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ARTICLE INFO ABSTRACT
Keywords: A novel interrupted microchannel with double circular pin-fins in each microchamber (IMCDCP) is designed to
Microchannel combine the advantages of microchamber and circular pin-fin in heat transfer enhancement. The effects of the

Numerical simulation
Pin-fins

Heat transfer enhancement
Chaotic advection

diameters (d;, ds), spacing (s) and height (h) of circular pin-fin on the local fluid flow and heat transfer char-
acteristics at Reynolds number (Re) of 398 and the average fluid flow and heat transfer characteristics with Re
ranging from 133 to 530 in the IMCDCP are investigated using numerical simulation. In addition, to compare
with the performance of IMCDCP, the smooth microchannel (SMC), the interrupted microchannel (IMC) and the
interrupted microchannel with single circular pin-fin in each microchamber (IMCSCP) are also numerically
investigated. These results show that using double circular pin-fins in each microchamber is an effective method
in improving heat transfer performance. It effectively reduces the local wall temperature deterioration and
achieves better wall temperature uniformity for the interrupted microchannel. The analysis results of geometric
parameter show that pin-fin spacing plays an important role in the wall temperature uniformity, and proper pin-
fin height is in favor of heat transfer enhancement and pressure drop reduction. The assessment result of overall
thermal performance shows optimum geometric parameters for the IMCDCP with h = 0.08 mm, d; = dz = 0.12
mm, s = 0.55 mm at Re = 530, yielding 42% enhancement as compared to SMC.

transfer performance of microchannel heat sink to solve cooling
problem.

Previous studies have proved that heat transfer performance of
microchannel heat sink can be effectively enhanced by changing inter-
nal structure or using enhanced working fluid, such as changing channel
shapes [5], adding cavities or secondary channels [6] and ribs/pin-fins
[71, as well as using nanofluids [8]. In terms of nanofluids as working
fluids in microchannels, many studies have indicated that adding low
volume fraction of nanoparticles to the coolant can significantly
improve thermal conductivity of the coolant [9-11]. Thus, the use of
nanofluid has a positive improvement in heat transfer as compared to
base fluids [12,13]. However, using nanofluid in the cooling system may
reduce the system stability due to aggregation and sedimentation of
nanoparticles. This limits the application of nanofluids in the cooling
system [14]. Furthermore, Khoshvaght-Aliabadi et al. [15] concluded in
their study that using an enhanced surface was more useful than using
enhanced working fluid. Therefore, many scholars are focusing on

1. Introduction

With rapid development of electronic devices towards integration,
miniaturization and high stability, the thermal management of micro-
electronic has become a serious challenge to guarantee the long-term
reliability and prolong the durable life of electronic devices [1].
Therefore, to solve the problem of high heat flux caused by microelec-
tronic devices, Tuckerman and Pease [2] proposed the concept of
microchannel heat sink (MCHS) in 1981. Since then, the MCHS has been
commonly used in high heat flux cooling devices due to the advantages
of higher heat transfer coefficient, lesser weight and compact structure
[3]. However, with continuous advancement of science and technology,
the heat dissipation capacities of modern microelectronic devices are
close to or exceed 10° W/m? [4]. Thus, the conventional microchannel
heat sink is not enough to remove very high heat flux due to thermal
boundary layer thickness. For this reason, it is urgent to improve heat
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Nomenclature 1 volume, m®
Wen microchannel width, mm
A area, m? x/L non-dimensional length
[N specific heat capacity, J/(kg-K) X,y,2  three coordinates shown in Fig. 1, mm
d circular pin-fin diameter, mm
Dy, hydraulic diameter, mm Greek symbols
f friction factor A therI.nal condl;ctivity, W/(m-K)
h pin-fin height, mm P den51ty., kg/ m
have average heat transfer coefficient, W/(m?2K) H dynamic viscosity, Pa-s
He, microchannel height, mm Subscripts
L microchannel length, mm ave average
Nu Nusselt number ch channel
p pressure, Pa D Darcy
Ap pressure drop, Pa in inlet
P, local pressure, Pa £ fluid
q heat flux, W/m? out outlet
Re Reynolds number s solid
s pin-fin spacing, mm w wall
r tempf.:rature, K x x direction
u velocity vector 0 smooth microchannel
u, v, w velocity components in the x, y, z direction, m/s

Microchambers

Unit:mm

Unit: mm

(b)

Fig. 1. Schematic diagrams of (a) an interrupted microchannel heat sink and
(b) a single microchannel.

surface enhancement of microchannel.

For microchannel heat sink with cavities or secondary channels, heat
transfer enhancement could be attributed to the spurting and throttling
effects, as well as the interruption and redevelopment of the hydraulic
and thermal boundary layers [16,17]. Wan et al. [18] performed an
experiment to study flow characteristics and heat transfer performance
of half-corrugated microchannels. They observed that the pressure drop

Solid

Fluid

Fig. 2. Grids of IMCDCP with d; = d, = 0.8 mm, h = 0.2 mm and s = 0.4 mm.

was significantly reduced by the presence of cavities at the given Rey-
nolds number, and the heat transfer performance was enhanced when
the heat flux was beyond 150 kW/m2. Yuan et al. [19] carried out the
experimental and numerical study on the heat transfer and flow char-
acteristics in the non-uniform wavy microchannels. The results showed
that the divergent wavy microchannel had better heat transfer perfor-
mance than the uniform microchannel and convergent wavy micro-
channel at Reynolds number ranging from 177 to 822. Liu et al. [20]
used serpentine microchannel with fan-shaped reentrant cavities in their
numerical study and observed that the fan-shaped cavities was able to
effectively reduce the flow resistance and improve the temperature
distribution uniformity. Raja Kuppusamy et al. [21] carried out a nu-
merical study for thermal enhancement in microchannel heat sink with
secondary flow. They found that the thermal performance increased
with the width and number of secondary channel increasing. Moreover,
the reduction in the angle of the secondary flow path easily rendered the
fluid to be transferred to the secondary flow path, thereby enhancing
heat transfer. Shi et al. [22] and Yang and Cao [23] investigated the
microchannel heat sink with secondary flow channel to find the opti-
mization of geometry parameters on heat transfer and fluid flow
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Fig. 4. Effects of different microchannel structures on (a) local pressure and (b) local wall temperature. Distributions of (c) velocity and (d) temperature in the plane

at y = 0.25 mm with x = 6.0-7.7 mm for Re = 398.

characteristics.

