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1. Introducticn

Electronic cooling devices are required to
evacuate heat fluxes in the range 1-10MW/m?,
As the number of transistors per unit area
increases, heat dissipation rate also increases.
Straight micro channels incur high parasitic
power consumption due to higher AP incurred
for the power dissipated [1]. Most of the coolants
used are air and water [2]. Recently refrigerants
and nanofluids have been used in some of the

experimental works on heat sinking [3-4]. Many
researchers have found very high heat

transfer coefficients (h) near entrance regions
and reduced values nearer to exits [5-6]. The
value of ‘h’ can be increased considerably if the
boundary layers are destroyed and reattached
continuously, which can be done by the usage of
pin fins [7], corrugations [8], varying Duy [5, 9],
multistage bifurcations or connectivity between
microchannels [10-13]. To accommodate high
heat fluxes, larger mass flow rates of coolants are
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needed to increase AP and pump power. Single
phase flow is considered in this paper, as two-
phase flow suffers from flow instabilities and
pressure fluctuations due to the compressible
nature of the vapour formed [14]. Manifold
micro-channel heat sinks are claimed to have
achieved reduction in AP, while achieving
higher Nu when compared to microchannel heat
sinks. The short path taken by the fluid flow in
the microchannel heat sinks maintains flow in
the development region, which increases ‘h’ and
reduces AP. Split-flow arrangement s
recommended in Ref [14] for reduction in flow
length, AP reduction and ‘h’ increase in
thermally developing flows. Researchers have
done work on improvement obtained by bio-
inspired flows over conventional ones in the
field of fuel cells [15-22]. Research done in the
area of heat sinking is focused on the variation
in flow channel shapes (triangular, trapezoidal,
rectangular, y-shaped) [23], cross linked
channels, path length optimization [24], non-
conventional flow patterns [25], channel
branching angles [26], aspect ratio variation [27-
28], and variable fin density [29]. Optimum a
recommended in Ref [27] is 8.8-11.4. Most bio-
inspired flows encountered in literature were
applied to fuel cells [15-22] and constructal flow
fields were applied to heat-sinking applications
in references [10-13, 23-26].

1.2 Review of bio-inspired flows

Biological flows are happening in nature by
branching, with reduction in branch diameters
from inlet to the outlet. The leaf like flow
patterns are used in bio-inspired applications as
they give uniformity in species and velocity
distribution in fuel cells [15-22]. Farzaneh et al
[10] using a square-shaped heat sink flow-fields
based on the constructal theory, claim to achieve
a temperature reduction of 10-20% and AP of 25
to 33% compared to flow-field without branches.
Manso et al [18] have concluded that reduced
flow length and multiple channels with large
aspect ratios give good reactant distribution in
fuel cells. Lung and leaf inspired models used in
fuel cells show a significant reduction in AP,
compared to serpentine and inter-digitated flow
fields [21]. The flow collecting channels in this
work has a gradual increase in cross section
which reduces their Rny as they collect hot fluid
from the smaller channels. The supply and
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collecting duct dimensions are similar and their
converging and diverging angles are determined
by trial and error method to minimize base
surface temperature. The reduction in main
channel cross section increases Rpy forcing the
fluid in low resistance branching channels giving
a uniform velocity field. Murray’s laws of
biological branching were used as an inspiration
without using actual values, as the branching the
length and widths of the channel must be
adjusted which complicates the comparison,
design and manufacturing. This numerical
analysis is done to evaluate the proposed flow
fields in heat sinking in square shaped electronic
circuits, which is different from the general
usage of these flow fields in fuel cell
applications. A comparison of performance with
literature is given before the conclusion. The
selected parameters for analysis are overall
pressure drop, Uniform surface temperature of
chip (USTC), Rny and R,

2. Numerical approach

For the proposed bio-inspired models the basic
package dimensions are fixed from reference [7],
which gives the area of 1.6*10* m2. The channel
width of individual microchannel is fixed at 50
and 100 pm for aspect ratio 4.3 and 8.6
respectively keeping the height of microchannel
fixed at 430 pm. The inlet and outlet manifold
dimensions are fixed by trial and error for
achieving a lower maximum base temperature.
The Re range at inlet manifold is selected to
achieve a higher flow velocity at inlet to the
individual microchannels in the arrays.

