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Abstract

In this study, a novel valveless impedance pump is applied, for the first time, in the
thermal management of high performance electronic systems. This small pump comprises
an amber latex rubber tube, connected at both ends to rigid copper tubes of different
acoustic impedance, and a simple, economic, quiet and energy—efficient actuation
mechanism, which combines a small DC motor and a cam. The motor activated cam
periodically compresses the elastic tube at a position asymmetric from the tube ends.
Traveling waves, emitted from the compression, combine with reflected waves, at the
impedance-mismatched positions (rubber tube/copper tube interfaces). The resulting wave
interference creates a pressure gradient, with the potential to generate a net flow. Several
experimental set—ups for performance tests, using a single impedance pump, open system,
with isothermal flow, and a closed liquid cooling system were designed and implemented.

The performance of the impedance pump was affected significantly by the actuation



frequency (input voltage) and position. The pump flow rate varied nonlinearly with the
actuation frequency. The measured maximum flow rate of the current design is 480
ml/min at zero total pump head, for operating frequencies in the range 48—63 Hz. The
water—cooling system in a closed loop maintains the core temperature of the 60 W dummy
heater at 57.8 °C. Experimental results demonstrate the feasibility of the commercial
application of valveless impedance pumps for thermal management in high performance

electronic systems.
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Nomenclature
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/
H

Th
Th,in
Th,out
Tr
TR,in
TR, out

Tp,in

X,y

Cross-section area

Average diameter of the elastic tube
Actuation frequency in Hz

Water head in Pa

Water head in cm

Length of the elastic tube

Flow rate

Dummy heater power

Flow resistance

Temperature

Temperature of the heater

Temperature of the inlet in the cold plate
Temperature of the outlet in the cold plate
Temperature of the radiator
Temperature of the radiator inlet
Temperature of the radiator outlet
Temperature of the pump inlet

Voltage applied to the motor in Volt
Flow velocity

Coordinates



Acoustic impedance



1. Introduction

In recent years, thermal management in high performance electronic systems, such as
Central Processing Units (CPU) and Graphics Processing Units (GPU) in desktops, cloud
computing servers and laptops, has become more important, due to the increase in heat
generated within such systems. A system’s performance and reliability is strongly
dependent on its temperature control. Among many passive and active cooling solutions,
liquid cooling, which can remove a large amount of heat, has attracted considerable
attention among industry engineers studying next—generation thermal management
solutions. Micro—pumps, with their advantages of small size, configurable dimensions and
low power consumption and noise, have emerged as the driving device of choice, for
liquid cooling.

In general, micro—pumps can be classified as either mechanical or non—mechanical,
depending on their mode of operation. Mechanical micro-pumps can be further classified
as either displacement or dynamic types. Displacement micro—pumps are either
reciprocating (diaphragm), or peristaltic pumps. The former type incorporates an
actuator-driven pressure chamber and mechanically operated inlet and outlet passive
check valves [1-4]. However, the movable valves render the micro-fluidic system prone to

mechanical failure, which can result in fluid leakage at high operating pressures.



In an attempt to resolve these problems, researchers have proposed a variety of
valveless peristaltic micro pump schemes [5, 6], or reciprocating diaphragm pumps,
integrated with nozzles/diffusers [7—11]. Such systems are generally fabricated on a
substrate, using MEMS techniques, and are not intended to provide a high flow rate in a
closed system with flow resistance. More recently, a novel valveless scheme, based on
impedance mismatch effect, has also been presented, which allows a relatively high
pumping rate and simpler structure, compared with the two valveless schemes already
mentioned [12-14]. Rinderknecht et al [12] proposed a novel valveless, substrate-free
impedance-based micro pump driven by an electromagnetic actuating force. In their
closed circuit flow configuration, the pump was constructed of an elastic silicone tube of
inner diameter 2 mm and wall thickness 50 um, coupled at both ends to rigid glass
capillary tubes. The important features of the substrate-free construction and the absence
of complex parts and inner geometries make the impedance pump well suited for
integration into cost-focused, space limited applications including drug delivery, cell
sorting, chemical analysis as well as act to complement current stenting and shunting
techniques. The performance of the pump was found to be highly sensitive to the
waveform, offset, amplitude and duty cycle of the excitation force. Upon the promising

demands for biomedical devices on the microscale as well as applications involving



chemical control, mixing and analysis, Wen et al. [13] presented a planar valveless micro
impedance pump in which a PZT actuator was used to drive a thin Ni diaphragm at its
resonance frequency of 34.7 kHz for lab-on-chip (LOC) integrated systems. The resulting
large-scale displacements of the diaphragm created a significant driving pressure and
yielded a substantial net flow. Lee et al. [14] designed and fabricated another planar micro
impedance pump in an open configuration, driven by the electromagnetic actuator. The
micro pump comprised four major components, namely a lower glass substrate containing
a copper micro coil, a microchannel, an upper glass cover plate and a PDMS diaphragm

with a magnet mounted on its upper surface.