For the microchannel heat sink with ribs/pin-fins, heat transfer is
improved significantly, albeit with a higher pressure drop penalty [24].
Prajapati [25] numerically investigated heat transfer and fluid flow
characteristics in rectangular microchannel heat sink with different
pin-fin heights. They found that the heat transfer performance increased

at first and then decreased with the increase in pin-fin height. Wang
et al. [26] numerically and experimentally examined the fluid and heat
transfer characteristics in the microchannel heat sink with truncated rib
on sidewall. Li et al. [27] carried out an experimental study on the heat
transfer and flow characteristics in the microchannels with micro-ribs.
They observed that the heat transfer enhancement could be attributed
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Fig. 5. Effects of different pin-fin diameters on (a) local pressure and (b) local wall temperature. Distributions of (c) velocity field and (d) velocity vector in the plane

at y = 0.25 mm with x = 6.0-7.7 mm for Re = 398.

to the recirculation, as well as the jetting and throttling effects due to the
presence of ribs. Jia et al. [28] used combined microchannel with
cone-shaped micro-pin-fins in their numerical study and presented that
pin-fins were beneficial to enhance the heat transfer but accompanied
with a higher pressure drop. Wang et al. [29] proposed the mini-channel
with discrete double-inclined ribs for improving the heat transfer. They
found that strong longitudinal vortex was generated in near the tips of
each rib, which enhanced heat transfer effectively. Hosseinirad et al.
[30] studied the heat transfer and pressure drop of the transverse rect-
angular vortex-generators with various non-uniform heights in a mini-
channel. Ma et al. [31] investigated the heat transfer and fluid flow
characteristics of the microchannel heat sink with periodic jetting and
throttling structures in sidewalls. Wang et al. [32] carried out a study on
the microchannel heat sink with bidirectional ribs which composed of
vertical rib and spanwise rib. The results showed that heat transfer
performance of the complex combined bidirectional ribs was better than
that of vertical ribs or spanwise ribs, but it also gave rise to the larger
pressure drop penalty.

For the microchannel heat sink with combination of ribs/pin-fins and
cavities (or secondary channels), Japar et al. [33] numerically studied
the combination of ribs and secondary channels and observed that ribs
contributed to eliminating the stagnation zone by guiding fluid flow
toward the cavities zone, thereby enhancing heat transfer. Ghani et al.
[34] performed a numerical study on the microchannel with combina-
tion of cavities and ribs. They found that it had more superior overall
thermal performance than using individual technique. Li et al. [35]
compared microchannel heat sink having triangular cavities and ribs
with microchannel heat sink having triangular cavities. The results

showed that the combination of triangular cavities and ribs had better
heat transfer performance than microchannel with triangular cavities.
Ghani et al. [36] carried out a numerical study on the microchannel heat
sink with ribs and secondary channels. They found that the heat transfer
was significantly enhanced due to removing the stagnation zone in
secondary channel and promoting flow mixing between the adjacent
main channels. Moreover, the pressure drop penalty caused by ribs
would be reduced thanks to the presence of secondary channels. Datta
et al. [37] used their numerical results to find the best performance for
rectangular microchannel with trapezoidal cavities and ribs. A and
Chakraborty [38] investigated the microchannel with circular pin-fins
and micro blind holes. They observed that circular pin-fins improved
the heat transfer while the micro blind holes decreased pressure drop.
Based on the above literature review, it is found that the ribs/pin-fins
effectively improve heat transfer and cavities (or secondary channels)
are beneficial to reduce the pressure drop, to a certain extent. The
combination of ribs/pin-fins and cavities (or secondary channels) pro-
vides superior performance because it combine the advantages of ribs/
pin-fins and cavities (or secondary channels). Also, it is worth noting
that the secondary channels formed by slotting the channel wall be-
tween adjacent channels is conducive to reduce pressure drop, due to the
enlargement of flow area [21-23,36]. According to this method, Alfellag
el al. [39] experimentally studied slotted oval pins in trapezoidal cav-
ities and observed that slotted oval pins in cavities effectively improved
overall thermal performance. This implies that slotted pin-fins is an
effective method to obtain better performance. Additionally, it is also
found that numerous studies focus on the microchannel with the com-
bination of single rib/pin-fin and single cavity (or secondary channel),
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Fig. 6. Effects of combination of different pin-fin diameters on (a) local pressure and (b) local wall temperature. Distributions of (c) velocity field and (d) velocity

vector in the plane at y = 0.25 mm with x = 6.0-7.7 mm for Re = 398.

and the microchannel with the combination of multi-ribs/pin-fins and
single cavity (or secondary channel) is neglected. Thus, a microchannel
with combination of the double circular pin-fins (similar to slotted
pin-fin) and microchamber (similar to the big secondary channel) is
designed in present work, based on the work conducted by Chai et al.
[40]. This design is beneficial to provide larger flow area to reduce
pressure drop as compared to the long rib in microchamber. Moreover,
the double circular pin-fins are also helpful to inducing more formation
of vortex and promoting the mixing of hot and cold fluid. To understand
the effects of geometric parameters on fluid flow and heat transfer in this
novel microchannel, the diameters of pin-fins in upstream and down-
stream of microchamber, the spacing between double circular pin-fins
and the height of pin-fin are selected as geometric parameters. Also,
the effects of these geometric parameters on the local pressure, local
wall temperature, average flow and heat transfer characteristics in the
novel microchannel are analyzed.

2. Numerical simulation
2.1. Physical model

Fig. 1(a) displays the schematic view of interrupted microchannel
heat sink with circular pin-fins in this study. There are two micro-
chambers in the microchannel heat sink and the circular pin-fins are
arranged in each microchamber. The glass cover is bonded to the
microchannel heat sink to form the enclosed passages. To save compu-
tational cost for this simulation and considering the repeatability of
microchannels heat sink, the symmetry condition is used for the

microchannel heat sink model. Thus, a single interrupted microchannel
and its nearby solid sections are selected in present numerical study.
Fig. 1(b) shows the computational domain of an interrupted micro-
channel with double circular pin-fins in each microchamber (IMCDCP).
The height (H.p) and width (W) of microchannel are 0.2 mm and 0.1
mm, respectively. To understand the impacts of the geometric parame-
ters of double circular pin-fins on the fluid flow and heat transfer in the
interrupted microchannel, the diameter (d;) of pin-fin in upstream of
microchamber, the diameter (dy) of pin-fin in downstream of micro-
chamber, the spacing (s) between double circular pin-fins, and the
height (h) of circular pin-fin are selected as studied parameters. They are
in ranges of 0.06-0.14 mm, 0.06-0.14 mm, 0.25-0.85 mm and 0.04-0.2
mm, respectively. More details about geometric parameters of IMCDCP
are presented in Fig. 1(b).

