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Abstract

This study presents numerical simulations of the convective heat transfer on wavy microchannels to investigate heat transfer
enhancement in these systems. The objective is to propose a methodology based on local and global energy balances in the
device, instead of the commonly used Nusselt number, as an alternative for the thermal analysis. This investigation is car-
ried out on a single-wave microchannel model of size 0.5 mm by 0.5 mm by 20 mm length, with water flowing inside the
channel, exposed to a heat influx of 47 W/cm? at the bottom. The governing equations for an incompressible laminar flow
and conjugate heat transfer are first built, and then solved, for representative models, with copper as the solid-block material
under a number of operating conditions (cold-water flowrates of Re = 50, 100, and 150), by the finite element technique.
From computed velocity, pressure and temperature fields, local and global energy balances based on cross-section-averaged
velocities and temperatures enable calculating the heat rate at each section of the corresponding device. Results from this
study for two different designs, namely, serpentine and divergent-convergent layouts, show that this so-called averaged
energy-balance methodology enables higher accuracy than that based on Nusselt numbers since neither transfer coefficients
nor characteristic temperatures are needed.
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1 Introduction

The continuous advancement in miniaturization and scal-
ing of integrated circuits, for high power-density electronic
applications, has increased the demand for devices with
improved heat removal capabilities. In these applications,
intervention in the form of thermal management is key to
prolong working life and increase reliability of electronic
devices where significant amounts of heat are generated.
Although many alternatives have been proposed to solve
this problem, an approach based on microchannels was sug-
gested by Tuckerman and Pease [1], several years ago. Since
then, a number of studies and reviews has been conducted
[2-5], including experimental and numerical analyses of
microchannel devices using single-phase fluids [6—10].

In recent years, several exploratory studies of microchan-
nel designs have revealed the possibility of enhancing the
transfer of energy in electronic equipment with a reasonable
pressure drop. A specific case is that of the wavy geom-
etry (as compared to a straight channel), which is designed
to enhance heat transfer by improving fluid mixing and
enlarging surface area. For this type of configuration, sev-
eral works have confirmed that although slightly larger pres-
sure drop along the channel occurs, there is a substantial
increase in heat transfer [11-13]. For some geometries and
small fluid velocities, however, some deterioration of the
thermal performance was also observed and reported, with
attempts to address this problem being made by a number of
investigations based on the single-wavelength wavy channel
configuration [14-16].

Further development of microchannel designs have also
included studies related to the influence of geometry selec-
tion [17, 18], or the conductive materials enclosing the fluid-
flow channel [19], upon the enhancement of heat transfer.
For instance, with focus on the effect of channel surface
topography on the enhancing mechanisms in wavy micro-
channels, recent work by Moon et al. [17] has shown that
the addition of harmonic surfaces to the basic wavy topol-
ogy provides higher Nusselt number ratios. On the other
hand, by considering a variety of conductive materials; e.g.,
aluminum and silicon, in addition to the typical copper, for
the solid block that encloses the channel, Moon et al. [19]
showed that, regardless of the material, as wave amplitude
and Reynolds number increase, and so does the effectiveness
of the device, and though the selection of specific material
highly influences the diffusion of heat in the solid, it is neg-
ligible on the Nusselt number for the fluid. Moreover, these
works also found a decrease in the efficiency of the system,
which was concluded to be due to the coupling of the pres-
sure drop and the specific Nusselt number definition in the
so-called performance factor (also known as performance
evaluation criterion). It is important to note that a common
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thread among all the aforementioned studies is the use of
the Nusselt number as basis for the analysis. Nusselt num-
bers enable generality in the analysis since different fluids
and temperatures can be used. However, as pointed out by
Pacheco-Vega et al. [20, 21], if accuracy is the goal, it may
be better to compute the heat rate directly since uncertain-
ties — due to assumptions like the existence of a heat transfer
coefficient, or a unique characteristic temperature difference
for the system, particularly for those systems with high level
of complexity — are significantly reduced. This is what we
propose to do within the context of microchannels.

