivities of the solid and fluid, and the density of

the solid are constant.

Due to the repeatability of identical microchannels (Figure 1), the entire heat exchanger
can be divided into repeatable segments. Each segment consists of half of the microchannel
and a solid surrounding it (Figure 2). The solid partition between the microchannels is
divided into two equal parts belonging to adjacent segments.

2.3. Model Equations

The entire element considered during the calculations can be divided into two regions:
a fluid region inside the microchannel and a solid region outside the microchannel.

The phenomena occurring in the fluid region are described by the equations resulting
from mass, momentum, and energy balances.

The general form of the fluid flow continuity equation resulting from mass balance is:

∂ρ f

∂t
+∇·

(
ρ f
→
v
)
= 0 (1)

where ρ f is the fluid density and
→
v its velocity. For an incompressible fluid, this equation

takes the following form:
∂vx

∂x
+

∂vy

∂y
+

∂vz

∂z
= 0 (2)

where vx, vy, and vz are the components of the velocity vector in the directions of the
coordinate system axes (Figure 1).

The general form of the Navier–Stokes equation resulting from momentum balance is
as follows:

ρ

(
∂
→
v

∂t
+
(→

v ·∇
)
·→v
)

= −∇p +∇·
(

µ

(
∇→v +

(
∇→v

)T
− 2

3

(
∇·→v

)←→
I
))

+ ρ
→
g (3)

where ρ f ,
→
v , p, µ,

←→
I , and

→
g are the fluid density, velocity, pressure, dynamic viscosity,

identity tensor, and gravity vector, respectively. Assumptions of steady flow, incompressible
fluid, and no gravitational force allow us to simplify Equation (3) to the form:

ρ f

(
vx

∂vx
∂x + vy

∂vx
∂y + vz

∂vx
∂z

)
= − ∂p

∂x +
(

∂
∂x

(
µ ∂vx

∂x

)
+ ∂

∂y

(
µ ∂vx

∂y

)
+ ∂

∂z

(
µ ∂vx

∂z

))
ρ f

(
vx

∂vy
∂x + vy

∂vy
∂y + vz

∂vy
∂z

)
= − ∂p

∂y +
(

∂
∂x

(
µ

∂vy
∂x

)
+ ∂

∂y

(
µ

∂vy
∂y

)
+ ∂

∂z

(
µ

∂vy
∂z

))
ρ f

(
vx

∂vz
∂x + vy

∂vz
∂y + vz

∂vz
∂z

)
= − ∂p

∂z +
(

∂
∂x

(
µ ∂vz

∂x

)
+ ∂

∂y

(
µ ∂vz

∂y

)
+ ∂

∂z

(
µ ∂vz

∂z

)) (4)

where ρ f , p, and µ are the density, pressure, and viscosity of the fluid, respectively.
The general heat transfer equation of the single-phase medium resulting from energy

balance is:

ρcp

(
∂T
∂t

+
→
v ·∇T

)
= ∇·(λ∇T) +

←→
σ ·
←→
d + ρr (5)

where cp, T,
→
v , λ,

←→
σ ,
←→
d , and r are the specific heat capacity, temperature, velocity, thermal

conductivity, stress tensor, strain rate tensor, and heat source, respectively.
As a result of the assumptions, the general equation of heat transfer takes the form of

an equation for a fluid:

ρ f cp f

(
vx

∂Tf

∂x
+ vy

∂Tf

∂y
+ vz

∂Tf

∂z

)
= λ f

(
∂2Tf

∂x2 +
∂2Tf

∂y2 +
∂2Tf

∂z2

)
(6)
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where ρ f , cp f , Tf , and λ f are the density, specific heat capacity, temperature, and thermal
conductivity of the fluid, respectively.