2.2. Numerical model

In this simulation, silicon is selected as the material of the solid
domain and the working fluid is water. To simplify this numerical
model, several assumptions are made as follows:

(1) Flow is Newtonian, steady and continuous incompressible
laminar flow.

(2) Volume force, surface tension and radiation heat transfer are
neglected.

(3) Varied thermophysical properties of working fluid are employed
and the data is shown in the Ref. [40].

(4) Thermophysical properties are constant for the solid domain.
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Based on above simplifying assumptions, the continuous equation,
momentum equation and energy equation for fluid domain can be ob-
tained as:

V-(pU) =0 €Y
V-(pUU) = =Vp + V(uVU) @)
V- (pe,UT;) = V- (4VTy) 3)

For solid domain, the energy equation is expressed as:

AV, =0 (O]

where p, p, u, cp, s and Tt are the pressure, density, viscosity, specific
heat capacity, thermal conductivity, and temperature of the fluid,
respectively. 45 and T are the thermal conductivity and temperature of
the solid, respectively.

In this simulation, the uniform velocity (uj, = 1-4 m/s) and constant
temperature (Tj, = 293 K) are employed at the inlet of microchannel.
The average static pressure boundary condition is specified with a fixed
pressure of 0 Pa (relative to the environment) at the outlet of micro-
channel. A constant heat flux of ¢ = 10° W/m? is applied on the base
wall of microchannel. The solid walls coupled with fluid are set as the
fluid-solid interface boundary conditions. A symmetry boundary con-
dition is applied on two sides of the computational domain. Adiabatic
wall boundary conditions are assigned for other walls. Computational
Fluid Dynamics (CFD) software CFX is used to solve the above control
equations. When the convergence residual is less than 107>, the nu-
merical solutions are considered to be converged.

2.3. Grid independence

The accuracy of the numerical simulation results is generally deter-
mined by the quality and size of the grids. Thus, the structural grid is
used for the numerical simulation. Furthermore, to eliminate the error
caused by coarseness of grids, the independent verification of grid size
has been carried out prior to detailed analysis. For example, the grid
number of IMCDCP with d; = dy = 0.8 mm, h = 0.2 mm and s = 0.4 mm
is varied by 1.7805 million, 2.7154 million and 3.5889 million. Ac-
cording to the simulation results at inlet velocity of 2 m/s, the relative
errors of pressure drop using 1.7805 and 2.7154 million grids from that
using 3.5889 million grids are 2.02% and 0.69%, respectively. This
means that the IMCDCP with d; = dy = 0.8 mm, h = 0.2 mm and s = 0.4
mm using 2.7154 million grids can obtain numerical results with enough
accuracy. Thus, the grid system with 2.7154 million grids is selected for
numerical simulation in present study. The final meshing of this
microchannel is shown in Fig. 2.

2.4. Data reduction

The Reynolds number (Re) based on inlet parameters is expressed as:

_ PinttinDn
Hin

Re 5)

where pip, ptin are the density and viscosity of fluid at inlet, respectively;
Dy, is the hydraulic diameter and is defined as:

2WchIJCh

— - 6
Wch + Hch ( )

h
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Fig. 8. Distributions of (a) pressure field, (b) velocity field and (c) velocity vector for different pin-fin spacings in the plane at y = 0.25 mm with x = 6.0-7.7 mm for

Re = 398.

Where W, and Hy, are the width and height of single microchannel,
respectively.
The local pressure (P,) of fluid in microchannel is calculated from:

fpx,xpzli)dx‘
P =TS = @)
Jp|wda

The local temperature (Ty) of heat sink bottom wall is obtained
from:

_ fTW.,'dZ
Ts = [dz

The average Fanning friction factor (f) of the microchannel is esti-
mated from:

(8)

_ ApDh

where Ap is pressure drop of the microchannel; L is length of micro-
channel; pp, is the volume average density of fluid.

The average Nusselt number (Nu) is given by:

_ haveDh

Ni
U "

(10)

where 1, is the mass average thermal conductivity of fluid; h,ye is the
average heat transfer coefficient, which is calculated by:

9Aw
Asf [Tw,ave - O-S(Tou[ + Tm)}

Rave = an)

where Ay, Asf, Tw,ave and Ty are the heating area, convection heat
transfer area, average temperature of the silicon base and average fluid
temperature at the outlet, respectively.

To compare the thermal and hydrodynamical performances of the
interrupted microchannels having different pin-fin parameters with
these of the smooth microchannel, the performance evaluation criterion
factor (PEC) is studied as a measure of the amount of the heat transfer
enhancement coefficient against the friction factor increase, and is
defined as:
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Nu/Nuy
/)"

where Nug and f represent the Nusselt number and friction factor of the
smooth microchannel, respectively.

PEC = 12)

3. Results and discussion
3.1. Validation with experimental data

To verify the accuracy and reliability of the present numerical
method, the numerical results for the interrupted microchannel with
rectangular ribs is compared with the experimental results by Chai et al.
[40]. In their experiment, a constant heat flux of 1.22 x 10® W/m? is
applied at the base wall of microchannel. Fig. 3 shows that the Nusselt
number (Nu) and Darcy friction factor (fp) for the present numerical
simulation are validated with the experimental value. In this figure, the
Reynolds number (Rep,) is calculated on the basis of the fluid properties
at the arithmetic mean temperature of the microchannel inlet and outlet,
which is the same as in experiment by Chai et al. [40]. It is clearly seen
that the numerical results are in good agreement with the experimental

data at all given Rep,. The maximum relative errors between numerical
and experimental results for the Nusselt number and friction factor are
less than 14.5% and 6.5%, respectively. This indicates that the present
numerical method can validly predict the fluid flow and heat transfer
characteristics in the present numerical simulation.

