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Abstract: The heat transfer enhancement of a jet issued from the circular cylinder placed in a three-
dimensional microchannel at low Reynolds numbers were studied systematically by using the
numerical simulation. The effects of the jet on thermal efficiency were evaluated by varying injection
ratios (I) and jet angles (θ). The physical mechanism of heat transfer was revealed through the
analyses of vorticity dynamic and temperature field. The results showed that the thermal efficiency
was proportional to the injection ratio at Re = 100 and 200. However, at Re = 300, the thermal efficiency
did not increase monotonically with the injection ratio, and the local maximum value of heat transfer
efficiency, slightly less than the highest thermal efficiency, appeared at I = 1.5. This was a result of the
jet inducing the vortex generated on the cylinder to become unstable. Furthermore, the change of
jet angle had a better effect on heat transfer performance compared to the increase in the injection
ratio. The separation point of the flow over cylinder and the vortices in the near field were adjusted
by the change in jet angle. At the appropriate range of the jet angle, the wake vortices in the near
field transitioned from quasi-steady to unsteady in the far field. The instability of wake vortices can
disturb the thermal boundary layer near the wall so as to improve the heat transfer performance.

Keywords: heat transfer; flow control; jet; vorticity dynamic; microchannel

1. Introduction

The enhanced heat transfer technology is widely used in many traditional industrial fields,
such as gas turbines, power batteries, hypersonic heating structures, and so on [1–3]. However,
with the development of computers, the volume of electronic components with higher
integration level has become smaller, the transmission frequency higher, and the amount of
transmission information larger. Thus, the electronic module dissipates hundreds of watts
of power per square micron, releasing a large amount of high heat flux [4]. This requires a
very powerful cooling technology; hence, in recent years, researchers have begun to study
the enhanced heat transfer technology in the microchannel flow and gradually applied
this technology to electronic components [5–7]. For the enhanced heat transfer technology,
there are two modes of in a micro cooling system, namely passive and active cooling [8].

In the passive micro-cooling system, a vortex generator (built-in obstacles such as
pillars, etc.) is generally used to improve the heat transfer in the microchannel by disturbing
the flow field. In most works about passive micro-cooling systems, the effects of cross-
section shapes of vortex generator, blockage ratios, and Reynolds numbers on heat transfer
were investigated [9–11]. The results show that regardless of cross-section shape of the
obstacles, the thermal efficiency increases with the blocking ratio, and the trend of the
change of the mechanical loss is reversed, and the heat transfer performance is improved
with the decrease in the aspect ratio [12–14]. Meis et al. [15] found that combined with
the economic benefits and thermal efficiency, the rectangle cylinder with a 1/2 aspect
ratio rotating clockwise for 30◦ has a better heat transfer effect and less mechanical loss.
Li et al. [16] analyzed the influence of two side-by-side, freely rotatable square cylinders on
heat transfer in the range of Re = 5–300. Turki et al. [11] obtained the specific mathematical
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relationship between the Nusselt number and Reynolds number for the cross-section of
square shape, as the blockage ratio is 1/4 and 1/8, respectively. To approach engineering
practice, many studies began to focus on the three-dimensional numerical simulation of
enhanced heat transfer in the microchannel [17–19]. Armellini et al. [20] found that a
very complex three-dimensional flow structure appeared upstream and downstream of
the cylindrical obstacle, which leads to mass transport along the spanwise direction and
enhanced the disturbance of spanwise flow by alternately shedding vortices. The heat
transfer is enhanced by the mixing between the mainstream flow and the wake vortices
shedding from the built-in cylinder [21].

The active micro-cooling system has received much attention, and it needs to consume
additional energy to improve heat transfer [22]. Active air cooling and passive air cooling
were compared experimentally by Ren et al. [23], and the results showed that the thermal
performance of active air cooling is the best. This cooling method has good thermal
performance even under high charge- and discharge-rate conditions. Considering the
convenience and energy consumption of the system, heat transfer through a steady jet
was investigated in many studies [24–28]. Firstly, the effects of the jet on wake vortices
from the cylinder have received more attention. Shi et al. [29] found that the jet had an
obvious disturbance effect on the flow field, and Karthikeyan et al. [30] deeply studied
the effect of a jet on vortex shedding from a cylinder. The results of Jung [31,32] showed
that due to the length-diameter ratio of the cylinder and the microchannel wall bound,
the disturbance of the wake vortices to the flow field was suppressed at a low Reynolds
number (less than the critical Reynolds number Recr = 400). However, combined with an
active control of a steady jet, the favorable disturbance was improved in the microchannel.
From the above research, it was found that the jet induction can indeed increase the mixing
of the flow field, but the specific heat transfer effect was not considered in these studies.
Some researchers further studied the specific effect of jet on heat transfer in microchannels.
A single jet can significantly reduce the local temperature of heat source, but the effect on
the whole channel is not obvious. A certain number of jet devices can reduce the whole
temperature field, but with the increase in the number of jet inlets, the wall temperature at
the bottom of the microchannel also appears to increase [33].