Since a solid is nondeformable, the only equation that describes its behavior is the
heat transfer equation. For a solid, the general Equation (5), after using the assumptions of
the model, is simplified to the Laplace equation:

λs

(
∂2Ts

∂x2 +
∂2Ts

∂y2 +
∂2Ts

∂z2

)
= 0 (7)

where Ts and λs are the temperature and thermal conductivity of the solid, respectively.
The final system of equations describing the problem consists of the continuity

Equation (2), Navier–Stokes Equation (4), and heat transport Equations (6) and (7). These
differential equations require appropriate boundary conditions.

At the inlet to the microchannel, the velocity is assumed to be uniform, perpendicular
to the surface, and pressure is also uniform:

vx|z=0 = vy
∣∣
z=0 = 0 vz|z=0 = v0 p|z=0 = p0 (8)

where v0 and p0 are the inlet fluid velocity and pressure, respectively.
Due to the viscosity of the fluid, the velocity of the fluid in contact with the solid is

assumed to be zero:
vx|sl = 0 vy

∣∣
sl = 0 vz|sl = 0 (9)

where index sl is the surface between the solid and fluid (solid–liquid interface).
The temperature of the inlet fluid is assumed to be uniform, and the temperature of at

the bottom of solid is also assumed to be constant:

Tf

∣∣∣
z=0

= Tf 0 Ts|y=0 = Ts0 (10)

where Tf 0 and Ts0 are the two constant temperatures of fluid and solid, respectively.
Heat transfer between a solid and a fluid occurs through conduction, which means

that the heat fluxes described by Fourier’s law are equal at the solid–liquid interface:

λs
∂Ts

∂n

∣∣∣∣
sl
= λ f

∂Tf

∂n

∣∣∣∣
sl

(11)

At both ends of the segment and at the boundary between two adjacent segments, no
heat conduction is assumed for the solid body and no heat conduction in the fluid and the
end of the segment:

∂Ts

∂z

∣∣∣∣
z=0

=
∂Ts

∂z

∣∣∣∣
z=l

=
∂Ts

∂n

∣∣∣∣
ss
=

∂Tf

∂z

∣∣∣∣
z=l

(12)

where index ss means the boundary between solid and solid (two adjacent segments).

In the upper part of the region, the conditions of symmetry are assumed,

i.e., ∂vx
∂y

∣∣∣
y=h

=
∂vy
∂y

∣∣∣
y=h

= ∂vz
∂y

∣∣∣
y=h

= 0 ∂p
∂y

∣∣∣
y=h

= 0
∂T f
∂y

∣∣∣
y=h

= ∂Ts
∂y

∣∣∣
y=h

= 0 (13)

2.4. Method of Solution

The finite volume method (FVM) was used for calculations in this work by An-
sys/Fluent implementation. Generally, the method discretizes the computational domain
into a set of volumetric cells, that is, control volumes. The governing equations are solved
within each control volume, and in a typical scenario the solution is obtained by solving
a set of algebraic equations that involve the values of the physical quantities (e.g., pres-
sure, velocity, density, etc.) at the center and/or boundaries of the control volume. The
values of the physical quantities are then collected to obtain a solution at any point in
the computational domain. The calculation procedure is iterative by design and conver-
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gence is controlled by the under-relaxation terms for each equation, which consequently
control the advancement process in the solution from one iteration to the next. Addition-
ally, the convergence also depends on the order of the discretization selected for each
solved equation.

The geometry of all cases presented was developed using the construction of a solid
along a given forming path shaped in the form of an appropriate zigzag. A zigzag profile
was inserted into a rectangular area measuring 80 × 9 mm, making the number of sections
change from a straight channel with 0 sections to 7, then to 10, and finally to 16 sections.
The cooling channel was shaped from a rectangular profile with dimensions of 1 × 0.5 mm.