The impedance pumping phenomenon was first observed by Liebau [15] in 1954
when he tried to explain why, during early embryonic life, blood circulates in one
direction, in spite of the complete lack of valves, and how the valveless hearts of some
adult invertebrates function. In his series of experiments [15—18], he used elastic tubes
with different diameters and different elastic properties and demonstrated the occurrence
of a valveless pumping effect. Therefore, the impedance—pumping phenomenon is
sometimes referred to as Liebau phenomenon. His discoveries stimulated several
analytical, computational and more comprehensive experimental investigations of this
pumping mechanism [19-30] in cardiovascular dynamics. These works have been
excellently reviewed by Manopoulos et al. [19]. For example, in 1978, Thomann [20] used

the method of characteristics in conjunction with numerical computations to study a



simple torus model consisting of an elastic tube and a rigid tube joined together (such a
model was physically reconstructed in a more recent work by Moser et al. [21]). In 2003,
Ottesen [24] derived a one-dimensional (1-D) nonlinear mathematical model for a
fluid-filled torus by averaging the Navier—Stokes equations. The mathematical model was
then analyzed partly analytically and partly numerically. His theoretical findings were
validated by a series of experiments carried out on a physical realization of the torus
system. It was observed that (1) a remarkable unidirectional mean flow in the torus was
produced by compressing the soft tube at an asymmetric site with respect to the system’s
configuration and (2) the size and direction of the mean flow depend on many factors in a
complicated manner, such as the frequency and specific temporal form of the compression,
the elasticity of the tubes, the compression ratio...etc. Hickerson et al. [26] constructed an
impedance pump by connecting an elastic tube to two water reservoirs and carried out a
comprehensive experimental study to answer a number of important questions regarding
the fundamental mechanisms of valveless pumping; in some experiments, the two
reservoirs were also connected by an additional rigid tube to form a closed-loop system.
The elastic tube was compressed by a set of pinchers moving sinusoidally at a controllable
frequency and fixed duty cycle. Several distinctive features of the impedance-driven flows
were demonstrated. In particular, it was observed that the net flow is highly sensitive to
the pinching frequency and a pressure head can be created in an open-loop system.
Hickerson and Gharib [27] continued to propose a simple 1-D “wave-pulse model”

accounting for wave amplitude attenuation and reflection at impedance mismatched



interfaces in an impedance pump; the model predicted many of the characteristics
exhibited by the experiments of Hickerson et al. [26]. A more sophisticated numerical FSI
(Fluid and Solid Interaction) study was further conducted by Avrahami and Gharib [28],
to investigate further the wave dynamics in impedance pumps. More recently, Huang et al.
[30] presented an analytical model for a valveless micro impedance pump driven by PZT
actuation. A one-dimensional wave equation was developed for acoustic pressures in the
compressible section, taking into account the actuations as acoustic source terms. The
solution for the acoustic pressure was a set of standing waves established inside the
compressible section, corresponding to the actuations. The pumping effect was attributed
to the second-order terms of the acoustic pressures. Two control parameters were
identified: (1) the resonance frequency associated with the sound wave speed and length
of the compressible section, and (2) the damping factor. The analytical results were
compared with the experimental data of Wen et al. [13], and a qualitative agreement was

observed in terms of frequency characteristics of the pumping pressure.

