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An Electrohydrodynamic Polarization Micropump
for Electronic Cooling

J. Darabj Member, IEEEM. M. Ohadi, and D. DeVogMember, IEEE

Abstract—This paper presents the design, fabrication, and I. INTRODUCTION
characterization of an innovative microcooling device for mi- o o )
croelectronics applications. The device incorporates an active HE miniaturization of electronic components and the
evaporative cooling surface, a polarization micropump, and rapid increase in power density of advanced micropro-

temperature sensors into a single chip. The micropump pro- cessors and electronic components have created a need for
vides the required pumping action to bring the working fluid jmproved cooling technologies to achieve high heat-dissipation
to the evaporating surface, allowing the effective heat transfer rates. Some of the next-generation microprocessors and elec-

coefficient through a thin-film evaporation/boiling process. The . . L
device is based on VLSI microfabrication technology, allowing the {renic components are projected to dissipate over 1000 W/cm

electrohydrodynamic (EHD) electrodes to be integrated directly These high heat fluxes cannot be easily dissipated using
onto the cooling surface. Since the EHD electrodes are fabricated existing cooling techniques. The need for new technologies

using the same technology as the electronic systems themselvegapable of dissipating such high heat fluxes with low input
the proposed microelectronic cooling system in the form of an npower is of critical importance to many industries, particularly
integrated microchip is very suitable for mass production. The for high power density microprocessors and space-based elec-

prototype devices demonstrated a maximum cooling capacity of . . ;
65 Wicm2 with a corresponding pumping head of 250 Pa. The tronic systems. In this paper, we introduce a new technology

results of this investigation will assist in the development of future  cOMbining  thin-film - evaporation and electrohydrodynamic
microcooling devices capable of operating at high power levels. (EHD) polarization pumping for high-efficiency cooling of

[554] integrated microsystems.
Index Terms—Electrohydrodynamic (EHD), electronic cooling, Among the various microfluidic devices, EHD pumping is a
MEMS, micropump, polarization. promising option, offering the unique advantage of no moving

parts, and thus high reliability. Low cost, very low power con-
sumption, and minimal maintenance are other benefits of the

NOMENCLATURE EHD pumping technique. The use of the electrohydrodynamic
A Area (n?). technique for microscale fluid pumping has been investigated by
E Electric field (V/m). a number of researchers over the past decade [1]-[7]. In these
f Force (N/n?). previous studies, pump designs were based on either ion-drag
g Gravitational acceleration (n¥s or induction pumping. In ion-drag and induction pumping, the
h Average heat transfer coefficient (\/\HmK)’ height free charges and dipoles within the liquid are the driving force
(m). to pump the liquid. Thus, the power consumption is rather high,
k Thermal conductivity (W/mK), dielectric constant. resulting inalow pumping efficiency. This paper is based on po-
p Pressure (N/f). larization pumping and incorporates integrated thin-film evap-
q" Heat flux (W/n). oration/boiling to combine pumping and cooling in a single in-
r Distance (m). tggrated device. In' a polgrlzatlon pump, the average polarlga-
R Electric resistancés). t!on_force over all dipoles mc_iuces a boidy force on thg dielectric
T TemperatureSC). Ilquu_:i. Thus,_ the power r.equwe.d.to aphleve pumping is very low,
. Permittivity (F/m). leading to hlgher pumping _eff|C|_enC|es. _ _ _
o Permittivity of vacuum (F/m). The devices developed in this stu.dy incorporate active mi-
p Mass density (kg/). croscale.heat Fransfer surfaces, a micropump, and temperature
sensors in a single package that may be directly attached to a
Subscripts heat source. This design offers several engineering advantages.
. The electric field is applied directly to the heat transfer surface
Pt Platinum. in order to minimize voltage requirements, reduce thermal resis-
Qz Quartz. tance, and maximize the effective heat transfer coefficient. The
sat Saturation. EHD micropump provides the pressure head required to drive
t Total. the working fluid through the evaporation loop.
w Wall. Traditional macroscale EHD pumping mechanisms require
significant voltages in order to reach sufficient electric field
Manuscript received March 24, 2000; revised August 20, 2000. Subject E¥frengths (in the range of 10-20 kV [8]). In contrast, microscale
itor, O. Tabata. EHD pump-based cooling has the following advantages.
The authors are with the Department of Mechanical Engineering, University .
of Maryland, College Park, MD 20742 USA. 1) Microscale electrode gaps can allow the system to operate
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total number of the dipoles per unit volumeDefining the po-
£ larization density ag” = np, the polarization force density can
V= lg be written as