2.1. BC’s adopted and assumptions followed

The following assumptions are used in

simulation [7]:

(1) Laminar, incompressible, steady, single
phase flow,

(2) Temperature effect on buoyancy forces is
taken for study.

(3) External surfaces outside the heat sink are
adiabatic except bottom plate, where a heat
flux is applied.

(4) Total heat transfer to the fluid is the sum of
convective heat to fluid from base plate and
lateral surfaces of fins.
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(5) The Reatinlet of the flow fields are changed
by changing velocities at all inlets.

(6) Zero pressure condition is maintained at all
outlets.

(7) In the present work, fluid temperature is
assumed as 303K.

2.2. Geometric and operating details

The general schematic, and operating details are
giveninF. 1. A silicon wafer of 500pm thickness
can provide the required space to etch the heat
sink channels of the height 430pum. Models are
analyzed at two different inlet conditions
namely, constant Re (maintained at 2300) [7]
and constant pressure inlet of 206.84 kPa [30].
The effect of a, € on R, Ry is studied by this
procedure. The materials used in all the models
are water, Silicon, and PDMS. All material
properties are referred from reference [7] and the
same is used in the proposed models. The models
are developed on a X-Y plane by extruding in the
Z direction as shown in Fig. 1.

2.3. Mathematical models adopted and data
reduction

The mathematical differential  equations
applicable to the proposed models are given in
reference [31]. The continuity and momentum
are given by Eq. (1-2),

pV - (w) =0 1)
pw.)u=V - [-pl+u(Vu+(Vu)T)]+F (2)
F=—gx4p ©)

Eq. (3) gives the source term corresponding to
body force F and Ap- indicates change in mass
density caused by thermal heating. The fluid and
solid energy equations are computed using Egs.
(4-5).

pCpu - VT4+V - q=Q 4)

Q is the heat supplied per unit volume (W/md).
The conduction Eg. (5) is applicable to the entire
domain. The inlet averaged Nu and Rec, are
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obtained from Egs. (6-7) using Dhy-in @nd Dhy-cn
respectively.

q=—kVT 5)
Nu= hanghy-in (6)
kg

The Channel Re is calculated by evaluating the
average velocity and kinematic viscosity from
the simulation results at mid-channel height (in
the Z axis direction) and multiplying with Dny-ch.
The Rei, Rn and Ry for the models are
calculated using Egs. (7-11). In EQ. (8), Tmax iS
the maximum fin base temperature at outlet and
Tmin is the inlet coolant temperature. The inlet
averaged overall h is calculated using Eq. (12).

Re,, = PUDhy-ch (7)
Tmax—Tmin
Ren = =55 )
th
Qun = I * Ap )
Rhy = Q_hy (10)
th =N * U * Ain (11)
hyyg = —2— W/ (M?K) (12)

Tmax—Tmin

Table 1. Results of convergence study at Re 2300 and
a- 4.3, for different flow fields taken for study.

Model No of Trax APa\vg-in Ti B Ti—l PL' B Pi—l

elements kPa T, P;

*108 *100 *100
SI-m 0.28 3281 17.70

041 3283 17.29 0.07 -2.37

142 3289 17.29 0.18 0.023
Sl 0.27 3303 18.21

044 3319 17.76 0.50 -2.53

079 3332 1771 0.36 -0.26
DI 0.28 3185 13.56

0.72 3199 1336 0.41 -1.45

129 3201 13.38 0.07 0.12
Fl 1.00 3147 16.88

225 3151 1765 0.15 4.32

6.84 3157 17.74 0.17 0.52
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SI SI-m DI FI