To Summarize, the valveless impedance pump normally takes the form of a flexible
section, connected at either end to two rigid sections of different acoustic impedance, as
depicted in Fig. 1. The impedances of the flexible and two rigid sections are represented
by Zy, Z, and Z,, respectively. In this pump, the elastic section is periodically compressed,
at a position, asymmetric from the ends, with a motor-actuated cam. Traveling waves,

emitted from the compression, combine with reflected waves at the



impedance-mismatched positions. The resulting wave interference generates a pressure
gradient, with the potential to generate a net flow — typically pulsing — within the fluid
system. The performance of the pump is found to be highly sensitive to the impedance
mismatch (materials) and waveform, offset, amplitude and duty cycle of the excitation
force, and generally exhibits two distinguishing features: (1) a nonlinear response to the
actuating compression frequency and (2) reversal of flow direction at certain frequencies.
Contrarily, the flow in a peristaltic system increases linearly with the actuation frequency
and runs only in the direction of compression. Therefore, it is important to calibrate the
impedance pump and find the optimal operational parameters (compression position,
amplitude and frequency) that can generate the maximum flowrate for cooling.

In literature, various actuation mechanisms have been proposed for micro—pumps,
including piezoelectric [3, 8, 13, 31], electromagnetic [2, 12, 14, 32-36],
thermo-pneumatic [37, 38], electrostatic [39, 40], and the use of shape—memory alloys [41,
42]. However, piezoelectric and electrostatic membrane actuators require a high voltage to
achieve a sufficient membrane displacement. An extra high—voltage electronic power
system is needed. Furthermore, electrostatic forces are only effective over a range of
several micrometers. Unfortunately, thermo—penetration and shape memory alloy

actuators provide only a limited actuation frequency, so the attainable output from the
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micro-pump is low. Therefore, the practicability of these actuation mechanisms is limited
in liquid cooling systems.

Accordingly, this study presents and analyzes a valveless impedance pump, and
focuses specifically on demonstrating its commercial feasibility for thermal management
in high performance electronic systems. A simple, economic, quiet and energy—efficient

actuation mechanism, combining a small DC motor and a cam, is presented.

2. Development of the valveless impedance micro-pump and experimental set up

2.1 Valveless impedance micro-pump

Figure 1 shows a schematic illustration of the impedance pump developed in this
study. As shown, the pump comprises an elastic amber latex rubber tube, of circular
cross—section, connected at either end to two rigid copper tubes. The amber latex rubber
tube was chosen because of its good wear—resistance and thermal aging characteristics.
The elastic tube has a length of 80 mm, an outer diameter of 6 mm, an inner diameter of 4
mm, and wall thickness of 1.0 mm. The copper tubes have an outer diameter of 4.8 mm,
an inner diameter of 4.2 mm, and a wall thickness of 0.3 mm. An electro-mechanical
actuating mechanism, with a small motor—driven cam, was used to compress the elastic

tube at various locations along its length (x/L=1/8, 2/8 and 3/8, see Fig. 1), at various
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compression frequencies (f), with fixed amplitudes Ay/D =1 (i.e. complete closure of the
elastic tube). According to earlier experimental studies [26, 29], Ay/D = 1 yields the
maximum flow rate at any £, with various compression amplitudes Ay/D.

The detailed dimensions of the cam are shown in the upper—right inset of Fig. 1. The
corresponding duty cycle (i.e. the fraction of the time the cam is in contact with the elastic
tube wall in an actuating period) is 36%. The cam is made of PTFE, because of its good
lubrication characteristics under dry contact. A small DC motor (FM-2088, Tricore Corp.,
Taiwan), with dimensions of 16 mm x 8 mm x 6 mm (length x width x height), was used
to drive the cam and compress the elastic tube. The power needed by this motor is about
1.5 W. Note that an electro—mechanical compression mechanism was chosen in the
current study, because it offers the possibility of large displacements (ranging from a few
millimeters to a few centimeters), with low power consumption, in a quiet, simple,

economical way.

2.2 Experimental set—up for pump performance

Figure 2 is a schematic illustration of the experimental setup used to characterize the

pump. To measure mass flow rate profiles for the pump, obtained at different actuation
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frequencies, the pump was connected to a water reservoir at one end, while the other end
was left open, to drain the water (Fig. 2(a)). To measure the pumping pressures (water
heads), the two copper tubes at both ends of the pump were connected to two acrylic
reservoirs, using CCP-CA-260 adhesive (Fig. 2(b)). The reservoirs had a length of 400

mm, an outer diameter of 14 mm, an inner diameter of 12 mm, and a wall thickness of 1