In the present study we expand our previous work on the
conjugate heat transfer characteristics of wavy microchan-
nels [17, 19], by considering a methodology that uses the
heat transfer rate instead of the common Nusselt number
as the basis for the calculations. In the context of compact
heat exchangers, this approach has been shown to provide
higher accuracy at the expense of less generality [22-26]. To
this end, we restrict ourselves to single-wave microchannel
models and build for them the corresponding conjugate heat
transfer equations. Later, the model equations are solved on
a representative computational domain using the finite ele-
ment method, to obtain velocity-, pressure- and temperature-
fields for the fluid in the microchannel, and the temperature
distribution in the corresponding solid block. Finally, values
of the pressure drop, inlet-to-outlet fluid and the heat rate
(computed from local and global energy balances), are used
to assess the relative system performance for the two types
of microchannel geometries considered.

2 Problem description and mathematical
model

The microchannel device — illustrated schematically in
Fig. 1 — has a single-wave wall profile of a typical cool-
ing system of a circuit-energy-dissipating equipment. The
model (namely the baseline for our calculations), consists of
a square cross-section channel that is enclosed by a copper
block. The dimensions of the channel are: 500 gm X 500 ym
X 20 mm, with two 2 mm inlet- and outlet-straight sections
and a 16 mm middle wavy section, as shown in Fig. 1. The
block has a shape of a square duct of thickness 1.5 mm and
length 20 mm. A heat flux of 47 W/cm? is uniformly applied
at the bottom surface and it is advected out of the system
through the internal flow of water in the channel. The set of
microchannel-block designs herein studied, referred to as
wavy configuration, has sinusoidal profiles at both the top
and the bottom surfaces, based on the function
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where x* =x—2 is a local streamwise coordiante in
x* € [0,16] mm (as defined in Fig. 1), and x and y refer
to the streamwise and vertical directions, respectively, for
z € [-250,250] um, A as the wave amplitude and A is its
wavelength. The angle ¢ in the equation is used to dis-
tinguish between the two different types of wavy channel
configurations analyzed. For instance, the first type, shown
in Fig. 1a, corresponds to a serpentine layout in which the
crests and troughs of the top- and bottom-walls are aligned.
For this arrangement, both walls are set up with ¢ = 0 in
Eq. (1). On the other hand, the second type, illustrated in
Fig. 1b, corresponds to a divergent-convergent design in
which the crests and troughs of the top- and bottom-walls
are opposed. For this layout, ¢ = 0 in Eq. (1) is used for the
top wall while ¢ = 7 (= 180°) is used for the bottom wall.

The governing equations correspond to a three-dimensional
conjugate model for two domains: the channel inside of which
water flows Qf, and the solid block € surrounding it. For Qf,
we consider the incompressible flow of a Newtonian fluid,
with constant properties, in the laminar regime, under steady-
state conditions, without body forces and viscous dissipation,
and a negligible radiative heat transfer. Thus, the mathemati-
cal model is given in expanded form as

du o0v , ow
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For Q, on the other hand, the energy equation for a
homogeneous solid material is given by

k, [ 0°T, N 0T, 4 0°T, ~0
PsCp,s ox? ay* a2 ) 2

In Egs. (2)-(6), u, v and w, are the velocity components
in the x-, y-, and z-direction, respectively; p is the fluid
pressure, p; is its density, and ¢, , is the specific heat, &,

Table 1 Fluid properties used in simulations

Parameter Description Value

ke Thermal conductivity 0.61W/m-K
Cpr Specific heat 4.182kJ/kg - K
oy Fluid density 908.4kg/m’

Hy Dynamic viscosity 1.007x 1073 Pa - s

the fluid thermal conductivity, v, = p;/p; is the kinematic
viscosity and T its temperature. For the solid block, kg, p,,
Cps and 7T, in Eq. (7), are the thermal conductivity, density
and specific heat of the block material, and its correspond-
ing temperature, respectively. Tables 1 and 2 show the val-
ues of properties for both fluid (water) and solid (copper),
that are used in this study, at a reference temperature of
300 K. It is important to note that, though the use of vari-
able properties in the governing equations could slightly
improve the accuracy in the calculations, once the numeri-
cal data have been computed, their use will not qualita-
tively change the outcomes from the analysis (whether
using Nusselt numbers or the present approach). Justifica-
tion on the use of constant properties for these calculations
has been widely reported in the scientific literature; e.g.
[27, 28], among several others.

