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Abstract: Microchannel heat sink with high heat transfer coefficients has been extensively investigated due to its wide application
prospective in electronic cooling. However, this cooling system requires a separate pump to drive the fluid transfer, which is uneasy to
minimize and reduces their reliability and applicability of the whole system. In order to avoid these problems, valveless piezoelectric
pump with fractal-like Y-shape branching tubes is proposed. Fractal-like Y-shape branching tube used in microchannel heat sinks is
exploited as no-moving-part valve of the valveless piezoelectric pump. In order to obtain flow characteristics of the pump, the
relationship between tube structure and flow rate of the pump is studied. Specifically, the flow resistances of fractal-like Y-shape
branching tubes and flow rate of the pump are analyzed by using fractal theory. Then, finite element software is employed to simulate
the flow field of the tube, and the relationships between pressure drop and flow rate along merging and dividing flows are obtained.
Finally, valveless piezoelectric pumps with fractal-like Y-shape branching tubes with different fractal dimensions of diameter
distribution are fabricated, and flow rate experiment is conducted. The experimental results show that the flow rate of the pump
increases with the rise of fractal dimension of the tube diameter. When fractal dimension is 3, the maximum flow rate of the valveless
pump is 29.16 mL/min under 100 V peak to peak (13 Hz) power supply, which reveals the relationship between flow rate and fractal
dimensions of tube diameter distribution. This paper investigates the flow characteristics of valveless piezoelectric pump with
fractal-like Y-shape branching tubes, which provides certain references for valveless piezoelectric pump with fractal-like Y-shape
branching tubes in application on electronic chip cooling.
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investigated due to its wide application prospective in
electronic cooling. TUCKERMAN, et al[G], carried out
pioneering work for the first proposed microchannel
cooling technology in 1981. PENG, et al'”, performed
experimental investigations on the convective heat transfer

1 Introduction

In recent years, with advancement of manufacturing and
processing technology, especially in micro electronic

mechanical system (MEMS), information technology (IT)
industry has been developing rapidly and integration of
various types of chips has also been greatly improved.
However, highly integrated chips inevitably bring with
problem of heat accumulation, which has seriously affected
the efficiency of the chip. At the same time, the
conventional solution of forced-air convection heat transfer
is trending to its limit. To improve the efficiency of the
chips, new heat dissipation methods have become a
research focus for those highly integrated chips!' .
Microchannel heat sink with high heat transfer
coefficients and simple manufacturing has been extensively
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and flow characteristics of water in microchannel structures
with small rectangular channels in 1996. Based on
constructal theory, BEJAN, et al®®!, firstly proposed the tree
network to be used for electronic cooling in 1997. PENCE
proposed a fractal-like branching flow network to improve
the thermal efficiency and temperature uniformity of the
heat sink in 2000. CHEN, et al'”, studied fractal tree like
microchannel networks in 2002. They found that the fractal
tree like microchannel network can improve convective
heat transfer and hydrodynamic performance of the heat
sink compared with the conventional parallel microchannel
network. XU, et al''] analyzed the heat conduction through
symmetric fractal tree-like branching networks and
obtained the expression of thermal conductivity in the
networks in 2006. Meanwhile, they analyzed the
relationship between the effective thermal conductivity and
the geometric structures of the networks. However, so as
for the cooling system, the microchannel still need a
separate micropump as an external power source, which
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makes the system difficult to miniaturization, and also
affects its reliability.

One new type microchannel cooling system with the
characteristic of simple structure and high reliability,
combinating power source and microchannel effectively,
needs to be designed to overcome above shortcomings.
According to the preliminary studies and valve-less
piezoelectric pump with Y-shape tubes invented by
ZHANG, et al"* "), the valve-less piezoelectric pump with
fractal-like Y-shape branching tubes (VPPFYT) will be
proposed. Fractal-like Y-shape branching tube (FYBT) is a
no-moving-part (NMP) valve among the valve-less
piezoelectric pump, meanwhile pump body and power
source can be integrated on the chip.

Size of fractal dimension reveals complexity of geometry.
Hence, fractal theory will be used to discuss flow resistance
characteristics of FYBTs with different hydraulic diameter
ratios, and analyze relationships between flow rate of
VPPFYT and fractal dimensions of diameter distribution of
the tubes in this study.

