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a b s t r a c t

Mini-channel has been more studied recently than micro-channel to optimize the heat emission and
pressure drop by regulating the channel size and length. In this work, a multistage mini-channel heat sink
using water coolant was designed to obtain a larger cooling rate in a small area with a lower pressure
drop. To confirm the performance of the structure, we conducted numerical simulations under laminar
and single-phase conditions. The diameter and length of the channel were 2 and 530 mm, respectively.
From the simulation, the local convection coefficient, coolant temperature, channel-wall temperature,
effectiveness, and pressure drop were analyzed in relation to the mass flux, heat-source temperature,
and number of stage stacks. To obtain valid simulation results on the heat transfer, we used well-
matched conventional correlation. The result of the pressure drop was compared with the experimental
result to confirm the validity of the hydrodynamic model. The simulation result shows that the maximum
cooling rate was 40 W/cm2 at a pressure drop of 1383 Pa in a quintuple-stage model. However, the triple-
stage structure had the best effectiveness of 0.83 under the same simulation conditions. The pressure
drop of the multistage structure was higher than that of the single-stage structure. However, the increase
of the total pressure drop was small as against the increase of the cooling rate.

� 2016 Published by Elsevier Ltd.

1. Introduction

With the advancement in nanotechnology, integrated circuits
(ICs) have steadily become smaller to reduce electrical energy con-
sumption and to achieve high calculation performance. In particu-
lar, the state-of-the-art IC has gradually become smaller toward
10 nm or less to achieve high density and high performance in
large-scale integration (LSI). The downscaling of ICs suffers from
various concerns in terms of physical limitation related on the leak-
age current, leading to heterogeneous three-dimensional (3D) inte-
gration from homogeneous two-dimensional (2D) integration [1].
Even though the heterogeneous 3D integration consumes lesser
power than the 2D integration, LSIs still require effective cooling
applications to discharge the generated heat from the surface of dif-
ferent chips such as semiconductor and photonic device chips.

Liquid cooling process using micro-/mini-channel is one of the
efficient candidates for small-scale cooling applications owing to
their high heat-transfer performance. As described in [2], Kandlikar

et al. classified micro- and mini-channels in terms of the smallest
channel dimension and suggested applications depending on the
ranges of channel diameters. The dimension range of a micro-
channel is within 10–200 lm, and that of a mini-channel is 200–
3000 lm. The micro-/mini-channel was suggested by Tuckerman
and Pease [3] in 1981 as a novel heat sink for high-power-
consumption IC devices. They experimentally obtained heat dissi-
pation of 790 W/cm2 at a maximum temperature difference of
71 �C where no phase transition occurred between the substrate
and input water temperature. Wang and Peng [4] also conducted
similar experiments on heat transfer and flow behavior according
to the Reynolds number (Re). According to their work, a fully devel-
oped turbulent regime started at Re of from 1000 to 1500. For fur-
ther study, Peng and Peterson [5] conducted additional
experiments on heat transfer and flow in relation to the hydraulic
diameter of a micro-channel in which the investigation ranged
between 133 and 367 lm. In particular, the effects on the heat
transfer and pressure drop according to the shape and size of the
micro-/mini-channel were investigated by Morini [6]. According
to his work, various conditions such as coolant [7,8] and geometry
[3–5,9,10] were used to establish a conventional theory for micro-/
mini-channels. And study on various channel shapes was con-
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ducted by Khan and Kim [11], recently. These results were numer-
ically verified by Dang and Teng [12]. They compared the hydrody-
namics and heat-transfer behavior between micro- and mini-
channels using numerical methods, which agreed well with the
experimental data. Their work demonstrated that a micro-
channel heat exchanger could be obtained with 1.2–1.53 times
higher effectiveness (defined as the ratio of actual and maximum
heat-transfer rates) than the mini-channel.

However, despite their high heat-transfer performance, micro-
channels are inappropriate because of their huge pressure drop.
Therefore, mini-channel has been more studied recently than the
micro-channel. Wang et al. [13] demonstrated that the influence
of friction characteristics canbeneglectedwhen thehydraulic diam-
eter is larger than1.0 mm, and theirmeasurements agreedwellwith
the conventional correlations. On the other hand, Reynaud et al. [14]
measured the friction and heat-transfer coefficients in mini-
channels with diameters of 0.3–1.12 mm. The experimental results
on heat transfer agreedwellwith the classical correlations in amini-
channel. Because theheat-transferbehavior andhydrodynamics in a
mini-channel agreed with the conventional correlations, numerical
studies were conducted to design a small-size heat sink with simul-
taneous relatively high heat-transfer performance and low pressure
drop. Xie et al. [15,16] conducted numerical simulation on laminar
and turbulent mini-channel heat sink whose bottom size was
20 mm � 20 mm to analyze the effect of channel dimensions,
channel-wall thickness, bottom thickness, and inlet velocity on the
pressure drop, thermal resistance, and maximum allowable heat.