3.2. Local flow and heat transfer performance

3.2.1. Effects of microchannel structure

It is well known that the interruption and development of the ther-
mal boundary layer, as well as the generation of vortex and chaotic
advection are helpful to improving the heat transfer performance in the
microchannel. Thus, the purpose of adding double circular pin-fins in
each microchamber of an interrupted microchannel is to induce more
vortex formation and to promote chaotic advection, thereby enhancing
heat transfer. In practice, the pressure drop and the base wall temper-
ature are two key indicators in electronic devices application. Lower
pressure drop means lower pumping power, as well as lower wall tem-
perature and better wall temperature uniformity are beneficial to the
stability of electronic devices. Fig. 4(a) and (b) present the variations of
local pressure (Py) and local wall temperature (Tw,) with the non-
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dimensional length (x/L) at Re = 398 for six configurations, including a
smooth microchannel (SMC), an interrupted microchannel (IMC), three
interrupted microchannels with single circular pin-fin in each micro-
chamber (IMCSCP) and an interrupted microchannel with double cir-
cular pin-fins in each microchamber (IMCDCP). For the IMCSCP, three
pin-fin positions in microchamber are examined, and they are named
as IMCSCP-U (pin-fin in upstream), IMCSCP-M (pin-fin in midstream)
and IMCSCP-D (pin-fin in downstream), as shown in Fig. 4(a) and (b).
From Fig. 4(a), it is obviously noticed that the local pressure of SMC
decreases gradually with x/L due to the friction loss. The local pressures
of IMC, IMCSCP and IMCDCP also present similar trends along the
microchannel except the microchamber where pressure fluctuation oc-
curs. In the microchamber of IMC, the local pressure along flow direc-
tion increases slightly and then decreases rapidly before the fluid flows
into microchannel. This is because the cross-sectional area of fluid flow
in microchamber is larger than that in microchannel, resulting in a
decrease of fluid velocity when the fluid flows from microchannel into
the microchamber. Thus, according to the Bernouli law, the pressure
will increase. However, due to the flow resistance existing in the
microchamber, the pressure increases slightly along the flow direction.
In addition, before the fluid flows from the microchamber into the
microchannel, the fluid is blocked by the long ribs between two adjacent
microchannels, causing a large pressure loss. When the fluid flows into
the microchannel, the velocity will increase and the pressure will
decrease due to the small cross-sectional area of the microchannel.
These behaviors render the pressure to decrease rapidly during which
the fluid flows from microchamber into microchannel. In the micro-
chambers of IMCSCP and IMCDCP, the local pressure along flow direc-
tion decreases slightly and wavily. This can be attributed to the flow
blockage effect caused by circular pin-fin in the microchamber. This

effect brings more flow resistances in the microchamber with double
pin-fins. Thus, the IMCDCP achieves the highest pressure drop, and the
SMC yields the lowest pressure drop.

In Fig. 4(b), the local temperature of IMC shows the highest value in
microchamber as compared to other microchannels. This is because low
fluid velocity in the microchamber of IMC results in thick boundary
layer, thereby increasing thermal resistance. For IMCSCP and IMCDCP,
the pin-fin mounted in microchamber not only increases the heat
transfer area of the microchannel, but also promotes the fluid distur-
bance. Hence the wall temperature is greatly reduced as compared to
IMC. This indicates that the pin fin in the microchamber plays an
important role in the local temperature. Additionally, the interrupted
microchannel with pin-fin in the upstream of microchamber (IMCSCP-
U) has lower wall temperature than that in the midstream (IMCSCP-M)
or downstream (IMCSCP-D). This is because the pin-fin in the upstream
of the microchamber is impacted by high flow velocity, inducing higher
turbulence intensity in the flow and helping to develop the vortex
behind the pin-fin. It is worth noting that the IMCDCP has lower local
temperature and better wall temperature uniformity than all IMCSCPs.
This can be attributed to the fact that the double circular pin-fins not
only increases heat transfer area and makes higher turbulence intensity,
but also improves insufficient flow disturbance caused by single pin-fin.
In general, the combination of double circular pin-fins and micro-
chamber can reduce the local wall temperature and improve the wall
temperature uniformity, which is significant for the temperature rise of
the heat sink base along the flow direction. This means that the IMCDCP
is invaluable for applications involving hot spots mitigation in the
electronic devices.

To understand the effect of circular pin-fin in the microchamber on
heat transfer enhancement, it is necessary to analyze the velocity and
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Fig. 11. Variations of (a) f/fo, (b) Nu/Nug and (c) PEC with pin-fin diameter for different Reynolds numbers.

temperature distributions in the microchamber of the interrupted
microchannel with circular pin-fin. Fig. 4(c) and (d) show the distribu-
tions of velocity and temperature in the plane at y = 0.25 mm with x =
6.0-7.7 mm for Re = 398. It can be observed that the fluid velocity is
redistributed due to the existence of microchamber and circular pin-fin.
For different positions of single pin-fin, the pin-fin in the upstream is
impacted by more fluid with high flow velocity as compared to the pin-
fin in the midstream or downstream. This brings higher turbulence in-
tensity and promotes the development of vortex behind the pin-fin,
rendering the flow boundary layer to reduce further. For double circu-
lar pin-fins, more vortexes are generated, and the vortex intensity
further enhances as compared to single pin-fin. This further promotes
fluid mixing and disturbance of the flow boundary layer. In terms of
temperature distribution, it is clearly seen from Fig. 4(d) that the ther-
mal boundary layer is interrupted and redeveloped due to the presence
of microchamber and pin-fin. For single pin-fin, the pin-fin in the up-
stream yields lower temperature and better wall temperature uniformity
as compared to the pin-fin in the midstream or downstream. However, it
is also found that the double circular pin-fins has lower temperature and
better wall temperature uniformity as compared to the single pin-fin.
Overall, comparing with other microchannels (SMC, IMC and
IMCSCP), the IMCDCP significantly improves chaotic advection, as well
as induces the better fluid mixing between the mainstream and recir-
culation flow regions, thereby promoting heat transfer, as well as
achieving low level and good uniformity for wall temperature.

3.2.2. Effects of circular pin-fin diameter for IMCDCP

According to the above results, it can be concluded that the IMCDCP
accomplished the highest local thermal performance as compared to
other microchannels. To further improve the overall thermal
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performance of IMCDCP, it is necessary to analyze the effects of the
geometric parameters of double circular pin-fins with different di-
ameters (dj, d2), spacings (s) and heights (h) on local fluid flow and heat
transfer characteristics.