The boundary conditions are as follows. For the channel
domain €: (1) a prescribed streamwise velocity u = u,, at
the inlet of the channel, (2) zero-pressure and zero-viscous
stresses at the outlet, (3) no-slip and no-penetration condi-
tions are imposed at the channel walls. In addition, (4) at the
inlet, we prescribe a uniform temperature of 7;, = 300 K; (5)
at the solid-fluid interface walls we impose conditions of con-
tinuity of both temperature; i.e., T = T, and heat flux; i.e.,
k0T [on = k0T, /on; (6) at the outlet, conditions of zero tem-
perature gradients; i.e., 7 /on = 0, are also imposed. For the
solid block domain, Q: (7) the heat-generating chip is mod-
eled by considering uniform heat influx of ¢’ = 47 W/cm?, at
the bottom surface (on a 10 mm X 1.5 mm area) with all other
surface boundaries of the solid being considered adiabatic.
Finally, for the entire system: (8) conditions of symmetry at
the mid-plane, z = 0, are prescribed since not only they arise
naturally but also enable reduction of CPU times.

Table 2 Solid properties used in simulations.

Parameter Description Value

kg Thermal conductivity 403.7W/m - K
Cps Specific heat 0.375kJ/kg - K
P, Solid density 8933 kg/m’
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(a) In Eq. (1), top wall: ¢ = 0; bottom wall: ¢ = 0.
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(b) In Eq. (1), top wall: ¢ =

0; bottom wall: ¢ = 7.

Fig. 1 Schematic side view of a wavy microchannel geometry (dimensions in mm)

3 Solution method and grid independence

The governing Eqgs. (2)-(7), were first discretized on
the channel Qf, and solid-block €, domains using
finite elements, and then solved with the multi-purpose
software COMSOL Multiphysics (http://www.comsol.
com). The procedure used is as follows. For each geom-
etry considered, we use three-dimensional unstruc-
tured meshes with four-node tetrahedral elements for
fluid temperature, velocity and pressure, as well as for

Fig.2 Typical mesh of channel
and solid block domains

Symmetry
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temperatures within the solid. Since a sharp representa-
tion of the fluid-solid interface is necessary to enable
accurate solutions in regions close to the walls, a mesh
comprised of hexahedral elements is applied in those
regions. Figure 2 illustrates a typical meshing of both
computational domains. The resulting system of alge-
braic equations is then solved iteratively by the General-
ized Minimum Residual (GMRES) solver. The relative
tolerance for calculations of velocity, pressure and tem-
peratures in the channel, and temperatures in the solid
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block, is set to 107°. At the inlet of the channel-block
system, a discontinuous Galerkin condition [29] is used
to accurately setup the thermal condition for the fluid
(T,, = constant) and the solid (0T, /on = 0) domains, and
sharply distinguish between them at the fluid-solid inter-
face. Independence of numerical results from grid size
is achieved with tests of various models with different
grid sizes and values of inlet velocity. A typical set of
convergence tests is illustrated in Fig. 3 for the fluid
pressure p, streamwise velocity u and temperature 7, at
a fixed point in the domain ;. As indicated before, the
model is that of a single wavelength configuration with
a hydraulic diameter, of D, = 500 ym, a wave ampli-
tude of A =200 ym and a Reynolds number, defined as
Re = Dyu;,p;/ iy, of Re = 150. From the figure it can be
seen that the error values in u# and p vary significantly
in the range of [2.9,3.4] million elements — with those
of T being essentially zero — but they rapidly decline as
the number of elements increases (i.e., the mesh size is
reduced). In fact, a mesh with 3.6 million elements is
sufficient to achieve an accuracy within 0.5% of that
obtained by the maximum number of elements (4.8 mil-
lion). In the case of the solid-block material, a maxi-
mum number of only 282,000 elements is necessary to
achieve grid independence of the solution (the error with
respect to a grid with 900,000 elements, is essentially
zero. Thus, in this work, a total number of 3.6 million
elements are used for the domain comprising both solid
and fluid regions. It is to note that typical CPU times are
about 11 hours per run.

