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Inspired by natural branching systems such as tree canopy, leaves, plant root, river basins, mammalian
circulatory and respiratory systems, branching networks have been suggested for electronic component
cooling. However, previous studies of tree-like branching networks have focused on symmetric struc-
tures although most natural tree-like branching systems are asymmetric. Furthermore, leaf-like
branching networks have been rarely used and discussed. A three-dimensional model was formulated to

compare the flow and heat transfer characteristics of symmetric/asymmetric tree-like branching
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Symmetric

networks and symmetric/asymmetric (offset) leaf-like branching networks. Results show that the
influence of the asymmetry is very small for tree-like branching network at low branching number.
Offset in leaf-like branching networks can reduce pressure drop significantly while maintaining
maximum temperature difference between the inlet and outlet of the flowing fluid.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

The efficient transport characteristics of natural branching
systems/networks such as tree canopy, leaves, plant root, river
basins, mammalian circulatory and respiratory systems can provide
useful hints for optimal solutions of many engineering problems,
which have fascinated researchers in physics, chemistry, biology,
physiology, engineering and geology for ages and been applied in
microelectronic cooling, flow-field designs in fuel cell, fluid
distributor, micro-fluidic manifolds in lab-on-a-chip systems etc
[1-9]. The introduction of branching networks into micro-channel
cooling technique has stimulate this field and attracted increased
interest in studying heat and mass transfer properties in branching
micro-channels [2-4,10-16].

Since Tuckerman and Pease [17] first incorporated micro-
channels in heat sinks for electronic component cooling, numerous
investigators have examined thermal and flow characteristics of
microchannels, which display some attractive advantages such as
increased heat transfer coefficient and increased area/volume
rations. However, the conventional parallel microchannels do have
some drawbacks. The convective heat transfer in microchannel
flows is significantly enhanced, but it is achieved at the expense of
increased pumping power. Another disadvantage of microchannel
heat sinks is the nonuniform temperature distribution obtained
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under constant heat flux conditions. To address the issues of non-
uniformity of the wall temperature, Bau [18] proposed a tapered
channel which can yield lower cross-sectional resistance at the
channel exit than that at the inlet. It is desirable to increase
temperature uniformity while decreasing the pressure drop. The
basic concepts involve reduction of the wall temperature and
pressure drop using multi-scale branching flow networks similar to
those found in various biological systems.

The constructal theory, proposed by Bejan [2], used the opti-
mization approach to minimize pumping power at the minimal
volume of the heat exchanger. The macroscopic branching struc-
tures can be deduced by constructal theory, and the results indicate
that these structures can increase total convective heat transfer rate
and offer the minimal resistance to flow and minimal pressure drop
in fluid, compared with the conventional parallel channels.
Following Bejan’s constructal theory, many researchers have
proposed various designs of constructal branching flow networks.
Zimparov et al. [19,20] optimized the thermodynamic performance
of simple T- and Y-shaped flow systems under fixed temperature of
the channel walls. Biserni et al. [21] used constructal theory to
optimize the geometry of H-shaped cavity. They demonstrated that
the geometrical complexity should evolve gradually for the global
flow system performance to improve. Bello-Ochende et al. [22-24]
presented the geometric optimization of a three-dimensional
microchannel heat sink. They found that the degrees of freedom
have a strong effect on the peak temperature.

Several researchers have investigated heat and mass transfer
characteristics in deterministic branching networks, which can
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Nomenclature

A area, m?

constant in Eq. (1)

specific heat capacity, J/kg K

hydraulic diameter of the channel segment, mm
height of the channel, mm

heat transfer coefficient, W/m? K

height of the heat sink

thermal conductivity, W/m K

length of channel segment, mm

length of rectangular heat sink

mass flow rate, g/s

total number of branching levels beyond Oth
number of bifurcations per channel segment
pressure, pa

heat flux, W/cm?

radius of disk-shaped heat sink
temperature, K

velocity, m/s

&

IS3IC-—xImSSap

<~ =aT =

w width of channel segment, mm
w width of rectangular heat sink
X,¥,z  coordinates, m

