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We show that the performance of a streaming-potential based microfluidic energy conversion system
can be strongly enhanced by the use of two phase flow. Injection of gas bubbles into a liquid-filled
channel increases both the maximum output power and the energy conversion efficiency. In single-
phase systems the internal conduction current induced by the streaming potential limits the output
power, whereas in a two-phase system the bubbles reduce this current and increase the power. In our
system the addition of bubbles enhanced the maximum output power of the system by a factor of 74
and the efficiency of the system by a factor of 163 compared with single phase flow.

Introduction

Energy has become an important topic in scientific research. In
particular, novel environmentally-friendly energy conversion
systems are required. The developing “lab on a chip” technology
provides new opportunities to convert fluidic mechanical energy
to electrical energy.!

Electro-kinetic phenomena, such as electro-osmotic flow and
streaming current, convert electrical energy into mechanical
energy or vice-versa.? In this paper we consider the use of
streaming potentials to convert mechanical energy into electrical
energy. Most solid surfaces in contact with an aqueous solution
become electrically charged, due to the dissociation of charged
groups on the surface. This leads to the formation of an electrical
double layer (EDL) consisting of the charged surface together
with a diffuse cloud of mobile counter-ions in the adjacent fluid.
If we apply an external pressure difference between the ends of
a liquid-filled channel, the mobile ions move with the flowing
liquid, thereby creating an electrical current. By placing elec-
trodes at the two ends of the channel, we can capture the elec-
trical energy. As a result, mechanical energy can be converted
into electrical energy in a straightforward and effective manner.
This is the converse of electro-osmosis, in which an imposed
electric field generates fluid motion.

In the past, investigators have studied the performance of such
fluidic energy conversion systems using single phase (water) flow.?
Yang et al* noted that the streaming current in fluidic channels
could be a simple and effective energy conversion system, but in the
examples they considered the energy conversion efficiency was less
than 0.05%. Subsequently many researchers have tried to enhance
the energy conversion efficiency by using nano-channels with EDL
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*Department of Applied Mathematics and Theoretical Physics, University
of Cambridge, United Kingdom

overlap, and efficiency has reached about 3 to 5% in single nano-
channels® and nanopores® respectively. Recently, Duffin and Say-
kally”® used microjets to enhance the energy conversion efficiency
to above 10%.

Streaming currents or potentials generated by multiphase flow
have been studied for geophysical, mineral and petroleum
applications involving large length scales.®** In this paper, we
investigate the effect of two-phase flow on energy conversion at
the microscopic scale, and show that the injection of bubbles into
a liquid channel strongly increases both the maximum output
power and the conversion efficiency.

Principle

A streaming potential generates both a current I.y, through the
external circuit, and an internal conduction current I flowing in
the channel in the opposite direction to the streaming current g =
Iexe + Ic (see Fig.1). In the two-phase flow system, gas bubbles with
almost zero conductivity are injected into the moving liquid phase.
The gas bubbles occupy most of the cross-sectional area of the
channel, leaving little space for ion transport.’*** As a conse-
quence the electrical resistance of the channel increases,
decreasing I and making Iy, higher than in single phase flow. As
a result, the power delivered to the external circuit increases. At
the same time the input power needed to generate the flow is not
significantly affected, so that the power conversion efficiency
increases. We used one of the simplest ways to generate gas
bubbles in our system, namely a T junction (shown in Fig. 1a).