This paper will firstly propose valveless piezoelectric
pump with fractal-like Y-shape branching tubes. It is
designed based on actuating mechanism, considering the
integration of fractal-like branching tube in microchannel
heat sinks, and pump body also. Then, expressions of flow
resistance of the tube along merging and dividing flows are
established respectively, by which the relationships
between flow resistance of FYBT and pump flow rate are
analyzed. Meanwhile, finite element method is employed to
analyze the FYBTs with different fractal dimensions of
diameter distribution. The relationships between pressure
drop and flow rate along merging and dividing flows are
obtained. Finally, experimental study is done, the feasibility
of the VPPFYT is validated, and variations of pump flow
rate influenced by fractal dimension of diameter
distribution and electrical parameter are obtained.

2 Structure of the Fractal-like Y-shape
Branching Tube and Pump

Fig. 1 shows the structure of the fractal-like Y-shape
branching tube. According to structure of fractal-like
branching and based on the Y-shape tube, the fractal-like
Y-shape branching tube is designed. To generate this tube,
0th level mother duct is divided into 2 daughter branches at
Ith level. The branches at the ends of the newly formed
ducts may be continued until the required FYBT at the
specified branching level is obtained. The width of the Oth
level mother duct is wy, the length is /,, then w, is the width
at the kth branching level, and /; is the length at the kth
branching level. Each bifurcation angle is 2¢, and the
depth of the whole tube is 4.

When the flow happens in the FYBT, the flow resistance
of merging flow is unequal to that of dividing flow.
Therefore, a pair of fractal-like Y-shape branching tubes as

NMP valve is installed on each side of pump chamber,
which constructs the valveless piezoelectric pump with
fractal-like Y-shape branching tubes, as shown in Fig. 2.
This pump is mainly composed of a piezoelectric vibrator,
a pump chamber and a pair of fractal-like Y-shape
branching tubes headed in the same direction.

Wwg

Oth level 1th level 2th level

3th level

Fig. 1. Fractal-like Y-shape branching tube

. Pipe 2
Pipe | Cover plate

Piezoelectric Pump body

Channel vibrator

Fig. 2. Valveless piezoelectric pump with fractal-like
Y-shape branching tubes

Fig. 3 is a schematic diagram of VPPFYT achieving heat
dissipation. The substrate with the fractal-like Y-shape
branching microchannels is bonded to the chip, on which
cover plate is packaged. Piezoelectric thin film and
electrode are formed by method of sputter deposition on the
surface of cover plate, which assemble a piezoelectric
vibrator. The piezoelectric vibrator loaded by an alternating
voltage will vibrate upwards and downwards causing the
coolant movement. As the result of the difference flow
resistances between the merging and dividing flows, the
coolant flows from inlet of pump towards the outlet in
Meanwhile, fractal-like Y-shape
branching tubes have the characteristics of high heat
transfer efficiency and better temperature uniformity, which
can transfer the heat of chip with the coolant movement.
Therefore, by integrating the cooling microchannel and

macro continuously.

power source, this pump greatly reduces the volume of the
whole cooling system.
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Fig. 3. Valveless piezoelectric pump with fractal-like

Y-shape branching tubes on chip

3 Theoretical Analysis for the Flow
Resistance and Pump Rate

3.1 Flow resistance of fractal-like Y-shape branching
tube
Fig. 1 shows that, w;, and [, represent the width and
length of the kth level duct, respectively. And kth level
mother duct is divided into 2" daughter branches at (k+1)th
level. Two scale factors are defined to describe the
geometric structure of branching network.

/
=y, 1)
lk
dk+1
g )
a. B (2)
k k—m
=Ly =Ly ~, 3)
k k—m
dk = dOﬂ = dmﬁ s (4)

where /y and d are the length and hydraulic diameter of the
initial (Oth level) mother duct, respectively. /,, and d,, are

the length and hydraulic diameter of the terminal (mth level)

daughter duct, respectively. According to the fractal

characteristics of the structure!'¥,

n=yt=p"", )

where D, and D, is the fractal dimensions of length and
diameter distribution of the fractal-like Y-shape branching
network, respectively. For the structure of two bifurcations,
n=2. Eq. (§) can be presented as follows:

p,—-n2 ©)
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Due to characteristics of difference resistances between
merging and dividing flows, fractal-like Y-shape branching
tube is exploited as a NMP of valveless piezoelectric pump.
When fluid dividing through tube, the pressure drop along

C
Apf,k :?lkvk, (7)
k

where vy is the velocity in the kth branching level duct,and
c is a constant, which depends on fluid properties and cross
sectional shape of the duct.

The local pressure loss, caused by fluid dividing through
tube from (k—1)th level to kth level , can be indicated as:

2
Apyy =2 évi, ®)

where & is the local resistance coefficient when fluid
dividing through tube. The bifurcation angles of Y-shape
tubes in every level are 2¢, thus the local resistance
coefficient of every bifurcation is equal.