The size of the tetrahedral mesh cells was determined by the classical procedure based
on a series of calculations with changing the base size of the cell. As soon as the mesh size
decreased, no significant changes were observed in the obtained mass imbalance, taken as
the difference between input and output; the base size of the mesh cells was considered
sufficiently small to realistically express the running process. The figure below (Figure 3)
presents the convergent profile of results against mesh size. As a size that guarantees the
correct accuracy of the calculations with a reasonable calculation rate, 10−4 m was selected.
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The flow problem was solved using a pressure-velocity coupling scheme (in which
pressures and velocities are updated simultaneously). The gradients required for the
calculations were defined by a least squares cell-based scheme. The pressure was discretized
using second order and the momentum and energy using second order upwind scheme.
The coupled approach presents several advantages over the noncoupled or segregated
approach. It yields a robust and efficient single-phase implementation for steady-state flows,
demonstrating superior performance compared to the segregated solution schemes. The
pressure-based coupled algorithm offers an alternative to the density-based and pressure-
based segregated algorithms with SIMPLE-type pressure-velocity coupling. In the case of
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transient flows (which were not calculated here), employing the coupled algorithm becomes
necessary when either the mesh quality is poor or large time steps are employed. The
coupled algorithm simultaneously solves the momentum- and pressure-based continuity
equations. Full implicit coupling is achieved through an implicit discretization of pressure
gradient terms in the momentum equations and an implicit discretization of the face
mass flux, incorporating Rhie–Chow pressure dissipation terms. The Rhie–Chow pressure
dissipation terms involve the introduction of an extra term to the pressure equation that
depends on the velocity field. This term, known as the pressure correction term, acts
to dissipate pressure fluctuations that are not consistent with the velocity field, thereby
improving the stability of the simulation. The pressure correction term is proportional to
the difference between the actual pressure gradient at the face, which is computed based
on the velocity field in the adjacent cells and the pressure gradient that would be obtained
by interpolating the pressure values from the neighboring cells. This approach allows for a
more accurate calculation of the pressure and velocity fields and ensures that they were
in appropriate agreement. Such a methodology provided reliable solutions to the flow
simulation tasks selected in this work.

2.5. Applied Materials

In microchannels, water or nanofluids are usually used as the coolant. Sakanova and
co-workers [27] analyzed water and three nanofluids as coolant in wavy channels. They
found that the use of nanofluids in curved microchannels is not appropriate. Therefore,
water is chosen as the coolant in the present analysis. Aluminum was chosen as the
material in which the microchannels are made because it is a material with high thermal
conductivity and corrosion resistance. The water and aluminum materials coefficients are
given in Table 2.

Table 2. The properties of the components used in the calculations.

Property Water Aluminum

Density, kg/m3 DIPPR 105 (Equation (15)) 2719
Viscosity, kg/m·s DIPPR 101 (Equation (14))
Specific heat, J/kg·K 4182 871
Thermal conductivity, W/m·K 0.6 202.4

In Table 2, references are made to the DIPPR equations, which are defined in the
DIPPR-801 project, released in the early 1980s by the Design Institute for Physical Prop-
erties (DIPPR, New York, NY, USA) to describe the temperature dependence of various
important physical properties of substances [34]. They are the industry standard in many
applications where substance data are needed for optimizing and designing chemical
processes as well as in process synthesis, simulations, and development. The DIPPR-801
database contains parameter sets for about 2000 substances. The equations have proven
to be highly reliable and accurate in predicting the temperature dependence of various
thermophysical properties.

According to DIPPR, the water viscosity (14) and density (15) can be calculated using
the following correlations:

− viscosity.

η = exp
(

A + B
1
T
+ C · ln(T) + D · TE

)
(14)

− density.

ρ = A · B−(1+(1− T
C )

D
) ·Mmol (15)
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In the above, the corresponding constants were taken for water from the DIPPR
database. Mmol is molar mass and is used to recalculate the molar to mass density. Table 3
presents values for both correlations.

Table 3. The coefficients values for properties temperature correlations [34].