As shown in Fig. 2(b), the major items of experimental hardware comprise a
programmable DC power supply (MOTEH Co., Taiwan, LPS-305), a digital oscilloscope
(Tektronix, TDS 2014), a stroboscope (Strobotac 1546), and a CCD camera interfaced to a
PC. The application of a power supply to the electric motor causes the cam to compress
the elastic tube. The digital oscilloscope was used to monitor the actuation voltage. At the
beginning of each experiment, the pump was filled with water and the relationship
between the actuation frequency, £, under load and the voltage applied to the motor, V,
were first calibrated with the stroboscope. The pulse length of the flash is approximately
1.2 us, which is sufficiently short to freeze the motion of the cam when the correct
flashing frequency is set. When performing a linear regression analysis, a relationship was
found between f'and V-

f=5v-2

for 10 Volts < V' < 13 Volts, with a high correlation coefficient (R* value of the fit) of

0.998. Because the programmable power supply (PROVA-8000, TES Electrical Electronic
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Corp., Taiwan) was used to apply voltage to the motor, with the voltage accuracy of 0.1 %,
the uncertainty of frequency was estimated to be 0.1 %, accordingly. The DC voltage
range between 10 and 13 Volts was chosen, because the voltages of the DC power
supplies for fan cooling in most desktops, cloud computing servers and laptops are around
12 Volts. The pump was designed to be powered by the same DC power supply as that
used for water—cooling in high performance electronic systems, so that no extra
power/control electronics are needed.

The response of the pump flow rate to the actuation frequency was measured
afterward (Fig. 2(a)). The water reservoir and the pump tubing were filled with water
initially, with the ball valve closed. The water level in the reservoir was 1.0 cm above the
pump, to minimize the initial pressure head. When the pump was activated, the valve was
opened and the water flow rate was calculated by measuring the volume of water collected
in the sink, after 10 seconds. The water flow rate was measured for every 1 Hz of
frequency change.

Once the maximum water flow rate was found for a specific compression frequency,
the pump head was measured at this optimal flow rate condition (Fig. 2(b)). The pump
was filled with a mixture of water and methylene blue dye, until both reservoirs were

filled to a half-height (equilibrium) position. After the pump was turned on, the pressure
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head was measured, using a CCD camera to record the height difference between fluid

columns in the two reservoirs, when the fluid levels in the reservoirs stabilized.

2.3 Set—up for thermal performance of the water-cooling system

Figure 3 shows the schematic and the picture of a water—cooling system in a closed
loop, analogous to that used in a desktop, or notebook computer, for the thermal
performance measurements. In this closed circulation system, air is carefully excluded
from the pipe or the components. The copper chamber of the cold plate with six parallel
fins is installed over the dummy heater. The dimensions of the fins and cold plate chamber
are 30 mm (length) x 1 mm (width) x2.5 mm (height) and 45 mm (length) x 28 mm

(width) x 4 mm (height), respectively.

The working fluid is pumped through a copper cold plate chamber, in which the heat

exchange takes place, carrying away heat from the dummy heater. An aluminum radiator

then dissipates the heat. The interface of the cold plate and the dummy heater is smeared

with thermal grease. The cold plate and the dummy heater are then fixed together with

screws, using a torque wrench. The heat inputs to the dummy heater were provided by the

programmable power supply (PROVA-8000, TES Electrical Electronic Corp., Taiwan). In

the experiments, the constant current mode was adopted and the current was set at 2 A.
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The wattage was determined by multiplying electric current by voltage applied to the

dummy heater. Different wattage was obtained by adjusting the voltage applied. The

accuracy of current and voltage are 0.2 % and 0.1 %, respectively, which yields a 0.3 %

uncertainty of wattage. The top of the dummy heater was exposed to air to simulate the

actual operation condition of a CPU or a GPU; hence the electrical heating was also

carried away by the naturally convective air. Therefore, the wattages quoted are greater

than the actual energy dissipated by liquid cooling due to these minor losses. In order to

improve the dissipation efficiency of the radiator, a fan with a power supply of 12 V x 0.3

A is applied to the radiator.

