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Abstract

An analytical model for electroosmotic flow rate, total pump current, and thermodynamic efficiency reported in a previous paper
applied as a design guideline to fabricate porous-structure EO pumps. We have fabricated sintered-glass EO pumps that provide
flow rates and pressure capacities of 33 ml/min and 1.3 atm, respectively, at applied potential 100 V. These pumps are designed
integrated with two-phase microchannel heat exchangers with load capacities of order 100 W and greater. Experiments were
with pumps of various geometries and using a relevant, practical range of working electrolyte ionic concentration. Characterizat
pumping performance are discussed in the terms of porosity, tortuosity, pore size, and the dependence of zeta potential on bulk
of the working solution. The effects of pressure and flow rate on pump current and thermodynamic efficiency are analyzed and
to the model prediction. In particular, we explore the important tradeoff between increasing flow rate capacity and obtaining
thermodynamic efficiency. This research aims to demonstrate the performance of EOF pump systems and to investigate optimal a
pump designs. We also present a gas recombination device that makes possible the implementation of this pumping technology in
flow loop where electrolytic gases are converted into water and reclaimed by the system.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Electroosmosis refers to the bulk motion of an electro
caused by electric forces acting on regions of net cha
in a microchannel. These net charge regions of diffuse
make up part of the electric double layer (EDL) that forms
solid/liquid interfaces. Electroosmotic (EO) pumps use
effect to generate both flow rate and pressure differential
a previous paper [1], we have described the background
working principle of electroosmotic pumps and presente
detailed pump performance model. Our model yields a
lytical expressions for the electroosmotic flow rate, curre
and thermodynamic efficiency of EO pumps with poro
pumping structures operating under a pressure load. We
electroosmotic flow (EOF) in porous media as flow throu
a large number of idealized tortuous microchannels in
allel. Key nondimensional parameters describing pump
formance are summarized below. The nondimensional m
imum flow rate, current, and pressure generated by a por

* Corresponding author.
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Q∗
max, I

∗
max, and
P ∗

max are nondimensionalized byQmaxµλ

/(εζ 2A), −Imaxλ/(σ∞ζA), and
Pmaxa
2/(8εζ 2), respec-

tively. E∗ andV ∗ are nondimensionalized respectively
eff eff
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−Veffλ/(ζL) and−Veff/ζ . The functionsf andg are eval-
uated using solutions of the Poisson–Boltzmann (PB) e
tion.

Thermodynamic efficiency is defined as the useful p
sure work delivered by the pump over the total power c
sumption. As both flow rate and current can be expre
as a function of pressure load, the thermodynamic efficie
can be then derived in terms of normalized pressure o
form
P ′ =
P/
Pmax,

(6)η = WP

VappI
= 
PQ

VappI
= (1−
P ′)
P ′

(θ/4)−
P ′ ,

where

(7)θ = Vapp

Veff

a∗2

2βfg
.

For thin EDL systems,θ is much greater than unity, and
first-order-accurate approximation yields
P ′ = 0.5 as the
optimal pressure condition for the pump (i.e., the press
load equals
Pmax/2). The optimal thermodynamic effi
ciency is therefore approximately

(8)ηopt ∼= 1

θ
= V eff

Vapp

2βfg

a∗2
.

Figure 1 shows a numerical solution of the nonlinear
equation for electric potential which is valid for large ze
potential and accounts for the nonuniformity of ion cond
tivity across the flow areas of a porous pump [1].

The model described by Yao and Santiago [1] also le
ages a curve fit of the GCSG site-binding model for
KCl/silica interface [2,3] to estimate the dependence of
potential on ion density and pH in our borosilicate-ba
system. This curve yields

(9)ζ = (−0.058 log10(pH)+ 0.026
)(− log10(c∞)

)1.02
.

This relation predicts the value given by the site-bind
model to within 10% for ranges of ionic concentration fro
10−4 to 10−2 M and pH values of 2.8 to 10.

Fig. 1. Non-dimensional parametersf,g, andηopt, as a function of nondi
mensional pore size. This plot is generated using sample parameter
of ζ ∗ = zeζ/(kT )= −3.9 andβ = ε2ζ 2/(µσ∞λ2)= 6.8, assuming a typ
ical zeta potential value of 100 mV. The range of nondimensional pore
of practical interest is 25 to 250.
s

We have used the model summarized above to guide
design of EO pumps for high-heat-load heat transfer
plications. One important example is two-phase convec
devices for electronic systems, which yield the highest c
ing rates per unit volume of heat exchanger, but which
quire high-pressure pumping of the liquid phase. To d
the integrated circuit industry has lacked liquid pumps
are compact, reliable, and capable of delivering suffic
pressure [4]. EO pumps have demonstrated a capabili
remove a total heat load exceeding 140 W from a sili
chip [5]. Further, cooling of peak heat fluxes exceed
100 W/cm2 from a silicon chip using less than 1.5 W
pump power has also been demonstrated [6].

