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ABSTRACT

Micro gap heat sinks are potential candidates of evaporative cooling. Additional fins in micro gap enhance heat
transfer rate by increasing surface area and generating turbulence. The scope of this paper is to numerically investigate the
influence of various geometrical parameters on thermal and hydraulic performance of a micro finned micro gap during
flow boiling. For this purpose, flow boiling of water in a micro finned micro gap heat sink has been simulated using
FLUENT 14.5 release. Thermal resistance and pressure drop have been calculated for various fin width-to-fin spacing ratio
and ratio of base thickness-to-micro gap height. The results demonstrate that thermal resistance decreases for increasing
both ratios. However, the descending rate is inconsistent. For higher ratios, decrement rate of thermal resistance is very
slow, while pressure drop is very high. Hence, it is suggested that the dimensions should be optimized for extensive

cooling performance.
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INTRODUCTION

Thermal management of electronic devices is one
of the important aspects of electronic packaging specially
for developing microelectromechanical systems (MEMS)
or advanced very large-scale integrated (VLSI) circuits.
With these rapid advancing technologies, it is necessary to
develop new methodologies to remove higher heat fluxes
from the component surface to avoid any possible damage.
Microchannels are considered as a solution of thermal
management system of ingrowing power dissipation from
digital devices with high gate density. It has high heat
dissipation capability resulting from its large heat transfer
surface-to-volume ratio. This advantageous characteristic
of microchannels was noted first by Tuckerman and Peace
[1]. They found that dissipated heat flux from a 60 um
wide and 302 um deep channel is up to790 Wm™2, while
using water as an energy transmission fluid. However, the
pressure drop was more than 2 bars and stream wise
surface temperature rise was also very high as thermal
boundary layer develops in the flow direction. Due to
higher pressure drop, higher pumping power is required to
drive the fluid through microchannels.

Besides of high pumping power requirement,
microchannel heat sinks show temperature and pressure
instabilities during flow boiling. Micro gap heat sinks can
effectively reduce flow boiling instabilities [2].

Alam et al. [3] investigated heat transfer and
pressure drop characteristics of three different micro gaps
0f190 um, 285 pum and 381 um heights. Experimental
results showed that heat transfer coefficient increases with
the decrement of gap size. On the other hand, pressure
drop is higher for smaller gap sizes. However, in another
publication, Alam et al. [4] stated that below100 pm, dry

out takes place very early. Hence, it is not suitable for
cooling purpose. They showed that the gap size should be
between 100 — 500 um for effective cooling.

Micro fins can be effectively used with micro gap
heat sinks for high performance cooling. In Figure-1, a
micro finned micro gap heat sink created by ANSYS
Workbench Design Modeler has been shown. Fin shapes,
dimensions and fin spacing play key role in heat transfer
and pressure drop characteristics of micro finned
structures. Optimization of these parameters can enhance
heat transfer rate. Some of the key findings in this area are
stated below from literature.

Cooling efficiency of micro fins of different
cross-sectional shapes has been investigated numerically
by Abdoli et al. [5]. They highly recommended convex
lens shape micro fins over circular and hydrofoil designs
as there is a significant reduction of surface temperature
and pumping power. Adewumi et al. [6] optimized
microchannels with micro fins. Thermal conductance was
the objective function to be maximized by optimizing
hydraulic diameter, aspect ratio, solid volume fraction and
aspect ratio of micro pin fins. Micro pin finned
minichannels were also investigated and optimized by
Tullius et al. [7]. They used six different shapes of micro
fins among which triangular fins showed best thermal
performance. They optimized height, width and fin
spacing to maximize the heat transfer rate. The heat
transfer phenomenon of heat sinks with micro pin fins has
been explored experimentally by Liu et al. [8]. They
showed that micro finned heat sinks possess high heat
transfer capability. According to them, thermal resistance
of the heat sink decreases with increasing pressure drop.
Shafeie et al. [9] also studied the effect of micro pin fins
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on microchannels. Their results showed that micro pin
finned structures perform slightly better than optimized
conventional microchannel heat sink for small pumping
power. Flow boiling in a micro finned structure is also
found highly efficient for cooling, although pressure drop
penalty is higher than smooth surfaces.

This paper concerns with the effect of various
dimensions on two-phase heat transfer and pressure drop
of pure water in micro finned micro gap. Flow boiling of
water in this particular heat sink of 30 mm X 30 mm
footprint area has been simulated using FLUENT 14.5
release. Thermal resistance and pressure drop have been
plotted for various fin width-to-fin spacing ratio and base
thickness-to-gap height ratio.