Seven K-type thermocouples (with the accuracy of 0.15°C) are used to record the

temperature variations at different points in the circulation cooling system, with the heat

inputs to the dummy heater from 5 W to 60 W, at 5 W intervals. As shown in Fig. 3, Ty,

Thin, Thous TR, Trjin, TR, our» and Tpin represent the temperature of the heater, of the inlet

and outlet in the cold plate, of radiator, of the inlet and outlet in the radiator and of inlet in

the pump, respectively.
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2.4 Set—up for flow rate performance of the water—cooling system

To measure the total head loss and flow rate performance in the simulated
water—cooling system, the closed circulation loop in Fig. 3 (a) was opened at the pump
inlet. Figure 4 presents this open system, in which water is pumped from the reservoir and
then flows through the cold plate and radiator, before being drained into the sink (see also
Electronic Annex 1, in the online version of this document.). Similarly to Fig. 2(a), the
water level in the reservoir was slightly above the pump, to minimize the initial pressure
head. When the pump was activated, the valve was opened and the water flow rate was
calculated by measuring the volume of water collected in the sink after 10 seconds. Water

flow rates were recorded at frequency intervals of 1 Hz.

3. Results and Discussion
3.1 Effects of actuation frequency and position on pump flow rates

Using the experimental set up, shown in Fig. 2(a), Fig. 5 illustrates the variation in
the pump flow rate with the actuation frequency, as a function of the compression position
at a constant compression amplitude of Ay/D = 1.0 (complete closure of the elastic tube).
The pump flow rate was found to vary nonlinearly with the actuation frequency, for a

constant compression position. Positive flow rate indicates that the fluid is driven from the
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reservoir on the right-hand side of the pump to the left-hand side. Over the applied
frequency range, no flow reversal effect was induced. The unique frequency dependence
of the net flow rate, at different compression positions, implies an impedance-driven flow.
It was also evident that the impedance pumping effect (i.e. the pump flow rate) was most
significant as the compression location approached the elastic tube / copper tube interface.
Note that the repeatability of the flow rate measurements is very high. For each
experimental condition, the flow rate measurements were repeated for 5 times and 0.5%

uncertainty was obtained.

A maximum pump flow rate of Q = +480 ml/min (at zero total pump head) was
obtained, when the actuation force was applied at location x/L = 1/8, with a frequency of
51Hz (corresponding to an applied voltage, at the motor, of 10.6 volts). As the position of
the pincher location moved toward the center of the elastic section, the pump flow rate
decreased at x/L =2/8 and then increased at x/L=3/8. These observations indicate different
interfering waveforms at different compression positions. Note that a flow was not
produced when the elastic tube was compressed at its center since the transmitted waves
caused by the compression effect were cancelled out by the waves reflected from the two
elastic tube / copper tube interfaces. For an illustration of pressure waveform patterns

along the length of the pump for varying time, please refer to Fig. 3 in reference [27].
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3.2 Pump heads at optimal flow rate performance

Figure 6 shows the corresponding variation of pressure head with elapsed time, at the
optimal flow rate performance, with an actuation frequency of 51 Hz and actuation
position x/L = 1/8. It can be seen that the pressure increases rapidly, when the pump is
turned on, and reaches a steady maximum pressure head of 0.62 m (6100 Pa), after an
elapsed time of 60 seconds.

Bohm et al. [32] developed a plastic micro-pump with a valve (12 mmx12 mmx2
mm). A pumping rate of 2 ml/min and a pressure head of 1.25x10* Pa were reached. Ma et
al. [4] designed a one-side actuating piezoelectric micro-pump (45 mmx28mmx*4mm),
which is combined with a cold plate chamber, to drive water in a cooling system for a
laptop. The measured maximum flow rate of this micro-pump was 246 ml/min, and its
maximum pressure head reached 9807 Pa. A commercial product of SDMP305D (25
mmx25 mmx4.8mm ) with central-actuating (Star Micronics Co. [43]), is a thin, compact,
and lightweight piezoelectric micro-pump. Its maximum flow rate and maximum pressure
head are 5 ml/min and 1.0x10* Pa, respectively. The current valveless impedance pump
provides a higher maximum flow rate than those of the three existing micro-pump
technologies, with a comparable maximum pressure head. Further optimization on the

pressure head will be pursued.
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The H-Q (pressure head—flow rate) characteristic of the pump design, at an actuation
frequency of 51 Hz and actuation position x/L = 1/8, is presented in Fig. 7. The flow
velocities, v, at different pressure heads, were estimated first, by taking the time
derivatives of the pressure head (Ah) — elapsed time curve, in Fig. 6. The corresponding
flow rates were then determined by O = | v | X 4, where 4 is the cross-sectional area of the
observational acrylic reservoirs (see Fig. 2(b)). As shown, the pump flow rate decreases
linearly, to a good degree, while pressure head increases. Note that the calculated flow rate,
at zero total pump head, is 483 ml/min, which is consistent with the maximum flow rate

(480 ml/min) measured in Fig. 5.