Line of symmetry

Line of symmetry Line of symmetry

Dimensions of diagonal inlet/ outlet Dimensions of midpoint outlet
Height — 430 pm; width -1131.37 pm Height — 430 pm; Width - 930.72 pm

|< inlet
\J

Enlarged cross-sectional view of the models

PDMS Insulated b.c

N

Fluid flow channels and finned area

Z=-50pm
L X - Constant heat flux in

+ve z direction

Fig. 1. Basic model dimensions taken for study.
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Fig. 2. Velocity field at mid-channel height for secondary channel velocity calculation.
where qp is the base heat flux (W/m?). Total fr= Po (18)
Recn

magnitude of heat flux is the sum of local heat
conduction and convection. The porosity(e),
USTC and W, are calculated using Eqgs. (14-
15).

Volume of voids

= Total Volu1{ne of%leat sink (13)

USTC % = 22—t 4 100 (14)
avg

VVp =Nk Uy * Ain * Apaug (15)

‘n’ is the number of inlet-outlet pairs in the
model. A numerical performance index PF is
defined similar to references [25, 29], as the
ratio of heatsinking to the W,, Eq. (16). A
design with a higher PF can dissipate more heat
at a given W,. The temperature difference is
included to factor in its non-uniformity. The Po
number for the proposed models is calculated
using the correlation developed by Shah and
London as given in Eq. (17). fr is evaluated
using Eq. (18).

Qth
PF = 1
(Tb,max_Tb,min)*Wp ( 6)
Po = 24 (1 1.3553 + 1.9467 1.7012
- - 2 3
0.9564 0.2537 * *
at  ab ) (17)

2.4. Numerical analysis

Computation is done on a desktop computer
using i7 processor with 64GB in-built RAM. 3D
quarter section models based on bi-axial
symmetry are solved with increasing mesh
densities. A sample velocity field for Rec
calculation is given in Fig. 2. The simulation
results analyzed using, fin base temperature of
the flow field, Fig. 3, the velocity magnitude,
Fig. 4, pressure contours at mid-channel height,
Fig. 5, and total heat flux at fin base, Fig. 6, for
the proposed models that are presented.
Convergence study is conducted by increasing
the mesh density and calculating the
temperature and pressure change variation
percentages by comparison with the previous
iterations. All the results show convergence
with relative error percentages below 1%, Table
1.

3. Results and discussion
3.1. Validation

A detailed numerical procedure validation done
by the present authors is given in [7] which is
comparable and relevant to this work; hence
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separate procedural validation is not presented
here. As the proposed heat sinks are novel,
similar works to be used as reference
benchmarks are currently unavailable in the
literature. Hence the validation of the present
work is done by energy balance method.

pf * Ujp * Ain * pf * (Tavg-out-theo - Tavg-in) =

Qtn (19)

Tavg,in |S 303K and Tavg-out-theo |S Calculated The
Cypr value is assumed as - 4.18 KJ/kg K in the
operating conditions. The mixing cup outlet
temperature obtained by simulation (Tavg-out-act)
is presented in Eq. (20). The comparison
between the derived value (Tavg-out-theo) and the
mixing cup outlet temperature (Tagoutact) IS
shown in Table 2, the relative error is less than
1%.

[, Tu-fidA
Tav -out-simulation — 4 = (20)
g [, u-ndA

where, u- velocity is perpendicular to the outlet
plane; T -Temperature; n- normal vector; A-
Area.

3.2. Temperature Profile

The proposed models can be differentiated as
single, two and four inlet-outlet pairs. Multiple
inlet models show peak temperature reduction
at all wvelocity conditions. The order of
increasing maximum temperature at constant
inlet velocity condition is as follows: FI< DI<
SI-m< S, Table 3. Higher fluid flow and lower
porosity reduce the temperature variation. The
inlet and outlet manifold dimensions are fixed
by trial and error for achieving a lower
maximum base temperature. The Re range at
inlet manifold is selected to achieve a higher
flow velocity at inlet of the individual
microchannels in the arrays.

