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Abstract: Nowadays, cooling high thermal flows in compact volumes continues to be one of the
crucial problems in the industry. With the advent of advanced technologies, much more attention has
been paid to how to improve the performance of cooling systems in the area of micro-technologies.
Rectangular mini-channels are typical representatives which commonly used for cooling applications.
However, micro-technologies still face the problem of low performance due to the low productivity
of cooling related to unbefitting physical parameter values. Here, this work studies the applicability
of the heat transfer scheme of convective flow and flow boiling in a rectangular mini-channel for
satisfying the cooling requirement of industrial micro-technologies, through a simulation model
governed by the coupled mechanism from Navier-Stokes (N-S) equation and heat transfer equations
with phase change effect. In this work, various hydraulic diameters and different inlet fluid speed
are used to calculate the different velocity profiles, pressure drops, coefficients of friction and finally,
the distribution of the temperatures and dissipated heat flux. The simulation results show the
applicability of the rectangular mini-channel in diverse applications such as engine cooling, electronic
components, automotive on-board electronics and aerospace engineering. Flow boiling simulation
results reveal that the obtained patterns were smooth mixture flow and discrete flow. The dissipated
heat flux can reach 1.02–5.34 MW/m2 for a hydraulic diameter of 0.5 mm. We show that the system
with the gradient temperature that evolves increasingly along the top and bottom walls of the channels
presents the highest heat flux dissipated in flow boiling. Additionally, the fin efficiency of the system
is 0.88 and the coefficient value of convective heat transfer is in the range between 5000 < h < 100,000,
which indicates the flow boiling heat transfer is effective in the mini-channel when the Reynolds
number is less than 400. It provides a significant heat exchange for cooling in these application areas.

Keywords: mini-channels; microchannels; micro-technology; cooling; heat transfer

1. Introduction

Microfluidics is the science and innovation of frameworks that manage the exact control of
fluids with small amounts of tiny scales in microchannels. Microfluidics is viewed as a new area of
choice for the control of liquids in channels of several micrometers [1]. The smaller scale was usually
claimed, which implies the accompanying attributes—small volumes (“L, nL, pL, fL”) and small size
leading to low energy consumption and special micro-domain effects [2]. So, microfluidics benefits
in several aspects and it usually involves microstructures with a much-reduced size of a geometry.

Fluids 2020, 5, 151; doi:10.3390/fluids5030151 www.mdpi.com/journal/fluids

http://www.mdpi.com/journal/fluids
http://www.mdpi.com
https://orcid.org/0000-0002-3271-7554
http://www.mdpi.com/2311-5521/5/3/151?type=check_update&version=1
http://dx.doi.org/10.3390/fluids5030151
http://www.mdpi.com/journal/fluids


Fluids 2020, 5, 151 2 of 24

Microstructures nowadays pose specific problems during the modeling and the optimization because of
their reduced dimensions. The qualities of small-scale streams, called microfluidics, in the micrometric
scales are marginally not quite the same as the perceptible streams. Many physical phenomena can no
longer be neglected in microchannels with macroscopic scale. That happens because the area/volume
ratio is much higher in these microsystems. This increase substantially affects the flows of mass,
momentum and energy through the surfaces and, in particular, the fluid-fluid, fluid-wall interfaces.
The importance of boundary conditions and particularly surface conditions, is significantly increased.

Nowadays, the development of power electronics, consumer electronics and miniaturized
mechanical and energy systems face some difficulties for improving the cooling effect when the
high temperatures in compact volumes are involved. To ensure proper operation at optimum
temperatures, advanced heat transfer methods must be used to overcome such difficulties by developing
efficient and reliable heat rejection means [3]. Thus, one of the proposed techniques is cooling using
microchannels and mini-channels by a single or two-phase flow because it offers high performance in
heat transfer [4]. Therefore, the mini-channels and microchannels could meet the requirements of some
cooling applications and they have been employed in diverse applications as follows—Biomedical
engineering (chemical analyzes, injections and dosing of active products) [5]; Space engineering
(micro-propulsion, micro pumping for fluid cooling loops) [6]; Electronic engineering (Component
cooling) [7]; Automotive Engineering (Injection control in engines, miniature heat exchangers) [8];
MEMS “Micro Electro Mechanical Systems” (inkjet printing) [9]; and the conformal cooling system for
injection molding technology [10,11].

Among the initial investigations in this field, it is still challenging to achieve a compact,
high-performance forced liquid cooling of planar integrated circuits. The researchers realized that the
convective heat transfer coefficient h between the substrate and the coolant could be the first factor
to achieve low thermal resistance [12]. The friction factors were estimated for the flow of gases (N2,
H2) in the fine channels utilized for the micro-miniature Joule-Thompson refrigerators [13]. Their
measured friction factor was higher than the theoretical predictions. The flow of water and various
biological fluids through microchannels etched on silicon and covered with a glass plate has been
analyzed [14–16]. Their channels had a trapezoidal cross-section and differed from 50 to 150 µm in
width and from 20 to 40 µm in depth. The results showed an increase in the coefficient of friction of
almost 50% compared to the theoretical values. The estimation of refrigerant R-12 pressure loss was
taken in a single or few smaller-scale channels [17]. The hydraulic diameters utilized in their work
were 2.64 mm for the first and 1.56 mm for the second. The recommendation of the elements of the
microstructures as indicated by their breadth D of the channels was made—Conventional channels
whose diameter Dh ≥ 3 mm, mini-channels whose diameter Dh varies from 200 µm to 3 mm and
microchannels whose diameter Dh is between 10 µm and 200 µm [18]. The friction factor measurements
were presented in mini-channels varying from 1.13 mm to 300 µm in height, 60 mm in width and
150 mm in length, taken from a differential pressure sensor [19]. The results of the friction factor
were above 14% to 50% larger than the predictions of conventional laminar laws, especially for small
hydraulic diameters. The experimental studies on forced convective heat transfer and water flow
characteristics in rectangular microchannels have been conducted with hydraulic diameters between
133 and 367 µm [20–22]. They showed the hydraulic diameters influence the heat transfer and the
shape of the cross-section of channels does not influence the flow regimes for heat transfer. Therefore,
they found that the thermal transfer in the laminar regime depends on the ratio of hydraulic diameter
to the distance separating the microchannels. Moreover, the wall velocity slip decreases the hydraulic
resistance and increases the convective heat transfer of laminar flow in a microchannel network [23].
In order to reach a minimum fluidic resistance, the optimized structure of the tree-like branching
microchannel network was studied for the electroosmotic flow [24].