From the analysis above, the heat transfer in microchannel can be enhanced by the jet.
Nevertheless, the effects of the jet velocity and the layout of jet on heat transfer performance
and the related physical mechanisms need to be further studied. The flow and heat transfer
in microchannels with active and passive control (a steady jet from the pillar) at a low
Reynolds number (less than the critical Reynolds number Recr = 400) are deeply studied
in this paper. It focuses on the influence mechanism of the jet angle and jet velocity on the
flow field and heat transfer, and we attempt to give more appropriate parameters about the
jet angle and jet velocity. The thermal efficiency is discussed from the views of the flow field
and the temperature field, mainly including the vortex generation and shedding, Nusselt
number, and so on. The physical model and problem statement are discussed in Section 2.
The mathematical formulation and numerical procedure are carried out in Section 3. The
results are analyzed and discussed in Section 4, and the conclusions are given in Section 5.

2. Physical Model and Problem Statement

A cylinder pillar was placed in a three-dimensional, non-isothermal microchannel,
and the jet issued from this pillar was used to enhance the heat transfer of the unsteady flow
in the microchannel, as shown in Figure 1. The geometric model and size refer to Jung [31].
The microchannel was L = L1 + L2 = 27 mm in length, W = 1.5 mm in width, and
H = 0.225 mm in height, and a steady jet was injected through a narrow slit of b = 25 µm
along with the cylinder (D = 0.15 mm). The model diagram is shown in Figure 1. Except
that the bottom wall (A) behind the cylinder (L2 = 9.925 mm), colored in red, was a
constant heat wall, of which the temperature was kept at T̃max = 353 K, the others were
adiabatic walls. Meanwhile, the temperature of incoming flow was T̃inlet = 293 K, and
the injection ratio (I) is defined as the ratio between the jet velocity and the inlet velocity,
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according to Karthikeyan et al.’s study [30]. The jet angle (θ) is defined as the angle between
the jet slit and the positive direction of the X-axis in the study. The origin coordinate was
located at the intersection point of the bottom centerline and the junction line of the heat
source and the adiabatic wall, the positive direction of the X-axis was along the incoming
flow direction, and the Y-axis and Z-axis were parallel to the width and height of the
microchannel, respectively, as shown in Figure 1.
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To analyze and compare the results in various cases uniformly, the physical quanti-
ties in this study had been transformed into dimensionless forms. The space coordinate

Xi = xi/D, velocity component ui = ũi/ũinlet, and pressure p = P/ρ
(

ũinlet
)2

were non-

dimensionalized by the liquid density (ρ = 998.2 kg/m3), the cylinder diameter (D), and
inlet velocity (ũinlet). The characteristic time is expressed as t = D/ũinlet, and the dimen-
sionless temperature is shown as T =

(
T̃ − T̃inlet

)
/
(

T̃max − T̃inlet
)

. Since the property of
water in practical engineering changed with temperature, we assumed that the specific
heat capacity of water was constant (Cp = 4182 J/(kg·K)), and dimensionless viscosity (µ)
and thermal conductivity (κ) were quadratic functions of temperature [15]:

µ =
µ̃
(

T̃
)

µ̃
(

T̃inlet
) = 1 + µ1T − µ2T2, κ =

κ̃
(

T̃
)

κ̃
(

T̃inlet
) = 1 + κ1T − κ2T2 (1)

where the values of coefficient in the above equation (in the range of temperature 293 K ≤
T̃ ≤ 353 K) were given as follows:

µ1 = 1.1292, µ2 = 0.4904, κ1 = 0.1572, κ2 = 0.0470 (2)

In this study, three kinds of inlet velocities were taken into account, and the corresponding
Reynolds numbers based on cylinder diameter were Re = 100, 200, 300, respectively.
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To analyze the heat transfer behavior, it was necessary to define thermal efficiency [15].
First of all, the time-averaged local heat flux of the nonadiabatic part of the bottom wall
can be described by the dimensionless Nusselt number:

Nu(x, y) =
Q·D(

T̃max − T̃inlet
)
·κ
(

T̃max
) =

1
t1 − t0

∫ t1

t0

∂T(X, Y, 0, t)
∂Z

dt (3)

where Q was the heat flux density of the constant hot wall. The time interval between t0
and t1 must be large enough to avoid the dependence of the time-average value on the
integration interval. The global time-averaged Nusselt numbers were defined as

Nuglobal =
x

Nu(x, y)dxdy (4)

According to the Nusselt number, the thermal efficiency was defined as follows:

ΦT =
Nuglobal

Nuglobal
re f

(5)

where Nuglobal
re f was used as a reference term indicating that the jet did not exist (I = 0).