Velocity

Temperature

1 1 1 1 1 1

3.0 3.2 3.4 3.6 3.8 4.0
Number of elements (millions)

Fig.3 Typical mesh of computational domain and grid independence
tests

4 Results and analysis
4.1 Hydrodynamics and heat transfer

Solutions of the steady-state conjugate heat transfer
model for the single-wave system Eqgs. (2)-(7), provided in
Figs. 4, 5 and 6 for the two designs, were computed for five
values of wave amplitude A = {0, 50, 100, 150,200} ym, and
three values of Reynolds number Re = {50, 100, 150}, with
a wavelength of A = 2 mm and a heat influx ¢”" = 47 W/cm?.
Figure 4, with Fig. 4a presenting those for the serpentine lay-
out and Fig. 4b those for the divergent-convergent arrange-
ment, shows a comparison of the results for the pressure drop
Ap, as a function of A and Re, to those of Gong et al. [13].
From the figure it can be observed that our numerical solu-
tions not only qualitatively follow the same trend as those of
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(a) Serpentine microchannel.
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(b) Divergent-convergent microchannel.

Fig.4 Comparison of present results for Ap vs. A, for
Re = {50,100, 150}, to results of Gong et al. [13]
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Fig.5 Streamlines, temperature
contours and isotherms for a
serpentine microchannel for

A = 150 ym and Re = 100

310K

(a) Streamlines.

320K 330K
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(b) Temperature contours.
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[13], but quantitatively they are also very close; the maxi-
mum absolute value of the percentage difference is found to
be less than 5%. Importantly, for the diverging-converging
channel, a complete comparison is not possible since Gong
et al. [13] did not include results for wave amplitude of 200
um. For this amplitude, our results show that, regardless
of the value of Re number, the values of Ap are exceed-
ingly high due to the narrow sections in this layout. Thus, in
Fig. 4b we have included only Ap for Re = 50, with those for
Re = 100 and 150 being 5.7 kPa and 11.2 kPa, respectively.
On the other hand, Figs. 5 and 6 illustrate — qualitatively
— the numerical results with wave amplitude A = 150 ym,
and Re = 100, as streamlines, temperature contours and iso-
therms, respectively, all computed at the mid-plane z = 0,
for the entire device; i.e., the copper block and the wavy
microchannel designs. Though not included here, results for
other values of the parameters have shown similar behavior.

(c) Isotherms.

The corresponding results for the serpentine design are
shown in Figs. 5a, b, c. From Fig. 5a, the evolution of the flow
patterns along the microchannel can be clearly seen as the
uniform flow at the inlet and develops into periodic patterns
in which the streamlines are closer to each other in regions
near the channel centerline, revealing larger local veloci-
ties, while developing again into a new-uniform flow near its
outlet. Influence of the hydrodynamics on the heat transfer
is shown in Figs. 5b, ¢, where it is clear that the temperature
field at the entrance is uniform and develops as the fluid trav-
els along the channel, advecting the energy supplied toward
the outlet. Importantly, however, is that (a) both isotherms
and temperature contours do not have periodic patterns, and
(b) larger temperature changes occur upstream of and at the
crests of the wavy surfaces, especially at the bottom surface
in the central section of the channel where the heat flux is
supplied. Another feature from Figs. 5b, c is that temperature