Fig. 5(a) and (b) illustrate the effects of different circular pin-fin
diameters (d; = d2 = 0.08-0.14 mm) on local pressure (P,) and local
wall temperature (T ) with the non-dimensional length (x/L) at Re =
398 for IMCDCP with s = 0.4 mm and h = 0.2 mm. As demonstrated in
Fig. 5(a), it can be distinctly noted that the pressure increases as the
circular pin-fin diameter increases. This phenomenon occurs due to the
enhancement of flow blockage effect and flow recirculation. The local
pressure of IMCDCP with d; = d2 = 0.14 mm at microchannel inlet (x =
0) becomes the highest, which is increased by 16% as compared to that
of IMCDCP with d; = dy = 0.06 mm. As shown in Fig. 5(b), the local wall
temperature presents a decreasing trend with pin-fin diameter
increasing, and the bigger pin-fin diameter results in the better wall
temperature uniformity in the microchamber. For example, at x/L = 0.3,
the local wall temperature of IMCDCP with d; = dz = 0.14 mm shows the
lowest temperature, which is reduced by 3.49 K as compared to that of
IMCDCP with d; = dz = 0.06 mm. This phenomenon can be explained by
the velocity distribution and velocity vector in the microchamber, as
depicted in Fig. 5(c) and (d). To show this more clearly, the vortex re-
gions of the fluid in microchamber of IMCDCP are distinguished by red
circles. It can be observed that increasing diameter leads to the intensity
of vortexes behind the double circular pin-fins augmenting. This phe-
nomenon promotes chaotic advection of fluid, thereby improving flow
mixing. Furthermore, the increase in pin-fin diameter causes the fluid in
the gap between two pin-fin in width direction of microchannel to
accelerate, thereby thinning the boundary layer in this gap. These be-
haviors are beneficial to heat transfer enhancement.
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Fig. 12. Variations of (a) f/fo, (b) Nu/Nuy and (c) PEC with combination of different pin-fin diameters for different Reynolds numbers.

3.2.3. Effects of combination of different circular pin-fin diameters for
IMCDCP

To understand the effects of combination of different circular pin-fin
diameters on local flow and heat transfer characteristics, here one of
double circular pin-fins with a maximum diameter of 0.12 mm is given
and the other circular pin-fin diameter is varied. Fig. 6(a) and (b) show
the effects of combination of different circular pin-fin diameters (d; =
0.08-0.12 mm and dy = 0.08-0.12 mm) on local pressure (P,) and local
wall temperature (Ty ) with the non-dimensional length (x/L) at Re =
398 for IMCDCP with s = 0.55 mm and h = 0.2 mm. As shown in Fig. 6
(a), the pressure of IMCDCP with d; = 0.12 mm and d; = 0.12 mm
represents the highest value while that of IMCDCP with d; = 0.12 mm
and dy = 0.08 mm represents the lowest value. However, the variation of
the diameter of small pin-fin has a little effect on pressure. For example,
the pressure at inlet of IMCDCP with d; = 0.12 mm, dy = 0.12 mm is
increased by 2.9% as compared to IMCDCP with d; = 0.12 mm and dp =
0.08 mm. This may indicate that most of the pressure loss is caused by
the maximum circular pin-fin. From Fig. 6(b), it can be observed that the
wall temperature in the microchamber of IMCDCP with d; = 0.12 mm
and d; = 0.08 mm as well as the IMCDCP with d; = 0.12 mm and dy =
0.1 mm (backward arrangement) are lower than that of the IMCDCP
with d; = 0.08 mm and d5 = 0.12 mm as well as the IMCDCP with d; =
0.1 mm and d; = 0.12 mm (forward arrangement), respectively. This
means that the backward arrangement for double circular pin-fins pro-
vides better heat transfer performance as compared to forward
arrangement. This reason can be explained by the velocity distribution
and velocity vector, as demonstrated in Fig. 6(c) and (d). For the
backward arrangement, large pin-fin diameter in upstream of micro-
chamber can guide the fluid flow towards the laminar stagnation zone
near the entrance of microchamber, thereby accelerating the heat
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removal. Meanwhile, it is clearly observed from Fig. 6(b) that the
arrangement with d; = dy (IMCDCP with d; = 0.12 mm and d; = 0.12
mm) presents the lowest temperature due to the maximum heat transfer
area and the strongest intensity of vortex behind the circular pin-fin.
This is to say the arrangement with d; = dy (maximum diameter) ach-
ieves the best heat transfer enhancement rather than the backward
arrangement or forward arrangement.

3.2.4. Effects of pin-fin spacing for IMCDCP

Fig. 7(a) and (b) display the effects of different spacings between
double circular pin-fins (s = 0.25-0.85 mm) on local pressure (P,) and
local wall temperature (Ty ) with the non-dimensional length (x/L) at
Re = 398 for IMCDCP with d; = dy =0.12mm and h = 0.2 mm. In Fig. 7
(a), the pressure increases with the increase of the pin-fin spacing, but
there is no appreciable change in the magnitude of pin-fin spacing on the
pressure. For example, the pressure at inlet (x = 0) for IMCDCP with s =
0.85 mm is increased by 4% as compared to that with s = 0.25 mm. To
clearly understand the effects of pin-fin spacing on the local pressure and
local wall temperature, an enlarged view of local region of microchannel
at 0.63 < x/L < 0.74 is drawn, as shown in Fig. 7(c) and (d). From Fig. 7
(c), it can be obviously seen that the local pressure fluctuation appears in
microchamber. This phenomenon can be attributed to two reasons: (1)
the existent of double circular pin-fins and microchamber leads to the
variation of flow area, thereby causing the pressure fluctuation due to
Bernoulli effect; (2) the blockage effect caused by double circular pin-
fins and the long ribs on the both sides of microchannel renders the
increase in resistance loss, thereby resulting in the increasing of pres-
sure, as demonstrated in Fig. 8(a).