3.3 Flow rate performance and head loss in a water—cooling system

Figure 8 compares the measured flow rates of the water—cooling system in an open
loop (Fig. 4) with that of the pump alone (Fig. 2(a)), at different actuation frequencies and
optimal actuation position x/L = 1/8. It is evident that the variation of the flow rate with
the actuation frequency, for the open loop, exhibits a broadly similar trend to that of the
pump alone, although the magnitude is smaller (~ 100 ml/min, on average).

As mentioned in the introduction, a pair of waves is emitted in opposite directions

each time the tube is compressed. In general, these waves are allowed to travel along the

20



tube and are then partially reflected in accordance with the relative impedances of the two
materials when they propagate through the intersection between two media with different
impedances. In the current experiments, the wave speed is around 50-60 m/s, or less, in a
pliable latex rubber tube [27], which is much less than the normal speed of sound (1500
m/s) through water inside copper tubes. Therefore, the pressure waves inside the pumping
section, propagating to both ends, will be almost totally reflected, as if they were
propagating from a soft medium to a very hard one. Each wave pulse shape is then
reflected in the same manner as the wave position if it crosses a reflection site. For each
wave pair emitted, its start time, travel time, total distance traveled, directions, amplitudes,
and positions are dependent on the compression period and which cycle it belongs to. All
of the waves are finally summed along the length of the compression tube. Once
equilibrium is reached, the mean value of the difference in the summed pressure wave
amplitude at the ends of the line represents a value proportional to the pressure head of a
similar pump and generates a net flow within the flow channel. Therefore, the pump curve
is mainly dependent on the specific piping configuration and actuation parameters.
Different materials, length of the pliable tube, actuating wave pulse shapes, actuating
positions and actuating frequencies will all affect the pump performance. The constant

decrease of the flow rate in Figure 8 is, hence, caused by the head losses in the copper
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tube, bends, and cold plate of the water—cooling system, in an open loop.

At an actuation frequency of 51 Hz and actuation position x/L = 1/8 (see Figs. 7 and
8), the total pump head Hpump = 6100 Pa = Qpump X Rpump = Qopen toop X (Rpump + Ropen 1oop)
where Qpump 1s the flow rate of pump alone, Rpump is the internal pump flow resistance,
Qopen 1oop 18 the flow rate of the open loop case, and Ropen 100p 15 the total flow resistance of
the copper tube, bends, and cold plate of the water—cooling system, in an open loop.
Consequently, the pressure head loss in the open system, Qqpen 1oop * Ropen toop = Hpump * (1
— Qopen toop / Qpump) ~ 6100 Pa x (1— 375 (ml/min) / 480 (ml/min)) = 1330 Pa. Optimal
water—cooling systems will be necessary, in order to reduce pressure head loss in future

practical applications.

3.4 Thermal performance of the water—cooling system in a closed loop

The study focuses on the thermal performance of a water—cooling system in a closed
loop, at an actuation frequency of 51 Hz and actuation position x/L = 1/8. The relation
between the heat generated in a dummy heater and its core temperature is shown in Fig. 9.
The result shows that every measured temperature rises as its operating power increases,
including the temperature of the heater (Ty), of the inlet and outlet in the cold plate (Th,n

and Ty o), of radiator (Tr), of the inlet and outlet in the radiator (Trin and Trou) and of
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inlet in the pump (T ;n). These temperatures were recorded when they showed no variation
over a period of 10 minutes and it was assumed that steady-state operating conditions had
been reached.

The proposed cooling system maintains the core temperature in the dummy heater at
43.0 °C at 30 W operating power. When the power reaches 60 W, the core temperature

rises to 57.8 °C.

4. Conclusions

A new valveless pump, based on impedance pumping, has been successfully
developed and applied to the thermal management of high performance electronic systems.
The pump composed an amber latex rubber tube, connected at both ends to rigid copper
tubes of different acoustic impedance and a simple and economic actuation mechanism,
combining a small DC motor and a cam. By periodically compressing the pliable rubber
tube, at location asymmetric from the rigid ends, a net flow was generated to dissipate
system heat successfully. The pump’s performance was observed to be highly dependent
on actuation frequency and position, for a fixed waveform, duty cycle and input excitation
amplitude. It shows the following conclusions:

1. The measured maximum flow rate of the impedance pump is 480 ml/min at zero pump
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head in the range of motor actuation voltage 10—13 Volts (corresponding operation
frequency 48—63 Hz), which can be provided directly by the DC power supplies in
most desktops and laptops. This optimal flow rate performance occurs at an actuation
frequency of 51 Hz and actuation position x/L = 1/8.

