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Chapter 1 

Introduction 

 
 

 

 

 

This chapter introduces the principle of energy conversion from the streaming 

potential. Present work including experiments and theoretical predictions to 

improve the energy conversion efficiency are reviewed. Aims, methods and outline 

of this thesis are presented. 
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1. Introduction 

With the rapid growth of the economy and population in the past decades, the 

electrical energy consumption increases rapidly. According to research by Paul B. 

Weisz [1], the consumption of oil increased 16 times since 20
th
 century, while the 

prediction from research indicates that the peak and subsequent decline in world oil 

production will probably occur within the next few decades. In order to prevent 

energy crisis from traditional energy sources, people are eager to find new energy 

sources instead.  

The other important issue to consider when developing new energy sources is the 

“greenhouse effect”. Traditional energy sources such as mine oil and coal produce 

large quantities of CO2, which was pointed at as the main reason of climate change 

on earth. The United Nations Frame work conventions‟ researched the historical 

carbon emission level and pointed at the need of “stabilization of greenhouse-gas 

concentrations in the atmosphere at a level that would prevent dangerous 

anthropogenic interference with the climate system”. [2] 

To meet the demands of energy consumption, new energy sources are under 

research and development, and this has become one of the most important research 

topics. In particular, novel environmentally-friendly energy conversion systems are 

required. Because of the recent development of micro-machined techniques, more 

and more novel method for energy harvesting using micromachining are invented, 

to find potential paths to replace traditional energy sources. To increase the energy 

harvesting efficiency thereby is one of the most important goals. High efficiency 

and high power density while using environmentally-friendly devices or materials 

are preferable for future applications. The table below lists the energy conversion 

properties of micro-scale devices [3]: 
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Table 1: the examples of micro-machine for energy harvesting 

Machine Energy input Energy output Typical 

Efficiency 

Advantages Ref. 

Micro heat engine  Heat  Electrical 37% High power 
density 

[4-6] 

Micro fuel cell Chemical Electrical Up to 60% High power 

density 

[7] 

MEMS piezoelectric Vibration Electrical 7% More kT energy [8] 

Photovoltaic cells Solar Electrical 12% Better engineered 

materials 

[9] 

Nanostructured 

materials 

Heat, electrical, 

chemical 

Electrical N/A Nanoscale only [10] 

Biologically inspired 

approaches 

(Bio)chemical (Bio)chemical, 
Electrical 

N/A Nanoscale only [11] 

Thermo-acoustics Heat Acoustical 3% Can pump 

microchannels 

[12] 

Streaming potential Pressure Electrical 3-5% Nanoscale only [13-15] 

 
The developing „„lab on a chip‟‟ technology provides new opportunities to convert 

fluidic mechanical energy to electrical energy.[16] Electro-kinetic phenomena, 

such as the streaming current, can convert mechanical energy into electrical 

energy.[17] In this thesis we consider the use of streaming current to convert 

mechanical energy into electrical energy.  
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2. Microfluidic Energy conversion  

2.1 Electrical double Layer (EDL) 

 
Figure 1 shows the surface potential distribution in liquid phase. 

At most interfaces of a liquid with a solid, liquid or the gas phase, the interface will 

acquire charges, due to chemical bond dissociation or adsorption. This surface 

charge introduces an electrical potential distribution in the liquid. In the liquid,  for 

example water, ions of the opposite polarity to the surface charge, named counter-

ions, are attracted by the electro-static Coulomb force, forming the electrical 

double layer (EDL). According to Gouy-Chapman-Stern theory, the EDL can be 

divided into two layers (as shown in figure 1): a first layer of ions assembled at the 

interface, named the Stern layer, and another layer of counter-ions distributed in 

the liquid according to the equilibrium of thermal and electrical forces, named the 

diffuse layer.  

2.2 Zeta potential and streaming potential 

To well describe electrical kinetic phenomena, an artificial plane was introduced - 

called the slipping plane – at which the potential with respect to the bulk potential 

is called the zeta potential. It therefore describes the surface electrostatic potential 
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at the position of fluidic slipping plane. It is based on the assumption that only the 

counter-ions outside of the liquid slipping plane can be driven by fluid. Hence, the 

zeta potential dominates the electro kinetic properties near a charged object‟s 

surface.  

When water flows through a surface-charged channel, counter-ions past the 

slipping plane move with the water and produce electrical current. When this 

current is picked up by two electrodes at the channel ends and there is no external 

load resistance connected between them, the current flowing through the circuit is 

maximal. This maximum current is called the streaming current. By increasing the 

load resistance, an electrical potential difference is generated between the ends of 

the channel, producing a conduction current in the channel with opposite direction 

to the streaming current. When  the voltage produces a conduction current that 

totally balances the streaming current, the generated voltage reaches its maximum 

value, named the streaming potential.  

2.3 Principle of energy conversion 

In this thesis, we focus on energy conversion by the streaming current. In other 

words, energy conversion from mechanical energy of fluidic flow to electrical 

energy.  

a  b  

Figure 2. a. The principle of energy conversion from streaming current. Counter-

ions move with the water flow producing electrical current. Output electrical 

power is generated by connecting an external electrical resistance, such as a lamp. 
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b describes the equivalent circuit of system. Maximal output power can be obtained 

when channel resistance equals to external load resistance.  

 

As described above, a streaming current and streaming potential are generated by 

liquid flow through a surface-charged channel, as shown in figure 2. By placing 

two electrodes at the channel ends, the generated current can be collected, 

producing an electrical potential difference via a connected electrical resistance. 

Then the mechanical input energy delivered by the water flow and calculated as 

P×Q (with P the applied pressure and Q the water volume flow rate), can be 

converted into electrical energy which can be calculated by I×V.  

Figure 2b shows the equivalent circuit of the system. Streaming current can be 

considered as a constant current source, which is  function of the pressure gradient, 

zeta potential and area of channel. The electrical resistance of the channel solution, 

Rch is connected in parallel with the external resistance Rext. The current through 

Rch indicates the conduction current and doesn‟t contribute to the output power. 

According to physical laws, we know that to obtain maximal output power from 

Rext, the external resistance has to equal the internal resistance. This model has 

been proven valid in micro- and nano-fluidic systems. [18] 

This method has many advantages: 1. It is quite simple. There are no moving parts 

needed for the energy conversion and it only needs water, an applied pressure 

difference and micro/nano structures.[3] 2. It doesn‟t produce any new chemicals, 

so that it is environmentally-friendly and provides an potential method of 

generating green energy. 3. Using the developing Lab on a chip technology and 

nanotechnology, it could be possible to integrate this method in small devices 

making it feasible for small scale or portable application.  
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3. Review of energy conversion from streaming potential 

Since Osterle first proposed that electrokinetic phenomena can convert mechanical 

energy to electrical energy,[19, 20] many researchers worked on the fundamental 

and applied research on how to make the system more efficient.   