The increase in operating hours and the explosion of miniaturization projects created numerous
problems due to the considerable increase in the heat flux generated by the electronic components.
If the heat has not been dissipated in due time, there would be a problem with overheating. Hence the
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thermal control became progressively complex [25]. For these devices to provide reliable performance
and not to be destroyed by the heat they generated, it was necessary to evacuate the thermal power very
effectively to maintain an optimum operating temperature. Flow boiling in microchannels is getting
important in several applications and has been widely examined as a cooling alternative because of
its ability to generate high heat flux transfer. Thus, the study of the characteristics of flow boiling
patterns in the rectangular mini-channel is necessary to understand the phase change mechanisms
better. Therefore, numerous numerical studies were conducted to understand the phenomena that
occur during the flow boiling process. The experimental results of water boiling in a single rectangular
microchannel with a hydraulic diameter of 0.56 mm and a length of 62 mm proved that the important
flow patterns were bubbly, slug, churn and annular flow [26]. Other investigation on the flow boiling
of water in microchannels with a hydraulic diameter of 0.333 mm demonstrated that the observed
flow patterns were bubbly flow, plug flow, churn flow and annular flow [27]. Some experimental
data showed the gravitational orientation affected the flow patterns transitions [28]. Flow boiling heat
transfer in an array with a hydraulic diameter varying from 0.1 to 0.54 mm was also investigated and
it was found that the heat transfer coefficient was almost independent with heat flux at high heat
flux [29].In the previous work, it has not been specified how to determine the exact area of application
of the rectangular mini-channels by setting or adjusting the values of the parameters of velocity,
pressure drop, coefficient of friction and phase transition and heat transfer flux. The simulations on
heat transfer in mini-channel usually did not consider the gradient temperature boundary and the
transient phase transition simultaneously.

Here, this study chooses a representative mini-channel with a rectangular cross-section as the
basic elemental geometry for cooling structures and simulate the velocities profiles, drop pressures
and friction factor and steady and transient heat transfers in the simplified singe-phase flow and
more accurate two-phase (liquid and vapor) flow models of the fluidic flow through the mini-channel
in different application areas. Modeling the coupled effect of the flow and heat transfer in a basic
rectangular mini-channel with the consideration of phase change has been performed to better
understand these different physical phenomena and to show how to determine the applicability
of the rectangular mini-channel in certain industrial areas, through a depth study of heat transfer.
The relationship between the relevance of the Reynolds number of the friction factor and dissipated heat
flux has also been examined. Further, different boundary conditions of temperature gradients along
the top and bottom walls of the min-channel were implemented. The results show the temperature
gradient evolving progressively along the top and bottom of the channel leads to a high heat flux
dissipated compared to that system with uniform temperature boundary. The simulation study on
the heat transfer coupled with two-phase microflows accompanied with phase change presents the
intrinsic laws of the heat transfer varying with flow characteristics, channel geometry, environmental
temperature distribution along the rectangular mini-channels and help to understand better the flow
boiling heat transfer process which occurs in rectangular mini-channel. We found that the observed
flow boiling pattern are smooth mixture flow and discrete flow. The dissipated heat flux can reach
1.02–5.34 MW/m2 for a hydraulic diameter of 0.5 mm and length 150 mm.

2. Materials and Methods

Table 1 summarizes all the materials that were used in this simulation.

Table 1. Materials used in COMSOL Multiphysics.

Sections (Parts) Materials

Walls (1) No specific material, (2) Copper
Phase 1 Water, liquid
Phase 2 Water, gas
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The comparison of the current state-of-the-art for heat transfer can be found in the supplementary
in Section 1, Table S1.

The simplified geometric structure of this rectangular mini-channel in Figure 1 gives the
dimensions—the channel length is 150 mm, the channel height is 4 mm and the hydraulic diameter
ranging from 0.5 mm to 1 mm. Usually, the mini-channels used for heat transfer in the typical
applications of electronic device or engine cooling needs at least an inlet connecter and an outlet
connecter for practical controlling system. In the practices, the flow from inlet to outlet usually does not
keep in a unified direction due to the requirement on compacting design and structure manufacture.
Thus, the typical U-shaped structure was used.
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2.1. Governing Equations

In fluid mechanics, Navier-Stokes equations are nonlinear partial differential equations that
describe the motion of Newtonian fluids (hence gases and most liquids). In general, fluid flow in
microchannels is laminar due to small channel dimensions. Reynold’s number, Re characterizes laminar
flow within microfluidic devices, which is often much smaller than 2.3× 103 according to the research
work [30].

A computational fluids dynamics analysis was completed to explore the characteristics of fluid
flow and heat transfer with the following assumptions—(1) the fluid is incompressible, (2) steady-state
fluid flow and heat transfer, (3) The gravity effect is negligible in “mini-channels” when Dh ≤ 1 mm [31],
radiation heat transfer and viscous dissipation are insignificant. Based on these assumptions, the
Navier-Stokes (N-S) equations are the governing differential equations used to describe the fluid flow
as follows [30]:

ρ
∂
→
u
∂t

= −ρ
→
u .∇

→
u + µ∇2→u −∇P +

→

F (1)

∂
→
ρ

∂t
+ divρu = 0, (2)

where ρ is the density of the fluid,
→
u denotes the velocity vector of the fluid, µ is the dynamic viscosity

of the liquid, ∇P is the pressure gradient and
→

F is the external force applied to the fluid.
Besides, the following equations were employed in the phase-field method, which described the

two-phase flow in phase initialization. To find the accurate location of the surface in this method,
the Cahn-Hilliard equations (Navier-Stokes and continuity) were solved [32]:

∂φ

∂t
+ u·∇φ = ∇·

γλ

ε2
p f

∇ψ (3)