From the law of mass conservation,

vodg =2 vkd,f , ©

Thus, when the fluid flows along dividing direction, the
total pressure drop of the whole tube can be expressed as:
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The total flow resistance of the fractal-like Y-shape
branching tube, when fluid dividing through the tube, is
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where 1, is the mass flow in the Oth level branching duct.

Similarly, when the fluid flows along merging direction,
the pressure drop along the duct at the kth branching level
is given by

c
AP},k = _2]kvli >
dy

(13)

where v, is the velocity in the kth branching level duct
when fluid merging through the tube.

The local pressure loss, caused by fluid merging through
tube from £th level to (k—1)th level, is expressed as:

2
Apl/,k = gg/"/ifl > (14)

where &’ is the local resistance coefficient when fluid
merging through the tube.

Thus, when the fluid flows along merging direction, the
total pressure drop of the whole tube is obtained:

(15)

The total flow resistance of the fractal-like Y-shape
branching tube, when fluid merges through the tube, is

{,m+1 [,L]
, Ap' el (w, +h) 2 P PP
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where m,, is the mass flow in the mth branching level
duct.

3.2 Flow rate analysis

Micropump efficiency is evaluated for two limit loading
conditions: maximum pressure head at zero flow rate and
maximum flow rate at zero pressure head. When
piezoelectric pump exports maximum flow rate, pressure
drops in two NMP valves are equal'”, as shown in Fig. 4.

The algebraic sum of flow rates, either flow into or out
off the pump chamber through FYBT, is equal to the
amount of fluid in pump chamber. So,

0O +0,1)=0@), (17)
2 pe+U)T .
0. :anr 0.(d,i=1,2, (18)
2 AT
o-=["" Towu-g+o. (9

Fig. 4. Flowing scheme of the valveless piezoelectric
micropump with fractal-like Y-shape branching tube

The maximum flow rate of the piezoelectric pump can be
expressed as

O =01 — 0, (20)
From Egs. (12) and (16),
_|Ap_Ap
Qmax—‘R, ik #3))

When piezoelectric vibrator is driven under a certain
frequency, the maximum flow rate of the pump depends on
branching levels, fractal dimensions of length and diameter
distribution and the local resistance coefficient of the tube.
So,

Qmax = f(Apa m, Dls Dd’ g, 5/) (22)

This nonlinear flow resistance in Egs. (12) and (16),
caused by local pressure loss, does not only depend on the
local resistance coefficient and the fractal dimensions of
diameter distribution of the tube, but also relate to the flow
rate. Therefore, the study utilized the finite element method
to analyze the relationship between the flow rate and the
pressure drop in the FYBT with different fractal
dimensions of diameter distribution is conducted, so that
critical standard of effectiveness can be judged.

4 Simulation Analysis
In this research, the software CFX is employed to

perform the finite element analysis. The model of
fractal-like Y-shape branching tube is established, and the
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duct width of each level is obtained, as shown in Table 1.

Table 1. Duct widths of each level with different fractal
dimensions of diameter distribution
Fractal Branching Hydraulic dimater ~ Width of the ith
. . of kth level duct level duct
dimensions D, level k&
di/mm wi/mm
0 2.67 4.00
) 1 1.89 1.80
2 1.34 1.02
3 0.94 0.62
0 2.67 4.00
1 2.02 2.04
2.5
2 1.53 1.24
3 1.16 0.82
0 2.67 4.00
1 2.06 2.13
2.7
2 1.60 1.33
3 1.23 0.89
0 2.67 4.00
3 1 2.12 2.25
2 1.68 1.45
3 1.34 1.00

The model of fractal-like Y-shape branching tube is
imported into finite element software, and its flow field is
simulated with water as the working fluid. Due to the micro
amplitude of vibration of piezoelectric vibrator, the flow is
assumed to be laminar in this research. No-slip boundary
conditions are applied at the FYBT surfaces. The overall
pressure drop across the tube is defined as Ap = p,, — Pous
where p;, and p,, are the inlet and outlet pressures,
respectively. The reference pressure (atmosphere pressure)
as the outlet pressure is loaded the outlet planes!'®).

The relationship between pressure drop and flow rate in
the tube when flow is merging and dividing can be obtained
respectively. Fig. 5 is velocity and pressure contour pattern

of the tube along merging and dividing flows, when D,=2,
Ap =20 Pa.

-
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(a) Pressure contour pattern of the
tube along dividing flow (Pa)

(b) Velocity contour pattern of the
tube along dividing flow (m/s)
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(d) Velocity contour pattern of the
tube along merging flow (m/s)

Fig. 5. Velocity and pressure contour patterns of the fractal-like

Y-shape branching tube, when D, =2, Ap =20 Pa

Fig. 6 and Fig. 7 show the relationship curves between

pressure drop and flow rate of the FYBT along merging
and dividing flows respectively.