In this paper, we present the design, fabrication, and
ing of an electroosmotic pump system. We present deta
experimental validation of the performance of these pum
We also compare the absolute performance values and t
predicted by the analytical model to these data. Our
pump system uses a commercially available sintered-g
frit (ROBU Glasfilter-Geraete GmbH, Germany) as a por
medium for transporting the working fluid and generat
high pressure. A buffered electrolyte (sodium borate bu
at pH 9.2) with ion concentrations varying from 0.2 to 4 m
is used to evaluate pump performance. In particular, we
plore the important tradeoff between increasing flow r
capacity and obtaining adequate thermodynamic efficie
This research aims to demonstrate the performance of
pump systems and to investigate optimal and practical p
designs. We also present a gas recombination device tha
ables the implementation of this pumping technology in
closed-flow loop where electrolytic gases are converted
water, which is then reclaimed by the system.

1.1. Effective pump voltage

To more accurately relate the DC electric potential s
plied by the power supply,Vapp, in our experiments to th
pump potential,Veff, in the equations above, we apply
simple potential model of the pump/electrode system.
voltage drop in the Joule current region between each e
trode and the frit surface is equal toRdI , whereRd is the
resistance of this region andI is the system current. The e
pression forVeff is therefore

(10)Veff = Vapp− Vdec− 2RdI.

Note that the effective potential’s dependence ofVapp is
therefore a function of the fluidic load asI is a function
of pressure difference across the pump.Vdec, in this rela-
tionship is the decomposition potential associated with
electrode reactions at the electrode/electrolyte surface
the system. This decomposition potential is the amoun
voltage required to initiate the dissociation and associa
electrode reactions [7] and can be expressed as

(11)Vdec= Vcat− Van+ Vo,
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whereVcat andVan are the theoretical potential differenc
required to initiate the Faraday current at the cathode
anode, respectively.Vo is the additional potential (calle
the overvoltage or overpotential) needed in practice to
tiate the dissociation and association reactions at the
trodes (electrolysis) and is a function of electrode ma
ial, electrolyte composition, and electrodic current dens
For our electrode/buffer combination, the magnitude of
(Vcat − Van) was typically small in magnitude compare
toVdec. In comparing our measurements to pump model p
dictions of pressure and flow rate, we applied Eqs. (10)
(11) with measured values of system current,I , and decom-
position potential,Vdec.

1.2. Catalytic recombination of hydrogen and oxygen

Any practical implementation of an electroosmotic pu
needs to address the challenge of controlling electrolytic
streams. The electrolytic reactions are required to susta
electric field within the electrolyte-filled pump structure, a
these reactions introduce mass fluxes of new species int
EO-pumped system. In our design we have chosen to w
with simple, low ionic concentration aqueous buffers and
ert platinum electrodes so that the electrode reactions
simply electrolysis of water with a net reaction of [8]

2H2O → 2H2 (g)+ O2 (g).

Note that these gases are a small portion of the volume
rate through the system. The volume flow rate of H2 and O2
in the system at a gas phase temperature,T , and pressure,P ,
can be estimated in terms of the Faradic current [7] as

(12)QH2 = IkT

2eP
,

(13)QO2 = IkT

4eP
,

whereI is the total current supplied to the system. Us
Eq. (24) from Yao and Santiago [1], the ratio of the total v
ume flow rate of (hydrogen plus oxygen) gas to the volu
flow rate of water in a pump,γ , is then

(14)γ = 3µσ∞kT

4εζ ePg
.

For an electroosmotic pump with pore diameter 1.1 µm r
ning with 1 mM (sodium ion concentration) borate buf
and a nominal zeta potential value of 100 mV, this volu
flow rate ratio is 0.04 (assuming operation at 20◦C and pres-
sure 1 atm). The ratio of hydrogen volume flow rate to liq
flow rate is 2.6%. Note that these conservative estimate
gas flow rates neglect gas dissolution into the electro
which may be significant.

In an open system where electrolysis gases are ve
this reaction will eventually consume the working liquid
the system. In a closed system, trapped gases increas
tem pressure and can block both current and mass flow
deal with these gas generation issues, we have develo
-

,

s-

a

catalytic recombination system that uses a platinum-ba
catalyst to recombine hydrogen and oxygen into liquid w
ter. In the presence of platinum, the recombination reac
is simply

2H2 (g)+ O2 (g)
Pt−→ 2H2O.

The evaluation of several candidate catalyst types and
performance of a packaged system are demonstrated i
results section below.

2. Device design and calibration experiments

The porous structure in our pumps was a chemic
treated ultrafine glass frit (filter) (see Fig. 2a). The
material is VitraPOR, borosilicate glass 3.3, which co
tains 80.60% silica (SiO2), 12.60% boric oxide (B2O3), and
4.20% sodium oxide (Na2O). Figure 2b is a scanning ele
tron micrograph (SEM) of the porous glass pumping str
ture. The pores apparent in the image are on the orde
a micrometer. Frit samples from two different fabricati
batches from ROBU (S. Curland, ROBU Glasfilter-Gera
GmbH, Germany, personal communication) were use
our prototypes. These two batches (both UF 4-cm disks)

(a)

(b)

Fig. 2. Porous EO pumping structure. (a) Image of the pump struc
which is a 40-mm-diameter porous glass cylinder (a frit) 5 mm th
(b) A scanning electron micrograph of the porous glass pumping struc
The observed pore sizes are on the order of 1 µm. This structure pro
the high wetted-surface-to-volume ratio required to generate pressure
ceeding 1.3× 10−2 atm per volt.
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Fig. 3. Pore size distributions for two frit batches measured by an Auto
9420 mercury porosimeter (Micromeritics, Norcross, GA). Pore diam
density is quantified here as the derivative of specific volume in ml/g with
respect to the (base 10) logarithm of pore diameter [10]. Shown along
the data are Gaussian fitting functions. The mean pore diameters of th
samples are 2.4± 0.5 and 1.1± 0.2 µm.