Fig.6 Streamlines, tempera-
ture contours and isotherms
for a convergent-divergent

microchannel for A = 150 ym
and Re = 100

300K
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contours in the copper domain are homogeneous, spanwise,
due to very high thermal conductivity of the block, but they
increase along the streamwise direction from a value close
to that of the fluid at the inlet, to a maximum in the region
where the heat influx occurs, with a subsequent decrease
towards the fluid outlet, due to the advective process from
the cooling water. For the divergent-convergent channel
array, the results are shown in Figs. 6a, b, c. In general simi-
lar overall hydrodynamic and thermal characteristics can be
observed in this design as compared to the previous system.
However, from the figures some differences in the details can
be observed. For instance, although periodic patterns also
occur in this layout, Fig. 6a illustrates that the uniform flow at
the inlet develops into a streamlined flow in the narrow mid-
dle section with recirculation zones appearing at the crests of
the wavy configuration, thus creating larger pressure drops
(as confirmed in Fig. 4b). It is to be noted that these second-
ary flows are only present in channels with large A but absent
for those with low wave amplitude (e.g., A=0o0r A =50 u
m). Such a significant increase in pressure drop caused by
the narrow section in the divergent-convergent channel may
hamper the positive effect in increasing heat transfer, thus
reducing the effectiveness of the entire device. As expected,
the flow field directly affects the transfer of energy, shown in
Figs. 6b, c, as both the isotherms and temperature contours
reflect the advective effect from the flow with higher values
occurring at the channel surfaces, but with overall aperi-
odic streamwise patterns. Again, similarly to the case of the
serpentine microchannel, the temperature contours in the
copper block for the divergent-convergent array are spanwise
homogeneous due to its high thermal conductivity. Again,
it is observed that the solid temperature increases along the
x-direction due to the advective process from the cooling
water. At the inlet its value is close to that of the enter-
ing fluid, to a maximum in the region where the heat influx
occurs, and a subsequent decrease towards the fluid outlet.

4.2 Averaged energy balance equations

We now focus on the averaged energy-balance equations used
to quantitatively characterize the performance of the micro-
channel in lieu of the Nusselt number. As pointed out earlier,
Nusselt numbers are effective in providing generality to the
analysis of heat transfer in thermal energy systems. However,
this generality may come at a cost of accuracy in the results
since uncertainties arising due to assumptions embedded in
its definition, including the existence of a heat transfer coeffi-
cient or that of a unique/identifiable characteristic temperature
difference which, for simple devices it may be possible, for
systems with high level of complexity it is extremely diffi-
cult to deal with [20-26]. Thus, if accuracy is the goal, it is
better to compute the heat rate directly. Here, our rationale
stems from the methodology laid out by Motamedi et al. [24]

and Cobian-Ifiiguez et al. [25] to analyze heat exchangers
with constant wall temperatures. However, the current work
addresses a thermal device receiving a constant heat rate; i.e.,
0., =q"A,,,. =7.05], where A,,, is the projected area at
which the heat flux boundary condition is applied (on the
bottom surface). The flow speeds are presented with respect
to their corresponding Reynolds numbers Re. The range in
Reynolds number is Re € [50, 150], with specific values
Re = {50,100, 150}. By taking a fixed streamwise location,
x, along the microchannel as a reference point, the correspond-
ing cross-sectional-averaged values of pressure p, streamwise
flow velocity u, and the fluid temperature 7, all derived from
local values — obtained from solutions of the governing Eqs.
(2)-(6) — are given as

1 1 -~ [,T-n)dA
=L fpaa a=1 @ ma, T T
r A/Ap “ A/A(“ n J,(u-n) dA

®)

In Eq. (8), A is the cross-sectional area normal to the unit
vector n, associated with the surface of interest dA = dy dz,
at any point in the streamwise direction x; p, u and 7, are the
local values of fluid pressure, its velocity vector and the cor-
responding fluid temperature.