3. Mathematical Formulation and Numerical Procedure
3.1. Governing Equations and Numerical Method

For unsteady, three-dimensional, incompressible laminar flow, the governing equa-
tions (continuity, momentum, and energy) can be expressed as follows [15]:

∂ρui
∂Xi

= 0 (6)

∂ui
∂t

+ uj
∂ui
∂Xj

= − ∂p
∂xi

+
1

Re

[
∂

∂Xj

(
µ

∂ui
∂Xj

)]
(7)

∂T
∂t

+ uj
∂T
∂Xj

= − 1
Re·Pr

[
∂

∂Xj

(
κ

∂T
∂Xj

)]
(8)

where the (inlet) Reynolds and Prandtl numbers were defined as [15]:

Re =
D·ρ·ũinlet

ũ
(

T̃inlet
) , Pr =

cp·ũ
(

T̃inlet
)

κ̃
(

T̃inlet
) (9)

In this paper, the governing equations of three-dimensional, incompressible transient
flow were solved by the finite volume method based on the open-source software Open-
Foam. The velocity and pressure fields were coupled using the SIMPLEC algorithm, and
the second-order upwind scheme was selected for solving the momentum and energy
equations [34]. The first-order implicit time-marching scheme with a fixed time step of
1.2 × 10−6 s was employed for the transient solution [30]. All the computations were
considered converged with a convergence threshold residual of 10 × 10−6 for both the
continuity and velocities [25].

3.2. Boundary Conditions

Uniform inflow at the inlet:

ui =

{
1, i = 1
0, i = 2, 3

, T = 0 (10)
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The whole microchannel was surrounded by a thermal insulation wall except the
bottom wall behind the cylinder:

ui = 0,
∂T
∂n

= 0 (11)

The bottom wall (A) behind the cylinder was a constant heat wall:

ui = 0, T = 1 (12)

Next, set free outflow at the outlet.

3.3. Numerical Verification and Grid Independence

The two-dimensional, unsteady laminar flow in the non-isothermal microchannel with
a circular obstacle with the blockage ratio β = 1/4 and Re = 600 was investigated to verify
the numerical method [15]. It was found in Figure 2a that the cylinder excited the Karman
vortex street in the microchannel, but the viscosity and thermal conductivity of water were
related to temperature, and the whole vorticity distribution was not symmetrical about the
centerline of the microchannel. From Figure 2b, these shedding vortices had a favorable
effect on the overall heat transfer. It can also be qualitatively shown in Figure 3. It shows
that the numerical method used in this paper was accurate and reliable through comparison
with the results of the previous work [15].
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The analysis of the grid independence was carried out. Table 1 showed the Nusselt
numbers of microchannel corresponding to three sets of grids (coarse, medium, and fine
sizes) when the Reynolds number was 300, and the injection ratio was 1. The mesh with
medium size was chosen in the present study. The computational grids are shown in
Figure 4.
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Table 1. Grid independence test.

Grid Size Coarse Medium Fine

Number of nodes
Nusselt number (Nu)

204,732 430,170 783,496
3.85 3.93 3.93
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4. Results and Discussion

The effects of the jet issued from the slot in the cylinder on heat transfer performance
in the microchannel are investigated in this section. The bottom wall behind the cylinder
was maintained at a fixed temperature, and the other walls were adiabatic (as shown in
Figure 1). As a basic configuration, the cylinder was placed at the front end of the heat
source, with a slit along the Z direction. The thermal efficiencies corresponding to different
injection ratios and slit angles were calculated to evaluate the heat transfer performance.
The relationship between flow field and heat transfer in the model was analyzed by means
of the temperature, vorticity, three-dimensional vortex structure, and Nusselt number.

4.1. Effect of the Injection Ratio
4.1.1. Heat Transfer Performance

The local Nusselt numbers of the microchannel along the flow direction under different
injection ratios as Y = 0 and 0.8 are shown in Figure 5. From the local Nusselt number
shown in Figure 5, regardless of the Reynolds number and injection ratio, the local Nusselt
number had a larger value on the cylinder (X = 0) and gradually decreased along the flow
direction. This result was consistent with Meis’s conclusion [15]. Along the flow direction,
the local Nusselt number decreased sharply at 0 ≤ X ≤ 20 but did not change significantly
at X ≥ 20. This showed that the effect of jet on heat transfer was local, and the heat flux
mainly depended on the velocity of incoming flow when it exceeded the local jet area. The
local Nusselt numbers at Y = 0 are shown in Figure 5a,c,e. From I = 0 to I = 0.5, the
local Nusselt number increased slightly after the flow passed through the cylinder and
then weakened downstream of the cylinder. As I > 0.5, the local Nusselt number rose with
the increase in the injection ratio, but the growth in the local Nusselt number became slow
when the injection ratios were higher. This meant that the increases in the heat flux were
also slowing down. With the increase in the Reynolds number, the local Nusselt number
also increased, indicating that the effect of the jet on heat transfer was more significant in
the cases of lager Reynolds numbers, especially at Re = 300.
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The local Nusselt numbers at Y = 0.8, as shown in Figure 5b,d,f, were larger than
those at Y = 0. As Re = 100 and 200, the local Nusselt number at Y = 0.8 had no obvious
changes with the injection ratio. Especially when Re = 100, the local Nusselt numbers
almost overlap. When Re = 300, it was found that the local Nusselt number fluctuated
violently near 0 ≤ X ≤ 20 at I = 1.5. It could be seen that the crest value of local Nusselt
number for I = 1.5 even exceeded that for I = 4. This showed that when the injection ratio
was I = 1.5, the mixing of the flow field was the largest at Re = 300. This showed that
I = 1.5 was a critical injection ratio parameter.