3.3. USTC

USTC decreases with decreasing porosity,
increasing aspect ratio and inlet pressure (due to
area increase), Table 3. An increase in number
of inlets decreases USTC value, due to increase
in coolant flow rate for all analyzed models. The
lowest USTC obtained in this work is 1.65% for
the FI model. Reasons for variation in USTC
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are (i) large differences in heat flux (ii) heat
spreading technique, which uses a larger finned
base area in comparison to heat source area and
utilizing higher thermal conductivity materials.

3.4. Thermal resistance (Rin)

Rin is used for comparing heat transfer
characteristics of heat sinks, Table 4. At a
model inlet Re of 2300 the highest Ry is for SI-
0.393 C/W and the lowest is for the FI model-
0.121 C/W, Fig. 7(d). For models with lower a,
the flow non uniformity at model corners, and
for models with higher o, insufficient flow
velocity in channels due to higher Ry increases
R, Fig. 3.

Table 2. Heat balance validation of heat sinks
models at constant inlet Re (2300).

Model Qin, Tsurf»avg, out,theo Tsurf—avg, out, act Relative Error %

SI-m 80 317.07 318.61 -0.48
Sl 80 317.07 317.73 -0.21
DI 80 310.04 310.29 -0.08
FI 80 306.52 306.31 0.07

Table 3. Results of USTC% at Re-2300 for various
flow fields studied.

Model o ¢ AP Tmax  Tmin  Tay USTC

SIY 8.6 0.57 23.43 3345 3033 3154 9.88
S-mY 8.6 0.53 36.96 332.7 303.7 312.6 9.51
SIY 43 057 17.71 333.2 3034 317.2 9.37
SI-m¥ 43 053 17.29 328.8 303.4 315.6 8.05
DIY 86 057 2223 3199 3039 3114 5.13
DIY 43 0.57 13.38 320.0 304.61 3115 4.96
SIP 8.6 0.57 206.84 315.4 303.25 307.9 3.96
SIP 4.3 0.57 206.84 315.0 303.2 309.1 3.80
FIv 43 0.62 17.74 315.7 3055 310.0 3.26
FIv 8.6 0.61 21.85 3127 3035 307.7 297
SI-mP 8.6 0.53 206.84 311.9 303.2 307.2 2.82
FIP 4.3 0.62 206.84 311.5 3035 306.9 2.62
SI-mP 4.3 0.53 206.84 309.6 303.2 307.3 2.05
DIP 4.3 057 206.84 309.3 303.3 306.2 1.96
DIP 8.6 057 206.84 308.5 303.4 304.6 1.67
FIp 8.6 0.61 206.84 308.3 303.3 3055 1.65
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Fig. 3. Base temperature of heat sinks for constant inlet Re and pressure in x-y plane (a-b) Sl; (c-d) SI-m; (e-f) DlI;
(g-h) FI.

(a) €-0.53; a-4.3 (b) €-0.57; 0-8.6 () €-0.57; a-4.3 (d) £-0.53; 0-8.6

OFRFNWAUIO N WO
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(e)e-0.57; 0-8.6 (f) £-0.57; 0-4.3 (g) £-0.61; 0-8.6 (h) -0.62; 0-4.3

Fig. 4. Velocity magnitude of fluid at mid-channel height for constant inlet Re and pressure in x-y plane (a-b) Sl; (c-
d) SI-m; (e-f) DI (g-h) FI.
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Fig. 5. Pressure contours at mid-channel height for constant inlet Re and pressure (a-b) SI; (c-d) SI-m; (e-f) DI;
(9-h) FI.
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Fig. 6. Total heat flux contours at mid-channel height for constant inlet Re and pressure (a-b) Sl; (c-d) SI-m; (e-f)
DI; (g-h) FI.
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Fig. 9. Variation of PF and inlet averaged Nu for flow fields with variables (g, a and AP).