3.1 Microfluidic channel and porous material 

a  b  

Figure 3 a SEM pictures of a alumina membrane with 200 nm pores.[18] b. glass 

microchannel array consisting of an array of 3. 4×10
5
 circular microchannels, each with a 

pore diameter of 10 μm, with its two faces coated with a 100 nm layer of gold[21] 

With the developing micro/nanofluidic technology, where it is possible to obtain 

quite high surface to volume ratio devices, the energy conversion from the 

streaming current came back in the researchers sight. Many experiments and 

theories have been developed during the last decades. J. Yang and his colleagues 

used porous glass material to perform energy conversion, which has a pore size 

ranging from 10m to 16m.[22] They obtained an electrical output power of 

about 1.3 W with an efficiency of less than 0.5%. Other experiments in parallel 

microfluidic channels also showed the efficiency in the same order. [18, 23] A 

recent study showed that the position of the electrodes can also influence the 

performance of energy conversion. By decreasing the resistance and the 

capacitance of the whole system, the electrical output power of a device with a 10 

m diameter pore array (Figure 3b) can reach one milliWatt and an energy 

conversion efficiency of 1.3%.[14, 21, 24] 
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3.2 Nanofluidic channel 

 
Figure 4 Schematic illustration of electrokinetic effects in nanochannel. Left: a 

pressure-driven flow carries counter-ions within the double layer, producing a 

streaming current. Right: Side view of a  200-nm-high silica nanochannel, imaged 

by scanning electron microscopy.[25] 

 

Theoretical studies pointed out that a higher energy conversion efficiency can be 

achieved by using channels with EDL overlap.[25, 26] Unipolar solution of 

counterions will dominate the electrical properties, and a maximal efficiency can 

be obtained when the EDL fills half the channel height. [27-30] Van der Heyden 

performed experiments based on a one dimensional nanochannel, decreasing the 

height of the channel to 75nm. The efficiency reached around 2~3%. [15, 25] Other 

nanofluidic devices, such as nanopores, can also achieve similar efficiencies with a 

single circular track-etched pore. [13] 

By using EDL overlap, maximal efficiencies of nanodluidic devices were 

theoretically predicted to be 12%. However, due to surface conductance [31], the 

position of electrodes[21], surface chemistry and other reasons[32, 33], it has not 

been achieved experimentally.  
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3.3 Slip boundary 

 
Figure 5 left: Pressure-driven velocity profile with a no-slip boundary in channel. 

Right: Profile at a slipping boundary. The water velocity at the inner wall of the 

channel now is not zero. According to EDL theory, the highest concentration of net 

charges is nearby the channel surface. Thus a slip boundary can help water flow to 

deliver charges more efficiently. 

 

A slip boundary for energy conversion was then proposed to enhance the energy 

conversion efficiency. The streaming current is based on the counter-ions 

movement nearby the surface. A slip boundary can help to increase the transport 

flux of these ions, thus increasing the streaming current and output power.  

Theoretical simulation shows in the same direction. Ren‟s theoretical study shows 

the efficiency can be enhanced to up to 40% with a reasonable slip length of 50nm. 

[34] Many theoretical researches showed that longer slip lengths shall help to 

increase efficiency. [16, 33-36] It has been observed that the apparent zeta potential 

can be increased by introducing a hydrophobic surface in nanofluidic channel.[37] 

However, increasing the surface potential is expected to decrease the 

hydrophobicity, shortening the slip length. Periodic patterns were proposed to keep 

the EDL and introduce slip at the same time. [32, 35, 38, 39] Moreover, by slip of 

water molecules is will be possible to increase the conduction current[40], which 

will lead to a lower streaming potential and efficiency.  

 

 



Chapter 1 

 

14 

 

3.4 Others 

Ion sizes 

Other methods and factors also have been considered or proposed to increase the 

energy conversion efficiency. Due to the oscillation of the ion distribution nearby 

the surface, the size and correlation of ions in narrow confined channels have 

significant effects on device properties over large parts of this parameter space. [41] 

Distribution of large ions in quite narrow confined channels can‟t be described by 

traditional EDL theory. Oscillation of the ion concentrations induces a higher 

concentration of net charges far from the wall where the water speed is higher. This 

could then increase the streaming current and energy conversion efficiency.  

Polymer solution  

 
Figure 6 Schematic representation of a solution of non-adsorbing polymers in a 

microchannel[42] 

 

With addition of non-adsorbing polymers in the channel solution, polymers will be 

at bulk concentration in the center of the channel but will form a depletion layer 

containing no polymer near the channel surface. A polymer solution can thus 

effectively increase the flow resistance in the polymer filled area while keeping the 

velocity in the depletion zone nearby the channel wall (where also the EDL is 

located) unaltered.  Thus, the efficiency can be enhanced by changing the flow 

profile compared to a simple electrolyte solution. The theoretical enhancement 



Chapter 1 

 

15 

 

ratio of the efficiency can be over 200 times larger with absolute efficiency around 

1%.[42] Recent experiments in our group confirm the theoretical predictions. [43] 

Graphene  

 
Figure 7 Water flow along a graphene surface, generating electrical energy due to 

moving the charges near the graphene surface. [44] 

 

Graphene is a nanosheet which has only a single layer of atoms and has many 

unique excellent properties. [45] Newaz et.al studied the streaming potential for 

graphene in an electrolyte solution by using a graphene field effect transistor. [44] 

They found that the sensitivity varied dependent on the fluidic flow and ionic 

concentration. They successfully detected the flow as small as 70nL/min and detect 

the change of ion concentrations as low as 40nM. [44] P.Dhiman et. al found that 

the streaming potential is of a similar order of magnitude as a carbon nanotube. 

The harvested electrical power was 85nW in a 30×16m
2
 graphene surface, 

corresponding to the power density of 175W/m
2
. [46] 

 

Jet flow 

Duffin and Saykally used a metal orifice to create a microjet and to generate 

electrical energy. They obtained an energy conversion efficiency exceeding 

10%.[47, 48] The liquid jet shot out from a micron-sized pore, breaking up into 

many droplets, which carried the streaming current but were isolated by the 

surrounding air. The conduction current could as a result totally be eliminated and 

the setup thus prevented any energy dissipation by the conduction current. The 

authors still employed a classical streaming potential model to interpret their data 
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and as a result attributed the high efficiency due to preventing backflow of current 

as occurs in the classical electrokinetic energy conversion experiments referred to 

above. In this thesis we develop a comparable experiment and give an analysis on 

the limitations of the energy conversion efficiency for liquid jet-based systems in 

chapters 3 to 6.  

