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Abstract. A numerical parametric analysis is carried out to investigate the thermal
performance of double-layered microchannel heat sinks for different values of the relative channel
height and fixed values of the total pumping power, with the additional constraint that the
pressure drop be the same in the two layers in order to allow a much simpler header design,
which can only include a single inlet and a single outlet. Single-layered microchannel heat
sinks are also considered for additional comparisons. The computed results show that, in the
hypothesis of this work (i) the ratio of the heights of the upper and lower microchannels only has
a marginal effect on the overall thermal resistance but a significant influence on the temperature
uniformity of the bottom (heated) surface and (ii) a better temperature uniformity is achieved
when the heights of the upper microchannels are larger than those of the lower ones.

1. Introduction
The continuous development of electronic technology leads toward higher and higher degrees of
integration of electronic components on a single microchip which, in turn, implies a continuous
increase of the heat generated per unit volume of the electronic components. The resulting need
to dissipate always increasing heat fluxes can be very challenging, thus requiring the adoption of
sophisticated cooling techniques. Among these, microchannel cooling, implemented in single or
multi-layered heat sinks, is receiving increasing attention from researchers. Thus, in the last few
years, several papers have been published on the subject [1-5]. In particular, it appears that the
use of double-layered microchannel heat sinks (DL-MCHS), as an alternative to the more basic
single layer arrangement, can offer some advantages in terms of reduction of the total thermal
resistance, hotspot mitigation and temperature uniformity of the bottom wall of the heat sink,
which is attached to the microchip [6,7]. Recently some studies have been carried out to find
optimal configurations of counter-flow DL-MCHS in terms of relative channel heights, lengths
and liquid coolant velocities [8-12]. In nearly all cases, however, the optimization was carried
out with reference to fixed values of the total pumping power without any other constraints,
thus allowing the selection of average microchannel velocities that can lead to different values
of the pressure drop in the two layers. While in principle this is feasible, it definitely represents
a complication from a technical point of view since it implies that two micro-pumps and two
separate pipelines are needed to carry the coolant.

In this paper, a numerical parametric analysis is carried out to investigate the thermal
performance of DL-MCHS for different values of the relative channel height and fixed values
of the total pumping power, with the additional constraint that the pressure drop be the same
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Figure 1. DL-MCHS: (a) 3-D sketch; (b) cross-section of a repetitive part of the geometry
(shown in red) corresponding to the computational domain.

in the two layers in order to allow a much simpler header design, that can only include a single
inlet and a single outlet. Single-layered MCHS are also considered for additional comparisons.

2. Statement of the problem and solution strategy

The basic DL-MCHS dimensions considered by Leng et at. [11] are also used in this parametric
study, which concerns the thermal performance of two series of DL-MCHS, both having a
footprint area of L, x L, = 10 x 10 mm? and a total thickness of L, = 1.2 mm. A uniform
heat flux ¢” = 100 W/cm? is applied on the bottom wall of the heat sink, which is made of
silicon. Water is the cooling fluid and flows in the two layers in counter-flow directions. As
illustrated in Fig. 1, where a sketch of a DL-MCHS is reported together with the cross-section
of a repetitive part of the geometry, W, is the width of all microchannels, H.; and H. are the
heights of the lower and of the upper layer, respectively, while W, is the width of all vertical
ribs and § = 100 pm is the thickness of all horizontal ones. The DL-MCHS of the two series
differ for the number of microchannels IV,, in each layer which are equal to those that, according
to Leng et at. [11], with appropriate operating conditions and microchannel heights allow to
achieve either a maximum temperature uniformity (series #1, N, = 54) or a minimum total
thermal resistance (series #2, N, = 64) when the total pumping power Q is equal to 0.05 W.
The pumping power can be computed as