Experimental setup

A gas source (99% purity N») was used both to drive the liquid flow
and to generate gas bubbles. The gas source was connected to a gas-
tight bottle filled with a liquid solution that was forced into a micro-
fluidic chip via fused silica tubing (44 cm long, 150 um ID) (Fig. 1b).
The chip outlet was connected to a waste reservoir via fused silica

4006 | Lab Chip, 2011, 11, 4006-4011

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1lc20423h
http://dx.doi.org/10.1039/c1lc20423h
http://dx.doi.org/10.1039/c1lc20423h
http://dx.doi.org/10.1039/c1lc20423h
http://dx.doi.org/10.1039/c1lc20423h
http://dx.doi.org/10.1039/c1lc20423h
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC011023

Downloaded on 29 November 2011
Published on 20 October 2011 on http://pubs.rsc.org | doi:10.1039/C1L C20423H

View Online

Electrodes

fVch*ffj gas inlet | =
meter ’ ' ] ‘ '
| T

Zi /‘ Z, 2 23“/

[
KCl solution Chip

wasite

Ig) Isy Is3 Is4

Fig. 1 (a) Schematic of the experiment. (b) The main sections of the
experimental setup. (c) The equivalent circuit of the energy generation
system, divided into 4 sections. Ig; and Z, refer to the inlet tubing; Is, and
Z, to the chip channel before the T junction; Is; and Z; to the chip
channel after the T-junction and Ig4 and Z, to the outlet tubing.

tubing (15 cm long, 100 pm ID). A flow meter (Fluigent Maesflo)
measured the liquid flow rate Q. The gas source was furthermore
directly connected to the chip in order to generate gas bubbles. The
pressures of the two gas paths were controlled individually using
a high accuracy gas pressure pump (Fluigent MFCS). The resulting
gas/water two-phase flow was collected in the waste bottle. Two
Ag/AgCl electrodes inserted into the gas-tight solution bottle and the
waste bottle allowed electrical measurements. Voltages were applied
by a Keithley 2410 voltage source, and currents were measured by
a Keithley 6485 pico-ammeter. A 1ImM KCl solution (bulk conduc-
tivity 140 4 10uS cm™") was prepared from diluted 1M KCl and the
pH adjusted to 9.2. Nonionic surfactant Tween 20 at critical micellar
concentration (9.23 x 107> M) was added to the solution to assure the
reliable generation of gas bubbles. A chip with a T junction channel
for bubble generation was fabricated by wet etching in borofloat
wafers, containing channels of width w = 40 um, height # = 10 um.
and length L = 3.8 mm with the T junction in the middle.

Equivalent circuit

Suppose that fluid of viscosity n flows along a channel of length
L, width w and height / due to a pressure difference AP between
the ends of the channel. If charge clouds are thin compared to the

channel dimensions (w, h), the electrical streaming current
generated by convection of the ionic charge cloud adjacent to the
charged walls of the channel is

Is = —eeq{whAPInL (1)

where g is the permittivity of free space, € the relative permit-
tivity of the fluid and ¢ the electrical (zeta) potential at the shear
plane of the channel walls. The flow circuit, depicted in Fig. 1(b),
consists of four different channel sections connected in series,
and an equivalent circuit of the energy conversion system is
shown in Fig. 1(c). Each section (numbered i) can be considered
as a constant current source with an internal electrical resistance
Z;, the latter determined by the channel cross section, length and
solution conductivity. The channel system is finally connected in
series with the external resistance Z.. The resistance of the
Ag/AgCl electrodes to charge transport is neglected. When gas
bubbles are injected into the system, the electrical resistances Zs,
Z,4 after the T junction vary with the volume fraction of gas, and
are therefore marked as variable resistors. From Kirchhoff’s
laws, we obtain the streaming current of the entire system:

_ I Z) + 1275 + I3 73 + 15424

I
s Zi+ 7o+ 73+ Za

(@)

If no current flows in the external circuit, the streaming
potential of the system can be expressed as:

Us=I1Zy + IsoZy + Is3Z3 + I54Z4 3)

Assuming all of the resistances obey Ohmic laws, the output
power attains its maximum value when Z,,, = Z, + Z, + Z; +
Z4'° so that the external current is Is/2 and the output power is