F=P.VE. 2)
Electrodes
The relation between the polarization force and electric field
can be written as [10]

P =¢o(k—1)E. ©)

Substituting (3) into (2) and assuming constant permittivity, the
polarization force density becomes

ﬁ:v(%o(k—nﬁ-ﬁ). 4)

_ , , , , o The polarization force given by (4) does not take into account
Fig- 1. A pair of parallel plates dipped into a dielectric liquid. the interaction between dipoles. Moreover, it is an average over
a spectrum of dipole moments gfis the pressure in the liquid,
selves. For example, the voltage requirement is expectib@ mechanical volume forceVp, which is set up as a result of

to be less than 15 V for an electrode gap ¢fra. the pressure gradient, is equal and opposiﬂé.tm other words
2) EHD polarization micropump employs dc electrical cur-
rents on the order of microamps (in the range of 10-50 F =vp. (5)
V). Therefore, the total power requirement to operate the
device can be negligible. By a comparison of (4) and (5), we obtain
3) The manufacturing methods are applicable to
high-volume batch fabrication, making this technology - eo(k — 1)E2 ©)

cost effective.

4) The low-voltage dc operation of the EHD micropump will ] ] . . )
not create electromagnetic interference with electronic This equation gives only the net difference in pressure from
systems. level 1 to level 2, indicated in Fig. 1. It does not describe the

detailed pressure behavior in the liquid. The height to which the
liquid rises against the gravity between the electrodes may be

. S . ) expressed as
The mechanism by which liquids rise between a pair of par-

allel electrodes when subjected to an electric field can be under- eolk — 1)
stood from the following [9]. Consider the simple case shown h = 2pg

in Fig. 1 in which a pair of parallel electrodes is dipped into a

dielectric liquid. If a potential differenc¥ is applied between Wherep is the density of the liquid ang is the acceleration of
the electrodes, the dielectric liquid rises between the electrodgavity.

due to a net electrostatic force acting on dipoles in the liquid. The force that pushes the liquid up against the gravity is ex-
This force is arises from the local electric field gradient at therted at the lower edges of the plates, where the field is inho-
end of the electrode pair. In a polarized medium, each individugiogeneous and the electric field density varies rapidly. This
dipole is subjected to an electric force and transmits this forean be explained by the fact that the energy of the dipoles in
to the neutral molecules. This is either because the dipoles ard€ld-free space is higher than their energy in the electric field.
tied to a lattice structure or through a collision mechanism. Ahus, the dipoles in the field-free region are pulled into the re-
dipole can be represented by a pair of oppositely signed chargén of higher electric field between the plates, where the po-
of (+¢) and(—q) separated by a distan¢e The net force on tential energy is minimum. It should be noted that the polariza-

2

Il. THEORETICAL BACKGROUND

B? ()

each dipole can be given by tion forces have been known for quite some time [9]. However,
this study is the first of its kind to use the polarization force to
f=p-VE (1) achieve pumping for high heat flux electronic cooling applica-

tions.