Q= NpWe (UclﬂclApcl + uc2H02Apc2) (1)

where u.; and u. are the average velocities in the microchannels of the lower and upper
layers and Ap. and Apqs are the corresponding pressure drops. The maximum temperature
uniformity is assumed to correspond to the minimum of the maximum temperature difference
ATy maz = Twmar — Twmin, where Ty mar and Ty min are the maximum and minimum
temperatures on the bottom wall, i.e., that to be cooled, while, according to Leng et at. [11] and
Wei et al. [6], the overall thermal resistance Ry is defined as

Tw max Tz
Rp=—7—— 2
0 (2)
where T}, is the uniform fluid inlet temperature and @ = ¢}, L, L, is the total heat load on the

bottom wall. The values of the geometrical parameters and of the microchannel velocities uq
and ueo in the lower and upper layers identified by Leng et at. [11] for the two optimal conditions
are reported in Table 1.

It must be pointed out that the listed combinations of microchannel heights and velocities
yield different values of the pressure drop in the microchannels of the upper and lower layers
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Table 1. Microchannel dimensions and velocities for minimum AT, yqz
or minimum R7 and Q = 0.05 W according to Leng et at. [11].
Criterium Np, W, We He Heo Hc2/Hcl Ucl U2
[pm]  [pm]  [pm]  [pm] [m/s]  [m/s]
min ATy mez 54 95 88 141 859 6.09 0.99 0.78
min Rp 64 68 87 321 679 2.12 1.03  0.59

(Apc1 # Ape2), which implies that two micro-pumps and two separate pipelines are needed to
carry the coolant. Even if this is feasible, it definitely represents a complication from a technical
point of view, thus making the adoption of a DL-MCHS a less attractive solution for thermal
control of micro chips. Therefore, it seems reasonable to investigate the performance of a DL-
MCHS when the pressure drop is forced to be the same in both layers (Ap.a = Apea) since
this would be the condition when only one micro-pump is used to circulate the coolant. To
this purpose, with reference to the same values of N, W, and W, corresponding to the two
optimal configurations identified by Leng et at. [11] for the minimization of AT, e, or Ry with
Q = 0.05 W, a parametric analysis is carried out where the values of the ratios H.o/H. are
varied while keeping the total height of the flow passages H. + H. constant and equal to 1
mm. For the sake of completeness, single-layered microchannel heat sinks, which correspond
to Heo/H = 0, are also considered. Three values of the total pumping power are assumed,
namely, Q = 0.0125 W, 0.05 W and 0.20 W, while combinations of velocities u.; and ucs are
imposed so that they yield the same pressure drop in the microchannels of the upper and lower
layers in each DL-MCHS. The velocities u.1 and uc that produce the same pressure drop in
both microchannel layers for given values of H.;, H.o and  are found through a very fast
iterative procedure which uses previously computed dimensionless solutions of the parabolized
Navier-Stokes equations in the entrance region of ducts having rectangular cross-sections with
aspect ratios equal to those of the microchannels in the DL-MCHS. This preliminary solution
is obtained using an in-house FEM code [13]. The microchannel heights corresponding to the
selected values of the ratio H.o/H,1 are listed in Table 2, while the microchannel inlet velocities
in the two families of DL-MCHS are reported in Tables 3 and 4.

The coolant inlet temperature is T;, = 300 K. Since the temperature variations of the
coolant (water) are expected to be small, the values of its thermophysical properties are
assumed constant and evaluated at a temperature of 300 K: density p = 995.6 kg/m3, viscosity
1= 0.854x1073 kg/(ms), specific heat ¢, = 4180.6 J/(kg K) and thermal conductivity k& = 0.610
W/mK [14]. The thermal conductivity of silicon is ks = 148 W/mK [11].