Greek symbols

A Euclidean number of system

A thermal conductivity, W/m K
uw dynamic viscosity, pa s

o density, kg/m>

0 branching angle

Subscripts

c chip

in inlet

k branching level, 0,1,2,...

max maximum

s heat sink

t branching network

tot total

provide direct instructions for industrial applications in electronic
cooling. The structures of the branching network in which each
successive daughter branch has a diameter smaller than that from
which it originates, are deterministic, and the branching ratios are
kept as constants according to Murray’s law and West et al.’s results
[1,25]. Pence et al. [3,10,11] have proposed one-dimensional model
for fractal-like branching network and computed the pressure and
temperature distributions, their results indicate robustness
compared to conventional parallel straight networks. Chen and
Cheng [4,13] studied a fractal-like branching network of rectan-
gular shape theoretically and experimentally, they argued that the
fractal-like branching network can increase the total convective
heat transfer and reduce the total pressure drop in the fluid
compared with the conventional parallel channels. Wang et al.
[14-16] numerically investigated a three dimensional physical
model where the tree-like branching micro-channel networks are
embedded between the heated chip and the heat sink. Their results
documented decreased gradient of performance improvement
obtained by increasing the complexity of channel geometries. More
complex networks do not necessarily provide better thermal
performance. Fabrication costs also mount with complexity of the
network.

So far most investigators have mainly focused on the study of
symmetric tree-like networks with several branches. When one

examines in detail the structure of branching systems, it is observed
that asymmetric geometries are also found in nature. Thus, the
present work aims at determining whether asymmetric branching
provides any practical advantage over the symmetric ones, espe-
cially for electronic cooling. The second aim is to examine the so
called leaf-like branching network. Fig. 1 shows two types of leaves
displaying symmetric and asymmetric branching structures. Unlike
the tree-like branching networks, which are widely studied for
application in electronic cooling, leaf-like branching networks have
rarely been investigated. The present study was undertaken to
obtain further understanding of such symmetric and offset leaf-like
networks and compare them with tree-like branching networks.
The “offset” here refers to the separation distance between
branches; branching does not occur symmetrically at the same
location along the main channel. Fewer assumptions are made in
this analysis to provide better predictions. In many previous work,
the effect of bifurcation on heat transfer and pressure drop was
neglected; it was assumed for simplicity that the laminar flow is
fully developed both thermally and hydrodynamically. Such an
assumption is inappropriate if the length-to-diameter ratio is not
large enough and the Reynolds number is rather large. The Navier
Stokes and energy equations are solved numerically in three
dimensions in conjunction with a constant heat flux boundary
condition at the channel walls.

Fig. 1. Two types of leaves: (a) Symmetric leaf structure; (b) Asymmetric leaf structure.
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Fig. 2. Physical models of two tree-like networks (m

2. Model and analysis

Heat sinks with different patterns can be generated by simply
altering variables such as the number of inlet branches, the
branching angle, and branch levels, etc. The designs of tree-shaped
flow patterns can be characterized by the following scaling laws
[1,3]:

dis1/d = n7VAC kK =1,...m (1)

hi/lk = V2 k=1,...m (2)

where di and [ represent the hydraulic diameter and length of the
channel segment in level k, respectively. The number of branches
into which a single channel bifurcates is denoted by n, and A is the
Euclidean dimension the system. For the planar system, A =2
(A =3 if it is volume filling), to minimize the pumping power,
following Murray’s law [25], AC=3 for the bifurcating channel
configurations (n = 2). It is noted that the channel height h is fixed
at a constant considering the ease of fabrication for future experi-
mental validation. However, as noted by Pence and Enfield [11],
there is a major problem in going to high branching levels when
using a hydraulic diameter as a branching ratio to characterize
rectangular channels, viz. the width of channel segments would
decrease rather quickly with increased branch levels. To alleviate i,
a fixed width ratio was employed instead of the hydraulic diameter,