Table 1
Characterization data of the frits

Frit D (mm) Lave (mm) a (µm) ψ

L1 40.0 1.0 1.2 0.39
L2 40.0 2.5 1.2 0.39
L3 40.0 4.8 1.2 0.39
S1 40.0 1.0 0.55 0.24
S2 40.0 2.5 0.55 0.23
S3 40.0 4.8 0.55 0.22

be referred to here using the letters L and S (for “large”
“small” pore) and were selected because of their mea
ably different values of pore size and porosity in order
demonstrate the measurement and data reduction me
presented here. Figure 3 shows the distribution of pore s
for a sample from each batch measured by a mercury
trusion porosimeter for both batches (J. Tripp, Departm
of Chemistry, University of California, Berkeley, person
communication). The mean pore diameters of the two s
ples are 2.4±0.5 and 1.1±0.2 µm. Porosity was determine
by weighing dry and wet samples using a scale (ACCULA
Newtown, PA); values ranged from 0.22 to 0.39. The dia
ter of all of the frits in this study was 40 mm. Frits of varyi
thickness were prepared by manually sanding frits from e
of the two batches. Table 1 summarizes the characteriz
data of the frits including frit thickness, pore size (porosim
ter measurement), and porosity (dry/wet weighing).

Figure 4 shows a schematic of our pump system sh
ing the location of the porous (frit) pumping structure, el
trodes, and fluidic connections. The pump housing was
ricated from plexiglass using a laser engraving and cut
system (Universal Laser Systems, Scottsdale, AZ). The
is epoxied to a centerpiece which is then sealed with la
machined rubber gaskets. Stainless steel tabulations
Scanivalve Corp. (Liberty Lake, WA) are used as qui
disconnect fittings to 1-mm-inner-diameter tubing. The p
inum electrodes are located close to the frit surface bu
s

Fig. 4. Schematic of the EO pump system. A gas-permeable Teflon (P
membrane allows most of the downstream hydrogen gas to bypass th
idic circuit and flow into the catalytic chamber on the high-pressure sid
the device. A platinum catalytic device housed within the pump struc
recombines electrolytic hydrogen and oxygen gas into water, which is
reclaimed by the system.

attached, so that electrolysis bubbles would rise to the to
the chamber (rather than be advected into pores). The p
was used in an open loop configuration for detailed p
sure, flow rate, and efficiency characterizations and in clo
loop/sealed configuration for gas recombiner evaluation
periments.

The experimental setup for characterizing pump per
mance has been described in our previous work [9]. A Ke
power supply (Kepco Inc, Flushing, NY) provides an elec
field across the electrodes of the pump. Pressure is
sured downstream of the pump by a Digi-Key (Thief Riv
Falls, MN) pressure transducer and the signal is colle
by a digital multimeter (Agilent, Palo Alto, CA). Flow rat
is measured by monitoring the motion of electrolytic bu
ble “slugs” in the output line of the pump. A control val
downstream of the pump is used to set desired pres
loads. The data acquisition system consists of a laptop c
puter with PCMCIA-GPIB and DAQCard-6062E (Nation
Instruments, Austin, TX). Working electrolyte conductiv
and pH are measured before each experiment using a
FET pH meter (Cole-Parmer Instrument, Vernon Hills, IL)
and a conductivity meter (Janco Instruments, San Di
CA). In selected cases, electrolyte pH and conductivity w
also monitored after experiments to verify the effectiven
of the borate buffer.

We have tested the EO pumps under a variety of bu
chemistries in order to optimize both flow capacity and Jo
heating effect. The working fluid chemistries tested are lis
in Table 2. The molarity values in the table indicate the m
lar concentration of sodium ions. As pointed out by G
et al. [11], an effective buffer is essential to the stable
eration of an EO pump, asζ is a function of both pH and
ionic density.

Two setups were used to evaluate the performance o
platinum catalyst structures designed to reclaim water f
hydrogen and oxygen gas. A preliminary test cell for el
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Table 2
Working fluids used in experiments (pH = 9.2)

Working fluid: Na2B4O7 Conductivity
(mM based on Na+) (S/m)

0.2 1.42× 10−3

0.4 2.98× 10−3

0.6 4.58× 10−3

0.8 6.23× 10−3

1.0 7.73× 10−3

1.2 9.49× 10−3

1.4 1.10× 10−2

1.6 1.25× 10−2

1.8 1.39× 10−2

2.0 1.55× 10−2

3.0 2.23× 10−2

4.0 2.98× 10−2

Fig. 5. Schematic of electrolysis pressure cell. A sealed glass container
in diameter has three ports at the top for two electrodes and a pressu
A Viton gasket and epoxy seal the top and electrode connections. Pa
sleeved platinum electrodes are used to generate hydrogen and oxy
a 0.1 N NaOH solution. Candidate catalyst materials are suspended
head space with a plastic mesh.