ψ = −∇·ε2
p f∇φ+ (φ2

− 1)φ+
ε2

p f

λ

(
∂ f
∂φ

)
, (4)
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where φ = phip f is the dimensionless phase variable field, ψ is the secondary phase field, γ = χε2
p f is

the mobility, χ is the mobility tuning parameter in m.s/kg, εp f is the parameter controlling interface

thickness in m, λ = 3ε2
p fσ/

√
8 is the mixing energy density. The volume fraction in the interface of the

water (liquid) and the water (gas) are Vwater,liquid =
1−φ

2 and Vwater,gas =
1+φ

2 respectively. The density
and the dynamic viscosity of the mixture of the two-phase model interface are defined throughout the
interface accordingly:

ρ = ρwVw + ρgasVgas (5)

µ = µwVw + µgasVgas. (6)

The surface tension considered as a body force applied is:

Fst =

 λε2
Pf

ψ−
∂ f
∂φ

∇φ+


∣∣∣∇φ∣∣∣2

2
+

(
φ2
− 1

)2

4ε2
Pf

∇λ− (∇λ·∇φ)∇φ (7)

The chemical potential G is expressed by the following equation referred to the phase-field variable
and the parameter controlling interface thickness:

G = λ

−∇2φ+
φ(φ2

− 1)

ε2
p f

. (8)

The heat transfer process is also governed by the equation of momentum, continuity equation
aforementioned in equations 1 & 2 respectively and the equation of energy in the microchannel as
given as [33].

Equation of energy conservation:

∂
∂t

[
ρ
(
e +

1
2

u2
)]
+∇·

[
ρu

(
e +

1
2

u2
)]

= ∇·(k∇T) + ∇·(−pu + τ·u) + u·F + Q (9)

where ρ, p, τ, e, k, F, u2, T, and u are the density, pressure, the viscous stress tensor, the internal energy
per unit mass, thermal conductivity, the body force per unit mass, the square of velocity magnitude,
the temperature, and fluid velocity vector respectively.

The flow of heat transferred to the fluid:

Q = qmCp(Tout − Tin), (10)

where qm is the mass flow of the fluid, Tout is the outlet temperature of the fluid and Tin is the
inlet temperature.

In the module of heat transfer in fluids, the physical properties of the phase change material in
fluid in phase initialization were governed by the following’s equations:

ρ = θ1ρ1 + θ2ρ2 (11)

Cp =
1
ρ
(θ1ρ1Cp,1 + θ2ρ2Cp,2) + L1→2

∂αm

∂T
, (12)

with θ1 being the apparent dynamic contact angle of the fluid, θ2 the dynamic contact angle of the
gas [34] and the total contact angle is θ1 + θ2 = 1. The fraction of liquid phase, αm = 1

2
θ2ρ2−θ1ρ1
θ2ρ2+θ1ρ1

,
the thermal conductivity, k = θ1k1 + θ2k2 and k1,k2 the thermal conductivity of the fluid and the
gas respectively.
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The gravity is solved in phase initialization by this equation:

ρ(u·∇)u = ∇·[−pI + K] + F + ρg, (13)

with g being the acceleration of the gravity, which is equal to 0 m/s2 along with the horizontal position
and I the identity matrix.

2.1.1. Laminar Flow

Laminar flow is defined by fluid flow along smooth paths in layers moving smoothly at low speed
past adjacent layers with little or no mixing [35]. (Section 1.1, Figure S1 in Supplementary).

2.1.2. Law of Friction, Number of Theoretical Poiseuille

The coefficient of friction and the theoretical number of Poiseuille in single-phase flow (Section 1.2
in Supplementary) for the laminar flow through the rectangular channels was calculated using the
polynomial type equation [36], which gives the exact solution with an accuracy of ±5%:

c f =
24

ReDh

(
1− 1.3553·α+ 1.9467·α2

− 1.7012·α3 + 0.9564·α4
− 0.2537·α5

)
, (14)

with α being the defined aspect ratio of the height to the width of the cross-section of the channel.
In two-phase flow, the friction factor was estimated by the correlation method [37]:

ξpred =

−2 log

 e
3.7065d

−
5.0452

Re∗
log

 1
2.8257

( e
d

)1.1098
+

5.8506

(Re∗)0.8981

−2

, (15)

where ξpred is the friction factor, e/d is the relative roughness.

2.2. Numerical Method

COMSOL Multiphysics is a finite element engineering science tool that allows entering coupled
systems of partial differential equations to examine numerically and analyze the phenomenon
Multiphysics. The equations described (1 and 2) are differential equations with nonlinear partial
derivatives, elliptic and coupled. Owing to their complexity, these equations are solved, requiring a
numerical method. There are three principal methods to formulate a continuous-discrete problem, finite
difference method, finite element and finite volume. Each of these methods has applications depending
upon the conditions of the geometry. The method used for this simulation in the COMSOL software is
the finite element method (FEM). It is prevalent for the six advantages to this technique—modeling,
adaptability, accuracy, time-dependent simulation, boundaries, visualization [38]. Significant distinctive
problems of concern in fields include structural analysis, heat transfer, fluid flow, mass transport and
electromagnetic potential.

2.2.1. Simulation Parameters

The inlet velocity is a key parameter in the determination of the flow regime. In COMSOL,
the parametric sweep in the study was used to set the parameter values list at which the results could
be plotted. Thus, the inlet velocities were defined as 0.5; 0.55; 0.6; 0.9; 1.1; 1.5; 1.8; 2.2 and 2.4 m/s.

Table 2 presents a typical set of parameters used in COMSOL.
The imposed normal inflow velocity on the inlet boundary is defined as:

Uo = V1·Step1(t/1[s]). (16)
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Table 2. Parameters used in COMSOL.