Wiy 1 /Wy = n~'/3 (3)

where wy denotes the width of the channel segment at level k. It
should be pointed out that this optimal branching ratios (Egs. (1)-
(3)) are only valid for laminar flow in branching systems. The
scaling exponents for electrical conduit, diffusion and turbulent
flow [26-28] are different from those for laminar flow. Recently,
Zhang et al. [29] presented the optimal step in the sizes of two
successive cross-sectional areas is closely approximated by 2723
even then the cross section is not square or round. However, there
are no clear results about the optimal branching ratios for heat
convection which is the combination of heat conduction and mass

Table 1
Channel dimensions of tree-like networks (m = 1). R = 20.(unit: mm).

Case he o wo do wi di () An Aot

Symmetric 0.5 11.7 1.0 15 92 08 06 749 05 83
Asymmetric 0.5 814 1.0 15 1073+961 08 06 749 05 83

=1): (a) Symmetric; (b) Offset, asymmetric.

flow. Therefore, Eq. (3) will be used in the following simulations for
approximation.

To make the comparison reasonable, several geometric param-
eters have to be fixed during the network design. In the current
study, aside from Egs. (1) and (3), the following two geometric
constraints are employed:

e The total convective area (Atot) for each flow network is fixed,
Atot = Sk o 2 (W + hy)l;

e The inlet cross-section area (Aj,) at level k=0 is fixed for
different networks.

This paper consists of two parts. First, a comparison is made
between simple symmetric and asymmetric networks (m=1).
Then an analysis of the more complicated networks (m = 3 for the
tree-like network) is carried out. The typical configuration tested
here is a three-dimensional heat sink with embedded tree-like
channel networks, as shown in Fig. 2(a) and (b). As compared with
the symmetric structure shown in Fig. 2(a), Fig. 2(b) shows the
asymmetric structure in which two sub-channels (k = 1) are placed
in offset positions. It is noted that the channel dimensions of the
two tree-like networks are shown in Table 1. For generation of the
symmetric physical model, to save the computational time, only 1/6
of the disk-shaped heat sinks (R=20mm and H=4.5 mm) is
considered here due to symmetry. The bifurcation angle is set at
74.9° following Wechsatol et al. [30].

For more complex networks, symmetric/offset leaf-like
networks were designed. Similar to the geometry discussed
previously, the channel networks are embedded between the
heated chip and the heat sink. Two-dimensional views of the
physical models are shown in Fig. 3: tree-like network (m=3),
symmetric leaf-like network, and offset leaf-like network. The heat
sink used here is a rectangular one with L =20 mm, W =9 mm, and
H=4.5mm (H= hs + h;+ h¢). For design of the tree-like network,
Egs. (1) and (3) were followed. For the leaf-like designs, the width
of the main channel (or central channel) decreases from wg to w3
linearly from inlet to outlet, and the width of the side channel
segments is designed to be the same as the width at k=3 in the
tree-shaped channel. The bifurcation angle between the main
channel and side channel is fixed at 60°. Furthermore, the total
convective heat transfer areas for the three networks are kept the
same for comparison. The detailed channel dimensions of the three
nets simulated are shown in Table 2.

As shown in Fig. 2, the bottom wall is subjected to a constant
heat flux (qo”). The channel is cooled by a single-phase fluid at T,
which is forced into the channel at a specified flow (ri1). The coolant
is modeled as a Newtonian fluid with the temperature-dependent
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Fig. 3. Physical models of three different networks (m = 3): (a) Symmetric tree-like network; (b) Symmetric leaf-like network; (c) Asymmetric leaf-like network.

properties given in Table 3. Properties of the solid (silicon) are
assumed constant at T= 310 K, as shown in Table 3. The numerical
simulations were conducted using Fluent 6.2 which is a CFD code
based on the finite volume method. A steady, incompressible and
laminar flow is considered. The equations in vector notation for the
steady-state conservation of mass, momentum and energy are as
follows:

Vi

67,-*0 (4)
0ViV) _ o ( 0V op

P oxg ’aTci(“ W) Fre )
8 (VicpT) _ oT

p 0X; 0x; (Aax,) 6)