In Fig. 7(b), the distribution of the local temperature shows obvious
wavy fluctuation in the microchamber due to the influence of the
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Fig. 13. Variations of (a) f/fo, (b) Nu/Nug and (c) PEC with pin-fin spacing for different Reynolds numbers.

combination of double circular pin-fins and microchamber. The value of
local temperature near the entrance of microchamber decreases with the
increase of pin-fin spacing, while it reverses in the center of the micro-
chamber. For instance, as depicted in Fig. 7(d), the temperature at x/L =
0.63 (the entrance of microchamber) of IMCDCP with s = 0.25 mm is
increased by 1.56 K as compared to that with s = 0.85 mm, while the
temperature at x/L = 0.69 (the center of microchamber) of IMCDCP
with s = 0.25 mm is decreased by 2.03 K as compared to that with s =
0.85 mm. This behavior can be explained by Fig. 8(b) and (c). The
smaller pin-fin spacing causes the larger area of laminar stagnation
zones to form near the entrance of microchamber, resulting in the
increasing of the temperature. On the contrary, the larger pin-fin spacing
reduces the area of stagnation zones near entrance of microchamber but
increases the area of stagnation zones between the double circular pin-
fins, thereby leading to the increase of central temperature. However,
the average wall temperature (average temperature of base wall for the
entire microchannel) of IMCDCP with s = 0.85 mm is only increased by
0.1 K than that with s = 0.25 mm. This indicates that the pin-fin spacing
has a slight effect on average wall temperature but has a significant
effect on local wall temperature. Therefore, appropriate pin-fin spacing
is important for local wall temperature uniformity. Overall, the tem-
perature of IMCDCP with s = 0.55 mm shows the best uniformity for
wall temperature in the microchamber.

3.2.5. Effects of pin-fin height for IMCDCP

Fig. 9(a) and (b) present the effects of different pin-fin heights (h =
0.04-0.2 mm) on local pressure (Py) and local wall temperature (T, )
with the non-dimensional length (x/L) at Re = 398 for IMCDCP with d;
=dy =0.12 mm and s = 0.55 mm. As depicted in Fig. 9(a), the pressure
at inlet (x = 0) increases with increasing pin-fin height. The pressure at
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inlet (x = 0) for IMCDCP with h = 0.2 mm is increased by 21% as
compared to that with h = 0.04 mm. From Fig. 9(b), it can be distinctly
seen that the temperatures of the most microchannels decrease with
increasing of pin-fin height in microchamber except the IMCDCP with h
= 0.16 mm. The increase of pin-fin height leads to increasing heat
transfer area, thereby improving the vortex intensity and flow distur-
bance. This is beneficial to enhance heat transfer. It is worth noting that
the IMCDCP with h = 0.16 mm achieves the lowest temperature in
microchamber. This can be explained by the changing of the vortex
structure, as shown in Fig. 9(c). With the increase of the pin-fin height,
the gap between the pin-fin top and microchamber top becomes small.
This will bring strong jetting effect in this gap, causing vortex structure
to improve, thus strengthening the vortex intensity, thereby promoting
chaotic advection and fluid mixing. It is helpful to enhancing heat
transfer. However, the smaller gap also means that less fluid passes the
gap, and more fluid passes the two sides of pin-fin, resulting in larger
fluid velocity in the pin-fin sides. For example, when the pin-fin height is
0.2 mm, the intensities of vortexes in xy-plane and yz-plane weakens due
to very low velocity behind pin-fin, as well as the intensity of vortex in
xz-plane strengthens because of high velocity in the pin-fin sides. This
suggests that the flow separation on the pin-fin sides intensifies,
inducing big stagnation zone behind pin-fin, thereby rendering the cool
fluid to be difficultly replenished to the heat transfer wall. It is not good
for the heat removal. Consequently, above analysis indicates that there
is an optimal pin-fin height to obtain the best thermal performance. In
present study, the best heat transfer enhancement is obtained by
IMCDCP with h = 0.16 mm due to the existence of good vortex structure
in microchamber.
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Fig. 14. Variations of (a) f/fo, (b) Nu/Nug and (c) PEC with pin-fin height for different Reynolds numbers.

3.3. Average flow and heat transfer performance

To analyze the effects of different microchannels on the average fluid
flow and heat transfer characteristics, the average Nusselt number (Nu)
and the average friction factor (f) are used to evaluate the average fluid
flow and heat transfer characteristics. Hence, the effects of micro-
channel structure and pin-fin structural parameters on the average
Nusselt number and average friction factor is investigated in detail in
this section.

3.3.1. Effects of microchannel structure

Fig. 10(a) and (b) illustrate the variations of average friction factor
and Nusselt number with Reynolds number for different configurations
(SMC, IMC, IMCSCP and IMCDCP). From Fig. 10 (a), it can be found that
the interrupted microchannels with circular pin-fin have higher friction
factor than both smooth microchannel (SMC) and the interrupted
microchannel without circular pin-fin (IMC). The friction factor of IMC
reveals the lowest value at Re < 265 while that of SMC is the lowest at
Re > 265. This is because the presence of microchamber increases flow
area, inducing the decrease in the fluid velocity and velocity gradient,
thereby reducing the friction losses. However, flow disturbance and
vortex intensity will strengthen with rising Re, rendering the friction
losses to rise. Regarding the heat transfer performance displayed in
Fig. 10(b), comparing with other microchannels, the IMCDCP shows the
highest average Nusselt number with a maximum value of 9.65 at Re =
530. This is because the double circular pin-fins in microchamber not
only induce stronger vortex, as well as improve chaotic advection and
fluid mixing, but also promote fluid disturbance in low fluid velocity
region. Moreover, the slope of Nusselt number for IMCSCP-D decreases
when Re > 331, which indicates that the generated vortex is obviously
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limited by the downstream microchannel at high Reynolds numbers.

The performance evaluation criterion is a universal criterion to
evaluate the overall thermal performance of the microchannel. The
variations of the performance evaluation criterion factor (PEC) with
Reynolds number for different configurations are shown in Fig. 10(c).
From Fig. 10(c), the PEC gradually increases with the increase of Rey-
nolds number. The value of PEC in the interrupted microchannel with
pin-fin is greater than that without pin-fin. This phenomenon can be
attributed to stronger fluid disturbance effect on the mainstream caused
by the pin-fin in the channel center. Furthermore, the IMCDCP shows
higher PEC as compared to the IMCSCP. This suggests that the combi-
nation of double circular pin-fins and microchamber can significantly
improve overall thermal performance. It is interesting to note that the
PEC of IMCSCP-D suddenly decreases at Re = 398. This is because the
space between the pin-fin and the microchannel is small for the pin-fin in
the downstream of microchamber, limiting the vortex generation and
development.