The influence regions of the jet can be more clearly reflected in Figure 6. With the
increase in the injection ratio, the values of the local Nusselt number at Y = 0 were also
increased regardless of Reynolds number. The local Nusselt number had “double peaks”
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near −1.5 ≤ Y ≤ −0.5 and 0.5 ≤ Y ≤ 1.5 in most cases. However, the values of the
“double peaks” decreased with the increase in the injection ratio. As the Reynolds number
increased, the local Nusselt number was enhanced, especially at the bilateral peaks. It can
be found from Figure 6 that the whole local Nusselt number was symmetrical about Y = 0,
indicating that the jet effect was symmetrical about Y = 0. As Re = 300, and I = 1.5, the
local Nusselt number had four peaks along the Y direction. All in all, the Reynolds number
mainly affected the local Nusselt numbers on two sides of the cylinder in the form of the
passive control, and the local Nusselt number at the mid-plane (Y = 0) was determined
by the active jet. Nevertheless, the heat transfer effect of the active jet interfered with the
passive control effect.
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As shown in Figure 7, the thermal efficiency increased with the increase in the injection
ratio as Re ≤ 300. It can be concluded from Figure 7 that the thermal efficiency increased
with the increase in the Reynolds number, which was in line with Karthikeyan’s conclusions:
the thermal efficiency of active control can be improved by increasing the momentum
coefficient of the jet as Re ≤ 300 [30]. The changing trends of thermal efficiencies with
injection ratio were the same at Re = 100 and 200, and they exhibited almost linear growth
trends. At a low Reynolds number, the thermal efficiency of the microchannel could be
improved by increasing the injection ratio. However, considering the additional energy
required for active control, it was necessary to select an appropriate injection ratio. However,
when Re = 300, and I = 1.5, the thermal efficiency reached a turning point (first increasing
and then decreasing), and the growth rate of the thermal efficiency was the largest. At the
moment, the interaction between jet and flow over the cylinder greatly increased the heat
transfer. This was the same as the above conclusion in Figure 6c. For Re = 300, the thermal
efficiency at I = 1.5 was slightly smaller than the thermal efficiencies at I = 3.5 and I = 4.0.
Given all of this, it is a more appropriate choice that the injection ratio is taken as 1.5.
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4.1.2. Physical Mechanisms of Flow and Heat Transfer

According to the above analysis, the vorticity contours at Re = 200 and 300 were
selected to analyze the flow field (in Figure 8). The flow was highly symmetrical, and a
pair of vortices was attached to the cylinder surface, namely the main vortices generated
by the incoming flow over the cylinder. Meanwhile, a pair of secondary vortices caused by
the jet appeared at the slit, and the secondary vortices increased with the injection ratios
of the jet. The secondary vortices caused by the jet led to the local flow field mixing and
enhanced the local behavior of heat transfer. This was the cause of the “double peaks” in
the local Nusselt number curves in Figure 6a–c.
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The strength of the secondary vortices caused by the jet increased with the injection
ratio. There were three different flow patterns in the microchannel: first, the strength of the
secondary vortices generated by the jet are smaller than the main vortices generated on
the cylinder (0 ≤ I < 1.5); second, the main vortex and the secondary vortex had the same
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effect (1.5 ≤ I ≤ 2.5); third, the strength of the secondary vortex was larger than that of
the main vortex (I ≥ 3). When the main vortex was dominant, the strength of secondary
vortices appearing in the region between a pair of main vortices was very small. With the
increase in the injection ratio, the secondary vortex generated by the jet was dominant.
When Re = 300, although the flow also belonged to these three flow modes, the main
vortex and secondary vortex interacted more obviously and became unstable compared
with the cases at Re = 200. When I ≥ 1.5, it was found that the secondary vortices and
the main vortices were no longer independent, but they interacted with each other. The
secondary vortices interfered with the main vortices and made them twist as Re = 300
and I = 1.5. This strong interaction between the jet vortex and the main vortex was also
found in Feng et al.’s study [35,36]. The twisted main vortex enhanced the mixing of the
flow field and the disturbance of the thermal boundary layer. As I ≥ 2.5, the secondary
vortices gradually became larger, and the main vortices were weakened by the jet. This
phenomenon that the overall instability and vortex shedding can be suppressed through
the jet was reflected in the research of Mishra et al. The jet can even make the main vortex
disappear at the appropriate jet strength [37].