trolysis gas pressure measurements is shown in Fig. 5. A
cap was modified to contain Pt wire feed-throughs for e
trodes. The Pt wires were covered with polyethylene slee
in the headspace to minimize any catalytic reactions on
Pt wire surfaces. A “cage” was fabricated from polyethyle
mesh, hung from the sleeved electrodes, and used to
catalyst samples. A Viton gasket, which was coated w
silicone vacuum grease, was used to ensure a tight sea
tween the vial and the cap. Samples of each catalyst
loaded into the cage, the cap tightened, the voltage app
and the gas pressure monitored with the transducer. The
ond setup used to evaluate catalyst performance is show
Fig. 4 (see also the insert schematic of Fig. 13, which is
cussed below). Here, a custom-designed platinum cata
system housed within the pump structure recombines e
trolytic hydrogen and oxygen gas into water, which is th
reclaimed by the system. A gas-permeable Gore-Tex
panded polytetrafluoroethylene (PTFE) membrane on s
bonded polypropylene with 0.45-µm pores (W.L. Gore
Associates, Inc., Elkton, MD) allows most of the hydrog
gas generated at the cathode (on the downstream side
.

n

-

,
-

e

pump) to bypass the fluidic circuit and flow into the c
alytic recombination chamber. We used AECL catalyst m
ufactured by Atomic Energy Canada Limited (Mississau
Canada) in a closed loop to observe electrolysis opera
for periods in excess of 5 h.

3. Experimental results and discussion

Preliminary calibration experiments were conducted
evaluate the value of the resistance per length of the e
trolyte in our electrode/housing structure. Current increa
linearly with the applied voltage for a 4-cm-diamet
6-mm-thick void cell with 1 mM (sodium ion concentr
tion) borate buffer. The decomposition potential of the p
inum/electrolyte interface is estimated from this experim
as 4.5 V. The measured resistivity is 205)/mm. As dis-
cussed above, the pump’s electrical current is also a func
of load and concentration. As such, the value ofVeff for each
experiment is determined by applied voltage, decompos
potential, spacing resistance and current (using Eq. (1
This process is simplified by the fact that the values of o
potential and the spacing between the electrode and th
surface,d , were in all cases within about 10% of the no
inal 4.5 V and 1 mm, respectively, and these values w
therefore assumed constant.

Maximum pump flow rate,Qmax, maximum pump cur-
rent,Imax, and maximum pump pressure,
Pmax, were char-
acterized at external applied voltages of 5 to 100 V, us
a borate buffer with a 1 mM Na+ concentration. Thes
experiments were performed in open-loop configurati
where gases were vented. Figure 6 shows the effects o
plied field and potential on the measurements of these no
mensional parameters. The nominal pump field (Veff/L) and
voltage drop values (Veff) shown here were calculated usi
Eq. (10) as described above. The scales for the nondim
sionalization of flow rate and current were 5.4×104 ml/min
and 100 A, respectively. The characteristic scale for p
sure was 39 N/m2 for the 2.4-µm pore diameter frits an
184 N/m2 for the 1.1-µm pore diameter frits. Data are sho
for six different frits comprising three frit thickness and tw
pore sizes. As predicted by Eqs. (1)–(3), flow rate and
rent have a linear dependence on the electric field, w
pressure depends linearly on the effective voltage. This
ear dependence on field and voltage in a nearly isothe
pump operation regime was also documented by Zeng e
[12] for packed capillary electroosmotic pumps. In all exp
iments, the slope of the plot depends on the structure o
frits as characterized by pore sizea, porosity,ψ , and tortuos-
ity, τ . The scaling proposed here collapses these data cl
into two groups corresponding to the nondimensional p
sizesa∗

1 = 125 anda∗
2 = 57. The factors off (a∗) for these

two batches are 0.99 and 0.97, respectively, while the co
sponding values forg(a∗) are 0.83 and 0.68 (see Fig. 1).
Fig. 6a, the slopes of the linear fit of the pump flow rate to
electric field are 0.22 and 0.11 for large- and small-pore f
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Fig. 6. Normalized flow rate, current, and pressure performance of p
across variations in pump length, pore size, and applied potentia
all cases, working fluid is 1 mM (sodium ion concentration) bor
buffer (pH 9.2,σ∞ = 77 µs/cm) and applied voltages ranged from 5
100 V (yielding respective effective voltages ranging from 0.5 to 86
(a) Nondimensionalized flow rate versus nondimensionalized electric
(b) Nondimensionalized current versus nondimensionalized electric
(c) Nondimensionalized pressure versus nondimensionalized effective
age, showing how data group into two batches of frits. These data a
linear with respect to the value of the abscissa, as predicted by Eqs. (1
Shown in the legend are values forψ/τ as determined by preliminary cal
bration experiments,f andg from numerical solution of PB equation (se
Fig. 1). The small and large pore sizes correspond to values ofa∗

1 = 125
anda∗

2 = 57.
.

Fig. 7. Pressure load characterization shown as scaled flow rate versu
sure per volt for three pumps of the batch with pore radius 0.55 µm and
three thicknesses. Working fluid is 1 mM (sodium ion concentration)
rate buffer (pH 9.2,σ∞ = 77 µs/cm). These pumps were able to delive
maximum flow rate excess of 7× 10−2 (ml cm)/min/V and a maximum
pressure of 1.3× 10−2 atm/V.

respectively, compared to the corresponding values of
and 0.15 obtained from the model predictions (see the
end). Similarly, Figs. 6b and 6c show the two sets of dat
current–field and pressure–voltage relationship. The nu
ical model overpredicts the absolute flow rate, total curr
and pump pressure by, respectively, 23%, 33%, and 21
the case of the 2.4-µm pore diameter frits, and by 36%, 3
and 49% in the case of the 1.1-µm pore diameter frits.
of this discrepancy may be due to the fact that the mode
sumes a cylindrical pore with a single pore diameter, w
the actual porous frit is composed of randomly shaped g
particles, resulting in pores of complex shape and a poly
perse characteristic diameter distribution (see Fig. 3).