Property A B C D E

Viscosity, Pa·s −51.964 3670.6 5.7331 −5.3495 × 10−29 10
Density, kmol/m3 5.459 0.30542 647.13 0.081 -

2.6. Considered Cases

The simulations were conducted to investigate the effects of two process data, namely
inlet velocity and temperature of the hot bottom face, on the thermal performance of
four distinct geometries. It was assumed that the cooling water entered the channel at
a temperature of 292 K. To examine the impact of the inlet flow on the system, a range
of values was defined between 0.1 m/s and 0.8 m/s with a step of 0.1 m/s for the inlet
velocity. Furthermore, the temperature of the bottom hot surface varied from 330 K to 360 K
with a step change of 10 K.

A total of 32 simulation calculations were performed for each of the four cases, result-
ing in a total of 128 simulation runs. Simulations were performed using described earlier
computational techniques and algorithms to accurately model and predict the behavior of
the system. The results obtained from the simulations were analyzed using post-processing
methods to obtain insights into the thermal performance of the geometries under different
process conditions.

2.7. Analyzed Parameters

This section presents formulas used to calculate the values of parameters characteriz-
ing the quality of liquid flow in microchannels and the quality of heat exchange between a
solid and a liquid.

The first parameter is the difference in the mean pressure at the inlet and outlet of the
microchannel (pressure drop):

∆p = p|y=0 − p|z=l = p0 − p|z=l (16)

where the average outlet pressure is:

p|z=l =
1

A f

x

A f

p dxdy

∣∣∣∣∣∣
z=l

(17)

and A f = a× c is the microchannel cross-section. The power needed to force the flow of a
given intensity is:

P = p0v0 A f −
x

A f

pv dxdy

∣∣∣∣∣∣
z=l

(18)

The value of the pressure drop in the microchannels is determined by the Darcy–
Weisbach equation:

∆p = f
l

Dh

ρ f v2
0

2
(19)

where for a square section the hydraulic diameter is Dh = a. Rearranging Equation (19)
gives the Darcy friction factor f :

f =
2a∆p
ρ f v2

0l
(20)
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The Darcy friction coefficient is a metric of flow resistance. It offers insights that can
be leveraged to optimize flow systems, thereby minimizing pressure losses and enhancing
the overall efficiency of equipment.

The heat flux carried away by the fluid results from the difference between the outgo-
ing and supplied streams:

.
Q =

x

A f

ρ f vzcp f Tf dxdy

∣∣∣∣∣∣
z=l

−
(

ρ f cp f

)
z=0

v0Tf 0 A (21)

This heat flux is the most important parameter that describes the cooling effect of
the microchannel.

The volumetric average fluid temperature is:

T f =
1

Vf

y

Vf

Tf (x, y, z)dV (22)

while the average temperature of the surface separating the liquid and the solid is:

Tsl =
1

Asl

x

Asl

Ts(x, y, z)dA (23)

The heat flux received from the cooled element, equal to the heat flux carried away by
the fluid, is described by the Newton equation:

.
Q = αA∆T (24)

where α is the average heat transfer coefficient. This coefficient can be calculated by
assuming that the temperature difference concerns the average values:

∆T = Tsl − T f (25)

and the solid–liquid interface of a simple microchannel is taken as the heat transfer surface
(reference surface):

A = (a + 2h)l (26)

In this case, the average heat transfer coefficient α is:

α =

.
Q

(a + 2h)l
(

Tsl − T f

) (27)

Based on knowledge of the average heat transfer coefficient, the average value of the
Nusselt number can be calculated:

Nu =
αDh
λ f

(28)

The Nusselt number describes the quality of convective heat transfer in a dimension-
less way. It is used in practice in the design of all types of heat exchangers.

To assess the quality of operation of microchannels of various shapes, working under
different flow conditions and in different temperature ranges, the quality factor can be
introduced, which is the ratio of the total heat transfer rate during cooling to the power
needed to force the flow:

η =

.
Q
P

(29)
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3. Results

In this work, we focus on simulations of heat transport in microchannels to study
the behavior of this process and to investigate the effects of various design parameters
on overall system performance. In this chapter, we present the results of our simulations,
including the key observations and trends we identified, as well as the implications of our
results for potential applications in various fields.