wherep = ¢ - 7’is the dipole moment. Melcher [9] assumed that It has been demonstrated that the electrical control of the
the dipoles were subject to an average or macroscopic electni@rfacial tension at the liquid/solid interface could decrease
field. This assumption ignores the distortion of the electric fielthe surface tension of an electrolytic fluid, leading to liquid

at one dipole because of neighboring dipoles. The total polarizasmping within a set of closed microchannels or capillaries
tion force can be found by averaging these polarization forcgsl]. The phenomenon is known as electrowetting. This effect,
over all dipoles within the dielectric medium. One simple agiowever, was not considered here because the pumping mech-
proach would be to multiply the net force on each dipole by thanism described in this paper only works with dielectric fluids.
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Fig. 2. Conceptual illustration of the device (not to scale).
Also, in this case, the electrodes are planer and there are no cap- TABLE |
illaries or microchannels THERMOPHYSICAL PROPERTIES OFDIFFERENT SUBSTRATE MATERIALS
Material || Thermal Conducrivity | Resistivity Dielectrie
(Wim.K) tOhm.ocm) Constant
Ill. DESCRIPTION OF THEDEVICE Silicon 80 - 150 10' Conductive
Based on the many advantages of the polarization n Sapphire 35-40 10" 7.5-11.5

cropump, several design concepts were implemented to expl
the potential of such a device. A conceptual illustration of tt
device is shown in Fig. 2. Note that this drawing is not to scale.

The experimental system described in this paper measures 5

mm x 50 mm. To simulate the heat generated from a chip in The microheaters are formed by serpentine platinum lines
operation, an array of platinum heaters is incorporated onto téh widths of 50 and 10Q:m. Each heater array consists of

substrate. The dimension of heater array is 5 s mm. four or eight microheaters depending on the width of the plat-
inum heater lines. The platinum heater lines are either 50 or

100.m wide, with 10- and 2Qsm spaces in between the lines.
Each individual heater is approximately 3.1 mm and 6.22mm
This design suffered from problems with the insulating laydor the 50- and 10Q:m heater lines, respectively. Fig. 3 shows
between the electrodes and substrat, connecting the power legils schematic diagram of the device. Note that this drawing is
and concerns about heat conduction through the substrate. Aot to scale.
other potential problem was microscopic pin holes in thesSiO The electrical resistances of the heaters are about 190 and 720
layer. Microscopic pinholes in an oxide layer may cause a shrtat room temperature for the 50- and 106+ heater lines, re-
circuit between the electrodes and the substrate. spectively. Current passing through this array of heaters causes
The second design employed a double-sided polished seafectrical power to be dissipated as thermal energy, simulating
phire wafer as a substrate, with the EHD electrodes on one silie chip to be cooled. The change in the platinum’s resistance
and the microheaters on the other side. This design avoids with temperature allows the surface temperature of the heater
issue of oxide breakdown in the SOI design. However, heat cdn-be determined by measuring the resistance of the heater. In
duction through the substrate was still a concern. A modificdetermining the heater resistance, two factors were considered.
tion of this design led to the third (present) design, which usddhe total resistance should be high enough so that the thermal
a single side polished quartz wafer as a substrate, and housssistance in the connections will not cause a significant error in
both the micro heaters and electrodes on the front side. Tabtaé temperature measurements. On the other hand, the resistance
compares the relevant properties of the three different substratasst be low enough that common low-voltage power supplies
that were considered. can be used to power the heaters.

Quartz 1.46 23 x10* 3.8

A. Design
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Fig. 3. Schematic diagram of the device (not to scale).
l I packaging was performed. The devices were mounted on the
Metalization Quartz backside of ceramic dual in-line pin (DIP) packages using
Deposit Cr and Pt films on quartz substrate. high-temperature transparent epoxy adhesive. The dimensions
uv of the ceramic DIP packages were 15 mn60 mm. Once the
¢ ¢ i i L ¢ L L L ¢ i *‘ i ¢ device was mounted on the DIP package, electrical connections
0o OO0 Mk were made between the electrodes, the heater array, and the
. I Photo resist DIP package. A photograph of a packaged device is shown in
Lithography/ Fig. 5. Si .
. [:' g. 5. Since the number of bond pads on each device was on
Patterning . -
L the order of ten or less, wire bonding was performed between
DepositPhEIrest snd patem ranfer the bond pads and the root of the DIP pins. Gold wire was used
for the wire bonding. The external wires were also soldered to
Ton Milling the outside of the DIP pins.