By partitioning the wavy-section of the channel into a
N-number of subsections (in this work, N = 8) of constant
length AL, an associated control volume — illustrated in Fig. 7
— can be first defined, and then used, to compute the inlet- and
outlet-average values of fluid velocity and temperature. Thus,
based on this control volume, an energy balance provides the
net heat rate Q advected by the fluid, in the selected subsec-
tion, as

Q% + 0! +20, + pjuiAc, TG = ppiAc, , T(x: ) =0, (9)

where 0% = ¢"JA, , O = ¢"[A, ,and Q. =¢" A, , with
YYo= Qf + QyT + 20, (cf. Fig. 7), are — respectively — the
corresponding heat transfer rates by diffusion from the cop-
per block into the fluid in the channel. The net heat rate Q;
advected by the fluid in the selected subsection j, which is
equal to the heat input to the fluid by conduction from the
block to the side walls of the channel, is given as
0, = pyiihc, |T6) = Txy ). (10)
where x;_l =x*([j — 1]AL) and x;.‘ =x*(jAL), for
j=1,2,...,N, represent the location of the cross-section
plane of the j—th subsection and Q; is the corresponding heat
rate. The total heat transferred by the device, O, is given by

N=8
QT = <Z Q/) + QLA_,-n + QLX_W, = pfﬁAcp,f [Tout - Tm] s
J=1
(11)
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Fig.7 Control volume of the j-th subsection of the microchannel

where T, is the uniform fluid temperature at the inlet and
T, is the average fluid temperature at the outlet. Also x* is
the local streamwise coordinate defined before and shown in
Fig. 1,and Q Lo and Q L., are, respectively, the heat transfer
contributions at the entrance and exit straight-sections.
The corresponding results from the methodology are
shown — for the two microchannel layouts — in Fig. 8 as a
fraction of the inlet heat rate in the entire device Q/Q,,, trans-
ferred (advected by the fluid) at each section of the device
— and its cumulative values — for a sample amplitude of
A =150 ym and Re = {50, 100, 150}, and in Fig. 9 in terms
of the spanwise-averaged fluid temperature distribution T(x),
in the microchannel, for A = {0, 50, 100, 150,200} ym, and
the same values of the Re number. From Fig. 8, with Fig. 8a
for the serpentine array and Fig. 8b for the divergent-con-
vergent geometry, it can be observed that, as expected, the
fraction of the heat rate advected by the fluid at each sec-
tion is not constant, but varies both along the streamwise
direction, and with Re number. However, it is to note that,
for all cases considered (i.e., devices analyzed), the largest
values occur at the inlet section (with contributions of about
20% for the serpentine channel and 30% for the divergent-
convergent device) and those in the middle (sections 2-6)
with contributions of about 10-15% in both cases, with the
smallest values appearing downstream of the corresponding
channel, i.e., at the last three sections of the device (with
contributions of less than 8.5% and 6%, respectively, for
the serpentine- and divergent-convergent configurations),
even though the heat influx, Q,,, is applied in the region
comprised by sections 2-7. Furthermore, for both designs,
the Q/Q,, distribution (from largest values taking place
at the inlet section to the smallest at the outlet), changes
as Re number increases, with a smooth decline in 0/Q,,
for Re = 50, to a decrease-increase-decrease transition for
Re = 100 and, more pronounced, for Re = 150. This differ-
ence is also reflected in the distribution of the cumulative
values of Q/Q,, for the three Re numbers considered (as
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Fig.8 Fraction of inlet heat rate, Q/Q,,, transferred at each section of
the microchannel for A = 150 ym and Re = {50, 100, 150}

shown in Fig. 8), as they approach the value of unity at the
outlet section of the channel, and thought to be due to the
capability of the fluid to advect more energy as Re increases.
Finally, when comparing the cumulative heat rate for the two
types of microchannel layouts, from Figs. 8a, b, it is clear
that the amount of energy exchanged at each section is dif-
ferent for each design; for instance, 90% of the possible heat
input exchanged is achieved at section 7 by the serpentine
array and section 6 by the divergent-convergent layout, indi-
cating that the latter may be more effective in the heat transfer
enhancement process (though Ap for this type of array can
be as high as 10-times that of the serpentine array). It is to
be noted that this approach could be supplemented by using
the commonly used performance factor (or performance
evaluation criterion), to compute the overall effectiveness
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Fig.9 Spanwise-averaged temperature distribution, T(x), in the
microchannel

of the entire device, However, analysis of its definition and
its corresponding application, is beyond the scope of the
present investigation.