Figure 4 presents streamlines for the most complex shape calculated, the channel with
segment number n = 16. At the location where the streamline encounters a change in
direction, such as a bend or, in this case, a corner, the fluid may experience local reversed
flow due to the differences in fluid velocity and pressure between the inner and outer walls
of the bend. This can cause the fluid to separate from the wall and form eddies, which can
be seen in the calculated streamline as regions where the flow direction changes abruptly
or where the streamline curves back on itself. The size and shape of the eddies depend
on factors such as the curvature of the bend, the speed of the fluid, and the viscosity of
the fluid.
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One of the significant flow parameters is the pressure drop, presented in Figure 5. The
calculated data presented suggested that as the inlet velocity increases, there is an increase
in pressure drop across the microchannel, which is consistent with the principle of fluid
mechanics that the pressure drop in a channel is directly proportional to the velocity of
the fluid. Additionally, while the data indicate that an increase in the bottom temperature
of the microchannel corresponds to a decrease in pressure drop, this effect appears to
be marginal when compared to the more pronounced influence of fluid velocity on the
pressure dynamics within the microchannel. This implies that the thermal properties of
the fluid and the channel have an important impact on the pressure drop. Furthermore,
the data suggest that the effect of inlet velocity on the pressure drop is more pronounced
than the effect of the bottom temperature. The more complex the shape of the channel, the
higher is the pressure drop, again as expected by fluid flow principles.



Appl. Sci. 2024, 14, 9826 13 of 21

Appl. Sci. 2024, 14, x FOR PEER REVIEW 13 of 22 
 

of fluid mechanics that the pressure drop in a channel is directly proportional to the ve-
locity of the fluid. Additionally, while the data indicate that an increase in the bottom 
temperature of the microchannel corresponds to a decrease in pressure drop, this effect 
appears to be marginal when compared to the more pronounced influence of fluid velocity 
on the pressure dynamics within the microchannel. This implies that the thermal proper-
ties of the fluid and the channel have an important impact on the pressure drop. Further-
more, the data suggest that the effect of inlet velocity on the pressure drop is more pro-
nounced than the effect of the bottom temperature. The more complex the shape of the 
channel, the higher is the pressure drop, again as expected by fluid flow principles. 

 
Figure 5. Pressure drop. 

The results presented in Figure 6 show that the hydraulic power in the microchannel 
is a function of both the inlet velocity and the bottom temperature. As the inlet velocity 
increases, the hydraulic power also increases, which is expected, as higher velocity results 
in greater fluid flow. On the contrary, as the bottom temperature increases, the hydraulic 
power decreases, which is related to the decrease in viscosity and density of the fluid. It 
can also be observed that higher velocities lead to an increased rate of rise in hydraulic 
power, although the effect of temperature on this increase is relatively marginal. The more 
complex the channel design, the more power that is required also increases. These results 
can provide insight into the optimization of microchannel heat transfer systems, such as 
determining the appropriate flow and temperature conditions to predict the required hy-
draulic power levels. 

Figure 5. Pressure drop.

The results presented in Figure 6 show that the hydraulic power in the microchannel
is a function of both the inlet velocity and the bottom temperature. As the inlet velocity
increases, the hydraulic power also increases, which is expected, as higher velocity results
in greater fluid flow. On the contrary, as the bottom temperature increases, the hydraulic
power decreases, which is related to the decrease in viscosity and density of the fluid. It
can also be observed that higher velocities lead to an increased rate of rise in hydraulic
power, although the effect of temperature on this increase is relatively marginal. The more
complex the channel design, the more power that is required also increases. These results
can provide insight into the optimization of microchannel heat transfer systems, such
as determining the appropriate flow and temperature conditions to predict the required
hydraulic power levels.