 

4. Aim of the project 

 
For an energy conversion device, the efficiency of system will be of prime 

importance. The energy conversion efficiency is defined by electrical output power 

(current times voltage I·V) divided by mechanical input power (pressure difference 

times flow rate ΔP·Q), shown above. The equation shows many possibilities to 

increase the conversion efficiency.  

The first direct way is to increase streaming current I, such as by increasing zeta 

potential or introducing a slip boundary, to increase the output power and 

efficiency.  

The second way to increase the output power is to increase the streaming potential, 

which is usually related to the internal resistance of the system. An example of this 

method is by using two phase flow to increase internal resistance, so that the 

streaming potential can be increased. This approach will be fully discussed in 

Chapter 2. 

It is also possible to decrease the flow rate, in other words, to increase flow 

resistance, and at the same time keep the same fluid motion in the EDL. Then the 

output power is still been kept in the same order of magnitude, but due to the 

decrease of flow rate the efficiency can be enhanced. An example approach to 

increase the flow resistance is by introducing polymer solutions, which can 

decrease the flow velocity in the ion neutral area, but create a depletion zone 

nearby surface.  
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The power density (W/m
2
) and the total output power (W) are another two 

important factors for energy conversion devices. It is especially important for daily 

use. Micro systems provide possibilities to develop small, portable and low-cost 

green energy sources.  

 

5. Outline of the thesis 

Chapter 1 describes the principle of energy conversion from fluidic flow, the aims 

of this project and reviews the previous work on energy conversion by the 

streaming current. 

Chapter 2 shows that the energy conversion efficiency can be enhanced by the 

addition of gas bubbles. Gas bubbles can increase the internal electrical resistance 

and decrease the conduction current, thus increasing the output power compared 

with traditional single phase flow. 

Chapter 3 shows a high efficiency energy conversion device by micro water jet. 

Droplets created by jet breakup contain charges which are collected by a bottom 

target, while a voltage is produced via an electronic circuit. Power conversion 

happens when droplets travel against the electrical field and convert kinetic energy 

into electrical energy.  

Chapter 4 provides a theoretical understanding of the micro-jet system. We 

theoretically estimate the energy loss factors in the system, such as the fluidic 

friction before jet creation, and energy losses in surface tension and air friction. We 

predict the theoretically maximum efficiency and ways to improve the performance.  

Chapter 5 introduces another method to induce charges in the droplets, namely by 

applying a gate voltage. We fundamentally study the induced current as function of 

applied gating voltage, pressure, salt concentration and so on. A model of the 

induced current is established for prediction and understanding of the system.  

Chapter 6 introduces a self-gated system by using two jets. The idea comes from 

„Kelvin‟s thunderstorm‟: his droplet energy generator. A gating voltage does not 

need to be supplied by an external voltage source, but can instead be supplied by 

another target of opposite polar voltage. This system can produce a high electrical 

power just by applying a pressure difference.  
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Chapter 7 summarizes the work on energy conversion from fluidic flow. 

Preliminary devices are proposed for real applications. The outlook proposes more 

possibilities for further improvement of the system and applications.  
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Chapter 2 

Strong enhancement of streaming current 

power by application of two phase flow 

 

 

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 channel increases both the  maximum output power and the 

energy conversion efficiency. While in single-phase systems, the internal 

conduction current induced by the streaming potential limits the output power, in a 

two-phase system the bubbles reduce this current and increase the power. 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. To study the enhancement effect in a single channel, the output power 

and efficiency were also quantitatively derived from the experimental results. 

 

 

 

 

________________________ 
Modified from:  Yanbo Xie and John D. Sherwood and Lingling Shui and Albert van den Berg and 

Jan C.T. Eijkel “Strong enhancement of streaming current power by application of two phase flow.” 

Lab on a chip, 11 (23). 4006-4011. 
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1. Introduction 

As described in Chapter 1, streaming current can convert mechanical energy of 

water flow into electrical energy, by moving net charges in electrical double 

layer.[1] Many research has been done by micro/nano channels, with maximum 

efficiency around 3-5%.[2, 3] From the equivalent circuit of current in nanochannel 

(Chapter 1 figure 1.2b), the output power and efficiency could be enhanced by 

internal resistance increasing. Hence, increasing the channel resistance will help to 

increase the energy conversion performance.  

Streaming currents or potentials generated by multiphase flow have been studied 

for geophysical, mineral and petroleum applications involving large length 

scales.[4-7] In this chapter, 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. Both hydrophilic and hydrophobic channels were used to 

study the energy conversion enhancement. 

 

2. Principle 

A streaming potential generates both a current Iext through the external circuit, and 

an internal conduction current IC flowing in the channel in the opposite direction to 

the streaming current IS = Iext+ 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[8-11]. As a consequence the electrical resistance of the 

channel increases, decreasing IC and making Iext 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 Figure 1a). 
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Figure. 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. IS1 and R1 refer to the inlet tubing; IS2 and R2 to the chip 

channel before the T junction; IS3 and R3 to the chip channel after the T-junction 

and IS4 and R4 to the outlet tubing. 
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3. Experimental setup 

A gas source (99% purity N2) 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 microfluidic chip via fused silica tubing (44 

cm long, 150 μm ID) (Figure 1b). The chip outlet was connected to a waste 

reservoir via fused silica tubing (15 cm long, 100 μm ID). A flow meter (Fluigent 

Maesflo) measured the liquid flow rate QL. 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 1mM KCl solution (bulk conductivity 140±10 μS/cm) was 

prepared from diluted 1M KCl and the pH adjusted to 9.2. Nonionic surfactant 

Tween 20 at critical micellar concentration (9.23×10
-5

 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 μm, height h =10 μm. and length L=3.8 mm with the T 

junction in the middle.  