Ton mill Pt and Cr layers to form electrodes and
bondpads. C. Calibration of the Heaters
Heating power was supplied to the device by an array of plat-

inum heaters. In this design, the wall temperature was calcu-

Final Device

Device structure after wafer dicing for desired

geometry, lated by measuring the platinum heater resistance. The heaters
. o o were first calibrated, and the relationship between the temper-
Fig. 4. Simplified fabrication flow of the electrode. ature and the resistance was then established. This was accom-

plished by heating a refrigerated bath/circulator to the desired
calibration temperature and placing the heater in the bath. This
The simplified microfabrication process is shown in Fig. 4ystem provided reliable temperature control with a temperature
The fabrication sequence begins with wafer premetallizatiatability of +-0.03°C. First, the bath was allowed to reach steady
cleaning, followed by a deposition of 308\ chromium and state at a set temperature. Once the heater came to an equilib-
2500°A platinum using an e-beam evaporator. Next, the Cr/lHum with the bath, a threshold voltage of 1 V (equivalent to a
film was patterned using ion milling to define the heater angbwer level of 5 mW) was applied to the heater. A precision
EHD micropump electrodes, followed by dicing of the quartpower supply was used to supply a stable voltage with a fluctu-
wafer into individual devices. Following microfabrication,ation on the order ofiV. Next, the data acquisition system was

B. Fabrication
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Fig. 5. Photograph of the packaged device.
Fig. 7. Photograph of the experimental setup.

0 T =05271R - 364.36 cylinder is 150 mm in length with a 19-mm inside diameter and
60 | R? = 0.0908 a wall thickness of 3.4 mm. It was designed to sustain up to
50 | 1.725-MPa pressure. Flanges at both the top and the bottom of
the chamber were sealed using O-rings. To fix the test device in
5 40 place inside the test chamber, a slot was made in a Teflon rod
= a0 | Device # 2 and fixed on the bottom flange. The test device can be easily
gap= 50 um inserted or removed from this Teflon rod. Three swagelock
20 connections were made into a brass rod to provide connections
10 | between the electric heater wires, the RTD wires, and the
high-voltage power supply. To seal the wire connections, ten
0 ‘ . T ‘ ‘ 1 small holes were made in a 6.35-mm Teflon rod and sealed
680 700 720 740 760 780 800 820 py a swagelock connection. Besides providing a primary
R {Ohm) support for the chamber, the top flange serves as the base for a
] _ o _ tube-in-tube condenser. The chilled water flows in the annulus
Fig. 6. Typical results of temperature calibration (device 2). and condenses the refrigerant vapor in the tube side. A pressure

transducer is installed on the top flange to measure the system

switched on, and the current and voltage were recorded oveprgssure. In addition, a valve is also installed on the top flange
time span of 30 min, averaged and recorded to a file. The f@f charging and discharging the working fluid. For safety, a
sistance was determined from the measured voltage and curféfief valve is mounted on the top flange.
data. These preceding steps were repeated for the same terd-300-W NESLAB refrigerated bath/circulator was used to
perature for other heaters in the array. These procedures w@i@vide the cooling requirement and to calibrate an array of
repeated for other calibration temperatures, and the relationshijgroscale heaters. This system provides reliable temperature
between temperature and resistance was obtained. The he2@gtrol with a temperature stability €f0.03°C. The bath tem-
was calibrated at 12 temperatures, and a linear fit was usedPgsature can be adjusted fronl2 °C to +130°C. Other fea-
obtain the relationship between the resistance and temperatyfrés include a microprocessor controller, which offers multi-
of the heater. Fig. 6 shows a typical calibration result and a linegiep programming and remote sensing capabilities and an ad-
fit through the data points. justable high-temperature safety cutoff. The amount of mass
flow rate of chilled water circulating in the test section was eval-
uated by a computer, based on the preset chamber pressure. The
output signal was then sent to the stepper motor utilizing an
A photograph of the setup is shown in Fig. 7. The setup coanalog-to-digital card, and the desired adjustment in the chilled
sists of a glass test chamber, a refrigerated bath/circulator, a teater flow rate was made.
device, a data acquisition system, and other measurement dek Hewlett-Packard (HP) data acquisition/switch unit Model
vices. A brief description of each component follows. 34 970A was used to monitor, control, and acquire data. The
The test chamber consists of two brass flanges, a glakta acquisition system consisted of a personal computer, a data
cylinder, a condenser, a brass rod, and a base plate. The géagpiisition/switch unit, an HP 34901A 20-channel multiplexer,