The Darcy friction factor is presented in Figure 7, showing that its value decreases
as the inlet velocity increases, while the effect of increasing heating bottom temperature
is observed to be comparatively marginal. This result illustrates the fact that there is an
intermediate relationship between the heating temperature and resistance. It can be seen
that higher velocities lead to a decreased resistance to flow through the microchannel. It is
also noticeable that the effect of the inlet velocity on the Darcy coefficient is more significant
than the effect of the heating bottom temperature. This can be observed by comparing
the values of the Darcy coefficient for different inlet velocities at the same heating bottom
temperature. Also, it is visible that a higher number of zigzags results in higher friction
factor values.

Figure 8 shows the water temperature distributions in the microchannels for the
bottom temperature Ts0 = 360 K and the inlet velocity v0 = 0.1 m/s. The temperature
increases along the flow. It is clearly visible that increasing the number of zigzag pattern
segments improves the heat exchange between the solid and the water flowing inside the
microchannel. Each bend of the microchannel causes the flowing water to mix (Figure 4),
resulting in improved heat transfer.
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inlet velocity 0.1 m/s.

Figure 9 shows the average temperature of the outlet water for all considered cases. For
all microchannels, increasing the bottom temperature, Ts0, increases the outlet temperature.
Increasing the flow rate in a straight microchannel significantly reduces the outlet tempera-
ture of the fluid. However, this effect becomes more pronounced with the introduction of
zigzag bends; for higher flow velocities, the outlet temperature notably increases. While
this trend holds true across all cases, it is especially evident in microchannels with zigzag
shapes, where the influence of the number of zigzag segments on the outlet temperature is
more marked.
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Figure 9. Average outlet fluid temperature, Tf.

Figure 10 shows the heat flux carried away by the fluid,
.

Q, (Equation (21)) for all
considered cases. When the flow velocity is low, the differences in heat transfer between
the various microchannel shapes are not substantial. The total heat transfer is understand-
ably dependent on the bottom temperature, Ts0. However, at higher flow velocities, the
number of zigzag segments increasingly affects the amount of heat transferred. Enhanc-
ing the number of these segments has been shown to improve the microchannel’s heat
dissipation capability.
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Figure 11 shows the averaged heat transfer coefficient, α, (Equation (27)) for all con-
sidered cases. As you can see, this coefficient practically does not depend on the bottom
temperature, Ts0. However, an increase in flow velocity results in an almost linear increase
in the coefficient for all microchannels. The greater the number of microchannel segments,
the greater the increase in the heat transfer coefficient.
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Heat transfer from a solid to a fluid can also be described by the dimensionless Nusselt
number (Equation (28)). The Nusselt number shown in Figure 12 has exactly the same
properties as the heat transfer coefficient, i.e., it does not depend on the temperature, but it
varies with the flow velocity and the number of zigzag segments. The obtained values of
Nusselt number are several times higher compared to those obtained experimentally by
Gaikwad and Nalawade [Gaikwad]. This is due to the greater amplitude of the grooves
compared to [Gaikwad] as well as the greater number of zigzags. These geometric differ-
ences result in increased flow disturbance and consequently, improved heat transfer. It
should be noted that the flow velocity has a large influence on heat transfer. The Nusselt
number changes several times with the increase in flow velocity. This type of effect was
observed, among others, by Sui et al. [26].
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Figure 13 shows the quality factor, η. This factor is the ratio of the heat flux during
cooling to the power needed to force the flow (Equation (29)). The higher the value of
the coefficient, the better the performance of the microchannel from the point of view of
comparing the energy taken out in the form of heat with the energy used to forcing the flow.
The coefficient values for all cases are greater than 105, which means that the energy needed
to force the flow is negligibly small compared to the heat released. So, all microchannels
perform a cooling function well.
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4. Discussion

In this work, fluid flow and heat transfer in a zigzag-shaped microchannel were
studied. The results of all simulations showed that the use of a non-rectilinear shape
increases the pressure drop along the microchannel (Figure 5) and, thus, increases the flow
resistance. This is in line with the results presented in [28–31]. The increase in the length of
the flow path and disturbances in the velocity distribution, such as flow separation, local
flow reversal, or induced flows, jointly contribute to this phenomenon. These effects are
synergistically responsible for the observed behaviors and are visibly illustrated in Figure 4,
which displays the streamlines. The increase in flow resistance due to the shape of the
microchannel increases the demand for power needed to force the flow (Figure 6) and
increases the Darcy coefficient of friction (Figure 7). Studies have shown that the greater
the number of zigzag sections, the greater the flow resistance (Figures 5–7).