Equivalent circuit 

Suppose that fluid of viscosity η flows along a channel of length L, width w and 

height h due to a pressure difference ∆P 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 

LPwhI S  /0                                  (1) 

where ε0 is the permittivity of free space, ε the relative permittivity of the fluid and 

ζ the electrical (zeta) potential at the shear plane of the channel walls. The flow 

circuit, depicted in Figure 1(b), consists of four different channel sections 
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connected in series, and an equivalent circuit of the energy conversion system is 

shown in Figure 1(c). Each section (numbered i) can be considered as a constant 

current source with an internal electrical resistance Ri, the latter  determined by the 

channel cross section, length and solution conductivity. The channel system is 

finally connected in series with the external resistance Rext. The resistance of the 

Ag/AgCl electrodes to charge transport is neglected. When gas bubbles are injected 

into the system, the electrical resistances R3, R4 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: 

4321

44332211

RRRR

RIRIRIRI
I SSSS

S



    (2) 

If no current flows in the external circuit, the streaming potential of the system can 

be expressed as: 

44332211 RIRIRIRIU SSSSS 
 

  (3) 

Assuming all of the resistances obey Ohmic laws, the output power attains its 

maximum value when Rext=R1+R2+R3+R4 [12], so that the external current is IS/2 

and the output power is 

 
)(4

)(

4321

2

44332211
max,

RRRR

RIRIRIRI
P SSSS

o



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Equations (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, R3 and R4 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 R4 

changes little. At high gas pressure however, gas bubbles start to fuse to form slugs 

in the outlet tubing, thereby increasing R4. We shall ignore this effect in our 

theoretical analysis of energy conversion in the chip (section b below), in which R4 

will be considered constant and equal to its value in single phase flow. 
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4. Results and discussion 

4.1 Characterization of the entire system 

 

FIG. 2. Gas bubbles injected at gas injection pressure Pg = (a) 650 mbar, (b) 750 

mbar, and (c) 900mbar. Bubble volume increases with gas injection pressure. The 

T junction is located at the top left of each figure. Scale bar in (c) indicates 20μm 

distance.  

We maintained a constant inlet liquid pressure PL = 1 bar in the gas-tight bottle 

connected to the liquid inlet tubing, and gradually increased the gas injection 

pressure Pg 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 to 

increase with Pg (Figure 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 inlet pressure Pg; 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 fg. 
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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 Pg; (c) electrical 

resistance of system as a function of Pg; (d) maximum output power of system as a 

function of Pg. Open blue symbols indicate theoretical values. 
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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 Figure 3a). When the voltage imposed across the electrodes was 

zero, the current in the external circuit Iext equaled the streaming current of the 

system IS. When the voltage was increased, Iext decreased and the conduction 

current IC (in the opposite direction to the streaming current) increased. When the 

current Iext through the external circuit was reduced to zero, the conduction current 

balanced the streaming current and the applied voltage equaled the streaming 

potential US. We thus obtained the streaming current IS, the streaming potential US 

and the electrical resistance RS =R1+R2+R3+R4 =US/IS of the entire system. The 

maximum output power then follows from Equation (4). We will show that RS, and 

consequently PO,max, strongly increase following the introduction of bubbles.  

At a gas injection pressure Pg=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 Figure 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 Pg=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 

triangleat Pg=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 [13] and in other non-ionic surfactant solutions [14]. 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 Pg < 800 mbar and then more rapidly for Pg > 800 mbar. This 

increase is to be expected by equation (2): the pressure gradient in the chip is much 

larger than in the tubing (due to the smaller channel cross-section in the chip), and 

so the streaming currents IS2 and IS3 generated in the chip are much larger than IS1 

and IS4 in the tubing. The increase of resistance R3 by injection of gas bubbles 

makes the (high) streaming current in the chip dominant in equation 2, which leads 

to the observed streaming current increase of the system. At Pg = 950 mbar, IS was 
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found to oscillate between 100 pA and 2 pA (approximately the values of IS3 and 

IS4). We attribute this to random fusion of gas bubbles, and when Pg reaches 1000 

mbar the continuous fusion of gas bubbles causes R4 to dominate the electrical 

resistance of the entire system, so that IS4 (1.6 pA theoretically compared with 1.52 

pA experimentally in single phase flow) becomes the measured system streaming 

current according to equation (2). 

The predictions for the streaming current, electrical resistance and output power in 

Figure 3 (open blue squares) were obtained as follows. The ΔP over sections 1 and 

2, which contain only water, can be predicted from the measured flow rate QL and 

the hydraulic resistance, which for the rectangular channel of section 2 is based on 

[15]: 

                    
  

    
     

  

 
     

 

 
   

  

          (5) 

The streaming current in sections 1 and 2 can then be estimated by equation (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 IS4 is in any case so small that it has  negligible effect in equation (1)). 

Changes in the electrical resistance R4 of the section are negligible as long as Pg is 

sufficiently small for gas bubble coalescence not to occur. The electrical 

resistances R1, R2 of sections 1 and 2 are unchanged, and the electrical resistance 

R3 of section 3, containing bubbles, is estimated using the bubble dimensions, as 

discussed in section (b) below. The total electrical resistance RS 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 

equation (2). Figure 3 shows the predicted streaming current, electrical resistance 

and output power (open blue squares). 

The two phase flow electrical resistance RS of the entire system was measured, as 

described above. Figure 3(c) shows that RS strongly increased with gas injection 

pressure Pg. This is to be expected: as Pg increases, the volume of gas bubbles 

occupying the liquid channel increases and the conductive area of the channel is 
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reduced. It should be noted that theoretical prediction is smaller than the 

experimental value at high Pg. This is probably due to fusion of gas bubbles, which 

form slugs in the outlet tubing as already mentioned above, thereby increasing R4.  

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 

equation 4, using the resistance and streaming current measured when no bubble 

fusion occurred in section 4. When Pg= 950 mbar, PO,max was found to be greater 

than for single phase flow by a factor of 74. 

 

FIG. 4. (a) Gas flow rate Qg (red) increases with increasing gas volume fraction 

and liquid flow rate QL (black) decreases. (b) The total input power Pin (defined by 

Eq.6) decreases when gas bubbles are injected into the liquid system. 

To calculate the system efficiency, the input power Pin was determined as the sum 

of the gas input power and liquid input power:  

    ∑                         (6) 

The liquid flow rate QL was measured by a flow meter; the size and frequency of 

gas bubbles (and hence the gas flow rate Qg) could be obtained from hi-speed 

camera movies. The volume of each gas bubble increased with the gas injection 
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pressure (Fig 2). At Pg=600 mbar no gas bubbles were generated, and Qg=0. With 

increasing gas pressure, the gas flow rate increased, but the presence of gas bubbles 

led to a reduction in QL at constant liquid pressure. [16] Our experimental results 

indicate that Qg was much smaller than QL, so that the total input power was 

dominated by the liquid phase according to equation (6).  

Figure 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 equations (5) and (6).  

  

 

FIG. 5. The efficiency enhancement ratio (ratio of maximum efficiency in two-

phase gas/water flow to that in single phase flow (Effb/EffS)). Inset figure 

represents the absolute value of the maximum efficiency. 

The energy conversion efficiency (Eff) is the ratio of the maximum electrical 

output power PO,max to the mechanical input power Pin : 
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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.  

4.2 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 figure 1) 
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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 R3 (see 

equation 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 

R2. 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 separately. We can thus determine how the maximal 

output power and efficiency in a microfluidic channel are influenced by two-phase 

flow.  

4.3 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 neglect the spherical end-caps of 

the bubbles, and consider the contribution of the body of the gas bubbles.  