Us1Zy + 122y + Is3Z5 + 15424)2

P max — 4
o YZ+Zo+ Zs+ Za) @

Eqns (2) and (4) indicate that the streaming current and output
power of a single section become dominant when its resistance is
much larger than that of the other sections. After injection of gas
bubbles, Z; and Z, increase and the streaming current generated
in these two sections becomes more important, which will explain
our experimental results shown below. Due to the large diameter
of the tubing in section 4, the bubbles in this tubing at moderate
gas flow rates occupy only a small part of the cross-sectional
diameter in the outlet tubing, so that Z, changes little. At high
gas pressure however, gas bubbles start to fuse to form slugs in
the outlet tubing, thereby increasing Z4. We shall ignore this
effect in our theoretical analysis of energy conversion in the chip
(section b below), in which Z4 will be considered constant and
equal to its value in single phase flow.

Results and discussion
a. Characterization of the entire system

We maintained a constant inlet liquid pressure Py = 1 bar in the
gas-tight bottle connected to the liquid inlet tubing, and gradu-
ally increased the gas injection pressure P, so as to introduce gas
bubbles. Snapshots of gas bubbles were taken by a high-speed
camera (Photron SA3). The volume of the gas bubbles was seen
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to increase with P, (Fig. 2). From the measured length, frequency
and velocity of the gas bubbles, we estimated the gas volumetric
flow rate and volume fraction, as discussed below. Since the gas
volume fraction varies within the different sections of the system,
we first discuss the electro-kinetic behavior of the entire system as
a function of the measured gas injection pressure P,; then in
section b we focus upon the chip, and consider the electro-kinetic
behavior of 2-phase flow within the chip as a function of the
estimated gas volume fraction f,.

To establish the maximum output power of the system, we
performed an I-V characterization of the system by applying
different voltages against the streaming potential between the
electrodes, a procedure equivalent to introducing larger load
resistances (see Fig. 3a). When the voltage imposed across the
electrodes was zero, the current in the external circuit I, equaled
the streaming current of the system Is. When the voltage was
increased, I decreased and the conduction current I¢ (in the
opposite direction to the streaming current) increased. When
the current I through the external circuit was reduced to zero,
the conduction current balanced the streaming current and the
applied voltage equaled the streaming potential Ug. We thus
obtained the streaming current Ig, the streaming potential Ug
and the electrical resistance Zg = Z; + Z, + Z5 + Z4 = Ug/Ig of
the entire system. The maximum output power then follows from
eqn (4). The aim of this paper is to show that Zg, and conse-
quently Po max, strongly increase following the introduction of
bubbles.

At a gas injection pressure P, = 600 mbar no gas bubbles were
generated. The streaming current in the resulting single phase
flow was measured. The experimental data are shown as solid
black squares on Fig. 3b, whereas blue open squares indicate
theoretical predictions. Results for single-phase flow indicated
that in the solution of Tween 20 non-ionic surfactant the zeta
potential on the microchip wall was —40 mV (solid black square
and open blue square at P, = 600 mbar). Without surfactant the
streaming current measured in 1 mM KCL solution indicates
a zeta potential of —60 mV (solid red dot, together with open red
triangle at P, = 600 mbar). The presence of Tween 20 thus
decreases the zeta potential: a similar tendency has been observed
for glass surfaces in soy bean protein!’ and in other non-ionic
surfactant solutions.'® Data points and error bars in Fig. 3(b)
indicate averaged values and standard deviations from at least
three independent experiments. The streaming current increased
slowly with gas inlet pressure for P, < 800 mbar and then more
rapidly for P, > 800 mbar. This increase is to be expected by eqn
(2): the pressure gradient in the chip is much larger than in the

Fig. 2 Gas bubbles injected at gas injection pressure P, = (a) 650 mbar,
(b) 750 mbar, and (c) 900mbar. Bubble volume increases with gas injec-
tion pressure. The T junction is located at the top left of each figure. Scale
bar in (c) indicates 20pum distance.
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Fig. 3 (a) I-V characterization of the system during single-phase water
flow (black squares) and two-phase gas/water flow (red, blue, green); (b)
streaming current of system as a function of gas injection pressure Py; (c)
electrical resistance of system as a function of P; (d) maximum output
power of system as a function of P,. Open blue symbols indicate theo-
retical values.

