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a b s t r a c t

Convective heat transfer in droplet-based microchannel heat sinks can be enhanced by the recirculating
vortices due to the presence of interfaces. In rectangular microchannels, the three dimensional structures
of the vortices and the ‘gutters’ (i.e., the space between the curved droplet interface and the corner of the
microchannel) can significantly affect the heat transfer process. Numerical simulations of the heat trans-
fer process are performed to study the three dimensional features in droplet-based microchannel heat
sinks. The finite volume method and the level set method are employed to simulate the flow dynamics,
the evolution of the interface, and the heat transfer. The results show that the ‘gutters’ can hinder the
heat transfer process because of its parallel flow, whereas the recirculating flow in droplets and in slug
regions between successive droplets can enhance the heat transfer by advecting hot fluid towards the
center of the droplets/slugs and advecting fresh fluid towards the wall of the channel. The effects of
the length of droplets, the aspect ratio of the channel cross sections, and the Peclet number are analyzed.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

High-efficiency cooling is important in numerous applications,
such as in microprocessors with very-large-scale integration and
in commercial/military high-power optical/electronic systems.
The heat generated by such devices must be removed rapidly to
ensure the reliability of the devices. Despite many techniques have
been developed for high-efficiency cooling, such as heat pipes [1],
spraying [2,3], jet impingement [4], and microchannels [5], it is still
attracting researchers’ attention to improve the existing cooling
techniques and to develop new techniques for the demand of com-
pact high-heat-flux and high-efficiency heat exchangers [6].

Comparing with other cooling techniques, microchannels can
be directly embedded closely to heat sources for compact and effi-
cient designs. Heat transfer in microchannels with multiphase flow
can benefit from the recirculating flow induced by fluid interfaces
[7], which is difficult to achieve in its single phase counterpart due
to the low flow speeds and the small Reynolds numbers in micro-
devices. The recirculating flow in multiphase microfluidics can
effectively enhance heat transfer by bringing fresh fluid from the
center of the channel to the wall, and transporting heated fluid
from the wall to the center of the channel [8]. Many experiments

have been performed to measure the heat transfer enhancement
in microchannels with droplets, slugs, or plugs [9]. Some experi-
ments used cylindrical microtubes [10–13], while others used
rectangular microchannels [14–17]. Their experimental results
showed significant enhancement of heat transfer when comparing
with single phase flow, and the Nusselt numbers are several times
higher than the single phase counterpart.

Numerical simulations can serve as a complimentary way to
study convective heat transfer in multiphase microchannels with-
out building complex diagnostic systems, and to provide details of
the process which are difficult or impossible to measure directly in
experiments, and to allow a clear understanding of the physics. To
address the effect of interfaces on heat transfer process, some
simulations employed assumed interface shapes for the sake of
simplicity [8,18], while others used interface capturing methods
to accurately predict interface shapes. The latter category can con-
sider the effect of the complex interface shapes on heat transfer
process. Various interface tracking/capturing techniques have been
employed to simulate the heat transfer in droplets, slugs, and
plugs, such as the volume of fluid method [19], the level set
method [20,21], and the phase field method [22]. Regarding the
geometries of microchannels, most simulations were performed
with cylindrical microcapillaries [18,20,22,21,23,19] or two dimen-
sional (2D) microchannels [8], where the three dimensional (3D)
effect on the flow and on the heat transfer process cannot be
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considered. However, in most microchannel heat exchangers, the
microchannels usually have rectangular or other non-circular cross
sections [14–17]. When droplets move in microchannels, liquid
films often form beneath the droplets. For non-circular microchan-
nels, ‘gutters’ form in the continuous phase at the corner of the
cross sections [24], where ‘gutters’ refer to the space between
the curved interface of the droplet and the corner of the
microchannel, as shown in Fig. 1. The thickness of the liquid film
and the shape of the liquid ‘gutters’ depend on the cross-sectional
geometry, the liquid properties, and the flow conditions [25–27],
and can significantly affect the flow dynamics and the heat trans-
fer. This effect, to the best of our knowledge, has not been studied,
and will be the focus of this investigation.

