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ABSTRACT

Carbon nanotube (CNT) has been proven to be an effective material for the thermal management of MEMS-based devices due to its superior thermal
conductivity. At the same time, micro-channel heat-sinks are widely used in electronic products as a high performance heat transfer device because
of its simple construction, easy fabrication process and effective heat removal capability. A numerical study has been carried out to investigate the
thermal-fluid characteristics of the aligned and staggered MWCNT (multi walled CNT) based micro pin fins having 650 um long with hydraulic
diameter of ~130 um. Average heat transfer coefficients have been obtained for effective heat fluxes ranging from 50 to 130 W and Reynolds
numbers from 14 to 160. The influence of various fluids, fluid velocity; fluid conductivity, fin material, fin conductivity, fin geometry and fin
orientations on cooling effects have also been investigated and compared in this study.

Keywords: Cooling effects, fin orientation, MEMS, MWCNT, Thermal-fluid characteristics.

1. INTRODUCTION

Electronic devices require more effective thermal enhancement system
to maintain its operating temperatures at a satisfactory level due to the
increase of power density. Micro-channel heat sinks provide an
effective way of cooling microchips. Micro-channels provide enhanced
heat transfer ability due to having a smaller hydraulic diameter.
Numerous authors have investigated CNTs as thermal interface
materials in micro-channels for cooling. Carbon nanotubes (CNTS)
were discovered in 1991. They are allotropes of carbon with a
nanostructure that have a length-to-diameter ratio greater than 1000000.
A CNT is formed when the two-dimensional sheet of graphene is rolled
into a seamless cylinder. Based on the chemical arrangement of carbon
atoms, a discrete number of unique CNTs can be formed. A thermal
conductivity of CNT up to 6600W/m-K has been reported. Copper,
silver and gold, which are some of the best known thermally conductive
materials, have thermal conductivities of 400 W/m-K, 430 W/m-K and
320 W/m-K at room temperature respectively. As a new material, CNTs
are attracting more and more attention, and they are potentially very
useful in nanotechnology, electronics, optics and aeronautics (Xu et al.,
2006; Liu et al., 2008; Zhu et al., 2005; Hone, 2000).

Single phase cooling using CNTs with water as cooling medium
on the other hand was researched by Mo et al. (2005). They applied
different heat rates to the base of the silicon microchannel while
holding the pressure drop across the device constant. In general we
found that the presence of MWNTS results in enhanced heat removal
from the silicon minichannel. In Fig. 1, the technique of heat transfer
with CNT is shown.
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Fig. 1 Heat transfer by CNT

Flows over intermediate size pin fin banks have been commonly
used in turbine cooling systems to increase the internal heat transfer
characteristics. The pin height-to-diameter, H/d, ratios of typical heat
sinks used for such applications were between Y2 and 4. A concise
review of staggered array arrangements for intermediate pin sizes was
provided by Armstrong et al. (1988). The vast majority of studies on
intermediate size pin fins were performed with air at turbulent flow
conditions. It was found that the average heat transfer coefficient for
relatively short pin fins was lower than for long cylinders. The
reduction was attributed to a decrease in the near-wall cylinder heat
transfer relative to the heat transfer away from the wall where the
cylinder was unaffected by the end-walls. Thus, at low Reynolds
number the effect of endwalls is expected to be prevalent over a
significantly broader range of H/d values compared to high Reynolds
numbers. However, the extent of this effect can currently not be fully
determined since very little data are available on laminar Reynolds
numbers (especially for Re<100).
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Micro-channel cooler is a very promising approach to meet the
requirements of microelectronics package cooling. A lot of
investigations about micro-channels have been undertaken in the past
years. However, as the trends in the electronics industry moves towards
higher packaging density, the high-pressure drop problem limits the
performance of traditional silicon heat sink. Replacing the silicon fins
with nanotube fins to enhance the thermal exchange rate between
cooling liquid and substrate is one way to overcome this problem.
Channels are etched and covered by plexiglass on the top and ultimately
formed a complete structure. The basic principle of micro-channel
heatsink is that bottom is in touch with the heat and fluid flows through
the entrance to the export to take away heat. In practice, with increasing
heat, when the micro-cooler maximum temperature exceeds the fluid’s
temperature, convection heat is generated between wall and fluid until
the heat balance is stabilized and micro-cooler works into the stable
working condition (Wang et al., 2009; Zhong et al. , 2007) Replacing
the silicon fins with nanotube fins or growing aligned nanotubes on the
whole substrate to enhance the thermal exchange rate between cooling
liquid and substrate is one way to overcome this problem (Kordas et al.,
2007; Dietz et al., 2008; Jakaboski et al. ,2004). To promote a good
thermal contact on the interfaces between the multi-walled CNTs and
their growth substrate, adhesion layers consisting titanium,
molybdenum or chromium are often deposited onto the substrates
before fabrication (Hone, 200; Liu, 2008; Xu, 2006). Other studies
showed that the multi-walled CNT free ends’ interface had a
significantly higher resistance compared to that at the multi-walled
CNT growth substrate interface; and this problem could be solved by
using a thin layer of indium to weld the multi-walled CNT ends to the
substrate (Tong et al., 2007).