The measured values ofQmax and
Pmax allow the esti-
mation of tortuosity as described by Yao and Santiago
τ1 = 1.45± 0.11 andτ2 = 1.45± 0.05, where the uncer
tainties reflect 95% confidence intervals for a distribution
12 realizations. The collapsed data highlights the utility
the porous medium flow model and, in particular, the imp
tance of the ratioψ/τ in the characterization of porous pum
performance.

The pressure-to-flow-rate ratio is perhaps the most
portant descriptor of pump performance. Figure 7 shows
scaled flow rate vs the scaled pressure of the small-por
(batch S witha2 = 0.55 µm) for thicknesses of 1.0, 2.5, a
4.8 mm. For a given applied potential, flow rate is invers
proportional to frit thickness and pressure remains cons
as predicted by Eqs. (1) and (3). An important considera
for designers of large-flow-rate EO pumps is the flow r
and pressure achieved by a design for a given applied
age. The best voltage specific performance of our pump
as expected, achieved by the 1-mm-thick frit pump, wh
demonstrated a flow rate of 20 ml/min and a maximum
pressure of 0.4 atm for an applied voltage of 50 V. T
flow rate per unit applied voltage and unit area performa
is 3× 10−2 (ml/min)/V/cm2. This figure of merit can be
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compared to the values of 1× 10−3 (ml/min)/V/cm2 and
6× 10−4 (ml/min)/V/cm2 reported by Zeng et al. [13] an
Gan et al. [11], respectively. In the case of the pump
scribed by Zeng et al. [13], this performance value was
dered by the two 5-mm-thick polymeric porous frits used
contain their silica particle bed, which reduced the effec
electrical field across their pump. The pump used by Ga
al. [11] was 13 mm thick along the flow direction, and so a
suffered from low effective field within the pumping regio
Next, the pressure per unit applied voltage performanc
the pumps described here is approximately 1× 10−2 atm/V.
This value can be compared to the high-flow-rate por
borosilicate glass pumps developed by Gan et al. [11], w
demonstrated a pressure limit of 3× 10−3 atm/V. This pres-
sure performance was limited mostly by their relatively la
pore diameter range of 2–5 µm. The pump fabricated
Zeng et al. [13] demonstrated a pressure per applied
age value of 2× 10−3 atm/V which, as they discuss, wa
limited mostly by the pressure drop in the polymeric frits
their device.

Clearly, the model discussed by Yao and Santiago
the results presented above, and comparisons with o
high-flow-rate EO pumps demonstrate that thin pumps
vide optimal voltage specific performance characteristics
date, we do not know the limiting factors on thinning f
pumps. Certainly one physical limitation on this design
proach is the breakdown strength of water, which is gi
by Zahn et al. as 15 kV/mm [14]. Note that a thin pump
used for two-phase cooling applications would most lik
be subject to electrical potentials higher than about 10 V
order to preserve pressure capacity. A second fundam
limit on minimum porous structure thicknesses is the fin
length scale of the sintered/packed particles used to c
the structure (particle scales of 1–5 µm were used in the
described here). As pump thickness approaches the ch
teristic dimension of the particles, the structure is expecte
become highly heterogeneous over the cross-sectional
of the frit. In our design, the most important limitation o
pump thickness is the structural strength of the free-stan
frit structure (see Fig. 4). The two-phase heat transfer ap
cations of interest here require significant (>0.2 atm) oper-
ating pressures. The development of thinning methods
structural support structures applicable for use with ultra
(say 0.1 mm or less) frits would be an important contribut
to this field.

As shown by Eqs. (4), (5), (8), and (9) and Fig. 1, el
trolyte ionic concentration has an important impact on pu
flow rate, pressure, and thermodynamic efficiency thro
the characteristics of the (finite) electrical double layers
the zeta potential’s dependence on concentration. In
regime of interest, the 1 mM (Na+) buffer used in the ex
periments above provided frit pumps with nearly maxim
flow rate per field while maintaining efficiencies to within
acceptable level for our applications. For example, throu
out the regime of interest highlighted in Fig. 1, increa
in concentration decrease thermodynamic efficiency w
r

l

-

a

Fig. 8. Ratios of maximum flow rate and maximum pressure for the pu
with a1 = 1.2 µm anda2 = 0.55 µm (both with a thickness of 4.8 mm
Borate buffer concentrations vary from 0.2 to 4 mM (Na+) as described
in Table 2. The constant ratio relationship predicted by Eqs. (15)
(16) is shown along with the experimental data. The measured valu
ψ1τ2/ψ2τ1 and (a2/a1)

2 are within 9.5% and 9.0%, respectively, of th
values based on the model and preliminary (independent) calibration e
iments.

increasing both pressure and flow rate. In order to valid
our choice of buffer concentration, investigate these tre
and further compare the frits of the two batches, we p
formed a series of experiments in which we character
pump performance as a function of borate buffer concen
tion. Twelve concentrations of borate buffer (see Table
were tested for two 4.8-mm-thick frits with pore radi
a1 = 1.2 µm anda2 = 0.55 µm.