According to the Q criterion [38], the three-dimensional vortex structures correspond-
ing to I = 0, 1.5, 2, 2.5, 3 at Re = 300 are presented in Figure 9a–e, respectively. The
horseshoe vortex, which surrounded the cylinder, appeared at the leading edge of two
ends of the cylinder due to the upper and lower walls of the microchannel. The horseshoe
vortices generated at the intersection of the cylinder and the upper and lower walls are
indicated by MV1 and MV2 in Figure 9. The evolution of the vortex structure in the middle
part of the cylinder was similar to the two-dimensional flow over the circular cylinder. The
reason was that the flow around the finite cylinder with a small aspect ratio was bound
by the upper and lower walls [39]. The main vortices shedding from the cylinder and the
secondary vortex generated by the jet are denoted by CV and JV in Figure 9, respectively.
Without the jet control, the main vortices on both sides of the circular cylinder paralleled
with the centerline of the microchannel. It can be seen from Figure 9b–e that there were
significant interactions between the main vortices and the jet. At I = 1.5, the main vortex
was twisted and became unstable in the flow field due to the jet although the strength of
the secondary vortex generated by the jet was low. As the injection ratio increases to 2,
the main vortices were suppressed by the secondary vortex generated by the jet, and the
strengths of the wake vortices were the lowest in the cases for the jet control. Therefore, the
heat transfer effect also declined at this time. As the injection ratio continued to increase,
the main vortex was gradually weakened, but the secondary vortex generated by the jet
steadily became larger. At the high injection ratio, the main vortex and the secondary
vortex tended to coalesce. Thus, the mixing of flow field was also enhanced under the
dominant influences of the active jet.

Through the above analyses of vorticity field, it was known that when Re = 100 and 200,
the heat transfer effect increased with injection ratio because the secondary vortices generated
by the jet were enhanced continuously. When Re = 300, different phenomena appeared
in the flow field, so the temperature contours had different features accordingly. They
are presented in Figure 10. The heat transfer mechanisms of the jet that issued from the
circular pillar can be mainly divided into two categories: the jet’s directly borne heat and
the mixing enhancement induced by the wake vortices. As shown in Figure 10a,c,d, the
low temperature in the center of microchannel was caused by the jet, which carried away
the relative hot fluid. From Figure 10b, it can be seen that the hot fluid segments on both
sides of the central jet were caused by the vortices generated by the cylinder at I = 1.5,
which caused the mixing of the hot fluid and cold fluid. With the increase in the injection
ratio, the influence range of central low temperature was also gradually increased except
the case of I = 1.5. At I = 1.5, the cold fluid in the center of microchannel was broken
into smaller segments by the wake vortices. These cold segments penetrate the thermal
boundary layer and move downstream due to the interaction of wake vortices and thermal
boundary layer, which increases the interface area between the hot and cold fluids and
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enhances the heat transfer performance. At the same time, the hot fluid convolutes upward
from the thermal boundary layer to the center of the microchannel. The region with a
large number of hot fluid segments occurred in the center of microchannel. The unstable
wake vortices helped to bring the hot fluid from the wall of the channel to the center of the
channel so as to facilitate heat exchange. This revealed the physical mechanisms by which
the heat exchange rates were the highest at I = 1.5 due to the twisted main vortices.
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The temperature contours downstream of the cylinder were shown to illustrate the
effects of the central jet and the vortices shedding from the circular cylinder on the tempera-
ture fields in Figure 11. According to the analyses of the vorticity contour, the main vortices
generated on the cylinder at Re = 100 and 200 were gradually suppressed with the increase
in the injection ratio. It was found that the feature of fluid temperature distribution in the
planes on the both sides of the circular cylinder was consistent with those in the center
plane, so only the temperature contours at Y = 0.8 are shown in Figure 11a,b. At Re = 300,
the strength of vortices near the trailing edge of the cylinder was relatively higher, and a
different phenomenon appeared in the flow field. The temperature contours had different
features accordingly. Therefore, the temperature contours in the center plane and both sides
of the circular are shown, respectively. From Figure 11, it was found that the thickness of
the thermal boundary layer on the bottom wall become relatively thinner as the Reynolds
number increases under the same injection ratio by comparing the temperature contours
at different Reynolds numbers, which matched our heat transfer efficiency in Figure 7.
At Re = 100 and 200, the thickness of the thermal boundary layer was reduced with the
increase in the injection ratio.
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The temperature contours at the Y = 0 and 0.8 downstream of the cylinder for Re = 300
are shown in Figure 11c,d. The temperature behind the cylinder gradually increased
with the distance from the heat source. The temperature changes along the Z direction at
the center of the microchannel can be seen in Figure 11c. The hot fluids are transferred
downstream by the active jet. With the increase in the injection ratio, the low-temperature
region steadily expanded, and the thickness of heat boundary layer was reduced. As shown
in Figure 11d, the fluid temperature variations in the planes on the both sides of the circular
cylinder with the injection ratio were different from those in the center plane. The vortices
generated by the cylinder, which were distributed on both sides of the circular cylinder
from Figure 8, interacted with the thermal boundary layer and brought the heat from the
bottom wall into the central fluid. It can be seen that when the injection ratio was 1.5, the
thickness of the thermal boundary layer on the bottom wall was relatively thinner. This
was because the vortices in the flow field are the most chaotic in this case. These vortices
constantly disturbed the thermal boundary layer, which strengthened the heat transfer.
However, at I = 1.0, I = 2.0, and I = 2.5, the developments of the thermal boundary layer
were obvious. Therefore, the injection ratio of I = 1.5 was a more appropriate choice to
improve the heat transfer effect.