With the adopted values of velocity, the value of the Reynolds number based on the hydraulic
diameter never exceeds 320 and, thus, the flow in the microchannels is laminar in all cases. Since
the effects of body forces and viscous dissipation can be considered negligible, the conjugate

Table 2. Microchannel heights corresponding to different values
of Heo/H. in series #1 (N, = 54, W, = 88um) and series #2
(Ny, = 64, W, = 87um) of DL-MCHS

He/He 0 0.25 0.5 1 2 3 4 ) 6

Hg [pm] 1000 800 667 500 333 250 200 167 143
Heo [pm] 0 200 333 500 667 750 800 833 857
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Table 3. Microchannel velocities in series #1 of DL-MCHS for different values
of Q and Ap, = Ape (boldface: optimal geometry identified by Leng et
at. [11]).

Ho/Ha 0 025 05 1 2 3 4 5 6 6.09

Q0 =0.0125 W
U [m/s] 043 044 043 042 039 037 034 031 0.29
Uey [m/s] 034 0.39 042 043 044 044 044 0.44
Q=0.05W
ue [m/s] 0.86 0.87 0.86 0.83 0.78 0.73 0.68 0.63 058 0.57
Ugy [m/s] 0.68 0.68 0.83 0.86 0.86 0.87 0.87 0.87 0.87
Q=020W

Uy [m/s] 1.69 172 1.69 1.64 1.54 144 134 1.24 1.15
Uea [m/s] 124 154 1.64 169 171 1.72 1.72 1.73

Table 4. Microchannel velocities in series #2 of DL-MCHS for different values
of Q and Ap., = Ape (boldface: optimal geometry identified by Leng et
at. [11]).

Hgo/Hy 0 025 05 1 2 212 3 4 5 6

Q=0.0125 W
U [m/s] 0.39 0.40 0.39 0.38 0.36 034 031 029 0.27
Uea [m/s] 0.31 0.36 0.38 0.39 0.40 0.40 0.40 0.40
Q=005 W
U [m/s] 0.79 0.80 0.78 0.76 0.71 0.71 0.67 0.62 0.58 0.53
Ugy [m/s] 062 0.71 0.76 0.78 0.78 0.79 0.80 0.80 0.80
Q=020W
U [m/s] 155 1.57 155 1.50 1.41 1.32 123 1.14 1.06
Ugy [m/s] 123 141 150 1.55 1.57 157 1.58 1.58

convection-conduction heat transfer in the DL-MCHS is governed by the steady-state Navier-
Stokes, continuity and energy equations

pv - Vv = uV?v — Vp (3)
V.-v=0 (4)

pcpv - VT = kV2T (5)
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where v is the velocity vector and p is the deviation from the hydrostatic pressure. Figure 1(b)
shows a sketch of the cross-section of the computational domain, which corresponds to a
repetitive portion of the DL-MCHS and is defined taking advantage of existing symmetries.

In this preliminary analysis, as in Ref. [11], we neglect the header effects on the inlet
velocity distribution. Thus, appropriate boundary conditions are: uniform velocities u.; and w2
and uniform temperature 7T;, at microchannel inlets, pressure boundary conditions at outlets,
symmetry conditions on symmetry planes, no-slip conditions at solid walls and uniform heat flux
q. at the heated (bottom) wall, while all other sides are adiabatic. The numerical simulations
are carried using the commercial code ANSYS Fluent 17.0, which is employed for the solution
of the Navier-Stokes equations in the parts of the computational domain corresponding to the
microchannels and of the energy equation in the whole domain, obviously, with v =0 and k = k;
in the solid parts. The SIMPLE algorithm is selected to deal with the pressure-velocity coupling
in the Navier-Stokes equations. The structured non-uniform computational grids, having finer
spacing near the fluid-solid interfaces and the inlet/outlet boundaries, consist of a number of
hexahedral cells ranging from 838 880 to 905920 depending on the particular geometry. Based
on preliminary grid independence tests, those grids have been deemed fine enough to yield grid
independent results; in any event, they are much finer than those used by Leng et at. [11].