  

FIG. 6 A schematic (not to scale) of gas bubble flow in the channel 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. 

A schematic gas bubble flow in channel is illustrated in Figure 6(a) and a cross-

sectional view through a bubble is shown in Figure 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 
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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 h
2
(1- 

π/4). From our calculation the conductive area (KCl solution) occupies 5.4% of the 

total cross-sectional area, which indicates that the resistance Rb per unit length of a 

bubble-filled channel will be about 18.6 times the resistance Rs of the solution-

filled channel.  

 

 

Fig 7. Observed gas volume fraction fg as a function of gas injection pressure Pg. 

Error bars indicate the inhomogeneous gas bubbles. 

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 Lb 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 bubble was taken to be 

u/f. The number of gas bubbles (and liquid slugs of length LS=u/f-Lb) in the channel 

of length LS was therefore n=L3f/u. We neglect the volume of the bubble spherical 

end-caps and the liquid volume in the corners, and estimate the gas volume fraction 

in section 3 as fg=nLb/L3. 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 injection 

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 
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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 

R3=(RbLb+RSLS)n=[Rbfg+RS(1-fg)]L3. The predicted electrical resistance thus 

increases linearly with gas volume fraction fg . 

 

 

FIG. 8 (a) predicted streaming current IS3 in section 3 of the chip; the red line is a 

linear fit; (b) efficiency as a function of the gas injection pressure Pg; inset figure: 

efficiency ratio in section 3 (assuming a constant streaming current of 150 pA). 

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 IS3 could also be predicted using equation (2) for both 

single phase flow and two-phase flow. The result is shown in figure 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) (figure 8a) and the theoretically 

derived value for R3 as input for calculating the efficiency of section 3. To 

determine the efficiency of section 3, the input power for the section must be 
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estimated. Sections 1 and 2 contain only water flowing at the measured flow rate 

QL, so that ΔP1 and ΔP2 can be computed. Assuming gas bubbles remain small (no 

bubble fusion) the pressure drop ΔP4 in section 4 can be approximated by that of 

water flowing at a volumetric flow rate QL+Qg. The pressure drop over section 3 

could therefore be estimated as                      . The liquid and 

gas flow rates are the same as those for the entire system (Fig. 4), so that the input 

power Pin3 can be estimated as                  , with ΔPg taken equal to 

the injection pressure Pg. By equation (7), we could then estimate the efficiency in 

section 3 as 33

2

3 4/ inS PRIEff  . 

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 (figure 8b). (figure 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 

(figure 8b inset).  

 

5. 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.[17] An approach specific to our two-phase flow system would be to 

use cylindrical channels instead of rectangular ones. As shown in figure 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,[18] leaving only surface 

conductivity.[10] The electrical resistance Rb will therefore be larger, as will be the 

maximum power output. 
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6. Energy conversion by bubble flow in hydrophobic 

channel 

 

Figure 9 shows the principle of energy conversion by bubble flow in a hydrophobic 

channel. When gas bubbles penetrate in a hydrophobic channel, they will contact 

the channel surface. The aqueous solution as a result becomes totally isolated into 

pieces ('slugs') so that a gas gap is produced to totally prevent the conduction 

current in channel, thus increasing streaming potential and output power. 

As discussed above, the corner flow of aqueous solution still leaves some space for 

ion transport, contributing to a conduction current of channel. To totally isolated 

the channel by gas bubbles, a hydrophobic channel was a good option to test. A 

40μm wide and 25μm high borofloat microchannel was treated by FDTS 

(Perfluorodecyltrichlorosilane) to become hydrophobized. The fused silica tubing 

were not hydrophobized, so that the electrical resistance of tubing with bubbles 

wasn’t increased much. 1mM KCl solution with adjusted pH 9.2 was used for 

aqueous phase. Gas phase (N2) flow was applied in the side channel, to insert and 

isolate the water flow in the main channel. High speed images were recorded by 

Photron SA3 camera, and they clearly indicate a contact angle of more than 90 

degrees as well as the fact that the water phase been cut into isolated slugs. 
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Figure 10 (a) – (f) indicate the gas bubble flow in the hydrophobic channel. Bright 

color indicates the gas bubble while dark area indicates the water phase. The time 

interval between images is 0.005s. The liquid inlet pressure during experiments 

stayed constant at 0.5bar and the gas pressure at 0.3bar. 

When the gas phase penetrated the main channel occupied by the liquid phase, due 

to the hydrophobic surface, the gas bubble will contact the channel surface creating 

isolated water slugs. In figure 10 the refractive index (1.33) of water is quite close 

to glass (1.47), so that the brightness of the glass area (outside of the channel) is 

close to that of the liquid-filled channel. When gas occupied a part of channel, we 

can clearly see it became brighter. In addition, the channel side wall was tilted due 

to chemical wet etching. The background light source will be reflected more when 

it penetrates from glass to gas bubble at etched side wall with an angle close to 45º. 

So, the area of side wall will be darker when the channel is gas occupied. 
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a  b  

Figure 11 Electrical measurements with a single gas bubble in the hydrophobic 

channel as function of time. a) At different applied voltages. Blue solid lines 

separate the areas with different voltages applied to the system. B) The enlarged 

picture in the green square of figure a.  

As we can see in figure 11a, the current oscillated as function of time. This is 

because there will be only single gas bubble penetrate in the liquid channel in time 

scaling, This indicates that the continuous current signals in single (water) phase 

and bubble flow in hydrophilic channel has been totally changed to “digital” 

signals. At 0V applied, the current oscillating from -65nA to 0nA (ground state) 

indicates that the current was produced when the water slug flowing through the 

channel was collected by electrode. However, the droplet frequency (9.3Hz) is 

higher than the measurement frequency limit in Keithley 6485 recording (2.7Hz) 

with the best noise level and as a result the current measurement is averaging and 

aliasing.   

Different voltages are applied between the endings of system (including the fused 

silica tubing) to generate a conduction current and determine the streaming 

potential. As shown in figure 11a, the peak of oscillating current start to decrease 

with increasing external voltage. With 10 Volts applied on the system, there is 

almost no current flowing through, so that the streaming potential by use of a 

hydrophobic channel wall will be enhanced to 10 Volts.  

The result indicates that the system resistance RS increased about 100 times 

compared with single phase flow. Since the resistance in tubing is unknown, it is 
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very difficult to extract the electrical resistance Rch. If we assume the there is no 

fusion of bubbles in the fused silica tubing and gas bubbles have no contribution on 

the electrical resistance of the tubing. According to equation (2), we can now 

calculate the maximum electrical resistance of the channel. The calculation will 

thus give the upper limit of the resistance increase inside the channel, which is over 

300 times larger than single phase flow. 