Parameters Value Symbol

Inlet velocity 0.25 m/s V1
Channel length 144 mm L
Fluid density 1000 kg/m3 ρ
Viscosity dynamic 0.001 kg/m.s µ
Hydraulic diameters 0.5–0.98–1 mm Dh
Reynolds number 125 Re
Inlet temperature 20 ◦C Tin
Wall temperature 150 ◦C Twall
Processing time 30 s t
Range time (0;0.05;30) s
Transition interval between phase 1 and phase 2 80 K ∆T1→2
Latent heat of vaporization 2256 KJ/kg L1→2
Phase change temperature between phase 1 and phase 2 373.15 K Tpc,1→2

2.2.2. Boundary Conditions

The boundary conditions for the simulation of this rectangular mini-channel are described
as follows:

- The flow regime is laminar and the fluid generated in the channel is water
- At the inlet of the channel, (x = 0)

u = Uin, v = 0, T = Tin. (17)

- At the outlet of the channel, (x = L)—the gradients of the velocity and temperature parameters are
zero, only the pressure is equal to the atmospheric pressure

(
∂u
∂x

=
∂v
∂x

=
∂T
∂x

= 0). (18)

- At the bottom wall (y = 0) and the top wall (y = Dh) of the mini-channel

U = 0, v = 0 and T = Twall. (19)

All these conditions are illustrated in Figure 2.
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In two-phase, at the wetted walls in the phase field, the following assumptions were computed in
phase initialization:

n·
γλ

ε2
p f

∇ψ = 0 (20)

n·ε2
p f∇φ = ε2

p f cos(θw)|∇θ|, (21)

where θw = π/2 is the specified contact angle.
It is noticed that the wettability is characterized by the contact angle, which is the angle delimited

by the liquid/vapor interface and the solid or unmixable liquid surface.

2.2.3. Mesh

The need for mesh processing near the wall will be imposed in this simulation. COMSOL
Multiphysics defines two different sequence types of mesh, such as user-controlled mesh and
physics-controlled mesh. Only the physics-controlled mesh presents several element sizes that
can be selected. For instance, a coarse mesh near the wall will not be able to capture the development
of the boundary layer because it may lead to less accurate results. So, the quality of the mesh would
play a significant role in the precision and stability of the numerical computation. As such, it is
important to emphasize attributes such as node distribution, smooth nature and cell obliquity. During
the meshing process, it is crucial to choose the type of mesh that presents a significant domain element.
Figure 3 illustrates some types of mesh that have been applied in this rectangular mini-channel. The
much more extremely fine mesh leads to more accurate results. In ANSYS FLOTRAN, the used mesh
was the quadrilateral type to get an alignment of the flow. It is a type of mesh unstructured and it
divides the geometry into several parts by blocks. For instance, one block is a very fine mesh (20
divisions for 0.5 mm) and the other block is a coarse mesh (40 divisions for 4 mm) [39]. The result
generating from this type of mesh would not be accurate for some geometrical cases since it may have
not enough domain elements. However, the mesh of the domain giving an impressive result were
obtained in ANSYS FLUENT with 105,553 domain elements [4]. Further, the test result shows that
COMSOL software has allowed better mesh optimization. The supporting data for the mesh validation
to demonstrate the accuracy of the simulations can be found in Section 1.4 in supplementary.
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Figure 3. Domain mesh: (A) Extremely fine: 130,311 domain elements and 8233 boundary elements,
(B) Extra fine: 41,757 domain elements and 4261 boundary elements, (C) Finer: 13,036 domain elements
and 2025 boundary elements.

3. Results and Discussions

This section shows the results validated from our 2D numerical study conducted by the finite
element method to characterize the water flows in a rectangular mini-channel.
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3.1. Velocities Profiles

In a laminar stream, it is noticed that the velocity profile gets a parabolic shape. Figure 4
illustrates the different velocities profiles obtained depending on the hydraulic diameter at the
corresponding velocity.
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The results of this study indicate that for a channel with a hydraulic diameter of 0.5 mm and
a velocity inlet of 0.55 m/s, a velocity of approximately 0.82 m/s is found at the outlet. It is noted
a little differentiation of the given results in “ANSYS FLOTRAN“ that developed a velocity outlet
substantially equal to 0.8 m/s with a flow rate of 450 mL/min as input parameter [39]. Then, for a
channel with a hydraulic diameter of 1 mm and an inlet velocity of 1.1 m/s, it develops an outlet
velocity of 0.83 m/s, compared to the results obtained in “ANSYS FLUENT“ with an outlet velocity
approximately of 0.82 m/s [4].

Besides, experimentally, the velocity range tested for a hydraulic diameter of 0.593 mm showed
that the speed varied from 0.169 to 6.667 m/s and the number of Reynolds was in the range 96 ≤ Re ≤
3790 [4]. This result confirms what has been obtained numerically for a similar hydraulic diameter.
Therefore, it is noted that the developed velocity at the outlet of this rectangular mini-channel is
important in the flow of fluids because it could promote good cooling in a relatively short time.
Moreover, it is confirmed that the smaller the channel, the higher the velocity.

3.2. Drop Pressure

Despite the disturbances at the inlet and the outlet of this fluidic device, the pressure drop is
linear, leading to a law equation of the form Y = AX + B, whose slope can be determined. Figure 5
presents the simulated pressure drops arising in each hydraulic diameter.

The different drops pressure obtained in each channel of Figure 5 are summarized and it is found
that the smaller the hydraulic diameter, the higher the pressure. In laminar flow, it was obtained a
maximum pressure of about 1480 Pa for a 1 mm channel [4], while maximum pressures of about 1300 Pa
was given at the flow rate of 450 mL/min at the inlet [39]. The results show that for a channel with a
hydraulic diameter of 0.98 mm and a velocity inlet of 1.5 m/s, the corresponding maximum pressure of
about 1400 Pa is obtained. For a channel with a hydraulic diameter of 1 mm and a velocity inlet of
1.8 m/s, it is obtained a maximum pressure of about 1680 Pa. The experimental study also presented a
variation of the pressure loss in the rectangular mini-channel [4]. However, the obtained results above
in the different channels are very remarkable and they help to find an approximation of these values
with a little more precision. The pressure loss in each channel increases with the increase of the number
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of Reynolds, this is the principle of energy conservation, from the static pressure increases and the
kinetic energy decreases.Fluids 2020, 5, x FOR PEER REVIEW 10 of 24 
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the channel length.