The aforementioned heat transfer process in the device is
corroborated (also illustrated) in Fig. 9a for the serpentine
array and Fig. 9b for the divergent-convergent geometry — as
two important features of the spanwise-averaged fluid tem-
perature can be identified. Firstly, for a fixed value of Re, and
for all the amplitudes considered, the temperature difference
between inlet and outlet at each section, AT, reflect the trend
in the fraction of the heat rate previously discussed, with larger
values in sections closer to the inlet (upstream), and the smaller
ones being closer to the channel outlet. Secondly, although the
trends are similar, as expected, for a fixed streamwise location
x, and a fixed amplitude A, smaller values of T take place for
larger values of Re. This is particularly important since a fluid

leaving at a lower temperature has the potential to advect more
energy, thus positively affecting the temperature of the block.
In this respect, Figs. 9a, b illustrate that, regardless of the dif-
ference in values in the middle sections, for the two arrange-
ments the values of T for the fluid at the outlet are very close
to each other. Finally, Fig. 9 also shows that, surprisingly, as
the wave amplitude of the microchannel increases from 0 to
200 pm, the values of T do not change significantly. This out-
come is thought to be due to the averaging process of the local
fluid-temperature field, since our results for the fluid and block
temperatures (not shown here), concur with those of Moon
et al. [19] indicating that, for a fixed value of Re number, as A
increases the device becomes more effective in transferring the
energy out of the system; i.e., the values of the block tempera-
tures decrease proportionally while those of the water continue
to increase, indicating larger advection of heat.

5 Concluding remarks

Continuous development of miniature high power-density
electronic devices requires cooling systems with better heat
removal capabilities and, in this context, single-phase fluid-
flow microchannels with wavy geometries offer an avenue
to improve the thermal management. For this reason, the
general research direction has been on analyzing designs that
are able to enhance the transfer of energy, either varying the
parameters, the topology or their materials with promising
results using the Nusselt number to calculate the heat rate.
Although Nusselt numbers are very effective in providing
generality to the thermal analysis, they also generate sig-
nificant uncertainties associated to assumptions embedded
in their definition. Therefore, for accuracy purposes it may
be better to compute the heat rate directly, without using an
intermediate quantities like heat transfer coefficients.

In this work we have considered the analysis of the hydro-
dynamic and heat transfer characteristics of single-wave wavy
microchannels by introducing a methodology of analysis
based on local and global energy balances — instead of the
common Nusselt number — from three-dimensional velocity
and temperature fields, to design more efficient devices. The
approach is useful in providing accurate and clear informa-
tion, at the expense of some generality, to better understand
the conjugate heat transfer processes in these devices. Using
the procedure, along with the concept of fraction of the total
heat rate input onto the specific device, the numerical data for
two configurations — namely, serpentine and divergent-conver-
gent layouts — commonly used in electronic cooling applica-
tions, have shown that, it is possible to obtain a distribution of
both the average fluid temperature along the device, and the
corresponding fraction of the inlet heat transfer rate at spe-
cific sections to assess their relative performance. The corre-
sponding results demonstrate that, regardless of the values of

@ Springer



Heat and Mass Transfer

wave amplitude, the Reynolds number Re (i.e., fluid velocity),
plays an important role in the heat transfer enhancement of
the corresponding device and in both the fluid and solid block
temperatures that are achieved. In addition, as wave amplitude
increases, so does the effectiveness of the device in enhancing
energy transfer, but at the expense of larger pressure drops. On
this point, from the results it is clear that since the two sample
designs achieve the objective of dissipating the heat influx to
the device, with similar outlet temperature values, their overall
effectiveness rely upon the pressure drop necessary to drive
the flow, which is lower for the serpentine geometry than that
for the diverging-converging microchannel.
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