From Eqs. (1) and (3), we can derive the following re
tionships for the ratios of maximum flow rate and maxim
pressure capacity for these two frits:

(15)
Qmax 1

Qmax 2
= ψ1τ2

ψ2τ1

f (a∗
1)

f (a∗
2)
,

(16)

Pmax 1


Pmax 2
= a2

2

a2
1

f (a∗
1)

f (a∗
2)
.

These relationships are especially interesting as neithe
them depends on zeta potential, so that the depend
on porosity, tortuosity, and pore size is emphasized. Th
ratios of maximum flow rate and maximum pressure
shown in Fig. 8. The buffer ionic concentration is non
mensionalized asc∗∞ = c∞/c(λ= a1), wherec(λ = a1) =
3.2 × 10−4 mM. a∗ varies from 25 to 250 and the inte
gral factorf varies from 0.93 to 0.99 over this respecti
range. Buffer ionic concentrations substantially lower th
0.2 mM (a∗ < 25) were not presented here, as the e
trolyte pH of such runs was unstable and dropped ap
ciably in the upstream region of the pump during testi
The data in Fig. 8 are shown along with line plot pred
tions forψ1τ2/ψ2τ1 anda2

2/a
2
1, which are derived strictly

from the preliminary calibration experiments described e
lier (including wet and dry weight, current, pressure, a
porosimeter measurements).

Figure 9 shows zeta potentials calculated using maxim
flow rate and maximum current measurements, and the
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Fig. 9. Trend of measured zeta potential versus concentration for the p
EO pumps. Data are shown for both frit batches. Shown together wit
experimental data is a prediction using the simple curve fit to the G
model for the KCl/silica model (solid line) calculated using Eq. (9). A
shown with the data is a linear regression fit to the data (dashed line), w
shows that the zeta potential measurements scale approximately asc−0.3∞
(wherec∞ is concentration). The KCl/silica model underpredicts the in
ence of concentration of zeta potential, but both experimental and m
data clearly show a dependence that is weaker than the simplec−0.5∞ depen-
dence predicted by the simple Gouy–Chapman model.

lytical expression forQmax/Imax equal to−εζg/(µσ∞) [1].
These measurements are obtained for our borosilicate
surfaces, which are in contact with borate buffer at vari
ionic concentrations. We compared the experimental re
to the GCSG model [2] described above. As an approxim
basis of comparison, the modeling parameters suggest
Scales et al. [3] for KCl-on-silica surfaces at pH 9 were us
As described by Yates et al. [2], our data show a depend
on concentration that is clearly weaker than that predi
by a simple Gouy–Chapman diffuse EDL model with co
stant surface density at the shear plane [15]. The meas
zeta potential values are scattered about a mean val
approximately 100 mV; they are comparable to the dat
Scales’s experiment for KCl on silica. Our experimental d
show a slightly stronger dependence of zeta potential on
centration than the prediction of the GSCG model, but
dependence is clearly weaker than the Gouy–Chapman
diction.

3.1. Thermodynamic efficiency

Thermodynamic efficiency as a function of pressure
investigated for pumps of varying pore radius and thickn
Experiments were conducted at 100 V with 1 mM (Na+)
borate buffer (pH 9.2,σ∞ = 77 µs/cm). We compared th
experimental data with our model prediction, as shown
Fig. 10. The experimental data were calculated from
definition in Eq. (6) and direct measurements of flow ra
current, and pressure. The experimental data are show
gether with the predictions given by Eq. (6). The values oθ

are 1562, 1312, 409, and 343 for the experiments shown
experimental data are in good agreement with the model
diction, with the exception of data in the high-backpress
y

d
f

-

-

-

-

Fig. 10. Pump thermodynamic efficiency as a function of pressure. E
iments were conducted at 100 V with 1 mM (sodium ion concentrat
borate buffer (pH 9.2,σ∞ = 77 µs/cm). The experimental data were ca
culated using measured values ofI,Q, and
P . Shown together with the
experimental data are model prediction based on Eq. (6).θ is estimated by
Eq. (7) and the results of the preliminary calibration experiments.

region. Because of the recirculating nature of the flow in
regime, the pump operates at a temperature a few de
higher than for the high-flow-rate operation. As predic
for θ values significantly greater than unity [1], the optim
pressure condition for thermodynamic efficiency is appro
mately
P ′ = 0.5. The thermodynamic efficiency is high
dependent on the pore radius,a (scaling as 1/a2), and has
only a weak dependence on the thickness,L.

The thermodynamic efficiency for varying buffer co
centrations has also been investigated. The borate b
concentrations listed in Table 2 were used at 100-V
plied potentials for two pumps with pore diametersa1 =
1.2 µm anda2 = 0.55 µm (both with thickness 4.8 mm
Again, efficiency is determined directly using measurem
of pressure, flow rate, voltage, and current. Shown toge
with these efficiency measurements are predictions base
Eqs. (8)–(10). In this buffer range,θ varies between 92 an
1.3 × 104, so that, to first-order accuracy, the optimal pr
sure condition for thermodynamic efficiency is near
P ′ =
0.5. Again, note that buffer concentrations significantly
low 0.1 mM were impractical because pump operation g
erated prohibitively large fluctuations in pH. In this calcu
tion, we use a Debye length based on the concentratio
sodium ions in solution (consistent with our symmetric el
trolyte approximation) and the measured bulk conductiv
Both experimental data and predictions made using this
proach are shown in Fig. 11. As predicted by the mo
thermodynamic efficiency increases steadily with decr
ing ionic strength in the range of interest (see Fig. 1).
model successfully captures the effect of pore size on s
ing efficiency.