3.3.2. Effects of pin-fin diameter for IMCDCP

Fig. 11(a) and (b) present the variations of friction factor ratio (f/fo)
and heat transfer enhancement coefficient (Nu/Nugp) with different pin-
fin diameters (d = d; = d» = 0.06-0.14 mm) in IMCDCP with s = 0.4 mm
and h = 0.2 mm for different Reynolds numbers. From Fig. 11(a), it can
be observed that the value of f/f; increases with increasing circular pin-
fin diameter at a given Reynolds number, and that also increases with
the increase of Reynolds number at a given circular pin-fin diameter.
The f/fo in IMCDCP with d; = d2 = 0.14 mm provides the highest value
(f/fo = 1.50) at Re = 530. As shown in Fig. 11(b), the increase of circular
pin-fin diameter will increase the value of Nu/Nuy, but the increasing
rate is low. The Nu/Nug in the IMCDCP with d; = dz = 0.14 mm achieves
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the highest value (Nu/Nuy = 1.53) at Re = 530. Moreover, by increasing
the Reynolds number, the value of Nu/Nuy increases at a given circular
pin-fin diameter. This can be attributed to improving temperature
gradient caused by the increase in vortex intensity and the effective flow
mixing.

Fig. 11(c) shows the variation of performance evaluation criterion
factor (PEC) with pin-fin diameter. It can be noted from this figure that
the PEC gradually increases with the increase of circular pin-fin diam-
eter at Re < 398, but at Re > 398, the variation of PEC with pin-fin
diameter shows inconsistent trends. For instance, the value of PEC de-
creases slightly at first and then increases slowly with the rise of circular
pin-fin diameter at Re = 464. However, at Re = 530, the value of PEC
decreases slightly at first, then increases gradually and decreases slowly
at last with the increase in pin-fin diameter. This is because for high Re
and larger pin-fin diameter, the friction factor ratio plays a dominant
role in PEC rather than heat transfer enhancement coefficient, as
depicted in Fig. 11(a) and (b). It can be found that the IMCDCP with d;
= dy = 0.12 mm yields the best overall thermal performance with PEC =
1.34 at Re = 530.

3.3.3. Effects of combination of different pin-fin diameters for IMCDCP
Fig. 12(a) and (b) illustrate the variations of friction factor ratio (f/fp)
and heat transfer enhancement coefficient (Nu/Nug) with pin-fin
diameter ratio (d1/ds = 0.67-1.5) in IMCDCP with s = 0.55 mm and
h = 0.2 mm for different Reynolds numbers. From Fig. 12(a), it can be
observed that the f/f, for IMCDCP with d; = 0.12 mm and dy = 0.12 mm
(d1/dy = 1) achieves the highest value of 1.41 at Re = 530. The values of
f/fo for IMCDCP with d;/d> > 1 (backward arrangement) are slightly
lower than that with d;/dz < 1 (forward arrangement). For example, the
values of f/fo for IMCDCP with d; = 0.12 mm and dz = 0.08 mm (d;/d>
= 1.5) are lower than that with d; = 0.08 mm and d5 = 0.12 mm (d;1/d>
= 0.67). In Fig. 12(b), the values of Nu/Nugy for IMCDCP with d; = 0.12
mm and dp = 0.12 mm (d;/d; = 1) achieves the highest value of 1.537 at
Re = 530. In addition, the values of Nu/Nug for IMCDCP with d;/d3 > 1
(backward arrangement) are slightly greater than that with di/dy < 1
(forward arrangement) at Re > 199. This indicates that pin-fin combi-
nation with backward arrangement not only enhances the heat transfer
performance, but also obtains lower flow resistance as compared to that
with forward arrangement. The variation of PEC with pin-fin diameter
ratio (d1/dy = 0.67-1.5) in IMCDCP with s = 0.55 mm and h = 0.2 mm
for different Reynolds numbers is presented in Fig. 12(c). From Fig. 12
(c), the highest PEC is achieved by IMCDCP with d; = 0.12 mm and dp =
0.12 mm (d;/dy = 1) at the whole range of studied Reynolds number.

3.3.4. Effects of pin-fin spacing for IMCDCP

Fig. 13(a) and (b) show variations of friction factor ratio (f/fy) and
heat transfer enhancement coefficient (Nu/Nug) with pin-fin spacing (s
= 0.25-0.85 mm) in IMCDCP with d; = d2 = 0.12 mm and h = 0.2 mm.
In Fig. 13(a), a slight increase of f/f( has been noted with the increase in
pin-fin spacing. This is because the increase in pin-fin spacing
strengthens flow blockage effect for the regions of entrance and exit in
microchamber, thereby causing the increasing of friction loss. There-
fore, the IMCDCP with s = 0.85 mm achieves the highest friction factor
with f/fo = 1.45 at Re = 530. In Fig. 13(b), it is clearly seen that with the
increase of circular pin-fin spacing, the Nu/Nug gradually increases at
first, and then decreases. The main reason of this phenomenon can be
explained by the fact that, for small pin-fin spacing, the development of
vortex caused by pin-fin in the upstream is interrupted due to the exis-
tence of pin-fin in the downstream. Also, it cannot impact the stagnation
zone well near the entrance of microchamber because this pin-fin is far
from the entrance of microchamber. The large pin-fin spacing can
further induce the fluid to flow towards the stagnation zone in micro-
chamber, but the intensity of vortex caused by the pin-fin in the
downstream will weaken. Therefore, the IMCDCP with s = 0.55 mm
shows the highest Nu/Nuy as Re < 464. Moreover, it is noticed that the
Nu/Nugy of IMCDCP with s = 0.7 mm is higher than that of other
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microchannels at Re = 530, while the IMCDCP with s = 0.25 mm shows
the lowest value of Nu/Nug within the all Re. In addition, the Nu/Nug of
IMCDCP with s = 0.85 mm is lower than that of IMCDCP with s = 0.4
mm at Re < 464. However, at Re > 464, the IMCDCP with s = 0.85 mm
obtains a higher Nu/Nug than IMCDCP with s = 0.4 mm. This is because
the higher velocity promotes the intensity of vortex between two pin-
fins, thereby enhancing heat transfer, especially for larger pin-fin
spacing.