3.3. Friction Factor

The determination of the friction factor allows highlighting of the classical laws of the internal flows
while deducing the nature of the flow. Experimental and theoretical friction laws in the mini-channels
and microchannels have been studied. The following results were obtained: 0.02 < Cftheo < 0.19 and
0.015 < Cfexp < 0.08 [39]. However, at Re = 400, Re = 600 and Re = 800 respectively, the theoretical
coefficients of friction Cftheo have been deduced equal to 0.06, 0.04, and 0.03 [39]. Figure 6 illustrates
the friction factors for Dh=0.5 mm, depending on the number of Reynolds.
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The results of this study present that for a channel with a hydraulic diameter of 0.5 mm, there is a
similarity with the ANSYS FLUENT results and a real approximation with the ANSYS FLOTRAN
results regarding the theoretical values studied as well. Based on Figure 6 calculated from COMSOL,
for the channel with a hydraulic diameter of 0.5 mm and the corresponding Reynolds numbers—Re =

400, Re = 600, and Re = 800, the following and respective friction factors values are deducted—0.062,
0.04, and 0.03. These obtained results are very considerable due to the extremely fine mesh applied
and it is important to say that the hydraulic diameter influences the friction factor. Numerically, it was
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examined that the effect of aspect ratio and hydraulic diameter on single-phase flow and heat transfer
in a rectangular microchannel [40]. Experimentally, it was also proven a reduction in the coefficient of
friction in the various hydraulic diameters tested as a function of the number of Reynolds [41]. Also,
similar tests were carried out for the rectangular microchannel, where the water was the test fluid,
which also confirmed the reduction in the coefficient of friction [13–30].

3.4. Heat Transfer of Fluids

Heat transfer of fluids is presented in different applications such as engine cooling, cooling
of electronic components, automotive on-board electronics and aerospace engineering. These four
areas are illustrated among several will help to understand the thermal phenomenon better. Table 3
shows the temperatures that certain components undergo in various application areas during their
operating conditions.

Table 3. Operation temperature in diverse application areas.

Application Areas Operating Temperature

Engine cooling Between 80 ◦C and 90 ◦C [42]
Electronic components for industrial applications 85 ◦C [43]
Electronic components for military applications 125 ◦C [43]
Aerospace engineering 225 ◦C [43]
Automotive on-board electronics 150 ◦C [43]

These four temperatures determine the environment in which this rectangular mini-channel
could operate and this gives the possibility to determine the average cooling temperature of each
application area.

3.4.1. Two-Phase Flow Heat Transfer at Constant Wall Temperature in the Approximative Model

Boiling heat transfer mode involving varying the phase from liquid to vapor at saturated
temperature. Thus, boiling is classified into two categories—pool boiling where flow patterns are
driven by heat transfer (natural convection) and flow boiling where the moving flow drives the heat
transfer. The channel is initially filled with phase 1 (water, liquid) and phase 2 (water, gas) as a material
for the domain’s interfaces fluid one and the fluid two respectively and the two-phase interface was
located at all domains in the rectangular mini-channel. The liquid is injected with constant velocity at
the inlet boundary on the left side of the model. Both phases can flow out through the outlet. The initial
interface of coordinates points A (−70, −30.5) and B (−70, −31) has been built into the numerical model.
From that line segment, the heat flux is applied until the outlet because of its potential to create the
droplets in the channel by allowing to visualize the different types of regimes of the flow patterns
that will be obtained in the channel. Therefore, by improving the heat transfer and enhancing the
efficiency of the cooling system, it is necessary to make a thermo-energetic study of a convective
boiling through a rectangular mini-channel. When part of the channel wall has a temperature closing
to several hundreds of degrees Celsius, the convective boiling may arise at high vapor quality. Still,
the boiling nucleation process is suppressed in our model because of the mini-channel with a small
diameter of 0.5–1.0 mm and with a high inlet velocity of flow [18,44]. In this situation, the flow pattern
probably becomes a smooth mixture of flow. Figure 7 presents the results of the two-phase model with
phase change consideration at constant wall temperature.
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Considering the results in Figure 7 like an example in the automotive on-board electronics
application area—a cold fluid at a temperature Tin equal to 293.15 K entering the rectangular
mini-channel whose walls are heated to a Twall temperature equal to 423.15 K from the initial
interface until the outer. At first, only the fluidic layers close to the wall begin to hold high temperature,
generating the different phenomena that occur in the mini-channel as a function of time:

At t = 0.45, Figure 7 [L-L1] presents a change of temperature in the channel because the velocity
is considerable. The velocity is high at its center marked by the red coloration of about 0.3 m/s and
constant along the horizontal from the inner to the outer. The observed colors on the contour velocity
attest that the velocity varies from the top to the bottom of the channel along with the horizontal
position. The temperature on the walls heats up materialized by the yellow color on the mini-channel.
At the initial interface, the contour shows that the temperature varies from 303.9 K to 359.2 K. From the
initial interface until the outer is the same given their coloring. However, the outlet of the channel is
heated proportionally. It is observed that it contains the two flows which are mixed before reaching
the exit.

At t = 1.1 s; Figure 7 [M-M1] points out that there is a considerable change in the mini-channel.
At the initial interface, the density becomes high because the velocity of approximately 0.3 m/s is
important in its center. The contour temperature shows that the temperature varies from 387.7 K to
442.5 K when the velocity is significant. From the initial interface until the outer, the temperature at the
wall varies from 372.12 K to 346.29 K (Section 2.1, Table S4 in Supplementary). It is found that some
droplets are formed nearly the channel outlet. Then, the channel outlet is more heated at the walls and
it is mixed with the cold fluid at a reduced proportion before finding the exit.

At a different coordinate point in the channel that varies with the time, the maximum heat flux at
the position (−69.5, −31) is evaluated at ~3.7 × 105 W/m2 when the temperature is approximately 333 K
as indicated in Figure 8 by the purple line asterisk. At that point, the temperature varies from 293.17 K
to 442 K along with the horizontal position in the channel.
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It is found that all the fields of application mentioned above have the same thermal behavior.
That is to say; the cooling temperature is operational when the temperature at the outlet is in the
vicinity of the average temperature. Table 4 shows the average temperature values set in the simulation
models according to the environmental temperatures in corresponding application areas [42,43].

Table 4. Temperature values set in different areas at the outlet in the simulation model.