As shown in Fig. 2, the flow emanates from the center of the disk to
the point at the perimeter of the disk. The related boundary
conditions are described as follows:

o Inlet: mass flow of water (), the mass flow is 1 g/s for each
central channel. Note that the corresponding Reynolds number
is around 40 at inlet and the Knudsen number is about 0.0015.

e Outlet: pressure outlet. The reference pressure (atmosphere
pressure) is specified at this boundary.

o Interface: As compared to the outer heat sink and chip, chan-
nels are of smaller scales. To ensure accuracy of simulation in

Table 2

Channel dimensions of tree-like networks (m = 3). R = 20. (unit: mm).

Case he lo wo L wi L wy b ws Apn Ao
Tree-like (Sym.) 0.5 7.8 0.5 585 04 4.03 03 2.84 025 025 97
Leaf-like (Sym.) 0.5 20 0.5-0.25 520 025 - - - - 025 97
Leaf-like (Asym.) 0.5 20 0.5-0.25 520 025 - - - - 025 97

the channels and control the total number of grids, we need to
use two-level grids with different size steps for the channels
and the outer part. To connect the two parts, a conjugate
interface between the channels and outer walls was selected.

e Along the top wall of the sink: a constant heat flux of
qo" =10 W/cm? is applied; Other walls are specified to be
adiabatic.

Grid-independence of the final results was checked for each
geometrical configuration by analysis of pressure distribution of
four designs of the mesh with different grid densities. The
comparison results show that the difference of pressure drop
between the 12 x 12xmod and 16 x 16xmod is only 0.7%. There-
fore, the final grid system used here is about 16 x 16xmod (li/
0.1 mm) for each channel segment. For the outer domain (chip and
heat sink), a size step of 2.0 mm for the x- and y- directions and 24
mesh grids in the z- direction were used. The total number of grids
was around one million for all of the designed geometries tested. A
second upwind discretization scheme was used considering the
stability of solution convergence. The SIMPLEC algorithm was
employed for the pressure-velocity coupling. The convergence
criteria for the residual is 1 x 10~ for all the equations except for
1 x 1078 for the energy equation.

Table 3
Properties of liquid (water) and solid.

Silicon Water (p =1 atm,
(T=310K) 273.15K<T<373.15K)
Density p (kg/m?) 2330 914.56 + 1.30T — 0.036T?

Thermal conductivity 125 —0.794 +7.628 x 10T — 9.866 x 10°T?
A (W/mK)

Specific heat capacity
¢p (J/kg K)

Dynamic viscosity
u (Pas)

700 1089.03 — 58.15T + 0.166T> — 1.55 x 10~ *T>

0.458 —5.29 x 10> T+ 2.30 x 10~
T>-445x10°8T2+324x10° ' T*
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Fig. 4. Temperature contours over the middle plane (z= h,/2) of the two tree-like networks: (a) Symmetric tree-like network; (b) Asymmetric tree-like network.

3. Results and discussion
3.1. Simple network designs (m=1)

For the simple network design, the computed temperature
distributions over the middle plane (z = h;/2) for the symmetric and
asymmetric tree-like networks are shown in Fig. 4(a) and (b). It is
evident that the temperature contours are similar for the two
designs except that for the asymmetric case there is a high
temperature region at the bottom corner which is not found in the
symmetric case. However, the maximum temperature (Tpax) and
the temperature difference (AT) are almost the same for the two
cases.

Fig. 5 shows velocity contours over the middle plane (z = h/2)
for the two tree-like network. It should be noted that the

a
0.006 |~ Velocity (m/s)
B 02040608 1 12141618 2 22242628
0.004 -
/
E o002
> 3
0
-0.002
1
0.006 0.008 0.01 0.012 0.014 0.016
x (m)

bifurcations of the channels were streamlined using the fillet
technique. It is observed from this figure that there is a stagnation
point at the bifurcation, which results in the sharp increase of the
local pressure there (Fig. 7). The total pressure drop of the system is
thus decreased due to the local pressure recovery [15].