tubing (due to the smaller channel cross-section in the chip), and
so the streaming currents Ig, and Ig; generated in the chip are
much larger than Ig; and Ig4 in the tubing. The increase of
resistance Z3 by injection of gas bubbles makes the (high)
streaming current in the chip dominant in eqn (2), which leads to
the observed streaming current increase of the system. At P, =
950 mbar, Is was found to oscillate between 100 pA and 2 pA
(approximately the values of Is3 and Ig4). We attribute this to
random fusion of gas bubbles, and when P, reaches 1000 mbar
the continuous fusion of gas bubbles causes Z, to dominate the
electrical resistance of the entire system, so that Igy (1.6 pA
theoretically compared with 1.52 pA experimentally in single
phase flow) becomes the measured system streaming current
according to eqn (2).
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The predictions for the streaming current, electrical resistance
and output power in Fig. 3 (open blue squares) were obtained as
follows. The AP over sections 1 and 2, which contain only water,
can be predicted from the measured flow rate Qp and the
hydraulic resistance, which for the rectangular channel of section
2 is based on:**

AP s[16 h K

The streaming current in sections 1 and 2 can then be estimated
by eqn (1). We assume that the streaming current generated by
2-phase flow in section 3 is the same as for single phase flow (as
suggested by the results of section b below). Assuming that gas
bubbles do not coalesce in the outlet tubing, the streaming
current in section 4 changes little from that for single phase flow
at the new flow rate (and Ig4 is in any case so small that it has
negligible effect in eqn (1)). Changes in the electrical resistance Z4
of the section are negligible as long as P, is sufficiently small for
gas bubble coalescence not to occur. The electrical resistances Z;,
Z, of sections 1 and 2 are unchanged, and the electrical resistance
Z; of section 3, containing bubbles, is estimated using the bubble
dimensions, as discussed in section (b) below. The total electrical
resistance Zg of the system could therefore be predicted from the
channel geometry and water conductivity and hence the
streaming current of the entire system could be estimated by
means of eqn (2). Fig. 3 shows the predicted streaming current,
electrical resistance and output power (open blue squares).

The two phase flow electrical resistance Zg of the entire system
was measured, as described above. Fig. 3(c) shows that Zg
strongly increased with gas injection pressure P,. This is to be
expected: as P, increases, the volume of gas bubbles occupying
the liquid channel increases and the conductive area of the
channel is reduced. It should be noted that theoretical prediction
is smaller than the experimental value at high P,. This is probably
due to fusion of gas bubbles, which form slugs in the outlet
tubing as already mentioned above, thereby increasing 7.

We conclude that gas bubbles increase both the streaming
current and the electrical resistance of the system. The maximum
output power can be predicted from eqn (4), using the resistance
and streaming current measured when no bubble fusion occurred
in section 4. When P, = 950 mbar, Po max Was found to be greater
than for single phase flow by a factor of 74.

To calculate the system efficiency, the input power P;, was
determined as the sum of the gas input power and liquid input
power:

Py = APi-Qi=AP,-Q, +APL-Q; (6)

The liquid flow rate Q; was measured by a flow meter; the size
and frequency of gas bubbles (and hence the gas flow rate Q)
could be obtained from hi-speed camera movies. The volume of
each gas bubble increased with the gas injection pressure (Fig. 2).
At P, = 600 mbar no gas bubbles were generated, and Q, = 0.
With increasing gas pressure, the gas flow rate increased, but the
presence of gas bubbles led to a reduction in Qp at constant
liquid pressure.' Our experimental results indicate that Q, was
much smaller than Qp, so that the total input power was domi-
nated by the liquid phase according to eqn (6).