2. CNT BASED MICRO-COOLER

CNT as fin material was introduced by Liu [2] and his research group in
2004. By combination of the high thermal conductivity material with
the high heat transfer efficiency structure, it is a tempting and
promising scheme for thermal issues in electronics. A bare silicon chip
was chosen as the substrate. In chemical vapor decomposition process,
nano-particles of a catalyst are deposited on a substrate surface
before being inserted into a tube furnace. A carbon containing gas,
such as acetylene then flows through the tube furnace at high
temperatures, leading to decomposition of the gas into carbon
atoms. The nano-particles of catalyst attract these carbon atoms,
initiating CNT growth (Thostenson 2001). This process is illustrated in
Figure 2. After CVD synthesis, CNTs array (Kolasinski, 2006; He et
al., 2007) was grown from the catalyst as cooling fins (Fig. 2). Finally,
a lid was bonded to seal the CNTs and form the microchannels.

Figure 3 shows the SEM pictures of the one-dimensional and two-
dimensional CNT array respectively. Carbon nanotubes are grown
using a vapor-liquid-solid (VLS) technique. VLS describes the action of
liquid catalyst particles becoming super saturated with a vapor and the
subsequent forming a solid crystal structure. Specifically, growth
occurs via a process of diffusion of the precursor into the catalyst
particle, adsorption of reactive species onto the catalyst surface, and
subsequent surface reactions with the precursors to create the nanotube.
This process is illustrated in Fig. 2. Typically, transition metals such as
Fe, Ni, Co, or Mo are used as catalysts for carbon nanotube synthesis.
These metals have proven effective because of their ability to absorb
the carbon based reactant gases. The adhesion of the CNT to its growth
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surface is a function of the catalyst’s adhesion to the substrate and the
CNT’s adhesion to the catalyst (Shenoy et al., 2011).
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Fig. 2 Growth of carbon nano tube on the Silicon substrate
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Fig. 3 SEM picture of CNT with grown on a flat silicon substrate (Liu
et al., 2008).

3. CFD SIMULATION MODEL

3.1. Theoretical Analysis

A coolant flows through a micro channel heat sink takes away heat
from heat component attached below (constant heat flux). The top face
is made of insulated material (such as glass) and the bottom material is
silicon. The heat transfer contains two parts: conduction in the solid and
convection between the solid and coolants. By continuities of
temperature and heat flux, the solid region and fluid region are coupled.
Some simplifying assumptions are considered as follows:
(1) Flow is assumed to be laminar;
(2) Incompressible flow;
(3) Hydro dynamically and thermally fully developed flow;
(4) No radiation of the wall;
(5) Negligible convection of air out of the cooling assembly;
(6) Constant solid and fluid properties.
(7) A no-slip boundary condition and no interfacial resistance are
applied to each of the interfaces

In the case of devices with MWCNTS, even though in reality the
MWCNTSs act as a nano-structured porous medium, the software limits
us to assume them as a solid entity (Shenoy et al., 2011). The fins are
considered as a bulk medium with anisotropic thermal conductivity 300
W/m-k in the vertical z-direction and 30W/m-K in the horizontal x- and
y-direction (Wang et al., 2009; Ismail et al., 2011).