With the measured flow rate of 0.6 μL/min, we can now calculate that the 

enhancement of efficiency in a hydrophobic channel is 10 times with respect to 

single phase flow. The absolute efficiency is lower than 0.01%. (6×10
-3

%) There 

are still more space to improve the efficiency since we still can use more diluted 

solution to increase Debye length and decrease system resistance, which can 

increase approximately two orders by using DI water. Another reason is we still 

need to decrease the dimension of liquid channel, so that the current density (per 

volume) will increase, then increase efficiency. A better design for water in gas 

flow (w/g) is required, such as using focusing flow. It might be possible to improve 

the stability of the gas gap generation in the system and make fraction of gas phase 

adjustable. 

 

7. Conclusion 

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. We analyzed our results in hydrophilic channels and 

extracted the energy conversion performance. In addition, hydrophobic channels 

were used, since this system can produce water slugs in a gas (w/g) flow. In the 

hydrophobic channels the water phase was separated into Slugs and an oscillating 

streaming current was observed. Streaming potential and output power were 

enhanced.  
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Chapter 3 

High efficiency ballistic energy conversion 

by a micro-jet 

 

 

We report an electrostatic generator operating by a new principle to convert 

mechanical to electrical energy. The design is extremely simple as it contains no 

moving parts, solely consisting of a membrane with a single pore and a metal target. 

Conversion occurs in a two stage acceleration-deceleration cycle („ballistic 

conversion‟). Water is accelerated by mechanical energy of pumping it through a 

micropore to form a jet that breaks up into fast-moving charged droplets. Kinetic 

energy is then converted to electrical energy when the charged droplets decelerate 

in the electrical field that forms between membrane and target by collection of 

electrical energy. We demonstrate conversion efficiencies of up to 33%, opening 

up new perspectives for low-cost and robust renewable energy conversion. 
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1. Introduction 

In this chapter, we report on the performance of an energy conversion system based 

on a water microjet and find maximum conversion efficiencies of mechanical to 

electrical energy of 33%. The system is extremely simple as it contains no moving 

parts, consisting of a membrane with a single pore through which water is pumped 

and a metal target. Droplet kinetic energy is converted to electrical energy 

(„ballistic conversion‟) when charged droplets move in the electrical field 

generated between membrane and target. Since frictional losses can be limited, the 

efficiencies obtained are by far the highest for electrokinetic conversion systems 

and open up new perspectives for low-cost energy harvesting.  

In 1992, Faubel and Steiner reported on large streaming currents obtained from 

high speed water microjets. [1] Aqueous solutions were forced through a metal 

membrane orifice under high pressure, forming a jet breaking up into droplets on 

exit in vacuum. The charged droplets were collected by a downstream target. More 

recently, Duffin and Saykally investigated this system for energy conversion, and 

found an energy conversion efficiency of almost 11%.[2, 3] They still employed a 

classical streaming potential model to interpret their data and as a result attributed 

the high efficiency found to the occurrence of entrance flow in the pore as well as 

to the electrical isolation offered by the air, preventing backflow of current as 

occurs in the classical electrokinetic energy conversion experiments referred to 

above.  
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Figure 1 Conceptual illustration of the conversion principle. By application of 

pressure, water is forced through a membrane pore forming a microjet. The 

microjet, which is charged due to water transport through the electrical double 

layer at the membrane surface, breaks into droplets. On their trajectory through 

the air towards the metal target, the inertia of the droplets performs work against 

the electrical force, thereby converting kinetic energy to electrical energy. 
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Here we report that the conversion mechanism of a microjet-based system is 

radically different from streaming-potential based conversion processes and instead 

has some similarity with the Kelvin droplet generator.
 
[4] However, instead of 

directly converting gravitational energy to electrical energy as the Kelvin generator 

does, it directly converts kinetic energy to electrical energy. Water is accelerated to 

a high speed (> 10 m/s) microjet by pressure-driving it through a micropore in a 

very thin ( 500 nm) membrane. The microjet breaks up into a stream of droplets 

which are charged due to the streaming current phenomenon or by induction using 

a guard ring at the pore exit. The droplets are decelerated by the electrical force 

during their air trajectory towards a high potential target, thereby converting inertia 

to electrical energy. Since the (mostly frictional) losses in the pore and air 

trajectory can be much more easily reduced than the frictional and electrical losses 

in the liquid ducts of classical streaming-potential based systems, much higher 

conversion efficiencies can be obtained. Interestingly, the procedure opposite to the 

one we apply, namely accelerating charged droplets by applied electrical fields, is 

well known. It is used for many and diverse applications such as electrostatic 

painting and printing[5], FACS (fluorescence activated cell sorting) [6], 

electrospray ionization[7] and colloid thrusters[8]. Here the first instance is 

provided where instead droplet inertia performs electrical work and use it for 

energy conversion. We term this principle ballistic energy conversion since the 

charged droplets can be seen as charge-laden projectiles that are „shot‟ to a location 

of high electrical potential. 
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2. Materials and Methods 

2.1 fabrication of Micropore chips 

 

 

Figure 2. Fabrication workflow of pore chips 

Figure 2 shows the fabrication work flow of the micropore chips. Plasma-enhanced 

chemical vapor deposition (PECVD) was used to grow a 500nm thick Silicon 

enriched Silicon Nitride (SiRN) membrane on a silicon wafer. Photoresist was spun 

on one side of the wafer and after photopatterning a single 10m ID pore was 

etched through the SiRN membrane by reactive ion etching. Using the same 

photolithography a window was defined in the SiRN (1.5 by 1.5 mm) on the other 

side of the wafer. Then the wafer was immersed in a 25% KOH solution at 75 

degree C for overnight, to ensure the wafer was etched through. Finally, the wafers 

were diced into small square chips (16.3mm×16.3mm). A photomicrograph and a 

SEM picture of a membrane pore are shown in figure 3. 
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a  b  

Figure. 3. Scanning Electron Micrograph (left) and photomicrograph (right) of a 

10 m diameter pore in a SiRN membrane 

Single chips were hydrophobized by first washing them with organic solvent 

(aceton and isopropanol) and subsequently DI water. They were then put into a 

vacuum chamber to evaporate all the water on the chips. A liquid solution of FDTS 

((Heptadecafluoro-1,1,2,2,-tetra-hydrodecyl)trichlorosilane)  was placed in the 

vacuum chamber and allowed to evaporate in the whole chamber. The chlorosilane 

groups will react with the SiRN surface making it hydrophobic, resulting in a 

typical contact angle between 90 and 100 degrees.  