Fig. 4(b) shows that the input power gradually decreased with
gas injection pressure, being halved at 950 mbar. Also shown is
a theoretical prediction of the input power for single phase flow,
calculated using eqns (5) and (6).

The energy conversion efficiency (Eff) is the ratio of the
maximum electrical output power Po max to the mechanical input
power Py,

Eﬁ:PO.MaX _ ISZZS/4
’ Pin Qng + QLPL

The combined effect of increased maximum output power and
decreased input power massively enhanced the system energy
conversion efficiency by a factor 163 above that for single phase
flow (Fig. 5).

@)

b. Characterization of the chip channel

The strong enhancement of the maximum electrical power
output for the system as a whole is partly due to the increasing
output power of flow section 3 (see Fig. 1) and partly due to the
increasing dominance of section 3 in the system efficiency. Both
are caused by the introduction of bubbles and the resulting
increase of Z3 (see eqn (4)). Since section 2 of the system (channel
before T junction) is occupied only by single phase water, the gas
bubbles do not influence its electrical resistance Z,. The part of
the system of greatest theoretical interest therefore is the chip
channel past the T-split where bubbles are injected. With suitable
assumptions, discussed below, we can determine the increase of
output power and efficiency for this section of the system sepa-
rately. We can thus determine how the maximal output power
and efficiency in a microfluidic channel are influenced by two-
phase flow.

Electrical resistance increase by two phase flow

Gas bubbles decrease the conductive area of the channel, thereby
increasing the channel resistance. To estimate this resistance, we

T T T T
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Fig. 4 (a) Gas flow rate Q, (red) increases with increasing gas volume
fraction and liquid flow rate Qp (black) decreases. (b) The total input
power P;, (defined by eqn (6)) decreases when gas bubbles are injected
into the liquid system.
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Fig.5 The efficiency enhancement ratio (ratio of maximum efficiency in
two-phase gas/water flow to that in single phase flow (Eff,/Effs)). Inset
figure represents the absolute value of the maximum efficiency.

neglect the spherical end-caps of the bubbles, and consider the
contribution of the body of the gas bubbles.

A schematic of gas bubble flow in the channel is illustrated in
Fig. 6(a) and a cross-sectional view through a bubble is shown in
Fig. 6(b). The rectangular cross-section is an approximation of
the actual channel shape, which has two corners rounded off as
a result of the isotropic etching procedure for manufacturing.
The contribution of the liquid film near the wall to the conductive
area can be ignored compared with the area of the liquid-filled
corners, which was estimated as #*(1 — 7t/4). From our calcula-
tion the conductive area (KCl solution) occupies 5.4% of the
total cross-sectional area, which indicates that the resistance Z;
per unit length of a bubble-filled channel will be about 18.6 times
the resistance Zg of the solution-filled channel.

From a movie of gas bubble flow, we measured the length (and
hence the average volume) of the gas bubbles close to the
T-junction. According to Boyle’s law, the gas bubbles expand by
a factor approximately 1.5 as they move from the T junction to
the channel exit. We therefore assume the average length L, of
the gas bubbles to be a factor 1.25 greater than their length near
the T-junction. The average bubble velocity u and generation
frequency f were estimated from the movie, and the distance
between the leading edges of two consecutive gas bubbles was
taken to be u/f. The number of gas bubbles (and liquid slugs of
length Lg = u/f—L,) in the channel of length L; was therefore n =
Lsflu. We neglect the volume of the bubble spherical end-caps

| Top vie
I
| 40um
|
1

Main channel

5
A r Twater film . B
Sum |o Corner flow
(b) y Cross-section view

Fig. 6 A schematic (not to scale) of gas bubbles flowing in the main chip
channel. Top view (a) and cross-section (b). The cross-sectional area of
the liquid film near the wall can be ignored compared with the area of the
liquid-filled corners.

