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ABSTRACT

Thermal control of electronics in portable computers and
space vehicles where compactness, weight, efficiency, sim-
plicity, reliability and cost are important is an area ideally
targeted for MEMS-based approaches. Micropumps based
on diaphragm actuation and utilizing fixed-geometry valves
may meet all the above criteria when used for fluid trans-
port in closed-loop forced-convection thermal management
systems. To investigate this potential application, an inte-
grated cooling module was designed, fabricated and tested.
It consisted of a network of four planar micropumps fabri-
cated in plastic and a copper microchannel heat sink. Plastic
allowed rapid prototyping and resulted in a multilayer pump
network 32x32 by 11mm thick. Other materials could re-
duce the total thickness significantly. To our knowledge this
work is the first application of a scalable network of microp-
umps. Thermal power handling of 35W was possible at a
flow rate of 11 ml/min using water as the coolant.

INTRODUCTION

Cooling individual electronic components and systems where
mass and reliability are extremely important, such as on
micro-satellites is receiving significant attention. In ad-
dition, size, efficiency and cost are critical factors in the
choice of thermal management method for portable com-
puters. While a number of approaches have been reported,
such as thermosyphons [1] electroosmotic forced convection
[2] and spray cooling[3], optimization of all characteristics
for specific applications is far from complete. In space ap-
plications, single-phase cooling may be the proper choice
for highest reliability when conductive heat transfer is in-
sufficient. In other applications, two-phase cooling may be
the best choice even though pressure and flow instabilities
pose problems and driving pressure required increases dra-
matically with small increases in vapor to liquid mass ratio
(quality) [4].

In this study we investigated the use of planar
membrane micropumps that utilized fixed-geometry valves,
which are simple to fabricate and have no moving parts ex-
cept for the flexure of a piezoelectrically or electrostatically
driven membrane [5–7]. These pumps currently do not pro-
duce the high pressure of electroosmotic pumps, but are at-
tractive in many if not all other ways previously mentioned.
Presented here are our initial efforts to utilize this approach

∗Travel support has been generously provided by the Trans-
ducers Research Foundation and by the DARPA MEMS and
DARPA BioFlips programs.

in the form of a pump network fabricated in plastic. The
network was configured in parallel to achieve high flow, but
could be configured in series to develop higher pressure nec-
essary for two-phase cooling. We know of no other reports
of scalable networks of micropumps.

MICROPUMP-HEAT EXCHANGER
MODULE

One overall goal of this project was to develop a compact mi-
cropump/heat exchanger unit, the design of which is shown
in Fig. 1. The Teflon fluid distribution block and inlet-
outlet header were designed to accommodate various 1 cm2

microchannel arrays. For this initial study v-shaped chan-
nels approximately 60 µm wide and 200 µm deep produced
with laser micromachining were utilized (Pacific Northwest
National Laboratory, Richland, WA). The unit was also de-
signed to accommodate a combination of stacked planar mi-
cropumps as shown. For this study a network of four microp-
umps arranged in parallel was used to attain relatively high
flow rate. The piezoelectric drivers were arranged electri-
cally in pairs as shown schematically in Fig. 2. To eliminate
the need for a fluid capacitor between the pump network and
the fluid load, the individual pumps in each pair operated in
phase while each pair operated out of phase from the other.

Reduced-order linear system modeling was used to
maximize pump resonance and evaluate numerous design
parameters [8]. Since the planform dimensions were fixed at
2.5 cm2, and since the target flow rate was higher than we
had attempted with past pump designs, the starting point
for the design process was a 20 mm diameter pump cham-
ber diameter. With that dimension fixed, most of the other
parameters were determined through the design for reso-
nance described above using properties of acrylic. However,
although valve size was determined by this design process,
valve shape was not. Figure 3 shows two pump layers, each
utilizing different Tesla-type valves designs. The one used
in the pump labeled fvp1 has been used in a number of
other pump designs, while that used in pump fvp2 was de-
termined from a computational fluid dynamics-based opti-
mization process that substantially improved single-chamber
pump performance [9].