IV. EXPERIMENTAL APPARATUS
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an HP 34903A 20-channel actuator/general-purpose switch, and Ceramic Epoxy Quartz
an HP Benchlink data logger software.

A variable HP 6614C System dc power supply with output
ranges 0-100 V and 0-0.5 A was used to provide the elec-
tric power to an array of microscale platinum heaters. This dc
power supply offers high performance with low-output noise Q|<1ss
and output current measurement capability in the microampere D
range. The 6614C power supply also provides high-speed pro-
gramming with under 4 ms response time. Teat

V. EXPERIMENTAL PROCEDURE

A typical experimental run started by switching on the refrig-
erated bath/circulator. The circulator was then set to the desired
temperature, which was approximately 256. The bath tem-
perature was monitored, and when it reached steady state, the

EHD voltage was switched on and the positive electrodes were Gioss

supplied with a dc voltage of 0—300 V. Next, the heater power Teat Tht
supply was switched on and set at a fixed power. The heater L Lowe Lpwy Loz
temperature was monitored and allowed to reach steady state. M Femed kA gz 4

The data acquisition was then switched on and data recorded . . . . -
. . . Fig. 8. Different layers of the device and its equivalent thermal circuit.

over a time span of 30 min and recorded to a file for post-

processing. The process was repeated for multiple increments TABLE Il

in heater power, and data recording was continued until partial 1,cqyai ConpuCTIVITY AND THICKNESS OFDIFFERENTMATERIALS

dryout occurred at some part of the heater.

Thermal Conduetivity | | Wall Thickness
VI. DATA REDUCTION LY mE)

Quartz 1.46 0.5
The heat flux was calculated from the voltage and the currentg5. 13 02
across the heater. To account for substrate conduction, the fol

eramic 18 22

lowing methodology was used to determine the magnitude of ©
the actual heat flux.

One-dimensional heat transfe.r analysis was.performed to f'Podun d to be less than 1% of the total power to the heater. The
the heat losses from the backside of the device. Heat condHc—

tion throuah the electrodes was nealected in this analvsis. Fi %at loss through the substrate was then subtracted from the total
9 9 YSIS- P13 8¢ transfer rate to obtain the net heat flux to the evaporative

shows the different layers of the device, which can be consid-
surface.

ered as composite walls and its equivalent thermal circuit. Heal -
. he average heat transfer coefficiéntvas found from
transfer occurs from the hot surface by conduction through the

walls and by convection from the other surface of the wall to the ; q’
2

(10)

vapor at?,,;. Since the heater temperatdg, and the satura- - Ty — Tt
tion temperature are known, the one-dimensional heat transfer _
rate for this System can be eas”y found from Whel’eq” is the net heat flux anﬂw andeat are the mean wall
and saturation temperatures, respectively.
TPt - T';at
Qloss = T (8)
t VII. UNCERTAINTY ANALYSIS
whereR, is the total thermal resistance and given by The uncertainties in the heat flux and the average heat transfer
Loy I I ) 1 coefficient were determined using the propagation of error sug-
R, i e e (9) gested by[12] and [13]. The uncertainty in heat flux results from

T kozA " kepoxyA | beeramicA | RA’
@z pory ceramue ! the uncertainties in total power to the heater and heat losses