0.000 10.000 (mm)
5.000

Figure-1. Micro finned micro gap (3D view)
MATHEMATICAL MODEL

Governing equations

Volume of Fluid (VOF) model [10] has been
used for flow modelling. From Eqn. (1) — (4) are steady-
state governing equations for flow boiling and heat
transfer, which have been solved further by applying
proper boundary conditions. Details of CFD analysis has
been followed from publication of Kelvin et al. [11]
The void fraction equation is given below:

prV(a.Vy) = My, — 1y ey

Here p,, and U, are density and velocity of vapor
respectively. m;_,,, and m,,_,; represent mass transfer from
liquid to vapor and vice versa respectively.

For a Newtonian fluid,
momentum equation is the following:

conservation of

—

pV(@W.V¥) = —VP+Vt+pg+F, )

In Equation (2), VP and V't are pressure and shear
stress gradients respectively, g is the gravitational

acceleration and F, denotes the surface tension force.

Conservation of energy equation for fluid domain
is written as:

p,,V(a. Ev-"—jv) = V(keffvev) + hlv(mv%l - ml—m) (3)

Here E, and 0, are enthalpy and temperature of
vapor respectively, k.r represents effective thermal
conductivity and hy, is the enthalpy of vaporization.

For solid domain, the energy equation can be
written as:

V(k,V6) = 0 )

Here C,; and 6 are specific heat capacity and
temperature of the solid domain respectively.

Mass exchange between two phases is calculated
from evaporation-condensation model, proposed by Lee
[12].

(T1=Tsat) (5)

ml—»v = &% (1 - a)pl Tsat

. (Tsat—Tv)
My =V * APy —) —— (6)

Here, € and v are evaporation and condensation
coefficients, respectively. Wu et al. [13], De Schepper et
al. [14] and Alizadehdakhel et al. [15] recommended the
value 0.1 of these coefficients to maintain interfacial
temperature close to saturation temperature, Ty,;.

Governing equations for turbulence have been
derived from Renormalization Group Theory (RNG) based
k — € turbulence model [16], which are given below:

pV(@.k) = V(ay. pesr-Vk) + G + G, — pe — Yy
+S @)

pV(@.€) = V(@ feps-Ve) + Crey (Gi + C3eGp) —
2
C2£p % - Rs + Sg (8)

In above equations, k and ¢ are turbulent kinetic
energy and rate of energy dissipation respectively.
G, = generation of turbulent kinetic energy due to the
mean velocity gradients

G, = generation of turbulent kinetic energy due to
buoyancy
Yy = contribution of the fluctuating dilatation in

compressible turbulence to the overall dissipation rate
a, and a, are inverse effective Prandtl numbers for k and
€ respectively and S;, and S, are source terms.

The model constants have following default
values:

Cie=142,C,p =168
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Following dimensional ratios have been
considered:
w
p=- ©)
—_]
y = (10)

In above equations, Wr is fin width, d is the
distance between two fins, hg is the gap height and & is the
lower base thickness.

Total thermal resistance is the summation of
conductive and convective thermal resistance, which is
obtained from following equation:

H 1

+— (11)

Rip = Reona + Reonw = keds | hag

A, and A represent available area of heat transfer in solid
and fluid respectively.

Boundary conditions

Following boundary conditions are applied in the
computational domain:

Inlet: T = T;,, m = 1y, @ = 0. In this study,
inlet temperature of water has been kept constant at 25°C.

Outlet: P = P,,,. Atmospheric pressure is
defined at the outlet of the heat sink.

Solid-fluid interface: Heat transfer from wall to
fluid by convection, q ¢ = h(@ — Hf).

Channel bottom wall: Uniform heat flux is
applied at the bottom of the heat sink. Heat is transferred
through solid wall by conduction in the normal direction

a6
of bottom surface, g = —k; e

Other channel walls: Other channel walls are
considered as insulated. Hence, % =0.

GEOMETRY, MESHING AND NUMERICAL
SOLUTION

The geometry has been generated by ANSYS
Workbench Design Modeler. Dimensional ranges of the
sink are provided in Table-1. Heat sink material is
aluminium. After creating geometry, fine meshing has
been done. Number of meshing elements has been
optimized to reduce computational time. Fluid flow and
heat transfer are considered steady-state.

FLUENT uses Finite Volume Method to solve
governing equations. Second Order Upwind scheme has
been used for spatial discretization of the governing
equations. Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm, developed by Patankar
and Spalding [17] has been adopted to solve pressure-
velocity coupling equation.

Table-1. Dimensions of heat sink, micro gap and fins.

