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a b s t r a c t

This study numerically investigates performance analysis of three types of microchannels and the results
obtained are compared with the open literature. The results show that the effect of different types of ribs
on the overall performance is evident. The thermal enhancement factor g of the microchannels F–R (with
rectangular ribs) is always the lowest, depending on the range of Reynolds number. Furthermore, differ-
ent comprehensive performance criteria, based on the first and second law of thermodynamics, are pro-
posed to assess the relative merit of each microchannel. The microchannel F-Trp (with trapezoidal ribs) is
appeared to be the most promising configuration when Re < 300, while the microchannel F–C (with cir-
cular ribs) has the best performance when Re > 300. According to field synergy principle, the heat transfer
enhancement can be attributed to the good synergy between velocity vector and temperature gradient.
Moreover, thermal boundary is disturbed after adding ribs and temperature different between the chan-
nel wall and fluid is small, thus the corresponding of irreversibility (entropy generation) reduces and heat
transfer rate improves. The present study aims to provide alternative ways to evaluate the heat transfer
performance of microchannels.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer enhancement in microchannels is of great signif-
icance for energy saving especially for the today’s world where
the coal and petroleum becomes scare. The roughness or turbu-
lence promoters as a passive enhancement element are widely
used in the microchannels [1]. Experimental and numerical studies
of the rectangular/smooth microchannel with turbulence promot-
ers, such as cavity, rib or cavity-ribbed roughness in a sidewall, are
widely investigated in the open literature [2–7]. Distributions of
such roughness along the wall inside are considered to be an effec-
tive technique to improve heat transfer rate as compared with a
smooth microchannel. As known, the roughness can break the lam-
inar viscous sublayer, create local fluid turbulence and reduce ther-
mal resistance near the roughness, thus greatly enhancing the heat
transfer effect [8]. Reviews of the heat transfer coefficient, pressure
drop and thermal enhancement factor for different types of cavity-
ribbed configurations on both experimental and numerical works
have been examined by many investigators.

Eiamsa-ard and Promovonge [9] experimentally examined tur-
bulent flows in periodically rib–grooved channel with different
pitch ratios. They found that the thermal enhancement factor of
triangular-rib with triangular-groove provided the highest value
for all pitch ratios studied. Chai et al. [10], Xia et al. [11,12] studied
the heat transfer performance of the microchannels with offset
fan-shaped reentrant cavities, with aligned fan-shaped reentrant
cavities and with triangular reentrant cavities. The results indi-
cated that the Nusselt number and friction factor were higher than
the smooth microchannel under similar test condition when
Re > 300. However, because of stagnation in the cavity zone, there
had little effect on heat transfer under low Reynolds number. Then,
Xia et al. [13] subsequently proposed a new microchannel to solve
this problem, which called the microchannel with fan-shaped
reentrant cavities and internal ribs. They added the ribs between
the cavities along the microchannel, and focused mainly on the ef-
fect of the relative rib height on the heat transfer enhancement.
The results showed that the combined effect of cavities and ribs
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had better performance than that of individual cavity or rib when
Reynolds number ranging from 300 to 600.

As known, the use of roughness is typically accompanied by an
increase in frictional losses which leads to more power consump-
tion. The design of the roughness configuration should be ad-
dressed by a certain criterion, which must consider both heat
transfer enhancement and the corresponding increase in pressure
drop. Several criteria have been applied to assess the comprehen-
sive performance in microchannels. Performance evaluation crite-
rion (PEC) is a widely accepted method to evaluate the
comprehensive effect of heat transfer coefficient and friction factor,
which is presented by Webb [14]. The author defined the perfor-
mance benefits as an enhanced channel relative to a reference
channel under the same test condition. The thermal enhancement
factor g is the ratio of the heat transfer coefficient and friction fac-
tor of the reference channel (smooth channel) over that of the cur-
rent channel (enhanced channel). An alternative approach, based
on the first law of thermodynamics to evaluate the merit of aug-
mentation techniques, is called field synergy principle, which is
proposed by the team of Guo et al. [15]. They indicated that the
heat transfer mechanism was related to the angles between the
streamlines and the isotherms, as well as the synergetic relation
among velocity vector, velocity and temperature gradient. They
also proposed a new non-dimensional number, filed synergy num-
ber Fc, to assess the comprehensive performance in the convective
heat transfer process. The larger the synergy number Fc, the better
the synergy between the velocity and temperature field is, thus
greatly enhancing the heat transfer effect. Then, a lot of experi-
mental and numerical studies have been conducted to explain
the physical mechanism of the convective heat transfer using this

principle [16–20]. Although the energy is conserved in the heat
transfer process, the useful energy (exergy or available work) is
destructed due to the irreversibility of flow friction and heat trans-
fer across the wall-to-fluid temperature difference. So the second
law analysis of the irreversibility is important for conserving useful
energy. Entropy generation analysis, based on the second law of
thermodynamics, is another method to investigate the heat trans-
fer performance, which is proposed by Bejan [21]. The method is
focused mainly on the irreversibility caused by the process of heat
transfer and flow in ducts. The augmentation entropy generation
number Ns, is defined as the ratio of the entropy generation rate
between the enhanced channel and reference channel. The value
of Ns less than unity is considered as thermodynamically
advantageous.

As stated above, many studies have been investigated the heat
transfer performance of different types of roughness in the micro-
channels. However, to the author’s knowledge, the physical mech-
anism of heat transfer enhancement by using cavities or ribs is
seldom reported. Physical understanding of those microchannels
is a fundamental issue in designing and optimizing the efficient
micro heat sinks.

The main aim of this report is to investigate the physical mech-
anism of the enhanced microchannel and to assess the effect of dif-
ferent types of ribs on the heat transfer performance based on
different evaluation criteria. This study is organized into three
parts. In the first part, the mathematical model of the microchan-
nels is validated. In the second part, the physical mechanism of a
combination of cavities and ribs in heat transfer enhancement is
studied in detail. Lastly, three evaluation criteria mentioned above
have been applied to analyze the performance of those microchan-

Nomenclature

cp special heat capacity kJ/(kg K)
Dh hydrodynamic diameter mm
e rib height mm
f friction factor
Fc field synergy number
h special enthalpy kJ/kg
have heat transfer coefficient W/(m2 K)
hb height of baseplate mm
hch height of channel mm
kf thermal conductivity of fluid W/(m K)
ks thermal conductivity of solid W/(m K)
L length of channel mm
_m mass flow rate kg/s

Nu Nusselt number
Ns augmentation entropy generation number
n
*

direction vector of heat flux
Dp pressure drop Pa
Po Poiseuille number
Pr Prandtl number
q0 Heat flux per unit length W/m
Q total heat input W
Re Reynolds number
s special entropy kJ/(kg K)
_S000gen volume entropy generation rate W/(m3 K)
_S000gen;Dp frictional entropy generation rate W/(m3 K)
_S000gen;DT heat transfer entropy generation rate W/(m3 K)

_Sgen total entropy generation rate W/K
um mean velocity m/s
u velocity in x-component m/s
U
*

velocity vector m/s
V volume of computational zone m3

v velocity in y-component m/s
W pitch of channel wall mm
Wch weight of channel mm
w velocity in z-component m/s

Greek symbols
a, b field synergy angle, �
g thermal enhancement factor
q density kg/m3

l dynamic viscosity kg/(m s)
sw shear stress of wall Pa

Subscript
ave average
b baseplate
gen generation
m mean
s solid
w wall
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