The variation of PEC with pin-fin spacing is presented in Fig. 13(c). It
is found that the IMCDCP with s = 0.55 mm provides the highest PEC of
1.36 at Re = 530, while the one with s = 0.85 mm provides the lowest
PEC of 1.235 at Re = 133. As Re > 265, there is a slight effect on PEC for
small pin-fin spacing as compared to the large pin-fin spacing. Moreover,
the PEC of IMCDCP with s = 0.85 mm is the lowest at Re < 464, but at Re
> 464, the PEC of IMCDCP with s = 0.85 mm is higher than that with s =
0.25 mm. This possibly means that the larger pin-fin spacing will reach a
better overall thermal performance than the smaller pin-fin spacing at
high Re, but this trend is contrary at low Re.

3.3.5. Effects of pin-fin height for IMCDCP

Fig. 14(a) and (b) describe the variations of friction factor ratio (f/fy)
and heat transfer enhancement coefficient (Nu/Nug) with pin-fin height
(h=0.04-0.2 mm) in IMCDCP with d; = dy = 0.12 mm and s = 0.55 mm.
In Fig. 14(a), the value of f/f, increases with increasing pin-fin height.
The value of f/fp in IMCDCP with h = 0.2 mm is the highest (f/fo = 1.42).
From Fig. 14(b), it is observed that Nu/Nuy presents an increasing trend
at first and then a decreasing trend as pin-fin height increasing under the
most Reynolds numbers, but there is a slight variation in the magnitude
of Nu/Nug with pin-fin height when Re > 331. This is attributed to the
increment in surface area of heat transfer and the vortex intensifying,
resulting in the heat transfer enhancement. However, high fluid velocity
will enhance the effect of the flow separation on the pin-fin sides, which
is bad for heat transfer enhancement, especially for higher pin-fin
height. It can be noted that the best heat transfer performance is ob-
tained by IMCDCP with h = 0.16 mm, and the maximum value of Nu/
Nug reaches 1.54.

The variation of PEC with pin-fin height is presented in Fig. 14(c). It
can be seen that the curve of PEC for all Reynolds numbers shows an
increasing trend at first and then a decreasing trend with the increase of
pin-fin height. However, the maximum value of PEC shifts leftwards
with the increase of Reynolds number. For example, the maximum PEC
in IMCDCP with h = 0.16 mm is obtained when Re < 265, but when Re >
265, that in IMCDCP with h = 0.08 mm shows the maximum value. One
can also observe from this figure that the value of PEC at Re > 265 and h
> 0.08 mm decreases rapidly with the pin-fin height increasing. This is
because the Nu/Nug has a slight variation with pin-fin height increasing
at high Reynolds number, but the f/f, increases rapidly with the increase
of pin-fin height, as shown in Fig. 14(a) and (b). In addition, it can be
concluded that the pin-fin with higher height achieves better overall
thermal performance at low Reynolds number. However, at high Rey-
nolds number, the pin-fin with lower height provides better overall
thermal performance. This means that the optimum height of pin-fin for
the best overall thermal performance depends on Reynolds number. In
other word, the pin-fin height should be decreased at high Reynolds
number or that should be increased at low Reynolds number to obtain
the best overall thermal performance. Furthermore, the IMCDCP with h
= 0.08 mm yields the maximum PEC of 1.42 at Re = 530.

4. Conclusions

In the present work, the interrupted microchannel with double cir-
cular pin-fins in each microchamber (IMCDCP) is designed. The effects
of geometric parameters of pin-fin on local fluid flow and heat transfer
characteristics at Reynolds number (Re) of 398 and average fluid flow
and heat transfer characteristics with Re ranging from 133 to 530 in
IMCDCP are studied numerically. The geometric parameters include the
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diameter (d;) of pin-fin in upstream of microchamber, the diameter (d)
of pin-fin in downstream of microchamber, the spacing (s) between
double pin-fins, and the height (h) of pin-fin. In addition, these results
obtained by IMCDCP are compared with those obtained by the smooth
microchannel (SMC), the interrupted microchannel (IMC) and the
interrupted microchannel with single circular pin-fin in each micro-
chamber (IMCSCP). The following conclusions can be drawn:

(1) Comparing with the SMC, the IMC and the IMCSCP, the IMCDCP
not only archives lower local wall temperature and better wall
temperature uniformity, but also provides the excellent heat
transfer enhancement and the superior overall thermal
performance.

Increasing the pin-fin diameter in microchamber will reduce the

local wall temperature and improve the heat transfer enhance-

ment, but increase the pressure drop and give rise to the larger
friction losses. In addition, the analysis result of combination of
different pin-fin diameters shows that the pin-fin with the largest
diameter plays a dominant role in the magnitude of the pressure.

The arrangement of double circular pin-fins with d; = ds provides

the best heat transfer and overall thermal performance, as

compared to that with d; > ds or d; < da.

(3) The pin-fin spacing in microchamber has a slight effect on the
pressure drop between inlet and outlet and average wall tem-
perature, but it plays an importance role in local wall tempera-
ture. This indicates that the appropriate pin-fin spacing is
significant for wall temperature uniformity. In this study, the
IMCDCP with s = 0.55 mm shows the best wall temperature
uniformity in the microchamber. Comparing with other pin-fin
spacings, the IMCDCP with s = 0.55 mm (d; = dz = 0.12 mm,
h = 0.2 mm) shows the highest Nu/Nug at Re < 464 and the best
overall thermal performance at studied range of Re.

(4) The proper pin-fin height in microchamber not only enhances the
heat transfer, but also improves the overall thermal performance.
The results suggest that the IMCDCP with h =0.16 mm (d; =ds =
0.12 mm, s = 0.55 mm) achieves the lowest local wall tempera-
ture in microchamber. Meanwhile, this IMCDCP provides the
highest heat transfer enhancement, which the maximum Nu/Nug
yields 1.54 at Re = 530. Under the range of studied Reynolds
number, the best overall thermal performance of the IMCDR with
h = 0.08 mm (d; = d2 = 0.12 mm, s = 0.55 mm) yields the
maximum PEC of 1.42 at Re = 530.

(2

—

The designed IMCDCP can efficiently improve the overall thermal
performance, as well as obtain low wall temperature and good wall
temperature uniformity. This suggests that the IMCDCP has the potential
to be a nice cooling device for applications involving hot spots mitiga-
tion in the electronic devices or fuel cell bipolar plate. Furthermore, to
analyze the fluid flow and heat transfer characteristics for IMCDCP in
detail from the viewpoint of the second law of thermodynamics, the
investigation of entropy generation due to flow and heat transfer in the
IMCDCP will be carried out in the future study.
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