The average surface temperature was determined from theough the substrate. The uncertainty in the total power to the
heater resistance. The saturation temperature was measurelddager arises from uncertainty in measured voltage and current
two 10042 platinum RTDs. One of the RTDs was located in thacross the heaters. Since heat losses through the substrate rep-
pool, and the other one was in the vapor region. The measuredent less than 1% of the total heat transfer, there is a relatively
temperature difference between the two RTDs was less thamall uncertainty in the net heat flux.
0.05°C. The accuracy of the RTDs wad.08°C. The uncertainty in heater temperature results from the uncer-
The average convection coefficient of the vapor was assuntadhties in the measurements of current and voltage to obtain
to be 10 W/m - K. Table Il provides the thermal conductivity the resistance, temperature-resistance calibration curve, and the
and thickness of the different materials. The heat loss throubath temperature. The final uncertainty in heater temperature
the substrate was calculated using the above procedure and was estimated to b£0.2°C. The uncertainty in calibrating bath
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TABLE Il TABLE IV
THERMOPHYSICAL AND ELECTRICAL PROPERTIES OFR-134aAT 25 SPECIFICATIONS OF THETESTED DEVICES
°C (ReFPROP6.0 [14])

e i il

Liquid density (kg/m>) 1207 Electrode spacing (um) 100 50

Liquid thermal conductivity (W/m.K) 0.08785 Width of the electrode lines (um) 20 10

Liquid viscosity (N.s/m?) 0.000247 Dimensions of the heater array (mm x mm) 5%5 5%x5

Latent heat (kJ/kg) 176.557 Number of heaters in the array 4 8

£;(PF/m), Bryan [15] 90.0 Width of the platinum heater lines (um) 100 50

¢, (PF/m), Bryan [15] 11.5 Space between the heater lines (um) 20 10
Resistance at room temperature (Q2) 190 720

temperature was smaller compared to that of the heater. Uncer-
tainty in the saturation temperature wa6.08°C.

Flow visualization using a video camera was performed to The boundaries between the heat transfer modes were estab-
determine the rise of liquid between the electrodes due to tghed from visual observation of the device using a transparent
action of the EHD polarization pump. The height of the devicglass tube in a series of experiments. The possible heat transfer
was calibrated using a pair of calipers. The height to which tti@godes observed are discussed in the following.
liquid rises between the electrodes was then determined by enAt very low heat fluxes, the heat transfer mode was found
larging snapshots of the video and comparing it with the cafi® be in the convection mode with most of the liquid flowing
brated device. The uncertainty in the height was estimated towgvard along the plate, overflowing, and returning to the pool
+0.5 mm. of liquid. This was mainly due to the low heat transfer rate.

As the heat flux was increased, evaporation was observed on
the top portion of the plate. However, convection still domi-

VIIl. RESULTS AND DISCUSSION nated. Enhanced convection was assumed to occur due to elec-
troconvection caused by the electric field. Electroconvction is

Several microcooling devices are fabricated and tested driven by interaction of an external electric field with an inho-
investigate the feasibility of employing EHD pumping/thin-filmmogeneous space charge density. When a dc voltage is applied
evaporation for cooling of high-power electronics. Each devige the electrodes, pairs of alternating vortices are set in the flow.
incorporates an active heat transfer surface, a micropumpith increasing voltage, these vortices become unstable leading
and temperature measurement sensors into a single chdielectrically induced secondary motions and the resulting heat
Microfabrication technology allows the EHD electrodes t@ransfer enhancement.
be integrated directly on the heat transfer surface, facilitatingFor intermediate heat fluxes, the heat transfer mode was gov-
the manufacturing processes. Also, applying the electric fiedtined solely by evaporation and a relatively smooth interface
directly to the heat transfer surface can provide better contighs observed. As the heat flux was further increased, the boiling
over liquid film thickness for optimal thin-film evaporation.mode of heat transfer was observed in the lower portion of the
The micropump provides the required pumping action to bringzaporating surface. This heat transfer mode seemed to be un-
the working fluid to the heat transfer surface. stable, and oscillation between boiling and evaporation was ob-