3. Computed results

The axial distributions of the bottom wall temperature T,, at the intersection with the
microchannel vertical mid-plane are shown in Figure 2 for the two series of DL-MCHS and all the
pumping powers. In the figure, the profiles shown by thick solid lines refer to the geometries and
the optimal velocities of Leng et at. [11] reported in Table 1, while the profiles displayed using
thick dashed lines are obtained using Leng’s microchannel heights, but with velocities reported
in Tables 3 and 4 that yield Ap.; = Apce. The thick dotted-dashed lines, instead, pertain to
the single-layered MCHS. From Figs. 2(c) and 2(d), it is apparent that, with both series of
DL-MCHS, there is degradation of the performance when velocities that yield equal pressure
drop in both layers are adopted. However, one must keep in mind that this option allows a
significant simplification of the piping and pumping systems. It also appears that, when the
pressure drop is the same in both layers, the ratio H.o/H. only has a marginal influence on
Tw,mae and, thus, on Ry. Actually, for Q = 0.0125 W the T} 4. yielded by the single-layered
MCHS is lower than that obtained with any DL-MCHS and this is in agreement with what was
found for low values of the flow rate by Wei et al. [6] and Xie et al. [7], who also analyzed single
and/or parallel flow configurations. They explain this effect with the negative heat flux, i.e, heat
flux from liquid to solid, occurring near the ends of the microchannels of a layer because of lower
wall temperatures in those regions, which are effectively cooled by the low temperature fluid
entering the microchannels of the other layer. The effect is reduced for larger values of the flow
rate. The counter-flow configuration, however, always allows a better temperature uniformity
of the heated surface, which is helpful in mitigating thermal stresses [7]. This positive effect is
more relevant when H.o/H. > 1. Similar conclusions can be reached by looking at Fig. 3, where
maximum temperature differences ATy, 4, and overall thermal resistances Rt of the two series
of DL-MCHS are compared. The variations of Ry for different values of H.o/H. are not larger
than about 5% and in all cases the minimum of Ry is attained for Heo/Hq. = 2. As far as the
temperature uniformity is concerned, instead, it appears that when {2 increases the minimum
value of ATy, may is attained for larger values of Heo/H1.

Finally, to illustrate the main features of the thermal field in a single and a double-layered
MCHS of series #1, sample temperature maps on microchannel symmetry planes are shown in
Fig. 4 for 2 = 0.05 W. The positive effect of having two counter-flow streams on the temperature
uniformity of the bottom surface is apparent. Figure 4 also confirms that, as already seen in
Fig 3, the temperature variations on the heated surface are smaller for larger values of Heo/H,;.
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4. Conclusions

A parametric analysis has been carried out to investigate the thermal performance of DL-MCHS
for different values of the relative channel height and fixed values of the total pumping power,
with the additional constraint that the pressure drop be the same in the two layers in order
to allow a much simpler header design, which can only include a single inlet and a single
outlet. Single-layered MCHS have also been considered for additional comparisons. The main
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Figure 3. Comparisons of maximum temperature differences on the bottom wall ATy, ;e (left)
and overall thermal resistances Ry (right) of series #1 (N, = 54, W, = 88um) and series #2
(N, = 64, W, = 87um) of DL-MCHS.

conclusions are that, for fixed pumping power and equal pressure drop in the two layers of a DL-
MCHS (i) the ratio of the heights of the upper and lower microchannels has a marginal effects
on the overall thermal resistance but a significant influence on the temperature uniformity of the
bottom (heated) surface and (ii) a better temperature uniformity is achieved when the heights
of the upper microchannels are larger than those of the lower ones.
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Figure 4. Temperature maps on microchannel symmetry planes in single and double-layered
MCHS of series #1 for 2 = 0.05 W: (a) HCQ/Hcl = 0, (b) Hcg/Hcl = 1, (C) HCQ/Hcl = 2 and
(d) Heo/He = 4; (dark blue: 300 K, dark red: 314 K).
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