24,
——Dy=20

20 —*D4=25
——Dy=2.7

1.6 ——Dy=30

Mass flow Q /(g+s )

I I
20 40 60 80 100 120

Pressure drop Ap/Pa

Fig. 6. Curves between pressure drop and mass flow
of the tube along dividing flow

Mass flow Q/(g-s~1)
o
T

04+
| | | | | ]
20 40 60 80 100 120
Pressure drop A p/Pa
Fig. 7. Curves between pressure drop and mass flow

of the tube along merging flow

Simulation results show that, with pressure drop increase,
export flow rate of tubes with different fractal dimensions
of diameter distribution increases gradually. When pressure
drop is fixed, with fractal dimensions of diameter
distribution increase, export flow rate of tubes increase as
well. Meanwhile, export flow rate of each tube is unequal
for merging and dividing flows. According to Eq. 20, when
difference of flow rate along merging and dividing flows
becomes larger, the flow rate of the VPPFYT increases.

5 Experimental Study

Four VPPFYTs with different fractal dimensions of
diameter distribution are fabricated, as shown in Fig. 8. The
geometrical parameters of each tube are the same with
Table 1.

Fig. 9 represents a picture of flow measurement for the
valveless piezoelectric pump with fractal-like Y-shape
branching tubes. The piezoelectric pump is driven by an
alternating sine-wave input. The input signal within 100 V
peak to peak (Vp.p) is controlled by a function generator[”].
The liquid in the piezoelectric pump is deionized water.
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Through measuring the mass flow rate of VPPFYT in unit
time by changing driving frequency of the piezoelectric
vibrator, we can obtain the experimental results of volume
flow rate with changing frequency under 100 Vpp. The
results about the flow rate versus driving frequency are
shown in Fig. 10.

Fig. 8. Tubes with different fractal dimensions
of diameter distribution

Function generator

Power amplifier

Electronic scale

The valveless pump

Fig. 9. Schematic diagram of flow rate experiment
30

251

Flow rate Q/(mL-min-!)
O
T

10+
5 =
n 1 1 1 1 J
5 10 15 20 25
Frequency f/Hz

Fig. 10. Curves between the flow rate and the driving
frequency

The results show that the experimental result is in
keeping with the result of simulation. With fractal
dimensions of diameter distribution increases, the
difference of flow resistance of FYBT along merging and
dividing direction increase, which brings a larger flow rate

of the pump. When D,=3, the maximum flow rate of the
valveless pump is 29.16 mL/min under 13 Hz.

When the driving frequency is 13 Hz, we can obtain the
curves of flow rate versus voltage of the pump with
changing driving voltage of the piezoelectric vibrator as
shown in Fig. 11. This figure demonstrates that flow rate of
pump increase as driving voltage enhances. When D=3,
the maximum flow rate of the valveless pump is 55.92
mL/min under 200 Vpp (13 Hz).

60
il;‘ 50 —a— ;=25
E 40 - Ddzz.-"
E —*+—=Dy=30
S 30
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B
S 20+
=
L9

10+

0 1 1 1 1 ]
40 80 120 160 200
Voltage U/ V
Fig. 11. Curves between the flow rate and the driving voltage

The experiments show the effectiveness of valveless
piezoelectric pump with fractal-like Y-shape branching
tubes, which prove that fractal-like Y-shape branching tube
has different flow resistances in merging and dividing
directions.

6 Conclusions

(1) The relationship between structure and flow
resistance of fractal-like Y-shape branching tube is
analyzed based on the fractal theory. Meanwhile, the flow
rate characteristics of valveless piezoelectric pump with
fractal-like Y-shape branching tubes are analyzed. When
piezoelectric vibrator is driven under a certain frequency,
the maximum flow rate of the pump depends on branching
levels, dimensions of length and diameter
distribution and the local resistance coefficient of the tube.

fractal

(2) The finite element software is employed to simulate
the flow filed of fractal-like Y-shape branching tube. And
the relationships between pressure drop and flow rate of
FYBT with different fractal dimensions of diameter
distribution are obtained.

(3) The valveless piezoelectric pumps with different
fractal dimensions of diameter distribution are designed
and fabricated. The relationships between the driving
frequency and the flow rates, as well as the relationships
between the driving voltage and the flow rates are
experimentally investigated. The experimental results show
that,
increases, the flow rate of the pump increases. When D,=3,
the maximum flow rate of the valveless pump is 29.16
mL/min under 100 Vpp (13 Hz) power supply.

with fractal dimension of diameter distribution
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