3.2. Mathematical Model

In this study, the boundary conditions and computational domain are
considered for three dimensional cases. T;, is inlet temperature of the
channel (20° C). Chapman et al. [26] made a detailed comparison of
thermal performance of different fin geometries. Crosscut pin fin and
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straight or parallel plate fins were investigated and compared with
elliptical pin fin heatsink in their work. In this study, heat transfer
capacity of aligned and staggered micro-pin fin array is investigated.
For this comparison the following assumptions are made: S;=S =1.5 D;
where D is nano-tube diameter, 1 mm. The height of each nano-tube is,
H=0.65 mm. The comparison is made for 36 micro pin fins. Kosar et
el., 2005-2006 gave detailed description for measuring the hydraulic
diameter (for compact heat exchanger) of the channel.

Fig. 4 3D computational model for aligned circular pin-fin heat sink

Inlet Pressure Port

Exit Pressure Port

Fig. 5 Typical Model of a compact heat exchanger
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Fig. 6 Model of the in line and staggered pin fin arrangement.

The energy conservation equation, which can theoretically predict
the value of temperature rise between the inlet and outlet, is used for
simulation validation in this work. Following the adiabatic boundary
conditions in this simulation, the energy supplied by the chip should be
equal to the heat removed by the water Eq. (1) and thermal resistance is
measured using the following equations Eg. (2).

prCp t (Towe = Tin) :Wchip 1)
R= ( base Tln)/Q (2)

where, V is volume flow rate, C, is specific heat of fluid at constant
pressure, Toy is outlet fluid temperature, T;, is inlet fluid temperature

Global Digital Central
ISSN: 2151-8629

(20°C); p is fluid density and W, or Q is power generated from chip
in Watt.
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Fig. 7 Comparison between CFD simulation results and experimental
result

For the three dimensional analyses the mathematical equations can be
written in the following form-
Continuity equation-

ou u v ov Lo ow _ 3)
ox oy oz
Momentum equation
2
OX oy 0z P 8x 6’y a
u—+v@+wgz—£6—p+ — —V —V (5)
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u—+v@+waw 7&67p W 5 (6)
oX oy 0z p 0z 62
Energy equation
or ar oT T oT 0T
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For the validation of the present analysis numerical results are
compared with the experimental results of Shenoy et al. (2011). From
Fig. 7, it can be concluded that there is a good agreement between the
simulation results and experimental calculation. The difference between
the modeling results and the experimental results is significant as
evident through Fig. 7. There need to be additional factors that cause
the significant difference in the modeling and experimental results. One
of the main reasons could be that the model considers the fully MWNTSs
area as a solid block, whereas in reality the MWNTS area has numerous
hydrophilic MWNTSs intertwined and entangled with nano-scale pores
in between them allowing water to penetrate through the MWNTSs.
Therefore any future computational modeling of MWNTS should take
their porosity into account. In the case of partially covered CNT based
MEMS device (in this paper 6x6) the region occupied by MWNTSs
(increased heat transfer surface area due to the absorption of coolant i.e.
water) is much less than the fully covered MWNTSs device thus any
increase in wetting would not cause a significant increase in heat
transfer.
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4. MESH GENERATION

Conjugate heat transfer module is used to treat the solid and fluid as a
unitary computational domain, and to solve the above governing
equations simultaneously. The mesh in every channel should be fine
enough (Fig.8), thermal conductivity of MWCNT is very high in z-
direction (400 W/m-K) and low in x and y direction (40 W/m-K).
Different kinds of mesh numbers had been carried out and compared
with the maximum fin temperature. The comparison graph is showed
that there is not much difference in the results. So, the influence of

amount of mesh can be neglected in the certain region.
30 T

R
b

Temperature (degree)
(4]
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mesh number

Fig. 8 Mesh sensitivity test-maximum fin temperature for different
mesh number

5. NUMERICAL SIMULATION

The generated heat of CPU/Chip is dissipated by the coolant. Therefore,
it is also necessary to understand the coolant temperature distribution
flowing through the mini-fin heat sink.