Parameters (unit) Value
Heat sink height, H (mm) 4
Heat sink width, W (mm) 30
Heat sink length, L (mm) 30

Fin width-to-fin spacing
ratio () 0.2-2.174
Base thickness-to-gap height
ratio (y) 0.2-2
Number of fins, N 48

RESULTS AND DISCUSSIONS

Heat transfer

In Figure-2, thermal resistance of the heat sink
has been plotted for various fin width-to-fin spacing
ratios(B), while base thickness-to-gap height ratio (y) has
been kept conntant at 2. Applied heat flux is 107Wm™2
and mass flow rate is0.059 kgs ™. For this particular mass
flow rate, Reynolds number is higher than 2400. Hence, it
is estimated that the flow is turbulent. From figure, it is
observed that thermal resistance decreases with increasing
B, although decrement rate is low for higher ratios. When
fin width increases, fin spacing decreases. As a result, [
increases. Due to the increament of fin width, available
area for conduction (Ag) increases. Hence, conductive
thermal resistance R.y,q decreases. On the other hand,
area for convection (Af) decreases with the decrement of
fin spacing. At first, the descending nature of conductive
thermal resistance dominates the total thermal resistance
(Ryy,) of the heat sink. As a result, Ry, decreases steeply.
However, for higher ratios, dominance of R 4 is reduced
by increment ofR.,,,. Hence, decrement rate of Ry,
becomes slow. A similar phenomenon was also observed
by Hung er al. [18] for nano-fluid cooled double-layer
microcahnnel heat sink.

0.522

“| 0.51 T T 1
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0 1 2 3

Fin width-to-fin spacing ratio

Thermal resistance,
o
(0]
(=Y
D

Figure-2. Thermal resistance vs. fin width-to-fin spacing
ratio for 107Wm™2 heat flux and 0.059 kgs ™! mass
flow rate.
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Figure-3. Thermal resistance vs. base thickness-to-micro
gap height ratio for 107Wm™2 heat flux and 0.059 kgs ™!
mass flow rate.

In Figure-3, Ry, has been plotted for various base
thickness-to-micro gap height ratios (y), while B =
0.7353. It shows that Ry, decreases up to y = 1. After
that, thermal resistance does not change with further
increment of . ¥ increases due to the increment of base
thickness (8) as well as decrement of gap height (hg).
According to Alam et al. [3], heat transfer coefficient (h)
increases with the decrement of gap size. As a result, Ry,
decreases. However, after y = 1, effect of dimensions on h
decreases. As a result, change of Ry, is found negligible.
Area-weighted average heat transfer coefficient is plotted
for various ¥ in Figure-4.

15000
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Area-weighted average h
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Figure-4. Area-weighted average heat transfer coefficient
vs. base thickness-to-micro gap height ratio for 107 Wm™2
heat flux and 0.059 kgs™! mass flow rate.

Pressure drop

Contour plot of pressure drop in the micro gap for
B =2.1739 and y = 2 has been shown in Figure-5. It is
seen that pressure decreases in the flow direction.

254600 106e+03 2120403 3ied 424003 5306403 536003 42003 843003 954603 1060404

Cortours of Sttc Pressure (matur) (pascal)

Figure-5. Contour plot of pressure distribution on X-Z
plan at Y=2.5 mm for p = 2.1739 and y = 2.

In Figure-6, pressure drop has been plotted for
variousp. It is found that pressure drop increases linearly
with the increment off. As cross-sectional area of the
channel decreases with increasingP, pressure drop
increases.
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Figure-6. Pressure drop vs. base thickness-to-micro gap
height ratio for 107Wm~2 heat flux and 0.059 kgs™!
mass flow rate.

Increment of pressure drop with the increment of
7 is observed in Figure-7. Micro gap height decreases with
the increment of V. Hence, pressure drop rises. Alam et al.
[3] also stated that pressure drop is high for smaller gap
sizes. However, it is found that the increment rate is high
from y = 0.5 to 1 and decreases slightly fromy = 1 to 2.
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Figure-7. Pressure drop vs. base thickness-to-micro gap
height ratio for 10’ Wm™2 heat flux and and 0.059 kgs ™!
mass flow rate.

CONCLUSIONS

Thermal and hydraulic characteristics of a micro
finned micro gap for different dimensions of fin and heat
sink have been studied. From the results, it has been found
that thermal resistance decreases with the increment of fin
width-to-fin spacing ratio and base thickness-to-gap height
ratio. However, decrement rate is high for lower ratios.
When dimensional ratios increases, decrement rate of
thermal resistance slows down. Moreover, pressure drop is
high for higher dimensional ratios. As higher pressure
drop requires high pumping power, it can be estimated that
lower dimensional ratios are better for both effective
cooling and low cost. However, proper optimization may
increase the cooling efficiency of the heat sink.

A limitation of the current study is that a steady-
state solver has been used for simulation, which does not
take temperature and pressure drop fluctuations with time
in account. Hence, it is expected that a transient solver
may provide better results.
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