The influence of flow velocity through the microchannels was investigated. As ex-
pected, the higher the speed, the greater the pressure drop (Figure 5) and the greater the
power required to force the flow (Figure 6). Increasing the flow rate also results in a de-
crease in the Darcy coefficient of friction (Figure 7). These results also coincide with the
results presented in [28–31].

Our study also investigated the influence of the temperature of the heat source on
the flow of the coolant. All the results (Figures 5–7) indicate a trend where increasing
the temperature of the heat source reduces the flow resistance. This phenomenon results
from the fact that increasing the temperature causes a decrease in the viscosity coefficient
(Equation (14)), which in turn, marginally reduces the friction resistance. It is important
to note, however, that the relative impact of temperature on flow resistance appears to be
minor. This aspect of our findings is not readily comparable with existing literature, which
typically presumes a constant heat flux density from the heat source, hence the specific
effect of temperature on flow resistance has not been extensively explored to date.

Studies have shown that the use of non-rectilinear microchannels improves heat trans-
fer. This is also in line with the results of works [28–33]. It is obvious that the temperature
of the coolant increases along the flow. In addition, each bend of the microchannel causes
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mixing of the liquid, resulting in a local improvement in heat exchange (Figure 8). As a
result, each increase in the number of zigzag segments results in an increase in the outlet
fluid temperature (Figure 9). However, it should be noted that the higher the number of
these segments, the smaller the change in the outlet temperature. The influence of the flow
rate of the cooling liquid on the outlet temperature is also clear. The higher the speed, the
lower the temperature. This is especially evident for the straight microchannel (Figure 9).

The outlet temperature and flow rate are the main parameters that affect the heat
carried away by the fluid. As the results of numerical simulations show (Figure 10), this heat
transfer and hence cooling performance increases with the outlet temperature. Although
this temperature decreases with increasing flow velocity (Figure 9); however, increasing
the velocity increases this heat flux (Figure 10). It is worth emphasizing that while the
addition of zigzag segments initially enhances heat transfer performance, the degree of
improvement diminishes as the number of segments increases.

The heat exchange between a fluid and a solid is described by two parameters: the
dimensional heat transfer coefficient and the dimensionless Nusselt number. Their values
are presented in Figures 11 and 12. As can be seen, they are practically independent of the
temperature of the heat source and, consequently, of the temperature of the fluid. However,
it is clear that increasing the flow velocity increases both of these factors. These results
are in line with the results taken from the literature [28–31]. Increasing the flow velocity
reduces the thickness of the boundary layer. In turn, increasing the number of zigzag
segments results in local mixing of the cooling liquid. This has a great influence on heat
transfer. The result is an increase in the heat transfer coefficient and the Nusselt number.

Further research on heat transfer using flows in microchannels should proceed in two
directions. First, calculations should be made for flows in various geometries, assuming
that the temperature of the heating element is known (so far, a known heat flux has been
considered). Second, these calculations should continue to check the effect of using special
cooling fluids other than water.

5. Conclusions

The results of numerical simulations presented in the paper clearly indicate that
the use of non-rectilinear microchannels as heat sinks is an efficient method of cooling.
The additional flow resistance generated by the non-linear shape of the microchannels
is negligibly small with improved heat transfer. Each increase in the number of zigzag
segments improves the cooling capacity. The higher the flow rate of the cooling liquid,
the greater the influence of the zigzag segments used. However, it should be noted that
the increase in heat transfer decreases with the increase in the number of these segments.
Therefore, when designing such elements, their shape and number should be adapted to
specific conditions.
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