All the experiments were performed at a saturation tempeiserved.
ture of 25°C to minimize heat losses or gains to or from the sur- At high power levels, the heat transfer was dominated by
roundings. The working fluid was R-134a. Refrigerant R-134gviling, and boiling was observed on almost the entire area of
is a commercially available hydrofluorocarbon refrigerant witthe heat transfer surface. The flow for these conditions was
zero ozone depletion potential. Table Il lists the thermophyhkighly agitated, resulting in a highly irregular interface. The
ical and electrical properties of R-134a. The heat flux, heatiégguid supply to the heaters was occasionally cut off by bubbles
temperature, and heat transfer coefficient were averaged ogenerated on the surface.
the heaters. Two different devices with the electrode spacing ofAt very high heat flux levels, boiling was the only mode of
50 and 10Q:m were fabricated and tested. The specifications bkat transfer, and dryout was observed at a large region of the
these devices are shown in Table IV. surface on the top portion. The dryout occurred when the evapo-

Unlike conventional EHD cooling systems, the MEMS-basegtion rate was higher than the rate of liquid supply by the EHD
EHD system can be operated from the same low dc voltagasmp.
as the electronics themselves, eliminating the need for a high¥ig. 9 shows the pumping head results. The results are also
voltage power supply. In the current design, the polarizatimompared with the theoretical calculations in (6), showing that
voltage was around 150 V for a 50w electrode gap. In future as the electrode gap decreases, the results approach those of the
designs, this voltage will be further reduced to that of the coanalysis, suggesting that further miniaturization may increase
ventional electronics by scaling down the devices and reducitige pumping efficiency. Visual observation of the device showed
the electrode gap sizes. For example, by reducing the electrdiaiat capillary effects did not contribute to the rise of the liquid
gap to 3-5um, the required voltage is expected to be 9-15 V.between the electrodes. This is believed to be due to the rather
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Fig. 12. EHD power-consumption ratio for device 2.
Fig. 9. EHD pumping results.
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Fig. 10. Spatially averaged time-resolved results for device 1. ) ) .
Fig. 13. Spatially averaged time-averaged results.

70 30
60 | - an electrode spacing of 5am were found to be slightly higher
h \ 12 than those of 10Q4m electrode spacing. This is perhaps due to
50 - 20 a more uniform film distribution at a smaller electrode gap. A
- % < ratherlarge fluctuation in the heat-transfer coefficient was found
S 45 E  at high heat fluxes. This was due to a partial dryout and rather
if 30 | Device # 2 i vig_orous bub_ble formation and_ de_parture at high power levels,
20 gap= 50 um 10<=  which occasionally cut off the liquid supply to the heaters.
] X E=3 MV/m Fig. 12 shows selected EHD power-consumption results. The
10 | q R-134a 19 EHD power-consumption ratio is defined to quantify the ratio
T=25°C of electrical power consumption by the electrodes over the total
0 o 1000 2000 3000 2000 soog power input to the device. For the range of the power levels of
Time (Sec) interest, the EHD power consumption is less than 0.02% of the
total power input to the device. In general, the current decreases
Fig. 11. Spatially averaged time-resolved results for device 2. with heat flux, because as heat flux increases, the amount of

vapor in the system also increases. Since the electrical conduc-

large ratio of the distance between the electrodes to the thickntdgisy of the vapor is less than liquid, the current decreases as the
of the electrodes, which was greater than 200. vapor fraction increases. However, the sharp drop in the EHD

Spatially averaged, time-resolved heat transfer coefficient fgswer consumption ratio is not due to the aforementioned ef-
sults are shown in Figs. 10 and 11. Typically, a moderate ifect. It is due to the fact the even if the EHD power consump-
crease in the heat transfer coefficient is seen with heat flux, félen (numerator) remains constant, since the total power input
lowed by a peak and a moderate drop. It is believed that tlethe device (denominator) increases with increasing heat flux,
peak represents a case when a thin film covers the entire surfidge ratio decreases as the heat flux increases.
and heat transfer takes place effectively by evaporation. VisualFig. 13 shows the spatially averaged time-averaged heat
observation confirmed this postulate. Similar behavior was otransfer data as a function of heat flux. Results indicate that
served for both devices. Heat-transfer results for the device witte heat transfer coefficient initially increases with heat flux,
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