In most cases, with the increase in the injection ratio, the effect of passive control
(vortices shedding from the cylinder) on heat transfer decreases gradually, while the effect
of active jet control on heat transfer increases. For a cooling system, only using the circular
cylinder fixed in the center of the microchannel as control strategy, its heat transfer effect
was not very good because the vortices shedding from the cylinder was suppressed by the
upper and lower walls. Although the jet of the high injection ratio can enhance the heat
transfer flux, it also consumed more energy because of the active control. The temperature
change caused by the jet is more obvious, especially in the center of microchannel. The
existence of the jet made the high-temperature fluid move downstream and thus improved
the heat transfer. The effect of the jet strength on heat transfer was mainly reflected in
the near-field region rather than in the far-field region. This was also in line with Jung’s
conclusion [32] that the effect of heat transfer near the jet port is obvious. However, when
the injection ratio I = 1.5, the passive control and active jet control were organically
combined to make the cooling system not only have higher heat transfer effect but also
consume less energy. The jet of the appropriate injection ratio can induce the vortices
shedding from the cylinder to become unstable, which destroys the thermal boundary layer
near the wall, so as to improve the heat transfer effect.

4.2. Effect of the Jet Angles
4.2.1. Heat Transfer Performance

According to the above analysis, the instability of the wake vortices caused by the jet
pointing backwards in the cylinder enhanced the heat transfer. Mishra et al. found that the
jet angle had an influence on the interaction between the primary vortex and the secondary
vortex [37]. Therefore, the impacts of the jet angle on the mixing of wake vortices and heat
transfer performance deserved investigation. In this study, the jet angle was defined as the
angle between the centerline of the slit and the positive direction of the X-axis. The heat
transfer performances corresponding to different jet angles are analyzed in the following
section. The injection ratios were all taken as I = 1.5 for different injection angles according
to the preceding analyses in this section. The jet angles were chosen every 30◦ in Figure 12.
From Figure 12, the changes of jet angle can greatly affect the thermal efficiency, and it was
found that the values of the thermal efficiency were symmetrical, about θ = 0◦, because the
whole calculation model was symmetrical with respect to the Y-axis. It was not difficult to
find that the variations of the thermal efficiency with the jet angles at θ ≥ 60◦ and θ ≤ −60◦

were more obvious than those at −60◦ < θ < 60◦. Therefore, for the analysis of different jet
angles, this study only focused on the counterclockwise angle.

In the range of 60 ◦ ≤ θ ≤ 180◦, the jet angles were selected every 15◦ in order to obtain
the optimal angle for different Reynolds numbers (Re = 100, 200, and 300) in Figure 13.
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Regardless of the Reynolds number, there was a maximum value between 90◦ ≤ θ ≤ 120◦.
It was found from Figure 13 that when Re = 100 and Re = 200, the changes of angle
had little effect on the thermal efficiency. When Re = 300, the jet angle had a significant
effect on the heat transfer, and the maximum thermal efficiency could be increased to 134%.
When Re = 100, 200, and 300, the heat transfer enhancement at θ = 180◦ was smallest.
Combined with energy utilization rate and heat transfer effect, the regulation of the jet
angle was superior to the increase in jet velocity in order to improve the thermal efficiency.
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The local Nusselt numbers under different jet angles at Y = 0 and I = 1.5 are presented
in Figure 14. In the middle plane of the microchannel, the local Nusselt numbers were
relatively close to each other in the far field, but the peak values of the local Nusselt numbers
corresponding to the cases of 90◦ ≤ θ ≤ 150◦ were larger than those for θ = 165◦ and 180◦,
as shown in Figure 14a. The occurrence positions of the peak values of the local Nusselt
numbers for different jet angles were slightly different, and there was a large second peak
near the rear edge of the cylinder as θ = 105◦, which is different from other cases. The local
Nusselt number in the two side planes of the cylinder (i.e., Y = 1.5) is shown in Figure 14b.
When the jet angle 90◦ ≤ θ ≤ 105◦, the local Nusselt numbers at Y = 1.5 were larger
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than those for other jet angles in most positions along the X axis, and the local Nusselt
number for θ = 105◦ was the largest. The local Nusselt numbers on the planes of the
near field (X = 1) and the far field (X = 15) perpendicular to the inflow are demonstrated
in Figure 14c,d, respectively. The local Nusselt numbers on the planes perpendicular to
the inflow were not symmetrical with respect to Y = 0 due to the unilateral jet used in
the present study. In the near field (X = 1), the differences of the local Nusselt numbers
for different jet angles only appeared on 0 ≤ Y ≤ 2, as shown in Figure 14c, and the
main characteristic was that the peak positions shifted with jet angles although the peak
intensities of the local Nusselt numbers were almost equivalent. In the far field (X = 15), the
differences of the local Nusselt numbers at each position were more significantly increased
with jet angles than in the near field. It can be found from Figure 14d that the local Nusselt
numbers corresponding to θ = 105◦ were the largest among all the jet angles and were
maintained at a high value, especially in the region of 0 ≤ Y ≤ 2. Therefore, the optimal
heat transfer effect of the microchannel can be achieved as jet angle θ = 105◦.
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4.2.2. Physical Mechanisms of Flow and Heat Transfer