This is overcome in multiple inlet models by the
inclusion of inlets-outlet pairs at the diagonal
corners. For comparison with Ref [30], all
models are tested at an inlet pressure of 206.84
KPa and the FI model achieved a Ry of 0.0672
C/W, a reduction of 25.16% from the reference.
The FI models show a 2.9% variation in R
compared to DI models with a 38% increase in
W, as shown in Tables 4 and 5. The shorter fluid
flow channel lengths and higher flow rates of FI
in comparison to SI models for a given AP and a
are the main reasons for lower Ry and Ry of
these models, as shown in Figs. 3- 4, [32]

3.5. Heat transfer coefficient (h)

Fully developed flows have little variation of h
with change in Re. The model ordering based on
‘h’ at constant inlet Re is SI<SI-m<DI<FI, Fig.
7(b). In this work periodic changes in boundary
layer condition contributes to higher h, than
other comparable flow fields, Table 6. For single
channel flows, h decreases in the flow direction
with maximum values occurring at inlets
because of thinning and subsequent thickening
of boundary layer in the flow direction, reducing
the temperature gradient. Advantage of split-
flow arrangement is due to this entrance effect.
The destruction of boundary layers at inlet and
re-attachment at the outlet manifolds maintains
the flow as a developing one throughout the
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device. The higher temperature gradient
available due to fluid mixing is favorable for heat
transfer. The h for all models increases with Re.
The local heat flux contours show a smooth
variation for flow field models with higher o,
Fig. 6. The temperature contours show higher
local heat fluxes in the convergent and divergent
ducts because of conjugate heat conduction in
the silicon substrate from regions of higher
convection resistance to regions with lower ones,
Ref [33]. This effect is visualized in Fig. 6.
According to the experimental work in Ref [34],
wall conduction in plain  converging
microchannels is larger, due to higher
temperature gradient than divergent
microchannels with lower gradients. But in this
work, divergent duct shows higher heat fluxes as
the boundary layer in the convergent ducts is
sucked into flow inlets of the branching channels
while the boundary layer thickness gradually
increases in the outlet diverging ducts, with fluid
mixing confined to the central regions of the
diverging ducts.

3.6. Nusselt number (Nu)

Nu increases with microchannel and flow field
inlet Re as shown in Fig. 7(e). An increase in
aspect ratio also increases inlet averaged Nu,
Table 5. Chen et al have shown that for
microchannel flows overall Nu is a function of €
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and a. Inlet averaged Nu number decreases as
porosity increases. Nu increases for higher
values of € at constant a [35]. The overall Nu
increases with aspect ratio and inlet pressure.
The Nu values for both constant velocity and
pressure inlet conditions are shown in Table 5.

3.7. Pressure drop (4P)

AP across flow fields with higher aspect ratio is
gradual than the lower aspect ratio models, Fig.
5. The lower a. models have AP below 40 kPa for
constant inlet velocity conditions. As the inlet
pressure is increased at constant porosity and
aspect ratios, the pressure gradient increases
proportionately across the entire flow fields for
all the analyzed models. The DI model has the
lowest AP among all the models tested at a’s-4.3
and 8.6 for constant inlet Re-2300 of the models.
Higher o contributed to higher AP. Pressure
increases in the inlet manifolds towards the
central region of all the heat sink models due to
stagnation pressure rise (higher pressure than
inlet in the central region) and in the outlet
manifolds the pressure reduction is gradual due
to the diverging duct which increases pressure
and the rejoining of fluid streams at different
locations. The o and € are two factors that
influence pressure drop, among these a has
higher influence as seen in Table 5. The
proposed models having, secondary channel
width of 50 um are tested with inlet pressures
206.84 kPa as in reference [30]. For a channel
Dny -89.6 um the maximum Re in the secondary
channel for an inlet manifold AP of 206.84 kPa
is 1356, which is in the laminar flow regime, as
shown in Fig. 2. Higher channel Re values are
obtained for DI model at a-4.3. For the same o,
reduction in € increases heat transfer and AP. The
results are summarized in Table 5.