The lowest and highest temperatures occur at the entrance region
and outlet region of the heat sink, respectively. Fluid temperature tends
to increase as the fluid flows close to the outlet region. This is because
the heat transfer rate from the heat sink to the coolant increases. The
low temperature region of the heat sink occurs at the entrance region.
This is because the heat transfer coefficient increases in this region.
From Fig. 9-14 we different types of investigation are shown for two
types of fin arrangements.
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Fig. 9 3D Temperature distribution for in-line circular pin fin array
(XY Plane)
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Fig. 11 Pressure contour for in-line circular pin fin array (XY Plane)
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Fig. 12 Temperature distribution for staggered circular pin fin array
(XY Plane)
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Fig. 13 Velocity Contour for staggered circular pin fin array (XY
Plane)
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Fig. 14 Pressure Contour for staggeréd cichIar\ pin\fin array (XY
Plane)

6. SIMULATION RESULTS AND ANALYSIS

Here three dimensional models are simulated for different types of fin
geometry; different fluid and fluid velocity. The inlet velocity is set 20°
C. The simulation is conducted for constant heat flux condition and the
heat flux range is varied from 15 W/cm? to 40 W/ cm?.

6.1. Effects of fin material:

The model is also investigated for various types of fin material- Copper,
Aluminum and Carbon Nano-tube. A MWNT thermal conductivity of
400 W/m-K is used in all simulations (Fig. 15-16). From the simulation
it is clearly realized that carbon nano-tube shows better thermal
performance among these materials. As the conductivity of MWCNT
array varies; we have also calculated the effect of conductivity for
assuming three values- 400 W/m-K, 700 W/m-K and 1000 W/m-K.
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Fig. 16 Variation of Nusselt Number for different conductivity of CNT

6.2. Effects of heat flux and fluid:

Maximum thermal resistance as a function of heat flux is also
investigated here considering water as cooling fluid and assuming the
velocity 0.75 m/s (Fig. 17). The heat transfer capability is dependent on
the properties of working fluid, the most frequently used coolant in the
micro channel heat sink is water. Better results may be possible with
other fluids. So, one of the methods for changing heat transfer is to use
the different working fluids. Here, the model was simulated for four
fluids- water, ethylene glycol, FC-72, FC-77- from 3M Company
(Fig.18).
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Fig. 17 Variation of thermal resistance for different heat flux
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Fig. 18 Variation of thermal resistance for different fluid velocity

6.3. Effects of heat sink geometry

It is investigated that the maximum fin temperature is decreased with
the increase of the number of fin array (Fig. 19). But after a certain
increase of array the temperature of the assembly again increases. It is
because the coolant does not get enough space to take the heat from the
array. The model was also investigated for different fin height and
channel width (Fig. 20-21).
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Fig. 19 Variation of Fin temperature with the Number of fin array
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Fig. 20 Variation of Nusselt Number for different CNT height
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Fig. 21 Variation of Nusselt Number for different width of the channel

7. DISCUSSION

This simulation work presents the thermal performance of a MEMS
based micro heat sink. Figure 22 shows the difference between the
available theoretical value of Nusselt number (Zukauskas et al., 1972)
and our numerical results. Figure 23 shows that staggered arrangement
of CNT fins show greater heat transfer performance.
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Fig. 22 Comparison between theoretical and current numerical result
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Fig. 23 Variation of Nusselt Number for different configuration of
CNT based fins.
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In order to present the numerical results in a more general manner
and to perform comparison with large scale correlations, the Nusselt
Number is derived from the heat transfer coefficient data. The average
Nusselt numbers are shown in Fig. 22 as a function of the Reynolds
number along with correlations (Zukauskas, 1972) obtained on large
scale systems. While attempting to compare the Nusselt number
obtained in the current study with the available correlations reported in
archival literature it is apparent that very few correlations provide a
proper base for comparison, particularly, for flow over intermediate size
pin fins at Reynolds numbers ranging from ~5 to ~160. Correlations
developed for pin fins between 1< (H/d) <4 are mostly available for
turbulent Reynolds numbers (Cengel et al., 2001; Panton, 1996) and
were obtained based on experimental results using air.