In the following sections, the physical mechanisms of flow and heat transfer corre-
sponding to different jet angles were analyzed from the views of vorticity dynamic and
temperature fields point. Figure 15 depicts the vorticity contours for different jet angles
at Re = 100 and Re = 200. At Re = 100, the strength of wake vortices for different jet
angles was not high and stable, and the transverse spacing of vortices shedding from the
cylinder for θ = 105◦ was larger than that for other jet angles, as shown in Figure 15a.
As Re = 200, the strength of wake vortices was enhanced, and the ribbon vortices for
θ = 90◦ and θ = 105◦ became unstable in the far field, as shown in Figure 15b. It was
clear that the strength of the wake vortices increased with the Reynolds number, and the
distribution range and hydrodynamic instability of wake vortices can be regulated by
changing the jet angle. These analyses revealed the reasons that the thermal efficiency of
Re = 100 was the lowest, and the heat transfer effect was better at θ = 105◦ regardless of
Re = 100 and Re = 200 in Figures 12 and 13.
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From the thermal efficiency in Figure 12, the heat transfer effect at Re = 300 was the
optimal, so we mainly analyzed the flow and heat transfer mechanism in this case. First, the
vorticity fields for θ = ±60◦ and θ = ±120◦, as shown in Figure 16, were compared to analyze
the impact of the clockwise and counterclockwise jet angle on the heat transfer performance
of the microchannel. When θ = ±60◦, the jet had hardly any effect on the location of
the separation point of the main vortex generated on the cylinder and only adjusted the
transverse spacing and the strength of the ribbon vortex structure with alternate positive
and negative vorticity. When θ =±120◦, the main vortex generated on the side with the
jet was detached from the cylinder surface behind the secondary vortex generated by the
jet, and the transverse spacing of the strip vortex in near field and the strength of wake
vortices were larger than θ = ±60◦. The wake vortices became unstable in the far field
with the increase in transverse spacing of the strip vortex in the near field. By comparison,
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it can be found that the distribution features of the wake vortices did not vary with the
positive and negative direction of the jet angle but changed obviously with the magnitude
of the jet angle. This explains the reason that the thermal efficiency for different angles was
symmetric with respect to θ = 0◦ in Figure 12.
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In order to analyze the vorticity fields for different jet angles, the jet angles of 90◦, 105◦,
135◦, and 180◦ were chosen, according to the variation of thermal efficiency in Figure 13. In
the jet angle range from 90◦ to 180◦, the changes of the jet angle adjusted the separation
point of the flow over the cylinder, and the transverse spacing of the vortices in the near
field and the strength of wake vortices were changed accordingly. As 90◦ ≤ θ ≤ 120◦, the
wake vortices in the near field transitioned from quasi-steady to unsteady in the far field,
and the disturbance range of wake vortices with multiple strips was enhanced obviously
compared with the jet angle of 0◦ (Figure 8). The instability of wake vortices increased the
mixing of the flow field and improved the heat transfer performance. When the jet angle
exceeded 120◦, the wake vortices were almost quasi-steady or steady, and the disturbance
range of the vortex structure decreased gradually with the increase in the jet angle. As
θ = 105◦, the instability of vortex in the far field was the most intense, indicating that the
mixing of flow was powerful, so the heat transfer effect was the best.