The thermodynamic efficiency data highlight another
portant design issue: the tradeoffs between pH stability, t
modynamic efficiency, and absolute pressure and flow
performance of a frit pump. We have found that a pract
lower limit on ion density for our borate buffer is appro
imately 0.2 mM ionic concentration (required to prese
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Fig. 11. Optimal pump thermodynamic efficiency (obtained here at

P = 
Pmax/2 point) as a function of nondimensionalized electroly
ionic concentration. Borate buffer concentrations vary from 0.2 to 4
(Na+) as described in Table 2. Experimental data are shown for two pu
with pore sizesa1 = 1.2 µm anda2 = 0.55 µm, both with thickness 4.8 mm
Solid lines are model predictions from Eq. (8) for the two cases.

pH stability in the region just upstream of the pump). F
the 1 mM buffer we chose for many of the experime
in our paper, we have observed steady-state pump pe
mance consistent with our models for long term (>24-h)
experiments. The thermodynamic efficiency data of Fig
suggest that the peak point of optimal thermodynamic
ficiency would occur ata∗ = 2.5. At the minimum prac-
tical ionic density, this translates to a pore diameter
0.1 µm, so that smaller pores are favorable to increase
sure performance. However, such a pump not only is
ficult to fabricate but would have significantly reduced a
solute flow rate performance because of the effects of fi
electrical double layers. For example, for equal geom
and surface chemistries, such a pump is expected to de
4×10−2 (ml cm)/min/V (flow rate per field) and 1.1 atm/V
(pressure per voltage), which can be compared to the c
sponding 7× 10−2 (ml cm)/min/V and 1.3 × 10−2 atm/V
values for our prototype pump (4-cm frit labeled S in T
ble 1). For a designer of practical pumped-loop syste
there is therefore an important tradeoff of absolute pu
pressure and flow rate performance versus required p
for any given pump size. This tradeoff will be particular
important in potential portable applications of this techn
ogy such as two-phase cooling of laptop computers or fl
pumping applications in handheld devices.

3.2. Gas recombination device characterization

Lastly, we present an evaluation of our gas recomb
tion approach. Two experiments were performed. First, a
of experiments were performed in a closed reaction ce
compare the performance of several catalyst materials,
second, a demonstration of the implementation of the
control and recombination components shown in Fig. 13
performed for a pump in a closed-loop system operating w
a finite pressure load. The results of the first experim
-

-

r

-

r

Fig. 12. Initial tests of three types of catalysts with a source curren
50 mA in the closed test cell shown in Fig. 5. The test cell was half-fi
with 0.1 N NaOH solution, leaving a headspace of about 13 ml in wh
the gas would collect and increase pressure above ambient. Approxim
5 V was applied across a pair of Pt electrodes. The Faradic current prod
approximately 0.65 ml/min gas at standard temperature and pressure.
best-performing catalyst was the material manufactured by Atomic En
of Canada Limited, which kept the pressure of the cell below 0.1 atm.

are shown in Fig. 12. Four candidate platinum-based c
lyst materials selected were (1) 1/8′′ Pt-coated aluminum
ceramic beads commercially from Alfa Aesar (Ward H
MA); (2) beads provided by Atomic Energy of Canada Li
ited; (3) a platinum/carbon elastomeric sheet test sam
and (4) Pt-coated carbon mesh, commercially available f
Electrosynthesis (Lancaster, NY). The figure shows the p
sure of the test cell as a function of time for a current
50 mA. In this simple experiment, the Electrosynthesis m
terial showed no catalytic activity up to 1.5 atm (data
shown). We found the Alfa catalyst(s) to be ineffective
recombining, as evidenced by the increasing pressur
0.5 atm. In repeated tests of the SRI–Teflon sample, a p
sure decrease was observed and consistently related t
dimension of the sample sheet, which is indicative of c
alytic activity. The best-performing catalyst was the mate
manufactured by Atomic Energy of Canada Limited. For t
material, after an initial increase in pressure to 0.1 atm,
cell pressure decreases as gas recombination was acti
These results suggest that, in general, catalyst require
activation pressure before working effectively (at least w
catalysts initially at room temperature). One important
sult from these experiments is a validation of the importa
of the hydrophobicity of the catalyst material surface.
H2 and O2 recombine, the reaction product (water) tends
form a film on the catalyst. For relatively hydrophilic m
terials (e.g., bare platinum), this water film prevents furt
exposure of reactants to platinum. An important aspect o
AECL catalyst is that the (tailored) hydrophobic nature
the material’s surface promotes beading of the water, w
then drops off the catalyst and exposes new surface.