3.8. Hydraulic resistance (Rny)

Ry is analogous to electrical resistance offered
by a circuit to current flow for an applied
voltage, in the present case fluid flow rate for an
applied pressure drop, Table 5. Comparisons
between heat sinks are possible using Rny. The
FI model has the lowest Ry, among all the
analyzed models due to the higher flow rates for
a given pressure drop. The order of Ry at Re-
2300 is FI<DI<SI-m<SI as shown in Fig. 7(c).
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The lowest value of Ry - 9.810°Pa.s/m3at a- 8.6
and Rpy- 3.08*10° Pa.s/m® at - 4.3 are obtained
for FI model at constant inlet pressure and Re
conditions respectively. The lowest Ry of this
model is due to short path length traveled by the
fluid between any inlet and two adjacent outlets.
A chart showing the variation of channel fr of all
models analyzed in this work with respect to
channel Re’s is given in Fig. 8. It indicates the
laminar nature of the flows analyzed. Models
with a-8.6 show more flow uniformity than ones
with a-4.3. The uniformity of flow in the models
is highlighted in Fig. 2 and 4.

3.9. Pumping power (W)

Pumping power increases in the following order
for the models at constant inlet Re: SI<SI-
m<DI<FI, Fig. 7(a) and Table 5. Higher a
correlates to a higher AP and W,. Effect of
variation of ¢ is studied at two a levels - 4.3 and
8.6 in this work. As branching increases, AP
increases due to an increase in the surface area,
but shorter path lengths negate these effects.

Table 4. Results of Ry and Rpy for various flow fields
studied at Re 2300 and Dpy-in=623.1um.

Model € o Dhy.(;hc AP Rin Rhy x10°

SIV 0.57 86 895 2343 0.393 163
SIV 0.53 43 1622 17.71 0.377 123
SI-mY 0.53 8.6 895 36.96 0.372 26.6
SI-m¥ 057 43 1622 17.29 0.323 120
DI¥ 057 86 895 2223 0211 7.72
DIY 057 43 162.2 1338 0.204 4.71
FIv 0.62 43 162.2 17.74 0.158 3.08
SIP 0.57 8.6 89.5 206.84 0.155 39.9
SIP 0.57 4.3 162.2 206.84 0.150 37.2
FIv 0.61 86 895 2185 0.121 3.79
SI-mP 0.53 8.6 89.5 206.84 0.112 385
FIP 0.62 43 162.2 206.84 0.107 9.38
[30] 0.50 6.4 98.6 206.84 0.089 1838
SI-mP 0.53 4.3 162.2 206.84 0.082 30.4
DIP 057 43 162.2 206.84 0.079 11.8
DIP 057 86 89.5 206.84 0.069 15.8
FIp 0.61 8.6 89.5 206.84 0.067 9.80
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This is the reason for higher pumping power
requirement for the Fl compared to the DI model
at a-4.3. The convergent inlets and divergent
outlets improve pressure recovery. A
comparison of the proposed models based on PF
and inlet averaged Nu data of models analyzed
in this work is shown in Fig. 9.

3.10. Effect of porosity (&)

No particular effort was made to vary the
porosity and the porosity is a consequence of
tweaking the models to achieve minimum base
temperature. The results are tabulated and the
effects of porosity on the results are analyzed
here. For each aspect ratio, there exists an
optimum porosity, any further change in ¢
decreases Nu [35]. A decrease in ¢ increases AP,
surface area, friction and heat transfer.
Interpolation from Ref [35] yields a Nu value of
16 and 180 for a-1.54 and 8.6 respectively.
Similarly, the optimum ¢ for a’s mentioned
above are 0.85 and 0.5 respectively. For constant
€, a Re increase causes AP, Rny, Nu and pumping
power to increase, while Ry, decreases.

Table 5. Results of W, and Nu for the proposed heat
sinks evaluated at inlet diameter.