 



Chapter 3 

 

51 

 

2.2 Setup 

 

Figure 4 Schematic of the setup used. Ultrapure degassed water of pH 6.5 is 

pumped by 1.4 bar applied air pressure from a closed reservoir through a 10 m 

diameter circular pore in a 500 nm thick silicon nitride membrane clamped in a 

holder. A grounded platinum wire electrode is inserted in the liquid inside the 

holder, close (~1 mm) to the pore opening. The exiting solution under the proper 

conditions forms a jet, after a certain length breaking up in droplets. The droplets 

travel through the air and land on a hollow stainless steel target placed at variable 

distance (typically 15 mm) from the pore opening. On the inside the target is 

connected to electrical ground via a high value load resistance (typically 1-10 T). 

A metal guard ring with an opening of 2 mm diameter is placed at 1.5 mm from the 

pore exit, and maintained at ground potential. The current can be measured 

between ground and platinum reservoir wire (denoted I1), between target and 

ground (I2) and between metal guard ring and ground (I3). 
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Figure 4 shows the schematic of our experimental setup. A silicon nitride 

membrane containing a single cylindrical pore with a diameter of 10 m was 

mounted in a pressurized PMMA reservoir using rubber O-rings. The reservoir 

contained degassed ultrapure demineralized water of pH 6.5. A silver wire 

electrode (diameter 1 mm, inserted length 10 mm) was inserted in the top reservoir 

up to a distance of 1-1.5 mm from the pore opening and connected to ground via a 

pico-ammeter (Keithley 6485) to measure the current from ground to electrode (I1).  

The water was expelled through the pore using a pressurized gas source (99% N2) 

controlled with pressure regulator (Norgren R07-100-RNKG) and pressure sensor 

(Sensortechnics CTE 8016 GY7). A particle filter (2m) was placed in the fluid 

line to exclude all particles that could block the pore. The volume flow rate of 

water was measured by a flow meter (Bronkhorst Mini Cori M12) in real time. The 

flow meter at the applied flow rates caused a pressure loss of about 0.07 bar, which 

was accounted for in the applied pressure. The flow rate in two experiments was 

measured by observing the displacement of the solution meniscus in a calibrated 

solution conduct inserted between reservoir and pump. A piece of aluminum foil 

(less than 0.1mm thickness) with a 2mm diameter hole was placed as metal guard 

ring at 1.5 mm from the pore exit to shield the jet from the electrical field 

generated between target and reservoir. The ring was maintained at ground 

potential. In some experiments the current was measured from ground to the ring 

(I3) using a multi-meter in the voltage range. The droplets generated by the breakup 

of the liquid jet were collected on a hollow stainless steel target. The target was on 

the inside connected to a high-voltage cable (HSW Silicone cable) to prevent 

corona discharge. The cable was connected to ground via series-connected load 

resistors (six Ohmite 1TOhm resistors, four 400GOhm resistors and four 

500GOhm resistors). The resistors were used in different combinations to regulate 

the target potential, which was determined according to Vtarget=I2Rload. The 

resistors were immersed in insulating oil (Shell Diala S2-ZU-I) to prevent losses by 

corona discharge. A Teflon plate was furthermore placed in the oil bath to prevent 

the resistors from contacting each other. Another Teflon table was placed under the 

oil bath to isolate the bath from the Faraday cage. At the grounded terminal a 

series-connected pico-ammeter (Keithley 6487) measured the current (I2) from 

target to ground. 
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Three types of resistors were used in the experiments: six resistors with a nominal 

resistance of 1TOhm (Ohmite MOX-3-12, 10% accuracy; 30kV voltage rating), 

four 400GOhm resistors and four 500GOhm resistors (Ohmite RX-1M Hi-Meg) 

with a 1% accuracy and 1kV voltage rating (1.5kV in a dielectrical oil bath). The 

resistance of every resistor was calibrated separately using a Keithley source meter 

and Keithley pico-ammeter for high accuracy (Table 1). 

Table 1 The values of the resistance found by calibration 

Number type Resistance 

(TOhm) 

Voltage rating 

(kV) 

Power 

rating(W) 

1 MOX-3-12 1.08 30 7.5W 

2 MOX-3-12 1.07 30 7.5W 

3 MOX-3-12 1.08 30 7.5W 

4 MOX-3-12 1.00 30 7.5W 

5 MOX-3-12 0.99 30 7.5W 

6 MOX-3-12 1.06 30 7.5W 

7 RX-1M Hi-

Meg 

0.40 1.5 (in Oil) 0.5W at 25°C 

8 RX-1M Hi-

Meg 

0.39 1.5 (in Oil) 0.5W at 25°C 

9 RX-1M Hi-

Meg 

0.40 1.5 (in Oil) 0.5W at 25°C 

10 RX-1M Hi-

Meg 

0.40 1.5 (in Oil) 0.5W at 25°C 

11 RX-1M Hi-

Meg 

0.50 1.5 (in Oil) 0.5W at 25°C 

12 RX-1M Hi-

Meg 

0.50 1.5 (in Oil) 0.5W at 25°C 

13 RX-1M Hi-

Meg 

0.50 1.5 (in Oil) 0.5W at 25°C 

14 RX-1M Hi-

Meg 

0.49 1.5 (in Oil) 0.5W at 25°C 
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3. Experimental results and Analysis 

Figure 4 shows the setup used, and figure 1 conceptually illustrates the conversion 

principle. The typical experimental data shown in figure 5a are traces of the current 

from ground to the reservoir electrode („upstream current‟ I1) and the current 

measured from the metal target to ground („downstream current‟ I2). At t = 230s 

pressure is applied to the system and jetting starts, creating a stream of droplets 

impacting on the target. Current I1 directly reaches a stable value of 3.9nA, while I2 

exponentially increases to 3.3nA, the exponential increase being determined by the 

RC time of the target capacitance and load resistance. The steady state difference 

between both currents which is seen in this case is caused by loss of charged 

droplets, which can have various causes as will be discussed later. In a typical 

experiment the value of I2, once stable, is recorded after which the load resistance 

is changed to a new value, at which again the steady state currents are recorded. 

Figure 5b displays currents I1, I2 and I3 (the current through the guard ring, which 

in this case is grounded) against load resistance for a typical measurement 

sequence. It is seen that I1 remains approximately constant, while the harvested 

current I2 decreases with load resistance and the current through the guard ring 

increases from initially zero to higher values. The target voltage can be calculated 

from the harvested current I2 and the value of the load resistance as Vtarget = I2·Rload 

and is plotted against the load resistance in figure 5c. It is seen to increase with 

load resistance up to a value between 10 and 12 kV where it saturates to a value 

which does not show a clear relation to the upstream current. For a typical current 

density of 5 nA and a typical initial droplet diameter of 20 m, each droplet carries 

about 10
5
 elementary charges. Since demineralized water is used and a positive 

current is obtained, the charges must be provided by an increase in the proton 

concentration and a decrease in the hydroxyl ion concentration in the droplets. It 

can be calculated that this will result in a slight decrease of the droplet pH with 0.1 

unit to about pH = 6.4. Notably, the charge per droplet is 100 times less than the 

Rayleigh limit, which describes the droplet charge at which Coulomb repulsion 

will overcome surface tension and the droplet will become unstable. It can be 

calculated as 8·(0d
3
)

1/2
 Coulomb, where  is the surface tension (0.07 N/m), 0 
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the permittivity of free space and d the droplet diameter. [9, 10] During the 

experiments the guard ring was grounded. 