The results of the second catalyst experiment are sh
in Fig. 13. The AECL catalyst was integrated into the pu
device and placed within a closed fluidic loop system
shown schematically in Fig. 13. The plot shows gauge ch
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Fig. 13. System pressure in a hermetically sealed closed-loop pum
with and without a sample of the AECL catalysis demonstrating the
fectiveness of the catalytic recombination and gas control system. Wi
catalyst the experiment was terminated when the system gauge pr
rose to 0.4 atm; with catalyst, the system gauge pressure was main
below 0.1 atm.

ber pressure under steady-state electrolysis for 5 h at 10
Without a catalyst in the system, the absolute system p
sure of this closed loop rises quickly to more than 0.4
(gauge) where the experiment is terminated. With a cata
the sealed closed-loop system maintains a pressure u
0.1 atm for more than 5 h. In these experiments the pres
level upon deactivation of the pump electrodes was m
tored in order to verify that the leak are rate of gases to
environment was negligible.

The pressure differential across the load valve in
closed-loop catalyst experiments was about 0.1 atm (app
imately 10% of the pump’s maximum pressure capac
For a newly fabricated system, the membrane success
bypassed the hydrogen gas into the upstream section o
pump. However, after the system ran for a few days,
membrane showed signs of fouling and/or degradation
was less effective. This resulted in a condition where som
the hydrogen generated at the cathode did not pass thr
the membrane but exited through the outlet tube and flo
through the fluidic loop to the upstream side of the pu
(where it then recombined with oxygen). In all cases, hyd
gen and oxygen re-combined in the upstream region o
pump and the system pressure remained constant as s
in Fig. 13. We are currently reevaluating the design and
formance of the gas control system.

4. Conclusions

Sintered porous glass EO pumps have been designe
fabricated. The pump performance has been characte
experimentally and compared to a theoretical model
sented by Yao and Santiago [1]. The nondimensional sca
suggested by the model was shown to adequately coll
pump performance data including pressure, flow rate,
efficiency across variations in geometry (including pore s
and pump length), voltage, electric field, and ionic conc
t

e

.
-

r

-

e

h

n

d
d

tration. The numerical model overpredicts the absolute
rate, total current, and pump pressure by, respectively, 2
33%, and 21% in the case of the 2.4-µm pore diameter
and by 36%, 36%, and 49% in the case of the 1.1-µm
diameter frits. At least part of this discrepancy may be
to the random geometry of pores in the glass frit struct
which is clearly different from the idealized cylindrical po
geometry of the model and has a polydisperse pore
distribution. Future work will be aimed at resolving th
discrepancy between our porous structure model and p
performance. The model is an excellent predictor of p
formance trends and is therefore useful to designers o
pump systems. The model can be used to design oper
potential and working electrolyte ionic concentration giv
preliminary calibration experiments to determine pore s
porosity, tortuosity, and electrode/pump coupling charac
istics (including overpotential and electrode-to-frit spacin
This design process is particularly useful in weighing
tradeoffs between pH stability, absolute pressure and
rate performance, thermodynamic efficiency, and struct
strength of the frit material. Given these insights and our o
empirical observations of pump performance, we have b
able to design a compact and fairly robust device abl
provide a pressure and flow rate capacity applicable to h
heat-load cooling. For example, one of our prototype pu
(with an active pumping structure volume of less than 2 c3)
can generate maximum flow rates and pressure capacit
33 ml/min and 1.3 atm, respectively, at 100 V.

We have also demonstrated several packaging and
control strategies for the implementation of EO pump
technologies. The design uses gas-permeable Teflon m
branes to allow cathodic hydrogen gas to bypass the p
output flow stream and combine directly with oxygen g
produced on the upstream, low-pressure side of the pu
On this low-pressure side, the system uses a platinum-b
catalytic recombination device to recombine of the e
trolytic gases to liquid water. A 5-h test with the catal
showed that the sealed closed-loop system kept the pre
under 0.1 atm.
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Appendix A. Nomenclature

A Cross-sectional area (m2)
E Electric field (V m−1)
I Current (A)
L Length (m)
Le Average length along the pore path (m)
P Pressure (Pa)
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P Pressure capacity (Pa)
Q Flow rate (ml min−1)
Rd Resistance of electrode-to-frit space ())
V Potential (V)
WP Pressure work (W)
∀ Total volume of the porous medium (m3)
∀e Void volume of the porous medium (m3)
a Pore radius (m)
c∞ Electrolyte concentration (M)
e Elementary charge (C)
k Boltzmann constant (J K−1)
n∞ Electrolyte number concentration (m−3)
r Radial coordinate (m)
z Charge number (–)
Λ Molar conductivity (S m2 mol−1)
β Nondimensional advective current parameter (–
ε Permittivity of liquid (C V−1 m−1)
γ Gas-to-liquid volume flow rate ratio (–)
η Thermodynamic efficiency (–)
θ Nondimensional efficiency parameter (–)
λ Debye length,λ= (εkT /2e2z2n∞)0.5 (m)
µ Viscosity (Pa s)
σ∞ Electrolyte conductivity (S m−1)
ϕ Electrical potential (V)
ζ Zeta potential (V)
τ Tortuosity,τ = (Le/L)

2 (–)
ψ Porosity,ψ = ∀e/∀ (–)

Subscripts

an Anode
app Applied value
cat Cathode
dec Decomposition
eff Effective value
max Maximum value
o Overpotential (overvoltage)
opt Optimal value
+ Cation
− Anion
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