The local heat transfer coefficient (h’ = q"/(T — Tef)) contours on
the bottom plane (z=0) for the two networks are displayed in
Fig. 6(a) and (b). In general, i’ decreases from the inlet to the outlet
gradually. However, for the asymmetric network, due to its offset
design, the heat transfer coefficient near the top corner is higher
than that near the bottom corner (see Fig. 4(b)). The offset deign
does not decrease the average heat transfer coefficient for the
bottom wall.

We now examine the effect of the asymmetrical design on the
static pressure distribution. Fig. 7 shows the pressure distribution

0.006 - velocity (mfs)
" | 02040608 1 12141618 2 22242628
0.004
£ 0002
>
0 —
e "\\
-0.002 -
I SR TSR S S
0.006 0.008 0.01 0.012 0.014 0.016
x (m)

Fig. 5. Velocity contours over the middle plane (z = h;/2) of the two tree-like networks: (a) Symmetric tree-like network; (b) Asymmetric tree-like network.
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Fig. 6. Local heat transfer coefficient contours on the bottom plane (z = 0) of the two tree-like networks: (a) Symmetric tree-like network; (b) Asymmetric tree-like network.

along the center-line of the two tree-like networks. The channel
segments of the network are represented by three lines (Line-1,
Line-2, and Line-3) as shown in this figure. For the symmetric case,
Line-2 and Line-3 overlap since the pressure distribution is iden-
tical. For the asymmetric case, Line-2 first deviates from the main
channel, followed by Line-3. It is found from this figure that the
pressure drop for the asymmetric case is a little lower than that of
the symmetric case. Although the magnitude is not appreciable, it is
worth further study. Investigation of high-level branching
networks is necessary for clarification of these observations.

3.2. Complex network designs (m = 3)

A rectangular heat sink (L=20 mm, H=9 mm) was used for
ease of design and simulation. For comparison, three geometries
were selected as shown in Fig. 3: symmetric tree-like network,
symmetric leaf-like network, and asymmetric leaf-like network.
The latter two net designs mimic the natural leaf structure as
shown in Fig. 1 without the lower-level loops between the side
branches. Since such a structure is found in natural systems, this
may offer some advantages which deserve further study.

Fig. 8 shows the computed temperature distribution over the
middle plane (z = h¢/2) for the three network. It is observed that
the tree-like network presents the highest maximum temperature
(Tmax = 309.97 K), followed by the asymmetrical leaf-like network
(Tmax=309.25K) and the symmetric leaf-like network

Offset tree-shaped net

6000 Symmetric tree-shaped net

5000

Line-1

N
o
o
o

3000 Line-2

Pressure (pa)

2000

1000

oot
x (m)

Fig. 7. Pressure distribution along the center-line of the two tree-like networks.

(Tmax =308.51 K). Although the difference in the maximum
temperature is relatively small, the contour distribution is quite
different from each other. As can be seen from the figures, the
tree-like network cannot adequately cover the region near the inlet,
hence the sink temperature near this part is relatively high.
However, for the leaf-like networks, the channel segments are
distributed more uniformly as compared to the tree-like network,
so the sink temperature increases from the left side to the right side
(similar to what happens in the parallel straight channel networks).

The velocity distributions over the middle plane (z = hy/2) for
the three networks are shown in Fig. 9(a)-(c). It is seen from this
figure and Table 4 that the velocity distribution in each channel
segment is not uniform in all three cases. It should be noted that in
Table 4 only half of the outlets are listed for the symmetric tree-like
and leaf-like networks due to symmetric conditions. For the
symmetric tree-like network, Outlet-1 and Outlet-8 (as labeled in
Fig. 3) have the highest velocities since the fluid takes the path of
least resistance. Similarly, for the symmetric leaf-like network, the
outlet of the main channel (Outlet-0) has the highest velocity, fol-
lowed by the side channels from left to right side. With respect to
the velocity distributions, the bulk temperature of the outlets
demonstrates similar distributions, as shown in Table 4.