A remarkable number of studies have been carried out to find the
correlations for laminar flow across long tubes/pin fins to evaluate the
Nusselt number. It can be seen that at low Reynolds number the
numerical Nusselt numbers are considerably lower than all other
correlations by a large factor. Zukauskas et al. (1972) correlations were
recommended for long tubes and do not account for endwall effects
(endwall effects account for the interaction between the pin fins and the
base on which they reside-top and bottom walls). The low Nusselt
number values (compared to large scale correlations’ prediction) can
be linked to endwall effects, which result in lower heat transfer
coefficients for the intermediate pins compared to long pin fins at
reduced Reynolds numbers (Kosar et al., 2005). An additional factor
that might adversely contribute to the lower heat transfer coefficients at
low Reynolds numbers arises from a delay in flow separation. For long
cylinders, flow separation commences at Re~4 leading to a formation of
two attached steady standing eddies (Shair et al., 1963 ), which
increases the heat transfer coefficient for fins in the following row and
the average heat transfer coefficient. Flow over a cylinder confined by
two endwalls with a finite and relatively small aspect ratio is modified
by the presence of the walls in a manner which tends to delay
separation to higher Reynolds number (Nishioka et al., 1965; Damerow
et al., 1972; Metzger et al., 1982). Furthermore, the more compact the
tube bank is, the larger the Re number range is in which non-separating
flow is preserved (Peles et al., 2005). Thus, heat transfer enhancement
is delayed to higher Reynolds number as H/d and the pitch-to-diameter
ratio diminish (Kosar et al., 2005).

The choice of the working fluid (e.g., water, air, FC 72, FC 77
etc.) can strongly affect (Fig. 18) the Nusselt number in. Heat transfer
rate becomes higher as fluid flow rate increases. Therefore, outlet
coolant temperature tends to decrease as air mass flow rate increases.
As expected, the heat transfer rate depends on the cooling capacity rate
of coolant. Therefore, the average heat sink temperature decreases as
coolant Reynolds number increases. In addition, average heat sink
temperatures at higher channel height are lower than those from lower
ones. Due to higher surface area and surface roughness, the heat
transfer rate from the heat sink surface to the cooling air increases. For
a given coolant Reynolds number, the heat transfer coefficients at
channel width 20.5 mm are higher than those of 20 mm as shown in
Fig. 21. Effect of channel height on the enhancement of average heat
transfer coefficient is shown in Fig. 20. Due to higher heat transfer area
and higher surface roughness, the average heat transfer coefficients of
the heat sink with h=1.2 mm are higher than those with h=0.65 mm.
Therefore, the increased channel height results in lower heat sink
temperatures. As expected, the heat transfer coefficient increases with
increasing heat flux. Due to higher temperature difference between inlet
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coolant temperature and heat sink temperature, higher heat flux gives
heat transfer coefficient higher than those lower ones. Figure 23 also
shows the variation of the average heat transfer coefficient calculated
from the present study increases with increase of coolant Reynolds
number of various geometrical configurations. It is seen that staggered
configuration have showed better performance than that of in line CNT
configuration. It is due to the increase of turbulence inside the staggered
array.

8. CONCLUSIONS

Effective heat removal rate and cooling performance of MEMS-based
devices having different types of fin configuration have been
investigated numerically in this paper. Effect of coolant conductivity,
coolant velocity, heat generation, fin material, fin arrangements etc. is
also considered. It is found that water (de-ionized) shows better thermal
performance among all other coolants considered in this paper. The
results also indicate that the cooling efficiency is dependent very much
on the number of fin rows, fin height, fin material and fin arrangements.
More fin rows is beneficial for cooling capability. The results obtained
in this work may be very useful for the selection of coolant used in
CNT based micro-fin array. The advantage of using a carbon nano-
structured based pin fin heat-sink instead of the Al/Cu-based pin fin
heat sink is that it reduces the weight and the dimensions of it. Despite
low weight and volume consumption of carbon nanostructures, they
show high mechanical and thermal strengths which increase the
reliability of electronic devices.
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