Machining of all pump features was accomplished with
miniature end mills ranging from 125 to 1700 µm in di-
ameter. SurfCAM (CNC Prose) was used to translate
CAD drawings into machine code for a mini-milling machine
(Model 5410, Sherline Products Inc., Vista, CA), modified
for numerical control (999-6100-005, MicroKinetics Corp.,
Kennesaw, GA). This process allowed rapid prototyping
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Figure 5 . The pump network/heat exchanger assembly
incorporated into the closed-loop test system. Electrical
leads to a 400W, 33Ω cartridge heater can be seen below
the assembly.

turned to the ambient level. The cooled fluid then passed
through a float-in-tube flow meter (Key Instruments, p/n
GS60410, Trevose, PA) and finally returned to the microp-
ump, which delivered it back to the microchannel array.
Characterization of the test loop was performed with a sy-
ringe pump (KD Scientific, model 200, Hollistion, MA). Dur-
ing thermal tests the apparatus was wrapped with insulation
(Kaowool S Blanket, Thermal Ceramics, Augusta, Georgia).
With insulation in place, external temperatures of the tub-
ing in the region of the coolant thermocouples differed by less
than 2 ◦C from the coolant temperatures. Also, the electri-
cal power delivered averaged 16% higher than the heat gain
of the fluid as determined from fluid temperatures. For data
taken with a micropump, deionized water was degassed by
heating and the piezoelectric actuators were driven with a si-
nusoidal signal from a signal generator (Model 19, Wavetek,
United Kingdom) and amplified (Piezo Linear Amplifier,
Piezo Systems Inc., Cambridge, MA). All voltage levels are
given as the amplitude of the sinusoidal signal.

RESULTS AND DISCUSSION

Pump fvp1 produced a no-load flow rate of approximately
11 ml/min at 100 V and 330 Hz, which was close to model
predictions. The no-load flow rate for pump fvp2 was only
4.1ml/min at 210 Hz, and it was not tested further. Bond-
ing material may have been deposited in some valves causing
the pump network to operate unsymmetrically with a sig-
nificant reduction in performance. Data were taken for the
remaining pump over four days with the system running for
up to six hours, which demonstrated that dissolved gas did
not pose a problem. Flow rates delivered by pump fvp1
to the microchannel heat exchanger versus heater input are
shown in Fig. 6 for various pump excitation voltages. The
microchannel heat exchanger temperature Ts versus heater
input is shown in Fig. 7 for the corresponding pump excita-
tion levels. The maximum thermal power transferred to the
fluid was approximately 35 W at 11 ml/min. Some boiling
occurred at all three pump excitation levels for Ts > 100 ◦C.
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Figure 6 . Flow rate delivered by micropump fvp1 at
three different excitation voltage levels versus electrical
power to heater. Lines added for clarity.
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Figure 7 . Heat exchanger temperature versus electrical
power to heater for a range of micropump excitation
voltages applied to pump fvp1. Lines added for clarity.

The junction-ambient thermal resistance1 for the highest mi-
cropump excitation level for Ts < 100 ◦C., i.e. q < 25W,
was approximately 3 K/W. At 35 W it was approximately
2.3K/W. The heat transfer coefficient for microchannel ar-
ray2 ranged from 400 to 1000 W/m2K over the range of
heater input and pump excitation levels considered.

Given the number and size of piezoelectric drivers used
in the pump network, an estimate was made of the peak in-
stantaneous power Po = πfCV 2

o based on the capacitance
of the drivers. For one 190 µm by 18 mm disk of PZT-
5A the capacitance C = 0.028 µF, based on a permittiv-
ity of 1.5 × 10−2 µF/m. For Vo = 100 V and f = 300 Hz,
Po = 200 mW. For four elements, the corresponding instan-
taneous power was therefore estimated to be 800 mW. Peak
power for typical single chamber pumps for which net power
has been measured is 5 to 10 times higher than average
power[10]. Thus, the average power of the pump network
described here was estimated at between 80 and 160 mW.

1ΘJA = (Ts − Tin)/q, where Tin is the inlet coolant tempera-
ture

2h = q/A(Ts −Tmean), where A is the surface area of the heat
exchanger, and Tmean. is the mean fluid temperature
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CONCLUSIONS

We have demonstrated that a fixed-valve diaphragm mi-
cropump network used in conjunction with a microchannel
array was capable of handling thermal loads of 35 W and
35 W/cm2. The prototype system, when fabricated in plas-
tic, produced a stacked four-micropump network with a total
thickness of 11 mm. With stiffer materials, such as metal for
the diaphragm, and better packaging, the overall size could
be reduced significantly. Lastly, it was estimated that the
net power consumption was less than 200 mW. Thus, on the
basis of these results, this approach for cooling appears to be
attractive in terms of size, weight, efficiency and simplicity.
Further work is needed to investigate these attributes more
quantitatively along with evaluations of reliability and cost.
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