Fig. 10(a)-(c) displays the local heat transfer coefficient (h')
distributions over the bottom wall for the three types of
branching networks. It is clearly seen that the leaf-like networks
have higher average heat transfer coefficient as compared to the
tree-like network. This means this design of a tree-like network is
not suitable for a rectangular chip cooling application. However,
the leaf-like networks show some advantages considering the
temperature and heat transfer distributions. As compared to the
asymmetric leaf-like network, the average heat transfer coeffi-
cient of the symmetric network is relatively higher, although the
difference is small for the parameters studied.

Fig. 11 shows possibly the most interesting phenomenon with
leaf-shaped designs; they decrease the total pressure drop appre-
ciably. From this figure, it can be observed that the pressure drop of
the leaf-like network is only about half that of the symmetric tree-
like network (without offset). Between the two leaf-like networks,
the asymmetrical network has a lower pressure drop than the
symmetrical one. The side channels of the leaf-like networks act as
“buffers” to recover the local pressure distribution. Hence the total
pressure drop is reduced by the presence of multiple bifurcations
(or “buffers”). Actually, the pressure recovery is the essentially
result of the geometrical configuration at the bifurcation of the flow
network, which has also been found in fractal-like channel
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Fig. 8. Temperature distributions over the middle plane (z = h,/2) for three types of networks: (a) Symmetric tree-like network; (b) Symmetric leaf-like network; (c) Asymmetric/
Offset leaf-like network.
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leaf-like network.
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Table 4
Velocity and temperature at the outlets for the three networks.

279

Case Outlet Velocity (m/s) Temperature (K)
0 1 2 3 4 0 1 2 3 4
Tree-like (Sym.) - 1.14 0.88 0.73 0.91 - 304.35 304.60 304.84 304.63
Leaf-like (Sym.) 0.95 0.88 0.67 0.50 0.24 305.25 303.81 304.85 306.11 307.62
Leaf-like (Asym.) 0.65 135 0.78 0.58 0.33 306.22 302.83 304.57 305.98 307.75
5 6 7 8 5 6 7 8
0.21 0.47 0.69 0.90 308.21 306.84 305.21 304.07
0.006 0.006
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Fig. 10. Heat transfer coefficient distribution over the bottom wall (z=0) for three types of networks: (a) Symmetric tree-like network; (b) Symmetric leaf-like network; (c)
Asymmetric/Offset leaf-like network.

networks by Alharbi et al. [31,32]. For the asymmetric network, the
12000 I increased number of “buffers” shows the best performance in
LYy decreasing the pressure drop. However, for the symmetric network,
the number of “buffers” is only half, hence it has a higher pressure
drop as compared to the symmetrical network.
Considering the balance between the pressure drop and the
\ heat transfer performance, we cannot draw definitive conclusions
8000 |- \ as to which leaf-like network is better than the other. The
\ symmetrical network has a relatively higher pressure drop and
N lower heat transfer coefficient. But for the asymmetrical network,
RN the converse is true. This may explain why both networks co-exist
N in nature.
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00 Y,/ X \,.\ ‘/\\ The present study focused on a comparison between the
: N symmetrical and asymmetrical (or offset) branching networks built

. into heat sinks considering their fluid flow and heat transfer
- characteristics. For the simplest design (m=1), the differences
relatively small. However, when comparing the symmetrical tree-
like network and the symmetrical/asymmetrical leaf-like networks,

the difference is obvious, especially in the pressure distribution and
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Fig. 11. Pressure distribution along the center-line of the three networks.
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pressure drop. Results show the advantages of the leaf-like
networks.

As compared to the tree-like networks with high branching
levels, such leaf-like networks seem much simpler and show better
thermal performance. However, due to the simplifications made in
this work, further investigations are needed. For example, to
improve the temperature uniformity, optimization of the side
channels should be evaluated. Also, for the real leaf systems, the
loops between the side channels probably play an important role in
the transport process; the effect of loops needs to be investigated
for offset network designs.
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