In this paper, we performed 3D numerical simulations on the
convective heat transfer in droplet flows in the microchannels with
rectangular cross sections, as shown in Fig. 1. The numerical meth-
ods are described in Section 2, including the level set method for
interface capturing and the finite volume method for fluid flow
and for heat transfer. The results are presented and discussed in
Section 3, including the droplet dynamics at different flow condi-
tions, the process of the heat transfer, and the effects of the aspect
ratio of the channel cross section, the size of the droplet, and the
Peclet number. Finally, concluding remarks are drawn in Section 4.

2. Numerical methods

Simulations of droplet-based heat transfer in microchannels
involve the flow field of the fluids, the evolution of the liquid–
liquid interface, and the heat transfer process. 3D simulation of
these physical processes requires long computation time. To
reduce the computation time without sacrificing the resolution
with a coarse mesh, we used a frame of reference following each
droplet. To do this, the flow fields and the interface shapes of dro-
plets in microchannels are first obtained before implementing
them in the heat transfer simulation. This method can significantly
reduce the simulation time, and makes it possible to simulate the
3D droplet-based heat transfer in microchannel heat sinks, allow-
ing the systematic parametric investigation of the related effects.

The finite volume method (FVM) and the level set method
(LSM) are employed to simulate the heat transfer process of
droplets moving in microchannels. The FVM for fluid flow and
LSM for interface prediction are described in Ref. [28] and are
explained briefly here.

2.1. Finite volume method for flow field

The finite volume method [29] is used to discretize the continu-
ity equation and the momentum equation,
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where q and l are the density and the viscosity of the fluid, respec-
tively. For multiphase flow, fluid properties q and l in each control
volume are calculated using a smoothed Heaviside function H as
follows:
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where the subscripts ‘d’ and ‘c’ refer to the dispersed and continu-
ous phases, respectively. The exact form of H will be presented in
Section 2.2. The ghost fluid method [30,31] is used to take account
of the surface tension through the pressure term,

½p� ¼ �jr; ð5Þ

where ½p� indicates the pressure jump across the interface and
j � r � n is the curvature of the interface. The symbol n denotes
the unit direction vector normal to the interface, which will be
presented in Eq. (9). No-slip boundary conditions are imposed on
the walls. The inlet and outlet are set to be periodic to consider
monodisperse droplets in microchannels. Since the frame of refer-
ence is following the droplets, the flow can gradually achieve a
steady state. Therefore, instead of the whole microchannel, only a
period of the flow is used in the simulations, which can significantly
reduce the computation time.

In the simulations, the width of the microchannel is set to be
200 lm, the depth is varied from 200 to 800 lm, and the length
of the simulation domain is 800 lm, which is used to represent a
period of the flow. The fluid properties are set based on the system
of water droplets in mineral oil with surfactant Span 80 at a con-
centration of 2% by weight, which is widely used in droplet-based
microfluidic experiments to facilitate the formation of monodis-
perse droplets and to stabilize the droplets against coalescence
[32,33]. The high surfactant concentration can guarantee a
complete coverage of the interface by surfactant molecules, and
the low speed of droplets can allow rapid replenishment of surfac-
tant molecules from the bulk. Therefore, the surfactant distribution
and the interfacial tension can be regarded as uniform. The
dynamic viscosities and the densities are 2:39� 10�2 Pa s and
840 kg/m3 for the continuous phase, and 8:9� 10�4 Pa s and
997 kg/m3 for the dispersed phase. The interfacial tension between
the continuous phase and the dispersed phase is 3.65 mN/m.

2.2. Level set method for interface capturing

The evolution of the droplet interface is captured using the level
set method [34]. The level set function / is a signed distance from
the interface. The level set equation and the re-initialization
equation for the distance function / are, respectively,
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Fig. 1. Schematic diagram of droplet heat transfer in microchannels.
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