Model ¢ o Re° fr Wp PF  Nuavg
Sl 0.57 8.6 103.1 0.201 0.034 755 15.58
Sl 0.53 4.3 195.8 0.094 0.025 107.6 16.27
SI-mY  0.53 8.6 105.7 0.196 0.051 54.1 16.52
[30] 050 6.4 730 0.027 2.275 4.9 16.88
SI-mV 057 4.3 1952 0.095 0.024 125.9 19.04
DIY 0.57 8.6 141.1 0.147 0.064 78.2 29.47
DIV 0.57 4.3 254.2 0.073 0.038 136.1 30.23
FIv 0.62 4.3 271.1 0.068 0.102 77.5 39.37
SIp 0.57 8.6 337.5 0.062 1.069 6.1 40.37
SIP 0.57 43 670.1 0.027 1.147 59 4167
FIv 0.61 8.6 157.2 0.132 0.126 69.3 51.73
SI-mP 053 8.6 3829 0.054 1.111 8.3 56.36
FIp 0.62 4.3 916.8 0.020 4.562 2.17 58.56
SI-mP  0.53 4.3 806.8 0.023 1.407 8.9 76.40
DIP 0.57 4.3 1356 0.013 3.615 3.7 79.06
DIP 0.57 8.6 578.8 0.036 2.708 5.8 91.16
FI? 0.61 8.6 518.9 0.040 4.365 3.6 94.76
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Table 6. Comparison of models with published
results having similar Wp.

Model & o Ret fr PF  Rnm hx10%
[3] 0.57 3.15 250 0.071 14.76 0.153 32.50
SI 0.57 4.3 3974 0.046 9.94 0.226 27.60
SI-m 057 4.3 488.2 0.038 14.20 0.162 38.44
]| 0.57 4.3 573.2 0.032 16.61 0.140 44.48
]| 0.57 8.6 253.9 0.081 14.89 0.156 39.96

Fl 059 8.6 168.8 0.123 23.43 0.101 61.39
[36] 0.73 8.62 128.8 0.161 26.53 0.108 34.10
Fl 059 8.6 1794 0.116 29.41 0.105 59.45

4. Comparison with published results

The proposed flow field configurations are
compared with published results in Table 6.
Experimental work of Ref [3] is compared with
analyzed models of this work at similar &, Wy,
fluid inlet temperature and g. All four presented
models show lower AP than Ref [3]. Comparison
with [36] is carried out with input parameters as
specified in the reference work. The Ry of the
analyzed models in this work is lower than the
reference work except for the single-inlet model.
One interesting feature is the higher individual
microchannel Re’s of the proposed models in
comparison with [3, 36], except the FI model
which shows a 32.44% lower value than [3].

5. Conclusions

Based on numerical evaluation, the following
conclusions are arrived. The trends obtained for
the proposed models show improvements that
are explained below:

1. Bio-inspired pin fin models show lower Rpy
when compared to references cited in this work,
because of flow uniformity and higher fluid flow
for a given AP across the heat sinks.

2. Proposed models have lower AP’s at similar
W,.

3. W, of the proposed models decreases with
higher flow rates consequentially increases Nu.
4. In case of constant pressure inlet condition,
the proposed FI model shows lower value of R
-0.0673 C/W compared to benchmark value by
25% provided &- 0.62 and Dp.ch -89.6um.



JCARME

5. Models with multiple inlets give high heat
transfer due to increased coolant flow rates,
boundary layer thickness reduction and shorter
path lengths.

6. Aspect ratio o and porosity € are important
parameters in the characterization of finned heat
sinks.

7. For similar porosities, multiple flow inlets
reduced the maximum base temperature and
USTC %.

8. Decrease in ¢ increases Nu and decreases Rin
due to higher heat transfer area.

9. For a given base area higher heat fluxes can be
dissipated without phase change by the bio-
inspired SI-m, DI and FI models.

10. The conclusion is that when flow-fields are
designed for higher heat transfer, W, increases
and if designed for minimum W,, lower heat
transfer occurs.

11. The correlation of all the flows analyzed in
this work is given as; fr *Re%"= 24.277 with R2
=0.995
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