2. The head of the small valveless impedance pump can reach 0.62 m.

3. The variation of the flow rate with the actuation frequency, for the open loop scenario
(Fig. 4), exhibits a broadly similar trend to that of the pump alone (Fig. 2(a)). The head
losses in the copper tube, bends, and cold plate of the water—cooling system in an open
loop result in a constant decrease in the flow rate (~ 100 ml/min). Optimal
water—cooling systems will be necessary, in order to reduce the pressure head loss in
future practical applications.

4. The water—cooling system in a closed loop maintains the core temperature of the 60 W
dummy heater at 57.8 °C. It is sufficient to the heat dissipation needs of current

laptops, at full speed operation.

Impedance—based pumping presents an exciting new opportunity in active thermal

management systems. Experimental results demonstrate the feasibility of its commercial

applications in the thermal management of high performance electronic systems. Although
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it is conceptually simple, significant future work is necessary to optimize its performance,
including the proper choice of the flexible tube material to extend the pump life, and to
maximize the impedance mismatch and flow rate accordingly. The optimal length of the
flexible tube, actuation frequency and position need also to be found for the new
combination of the impedance pump to expand the heat removal range. Notably, the amber
latex rubber tube used in this study has problems of aging and hardening after hours of

cooling and low resistance to friction rubbing by the compressing cam.
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Caption of figure

Figure 1. A schematic of the impedance pump used in the current study. The big arrow
above the motor—actuated cam marks the location of the excitation. The
home-made PTFE cam is shown in the upper-right inset, with detailed

dimensions.

Figure 2. Experimental set-up for pump performance on (a) flow rate and (b) pressure

head

Figure 3. (a) A schematic diagram and (b) a photograph of the experimental set—up, to

monitor thermal performance of the water—cooling system, in a closed loop

Figure 4. A schematic diagram of the experimental set—up, to monitor flow rate

performance, for the water—cooling system in an open loop

Figure 5. Measured pump flow rates at different actuation frequencies and positions
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Figure 6. Variation of pressure head with elapsed time, at optimal flow rate performance,
for an actuation frequency of 51 Hz and actuation position x/L = 1/8.

Figure 7. H-Q curve for the impedance pump, at optimal flow rate performance, at an

actuation frequency of 51 Hz and actuation position x/L = 1/8.

Figure 8. Comparison of the measured flow rates of the water—cooling system in an open
loop with that of a pump alone, at different actuation frequencies and optimal
actuation position x/L = 1/8.

Figure 9. Thermal performance of the water—cooling system in a closed loop, at an

actuation frequency of 51 Hz and actuation position x/L = 1/8.
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Figure 1. A schematic of the impedance pump used in the current study. The big arrow
above the motor—actuated cam marks the location of the excitation. The
home-made PTFE cam is shown in the upper-right inset, with detailed

dimensions.
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Figure 2. Experimental set-up for pump performance on (a) flow rate and (b) pressure

head
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Figure 3. (a) A schematic diagram and (b) a photograph of the experimental set—up, to

monitor thermal performance of the water—cooling system, in a closed loop
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Figure 4. A schematic diagram of the experimental set—up, to monitor flow rate

performance, for the water—cooling system in an open loop
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Figure 5. Measured pump flow rates at different actuation frequencies and positions
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Figure 6. Variation of pressure head with elapsed time, at optimal flow rate performance,

for an actuation frequency of 51 Hz and actuation position x/L = 1/8.
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Figure 7. H-Q curve for the impedance pump, at optimal flow rate performance, at an

actuation frequency of 51 Hz and actuation position x/L = 1/8.
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Figure 8. Comparison of the measured flow rates of the water—cooling system in an open
loop with that of a pump alone, at different actuation frequencies and optimal

actuation position x/L = 1/8.
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Figure 9. Thermal performance of the water—cooling system in a closed loop, at an

actuation frequency of 51 Hz, actuation position x/L = 1/8 and pumping flow

rate of 375 ml/min.
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