Applications Areas Tinlet TWall Tavg

Engine cooling

20 ◦C

80 ◦C 50 ◦C = 323 K
Electronics components 125 ◦C 72.5 ◦C = 345.5 K
Aerospace engineering 225 ◦C 122.5 ◦C = 395.5 K

Automotive on-board electronics 150 ◦C 85 ◦C = 358 K

Also, we note that the more the Reynolds number increases, the more the walls along the channel
become very hot. The flow velocity is important in its center because the walls are static. Consequently,
the cooling time inside the mini-channel is reduced. Therefore, the removed heat flux is sufficient to
meet the requirement of the engine cooling system. Also, the corresponding Reynolds number found is
300. The effect of the low Reynolds number flows in the range 10 < Re < 100 was likewise investigated
for the fluid inlet temperatures ranged from 5 to 60 ◦C in the hydraulic diameters of 0.44 mm and
0.8 mm on the thermal performance. Their results showed that the heat dissipation performance in low
Reynolds number applications through miniaturized channels was supported in compact thermal solar
collectors [45]. Thus, the Reynolds number evaluated at 300 is significant compared to Reference [45]
the system provides an excellent heat exchange when Re ≤ 400.

3.4.2. Determination of the Dissipated Heat Flux for Different Application Areas, the Convective Heat
Transfer Coefficient and the Fin Efficiency of the Rectangular Mini-Channel Based on the Approximate
Model of Two-Phase Flow

Table 5 presents the obtained high dissipated heat flux values in each application area. It is
noticed that the application areas with the wall temperature larger than 100 ◦C have been calculated in
two-phase flow with phase change consideration. While the application with the wall temperature
equal to 80 ◦C is solved in single-phase flow without phase change by assuming that all the walls have
the same temperature as a boundary condition.
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Table 5. Dissipated heat flux values obtained from the simulation.

Applications Areas Tinlet TWall Tavg (Dynamic) High Heat Flux

Engine cooling

20 ◦C

80 ◦C 327 K 2.11 × 105 W/m2

(Single phase flow)
Electronics components 125 ◦C 348.48 K 1 × 106 W/m2

Aerospace engineering 225 ◦C 394.88 K 1.18 × 106 W/m2

Automotive on-board electronics 150 ◦C 359.9 K 1.02 × 106 W/m2

The investigation on evaporative spray cooling for power inverter application showed that the
heat fluxes of 148 W/cm2 were removed without exceeding IGBT (Insulated-Gate Bipolar Transistor)
junction temperature of 125 ◦C [46]. According to this value, the convective heat flux simulated for
the spray engine cooling and electronic components can meet the practical requirement. Besides,
the power inverter modules at high fluxes have been experimentally examined for the automotive
applications and it was found that the heat flux can attain 64 W/m2 at 88 ◦C and the highest heat flux
dissipated was 400 W/m2 at the limit of 150 ◦C [47]. Whereupon, the simulated convective heat fluxes
can meet the practical requirement for the engine cooling involving the injection power module and for
the automotive on-board electronics involving the electronic power module. Besides, the high average
flux dissipated in computer chips is required to attain 2–4.5 MW/m2 [44]. Comparing these values
with the simulated results in aerospace engineering where this rectangular mini-channel (or array of
mini-channels) could be applied specifically in electronic components, the dissipated convective heat
flux can meet the requirements in this application area. Thus, the rectangular mini-channels in the
design form of arrayed arrangement can be flexibly employed in each area.

The rate of the convection heat transfer is [48]:

qconv = h·A·(T f − Tin), (22)

where A is the area, Tin is the initial temperature of the fluid. Thus, the convective heat transfer
coefficient is: h =

qconv/A
T f−Tin

= 1.02×106

358−293 = 15, 692.31 w/m2.k.
Therefore 5000 < h < 100,000 (Section 2.2 in Supplementary) proves that the cooling is efficient

in this rectangular mini-channel. It is crucial to find the fin efficiency to know if the system can be
applied in these application areas. The fin efficiency is defined as [49]:

η f =
tanh(mb)

mb
. (23)

In this simulation,

mb =

√
2·h

kCo·s
× b =

√
2× 15692.31

401× 3× 10−3 × (4× 10−3) ≈ 0.65 (24)

where b is the channel height and s is one of the inlet or outlet widths of the channel. The thermal
conductivity of copper, assuming as material at the wall at 20 ◦C, is: kcopper = 401 w/m.K [49].

η f =
tanh(0.65)

0.65 = 0.5716696608
0.65 ≈ 0.88, which is indicated by the star point in (Section 2.2, Figure S3 in

Supplementary). It is noticed that, by increasing the value of h, the fin efficiency of the rectangular
mini-channel is affected and the cooling is not sufficient (η f decreases). So, according to this simulation,
this value is the best.

Additionally, it is noticed that the wall material does not influence the nature of the observed flow
patterns at different flow regimes. For instance, the copper sets as a wall material for all the boundaries
of the rectangular mini-channel (Section 2.2, Figure S4 in supplementary).
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3.4.3. Dynamic Heat Transfer with the Variation of Temperature (Temperature Gradient) along the
Walls Considering the Phase Change inside the Channel.

In practice, the heat along the wall is not always constant. Four cases can occur—(1) the
temperature is increasing, (2) the temperature then decreasing after reaching its maximum, (3) the
temperature is decreasing, (4) the temperature is set randomly. These arrangements interpreted in
Figure 9 are used to set out the additional boundary conditions. But here, we will highlight the cases
(1) and (2) represented by B and C, respectively. The mathematical expression of the corresponding
temperature value at each line segment at the wall where there is a gradient temperature is given by:

TWi = TWi−1 + aixi (25)

where (ai) is the number of segment (1, 2, 3, 4 and 5), xi is the length of the line segment: xi =
l

n−ai
with

(l) being the channel length, (n) the total number of points on the line segment and Tw(0) = 150 K. For

example, Tw(1) = Tw(0) + a1x1 = 150 + 1×
(

150
6−1

)
= 180 K.