On the other hand, the design of the micro-/mini-channels in
these works was similar to the 2D model suggested by Tuckerman
and Pease. The geometric conditions of this model, such as the
channel size and length, could control the heat transfer and pres-
sure drop. To obtain high heat-transfer performance in a small
cooling area, the model required a micro-scale channel size that
generates a huge pressure drop because a longer channel should
occupy a larger area. As a result, alternative designs were sug-
gested by various research groups. Kandlikar and Upadhye [17]
suggested split flow arrangement to extend the multiple inlets
and outlets as originally recommended by Tuckerman and Pease
[3]. This design could reduce the flow length of the fluid stream
in the micro-channel by half, and the fluid flow rate through the
micro-channels was also halved. This structure could increase the
heat transfer coefficient near the multiple channel entrance
regions due to the thermally developing flow. Colgan et al. [18] also
studied the offset strip-fin arrangement in micro-channels. They
obtained the high heat flux dissipation by applying the staggered
fin arrangements, although this structure had the high pressure
drop caused by high associated friction factors.

In the present work, we designed a long mini-channel that is
stacked multiple times, as an alternative heat transfer concept, to
maintain high heat-transfer performance without a large increase
in the pressure drop. Subsequently, we performed 3D numerical
simulation to determine its heat transfer and pressure drop charac-
teristics to analyze the interaction between stages. In the following
discussion, the outline of a multistage mini-channel heat sink is
introduced, followed by its modeling to perform numerical simula-
tion. Then, simulation results are presented relative to the heat-
source temperature, coolant mass flux, and number of stacked
stages. Finally, a brief conclusion is presented.

2. Modeling

2.1. Schematics

The concept of a multistage mini-channel heat sink is a 3D
model that appears like a folded stacked 2D model (single stage

structure), as shown in Fig. 1a. So the channel length of each stages
Lc,n, which belongs to nth stage mini-channel, decreases depending
on n. However, this concept can maintain a long channel length Lc
and decreases the target cooling area. The heat sink is heated by
heat source, which is at the bottom and has uniform temperature.
As shown in Fig. 1b, the target cooling area, which is same with the
heat source area As, is the bottom surface area, and the height of
the stage is designated as h. The mini-channel height and width
are hc and wc, and the distance between channels is w. Similar to
the 2D model, each mini-channel does not cross each other and
has equal geometrical configuration such as the channel length
and size. Water coolant with a constant temperature of 290 K is
injected into the inlet located at the top stage, and the hot coolant,
heated by internal convection from the channel surface, is ejected
at the outlet from the bottom stage exhaust of an aluminum solid
body heat sink. This configuration can reduce the temperature gra-
dient at the bottom surface because the heat transfer from the
channel wall to the coolant is reduced by the small temperature
difference between the channel wall and coolant. To exclude the
influence from the surrounding, such as convection and radiation,
we assume that the surface of the heat sink is insulated except for
As. Multistage mini-channel heat sink could be fabricated by
assembling the caps and divider as shown in Fig. 1c. Caps are top
and bottom units surrounding the divider to generate the insulated
channels. Stacking the several dividers fabricates above the triple-
stage mini-channel.

2.2. Design

To simulate the water coolant mini-channel heat sink, three
types of physical processes were considered. First, the hydrody-
namics in the water coolant needs to be defined to simulate the
velocity profile and pressure drop in the channel. Then, the con-
duction in the heat-sink body must be considered. Maranzana
et al. [19] demonstrated that the channel-wall temperature
becomes largely non-uniform under small Re, which indicates a
laminar-flow regime, because most of the heat flux is transferred
to the coolant at the entrance of the micro-/mini-channel. Finally,
convection between the coolant and channel wall is also a key fac-
tor in the modeling. In particular, the conventional correlation
agrees well in the laminar-flow regime, as demonstrated in [5–12].

In this work, we designed a partial 3D structure to simulate the
hydrodynamics and heat transfer behavior in the coolant and chan-
nel wall, as shown in Fig. 2b. This partial structure can be made
available as a model that is expected to yield symmetric simulation
results, especially in the middle of the heat sink. The geometrical
conditions of the mini-channel multistage structure are listed in
Table 1. To confirm the effect of the multistage on the heat transfer
and pressure drop, we used a long channel length to minimize the
local convection decrease and to obtain a sufficient hydrodynami-
cally and thermally developed region which is favorable to perform
the CFD on the internal flow, because the condition is robust for
calculation. When the hydraulic diameter of the channel (Dh = hc -
� wc/2 (hc +wc)) is 2 mm, which is a large but typical diameter of a
mini-channel. Generally, the channel length Lc is dozens of times of
Dh to develop the flow fully in case of laminar internal flow. So, Lc
was determined based on the minimum stage channel length Lc,5
(106 mm = 53 Dh) of the quintuple stage that had the shortest stage
channel length to develop the flow. So, the Lc was defined as
530 mm (= 5 Lc,5).

In addition, we assumed that the coolant flow is incompressible
and laminar to simplify the calculation model. The mean of the
injected coolant and the heat-source temperature (Tc,m = (Tc,i + -
Ts)/2) was used to define the thermophysical properties such as
viscosity and density, which are strongly dependent on the tem-
perature. Heat-source temperature Ts of under 370 K was used to
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