and the liquid volume in the corners, and estimate the gas volume
fraction in section 3 as f, = nL,/L;. The gas volume fraction in
the liquid channel increases with gas injection pressure as shown
in Fig. 7. The error bars at higher pressure are caused by
increasing variation in the generation process. At low gas injec-
tion pressure, the deviation of the bubble dimension is quite
small; while at high gas injection pressure, the size variation of
gas bubbles becomes larger. We attribute this to the random
fusion of gas bubbles in the outlet tubing (section 4), which
causes feedback to the generation of gas bubbles via the fluidic
resistance of the system. The total electrical resistance of section
3 of the channel was estimated as Z; = (Z,L, + ZsLg)n =
[Zwfe + Zs(I — fg)lL;. The predicted electrical resistance thus
increases linearly with gas volume fraction f,.

From the calculated resistance increase in section 3 and the
experimental results for the resistance variation in the whole
system, the streaming current in the chip channel past the
T-junction Ig3 could also be predicted using eqn (2) for both
single phase flow and two-phase flow. The result is shown in
Fig. 8(a). As can be seen, the streaming current in section 3 stays
almost constant and equal to the value in single phase flow.

We now take the average value of Is3 (150 pA) (Fig. 8a) and
the theoretically derived value for Z; as input for calculating the
efficiency of section 3. To determine the efficiency of section 3,
the input power for this section must be estimated. Sections 1 and
2 contain only water flowing at the measured flow rate Qp, so
that AP; and AP, can be computed. Assuming gas bubbles
remain small (no bubble fusion) the pressure drop AP, in section
4 can be approximated by that of water flowing at a volumetric
flow rate QL + Q. The pressure drop over section 3 could
therefore be estimated as AP; = AP; — (AP, + AP, + AP,). The
liquid and gas flow rates are the same as those for the entire
system (Fig. 4), so that the input power P;,; can be estimated as
P;,3 = AP;Q, + AP,Q,, with AP, taken equal to the injection
pressure P,. By eqn (7), we could then estimate the efficiency in
section 3 as Eff = 23 Z3/4P;.

Taking a constant streaming current and an observed eight-
fold increase of electrical resistance, we found that the total
output power of section 3 was enhanced by 8 times with respect
to single phase flow (Fig. 8b). Moreover, due to the increase of
the pressure drop over section 3 and the decrease of the liquid
flow rate, the input power decreases slightly. Hence, the
maximum efficiency of section 3 will increase 11.3 times with
respect to single phase flow (Fig. 8b inset).
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Fig. 7 Observed gas volume fraction f; as a function of gas injection
pressure P,. Error bars indicate the inhomogeneous gas bubbles.
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Fig.8 (a) predicted streaming current Ig; in section 3 of the chip; the red
line is a linear fit; (b) efficiency as a function of the gas injection pressure
P,; inset figure: efficiency ratio in section 3 (assuming a constant
streaming current of 150 pA).

Discussion on efficiency

Though the absolute efficiency is strongly increased by the two
phase flow, it is still very low in our system. There are several
ways by which it might be increased. Methods adopted in single-
phase flow are to reduce the salt concentration in the solution,
thereby reducing its electrical conductivity, and to decrease the
channel cross section.?® An approach specific to our two-phase
flow system would be to use cylindrical channels instead of
rectangular ones. As shown in Fig. 6, in our chip the corners of
the rectangular channels are always wetted by water, and provide
a continuous path for electrical conduction even when the gas
volume fraction is high. In a cylindrical channel the liquid film
between the bubble and the capillary walls will be thin at low flow
rates,? leaving only surface conductivity.’® The electrical resis-
tance Zy, will therefore be larger, as will be the maximum power
output.

In conclusion, we successfully operated a two-phase flow
streaming energy conversion system. Both the streaming current
and the electrical resistance were increased by injecting gas
bubbles and the output power and energy conversion were
strongly enhanced.
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