After simplifying the calculation model by finding the average temperatures of the walls where
the gradient is applied, the average temperatures of the two systems B and C are as follows:

TavgSYSTEMB =
n∑

i=1

T·
1
n i

=
150 + 240 + 150 + 150 + 236.4 + 150

6
= 179.40 ◦C = 452.4 K

TavgSYSTEMC =
n∑

i=1

T·
1
n i

=
150 + 204 + 150 + 150 + 201.84 + 150

6
= 167.64 ◦C = 440.64 K
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Figure 9. Variation of the temperature along the walls in blue that have been divided into equal segments.
(A) new boundary conditions, (B) increasing temperature, (C) increasing and decreasing temperature.
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3.4.4. The Pressure, Velocity and Temperature Distribution in the Microflow with Increasing and
Decreasing Temperature along the Top and Bottom Walls Considering Phase Change inside the
Channel in the Phase-Field

During the vaporization caused by the phase change of fluid in the channel when the saturation
temperature is reached, it also generates a difference in a pressure gradient depending on the fluidic
direction. Indeed, it has been proved that the drop pressure in single-phase flow was linear along the
horizontal channel. Here the pressure drop in two-phase flow is solved as a nonlinear pressure gradient
by taking into account the friction, the momentum and gravity. Consequently, flow at high velocity
under the effect of a strong temperature gradient in the laminar regime could cause high pressures.
Figure 10 shows the velocity, the pressure and the temperature distribution that were captured at
random time instants in the rectangular mini-channel.
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The results in this study show that there is a change in pressure from the inlet to the outlet,
as indicated in Figure 10D,E. It can be observed that the coloration at the inner is green, which means
the pressure is high. However, the coloration at the outer is red, which means the pressure decreases
progressively along the channel before finding the outlet at zero. But, this high pressure at the inlet is
very significant and it may be the source of the observed flow pattern at the initial interface during the
phase transition. Some relevant studies proved that the pressure oscillations in the piping could be
generated by slug flow [50].

Besides, for a channel with a hydraulic diameter of 0.5 mm and a velocity of 0.25 m/s at the inlet,
the fluid can reach the high-pressure of 1400 Pa when the temperature is also high at the walls. Thus,
although the velocity is zero in the vicinity of the walls where the temperature is high, approximately
434.3 K–459.5 K, as indicated in Figure 10F, the velocity is high in its center. Along the horizontal
channel, the moving fluid can reach the maximum velocity of ~0.35 m/s when it is carried with the
average temperature varying from 343 K to 379.5 K.

We found that the velocity has an inverse relationship between the pressure and the temperature
in the two-phase flow because whatever the quality of the fluid flow, a corresponding flow pattern
will be observed in the channel [51]. It is noted that the high temperature at the walls could have
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an impact on the heat flux dissipated. Usually, there are three manners to evoke the strength
of the heat sources/convection terms and accordingly involves the heat transfer—(a) increasing
Reynolds and/or Prandtl number, (b) increasing the fullness of dimensionless and/or temperature
profiles, (c) increasing the included angle between the dimensionless velocity and the temperature
gradients [52]. The particularity of this work is considering the gradient temperature imposing on
the upper and lower walls of the mini-channel without modifying the geometry of the rectangular
mini-channel and we obtained a raised convective heat flux. The simulation results are more suitable
for the practical conditions that have a varied temperature distribution along the cooling channel or
can guide the design of the route path that the channel would pass through.

By setting all the boundaries of the rectangular mini-channel as a wall material corresponding to
the copper, it is found that the temperatures at the points (−60, −30.5) and (60, −31) situated at the top
and bottom walls of the channel respectively, are different to the channel that has no specific material
at the walls (Section 2.3, Figure S5 in supplementary). This difference is due to the physical properties
of the wall material that could be used.

Also, it is found that when v = 0 and v#0, for the same material at the walls, the temperature
behaves the same versus the time in both situations (Section 2.3, Figure S6 in supplementary).

3.4.5. Flow Boiling Phenomenon in the Rectangular Mini-Channel at Constant Wall Temperature
Considering the Phase Change inside the Channel and Flow Patterns

Based on the determination of the convective heat transfer coefficient, it has been found that the
flow boiling should be efficient in the rectangular mini-channel. The cold liquid is introduced to the
inlet at 293.15 K. It will considerably change in the phase transition when the temperature reaches
the saturation point at the initial interface of approximately 373.15 K. The phase change is critical
because it determines the part in which the interfacial heat transfer is controlled in the rectangular
mini-channel. Figure 11 depicts the phenomenon that occurs during the simulation of the two-phase
flow coupled with heat transfer at constant wall temperature in the rectangular mini-channel.
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Figure 11. The phase change in the heat transfer model at constant walls temperature: [Q-R] Channel
inlet area, [Q1-R1] Channel outlet area.

The flow patterns have been captured in the two areas of the rectangular mini-channel structure
(Inlet and outlet areas of the channel) as indicated in Figure 11.

At t = 0.83 s, the heat becomes significant in the channel since the walls are hot. The fluid rendered
in blue occupies the entire inner region and the gas in red occupies the long channel near the initial
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interface until the outlet. A remarkable phenomenon of phase transition is noted. That indicates
the mechanism of heat transfer at this time instant is mainly of the convective process taking place
close to the walls, which is attributed to the convective boiling heat transfer type. The flow pattern
along the horizontal channel, as seen in Figure 11 [Q-Q1] shows a slug flow near the phase change
interface and a smooth mixture flow near the initial interface until the outer region of the channel.
The proportion of the gas is approximately 75% along the horizontal channel. In the outer region,
the gas occupies all the interior walls. It is mixed with the liquid located in the center of the outer
area with a proportion of around 25% before joining the outlet. Based on the analytical and numerical
studies on heat transfer with phase change of medium, the predicted condensation flow patterns
were investigated on some classification of the flow regime [53–55]. In this study, this simulated flow
pattern and calculated physical quantities are in line with the results that were found in the previous
researches evoked [53–55]. The arrows in yellow show the direction of flow moving from left to right.

At t = 1.12 s, Figure 11 [R-R1] shows that flow boiling happens in the discrete flow regime when
the heat flux is much raised in the channel. The simulated heat transfer mechanism could regard as
the transition flow in boiling heat transfer. The floating/moving droplets and gas usually induce the
convection process. It is found that the gas tending towards red occupies the channel length from
the initial interface until the outer of the channel. No droplets are appearing in the middle of the
mini-channel. The formed droplets size at nearly the same position along the horizontal channel are
remarkable and they move at a considerable frequency along the channel.

However, at t = 1.01 s, the maximum total heat flux distribution dissipated near the initial interface
in the rectangular mini-channel is approximatively 1.02 MW/m2, as seen in Figure 12.
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In this phenomenon, it is simulated that all the water liquid occupies the mini-channel but at
some specifics points where there is a high heat flux magnitude inside the gas. Overall, the heat
flux dissipated is high. Accordingly, the heat dissipation rate in different applications could overstep
10 MW/m2 [56]. In this case, although the heat flow is not applied to the entire structure, we find this
result significant because it proves that this rectangular mini-channel could also be used with flow
boiling in these applications areas mentioned in Table 3.