Comparing Figure 17a,b, it was found that the strip vortex structure close to the
wall had greater strength. This showed that the three-dimensional characteristics of wake
vortices were remarkable. The three-dimensional vortex structure at Re = 300 is shown
in Figure 18, where the arrow indicates the jet direction. Compared with Figure 9a, the
horseshoe vortex appearing at the junction of the cylinder and walls became larger after
changing the jet angle. The horseshoe vortices and the vortices shedding from the central
part of cylinder caused the occurrence of wake vortices with multiple strips in Figure 17.
From Figure 18a–c, the location of separation points of the main vortex generated on the
side with the jet coincided with the jet port at θ = 90◦, 105◦, 135◦. This demonstrates
that the jet caused the separation point of flow over the cylinder to move upward. The
transverse spacing of the strip vortex in the near field was increased because the oblique
jet impinged the horseshoe vortices and the vortices generated on the cylinder. Thus,
the distribution characteristics of the wake vortex, which tended to move towards both
sides of the cylinder, were altered by using the oblique jet. Finally, the vortices with high
transverse spacing in the near field became unstable in the far field, which strengthened
the heat transfer.
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The temperature contours for different jet angles at Y = 1.5 are depicted in Figure 19.
The thermal boundary layers downstream of the cylinder were developed along the X
direction. The cold and hot fluids in the microchannel can be mixed under the action of
the vortices shedding from the cylinder, and the wake vortices were able to hinder the
development of the thermal boundary layer. According to the above analysis of vortex
dynamic, the transverse spacing of the strip vortex in near field and the instability of wake
vortices in far field were changed with the jet angles. From Figure 19, it can be seen that the
heat transfer effect was most obvious in the near field because the strength of vortices near
the trailing edge of the cylinder was relatively higher for every jet angle. The wake vortices
were damped along the X direction due to the diffusion, which led to the development of
thermal boundary layer. However, as 90◦ ≤ θ ≤ 120◦, the instability of vortex in the far
field strengthened the mixing phenomenon of the flow field and slowed down the increase
in the thickness of the thermal boundary layer. The depth of the thermal boundary layer
corresponding to the jet angle of 105◦ was the thinnest, indicating that the heat transfer
effect was the best. As shown in Table 2, the thermal efficiency for 105◦ was 1.335, which
increased by 20.8 % over the 180◦ thermal efficiency. For other jet angles, the thickness of
thermal boundary layer increased obviously along the downstream due to the quasi-steady
wake vortices decaying gradually along the downstream.
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Table 2. Percentage change in thermal efficiency for different jet angles relative to 180◦.

Jet Angles Thermal Efficiency Percentage

90◦ 1.306 20.8
105◦ 1.335 23.5
120◦ 1.227 13.5
135◦ 1.157 7.0
150◦ 1.184 9.5
165◦ 1.124 4.0
180◦ 1.081 -

5. Conclusions

The heat transfer of a cooling system combining passive and active control in the
microchannel at low Reynolds numbers was studied in this paper. A jet issued from the
circular cylinder placed in the microchannel was employed for this cooling system. The
active jet control can interact with the passive control (vortices shedding from the cylinder)
to regulate the heat transfer performance. Different injection ratios and jet angles were
considered. Finally, the optimal control strategies were obtained by analyzing the flow
mechanism and thermal efficiency. The main conclusions are as follows:

By comparing the heat transfer characteristics of the jet pointing backwards in the
cylinder corresponding to different injection ratios (I) and Reynolds numbers, for the same
injection ratio, the thermal efficiencies of the microchannel for Re = 300 were better than
those for Re = 100 and 200, and the thermal efficiency of the microchannel increased with
the injection ratio as Re ≤ 300. However, the thermal efficiency at Re = 300 did not increase
monotonically with the injection ratio. As Re = 300 and I = 1.5, the thermal efficiency
increased about 20% with respect to Re = 100 and I = 0.5 and was slightly less than the
thermal efficiencies at I = 3.5 and I = 4.0. The injection ratio of I = 1.5 was an optimal
choice to enhance the heat transfer. This is because the jet with the appropriate injection
ratio can induce the flow over the cylinder to become unstable, which disturbs the thermal
boundary layer near the wall, so as to improve the heat transfer enhancement.

The heat transfer performances in the microchannel cooling system with different jet
angles in the range of −180◦ ≤ θ ≤ 180◦ were also investigated. It was found that although
the values of the thermal efficiency did not vary with the positive and negative direction of
jet angle, the magnitude of changes of the jet angle can greatly affect the thermal efficiency.
The changes of the jet angle can adjust the separation point of the flow over the cylinder and
the transverse spacing and strength of the vortices in the near field. As 90◦ ≤ θ ≤ 120◦, the
wake vortices in the near field transitioned from quasi-steady to unsteady in the far field,
and the disturbance range of wake vortices with multiple strips were obviously enhanced.
As θ = 105◦, the instability of the vortex in the far field was the most intense. The thermal
efficiency increased by 34% as θ = 105◦ and Re = 300. Above all, combined with the
energy utilization rate and heat transfer effect, the regulation in jet angle was superior to
the increase in the injection ratio in order to enhance the thermal efficiency.
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