3.4.6. Flow Boiling Phenomenon in the Rectangular Mini-Channel with Increasing Temperature along
the Top and Bottom Walls and Flow Patterns.

The gradient temperature is an important parameter that plays a key role during heat transfer
applications. The gradient temperature is applied at the top and bottom walls of the rectangular
mini-channel. It affects the flow patterns in a manner of increasing progressively. It has a significant
impact on the visualization of the boiling flow patterns in the rectangular mini-channel at a different
operating time, as indicated in Figure 13. We notice that the phase transition takes place in a relatively
short time compared to the time observed in Figure 11 (0.83 s). Figure 13 describes the phenomenon
observed in the rectangular mini-channel.
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In this study, the flow patterns were captured in three parts of the channel (inlet, middle and
outlet areas) to observe what phenomenon happened in the rectangular mini-channel.

At t = 0.76 s, when the temperature reaches the saturation point around 373.15 K, the flow pattern
found in Figure 13 [X] nearly the initial interface is slug flow. At a certain distance along the horizontal
channel, the transition is happening at high temperatures. There is an appearance of the droplet’s
formation in the middle of the channel, as seen in Figure 13 [XA-XB]. The size of the droplets is
significant because their diameters are close to the small diameter of the channel. The observed flow
pattern is the smooth discrete flow. The liquid and the gas are mixed in that area proportionally.
The interfacial regions in the vicinity of the round or elliptical droplets have gradation transition zones.
It is in line with the flow patterns that were found during the flow boiling of R-134a and R-22 fluids
with a circular channel of 0.5 mm [57].

At t = 1.07 s, when much heat transferred from the walls, the observed flow pattern closer to the
initial interface, as shown in Figure 13 [Y], is slug flow, which has a smaller geometrical feature due to
the density of the fluid flow that decreases with the time. During the phase transition, it is observed
some droplets with considerable size and droplets with small sizes at one part in the middle along the
horizontal channel, as seen in Figure 13 [YA-YB]. The flow pattern is classified as a discrete flow. The
formed gas and remaining droplets in the channel possess significant proportions. Besides, flow boiling
of water in a rectangular metallic microchannel was investigated for a hydraulic diameter of 0.56 mm
and a length of 62 mm and it was found that the important flow regimes observed were bubbly, slug,
churn, discrete flow and annular flow [26,55]. Compared with this investigation, the obtained results
in this study are significant and comparable to the founded flow regimes in experiments above, such
as the transition discrete flow and smooth mixture flow.

At t = 2.1 s, the maximum heat flux dissipated is approximately 5.34 MW/m2
, as seen in Figure 14.
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Figure 14. Dissipated heat flux distribution with the increasing temperature along the top and
bottom walls.

The maximum heat flux dissipated at increasing temperature along the top and bottom
walls. Due to the applied gradient temperature at the top and bottoms walls of the rectangular
mini-channel, the heat flux with increasing temperature is 80.89% higher than the heat flux at constant
wall temperature.

At a different coordinate point in the channel that varies with the time, the high heat flux for the
point (−69.5, −30.625) is estimated at ~2 × 105 W/m2 when the temperature is approximately 315 K as
presented in Figure 15 by the green line. At that point, the temperature varies from 293.17 K to 450 K
along with the horizontal position in the channel.
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the time.

The single-phase flow was also investigated with the increasing temperature applied at the top
and bottom walls and it is found that there are no boiling effects (Section 2.4, Figure S7, Table S7
in supplementary).

All the obtained heat fluxes in this study are significant for heat transfer and these values lay
a foundation for the rectangular mini-channel to be used in different application areas referred to
in Table 3. Therefore, it is noticed that the system with increasing temperature presents the highest
dissipated heat flux and could practically be implemented in the applications.
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4. Conclusions

The numerical study of flow and heat transfer coupled in this rectangular mini-channel with
numerous hydraulic diameters allowed us to have a more in-depth knowledge of physical phenomena
that govern the flows. The fundamental variable results, including velocity profiles, pressure drops,
friction factors were computed. This study using COMSOL presents valuable data obtained through
the variation of model parameters. We have demonstrated how to determine the applicability of the
rectangular mini-channel in certain industrial areas. The dissipated heat flux for each application area
has been estimated from the simulation results. The Reynolds number at the cooling time, convective
heat transfer coefficient and fin efficiency of the system are significant to prove the efficiency of the
elementary system based on the parameters that have been imposed. According to Newton’s Law of
Cooling, the value of the coefficient of convective heat exchange proves that the observed mode is flow
boiling in water. Flow boiling heat transfer is efficient inside the mini-channel when the number of
Reynolds is less than 400. Therefore, the rectangular mini-channel promotes an excellent heat exchange.
Finally, the obtained results from the flow boiling heat transfer in two-phase flow showed that the
important flow regimes, including smooth mixture flow and transition discrete flow, have emerged.
We have also applied a different temperature gradient at the top and bottom walls of the channels.
It is found that the system with the increasing temperature monotonously presents the highest heat
flux dissipated compared to other systems without changing the parameters and the geometry of the
mini-channel in two-phase flow. That possibly indicates that the flexible channel going through along
a tailored route which undergoes a temperature gradient will get a better heat dissipation effect.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5521/5/3/151/s1,
Figure S1: Monophasic flow in a rectangular section channel, Figure S2: Supporting data for mesh validation,
Figure S3: Relationship between the convective heat transfer coefficient and efficiency. Figure S4: Flow boiling
with increasing temperature (copper wall materials), Figure S5: Graph of the temperature vs. time with different
wall materials at the same velocity, Figure S6: Graph of the temperature vs. time at v#0 and V = 0, Figure S7:
Dynamic of heat transfer of fluids with increasing temperature (single-phase flow). Table S1: Comparison of
the current state-of-the-art for heat transfer, Table S2: values of the simulation data, Table S3: values of the
simulation Parameters, Table S4: Supporting data for mesh validation, Table S5: Data along the channel at a
different horizontal position, Table S6: Approximate values of convection heat transfer coefficients, Table S7: Data
along the channel at different horizontal positions.
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