The experimental conversion efficiency is eff = I2·Vtarget/p·Q, where p (Pa) is the 

applied pressure and Q (m
3
/s) the volume flow rate. Figure 5d plots the conversion 

efficiency obtained in different experiments as a function of load resistance. The 

conversion efficiency is seen to increase with load resistance, with typical 

experiments showing maximal efficiencies of around 30% with the highest value 

reached in all experiments 33%. Figure 5e plots the conversion efficiencies in an 

alternative way, namely against target voltage, this time as a function of the charge 

density of the droplets in order to correct for variations in the flow rate (charge 

density = q/m = I1/(Q·), where  is the specific weight of water). It is seen that a 

higher droplet charge density allows reaching high efficiencies at lower target 

voltages. The observed data are in accordance with the theoretical predictions 

shown in the graph which will be discussed later. The distance between pore and 

target is also of influence to the efficiency obtained, since it will change the droplet 

air friction. Figure 5f show the currents I1 and I2 in a typical experiment as a 

function of distance between pore and target, at constant load resistance. Below a 

distance of 7mm arcing occurred between ring and target, strongly reducing I2. Up 

to a distance of 10mm occasional arcing would still reduce I2. Above this distance a 

maximal I2 was reached. At distances of more than 15mm I2 was found to decrease 

again, vanishing at a distance of 40mm. At these distances most of the droplets 

were seen to be reflected from the target. The efficiency obtained in this 

experiment is shown in figure 5g, and reaches a peak at a distance of 15mm. The 

upstream current was found to differ between experiments. As shown in figure 5e, 

higher upstream currents are favorable since they reduce the target voltage needed 

to reach a certain efficiency. 

 

 

 

 



Chapter 3 

 

56 

 

Membrane thickness 500 nm 

Pore diameter 10 m 

Droplet diameter 20 m 

Applied pressure 1.5 bar 

Flow rate 1 L/s 

Initial droplet speed 10 m/s 

Droplet deceleration towards target 5·10
3
 m/s

2
 

Distance to target 15 mm 

Current 5 nA 

Target voltage 7.5 kV 

Field 500 kV/m 

Droplet charge 10
5
 e 

Charge/mass 5·10
-3

 C/kg 

Droplet frequency 250 kHz 

 

Table 2 Typical experimental parameters. Ultrapure vacuum degassed water was 

used (pH 6.5). 
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a b  

c d  
 

Fig. 5A. Upstream and downstream current on application of pressure. The guard 

ring was grounded during this experiment. B. Upstream, downstream and guard 

ring current with increasing value of the load resistance. C. Generated target 

voltage as function of load resistance for different upstream currents. D. 

Conversion efficiency as function of load resistance for different values of the 

upstream current. Experimental values (symbols) as well as theoretical predictions 

(lines) are shown, as well as the theoretical maximum efficiency of 40%(average) 

by the grey area. The variation of the maximum theoretical efficiency is due to 

differences of flow rate the in measurements, inducing variations of the droplet 

speed.   

 

 

A 
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E F  
 

G H  

Fig. 5E Conversion efficiency as function of target voltage for different values of 

the droplet charge density (= I1/(Q·) compared to theoretical predictions of the 

maximum efficiency. F. Upstream current I1 (black) and downstream current I2 

(red) as function of the distance between pore and target. G. Conversion efficiency 

as function of the distance between pore and target. H. The efficiency as a function 

of the ratio of harvested and upstream current for the different experiments. 

The measurement data can be interpreted as follows. At pH 6.5 the silicon nitride 

surface of the membrane is negatively charged due to dissociation of surface-bound 

groups, chiefly silanol groups. [11] The electrical double layer formed has a typical 

thickness of 300 nm in 10
-6

 M 1:1 electrolyte solution. The solution that flows 

towards the pore and that ultimately forms the jet, partly passes through the 

electrical double layer on the membrane surface close to the pore opening which 

layer contains an excess of positive charge. The current through the pore that is 

thus generated is equivalent to a streaming current and we will further refer to it in 



Chapter 3 

 

59 

 

that way. The pore region in a functional description now is a charge gate for 

passage of positive ions and the current that flows through the pore is positive in 

the direction of solution flow. Upstream in the reservoir this current is provided at 

the grounded platinum wire electrode by redox reactions occurring. The solution 

that exits the pore forms a jet at sufficient velocity, which after a certain length 

breaks up into droplets due to the Rayleigh-Plateau instability.[12, 13] On their 

trajectory to the target, air isolates the charged droplets and prevents conductive 

backflow of charge. During this trajectory the droplets of mass m and charge qd 

move through the electrical field E between pore and target that exerts a force on 

their ionic charge in a direction opposite to their direction of movement. For the 

moment neglecting frictional forces, the force balance on this trajectory is given by 

inertia and the electrical force 

Eqma d  

On the droplet trajectory, the work done by the electrical force against inertia as 

described by this force balance converts kinetic energy to electrical energy. The 

electrical field E originates from the electrical charging of the metal target by the 

arriving droplets. The steady state magnitude of the target electrical potential is 

thereby determined by the value of the current and the load resistance through 

which the target is connected to ground potential. Describing the system behavior, 

we can distinguish a first regime at low values of the load resistance (and hence 

low target potential I2·Rload), where the kinetic energy of the droplets is 

incompletely converted to electrical energy. As a result all droplets arrive at the 

target with some kinetic energy left and currents I1 and I2 are equal (figure 5b). In 

this regime the target potential increases linearly with the load resistance, Vtarget = 

I2·Rload = I1·Rload. (figure 5c) and this also holds for the efficiency eff = 

(I2)
2
·Rload/p·Q (figure 5d). Since I1=I2, the initial slope of the theoretical predictions 

of the maximum efficiency in figure 5d equals (I1)
2
/(p·Q) and higher upstream 

currents I1 will result in a steeper slope. This reflects the fact that a droplet with a 

higher charge to mass ratio q/m will feel a stronger electrical force converting its 

kinetic energy to electrical energy. We found that I2 already becomes smaller than 

I1 before the maximum voltage and efficiency were reached. We ascribe this to a 
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variation in the charge over mass ratio of the droplets, q/m. Figure 5h shows that 

the maximal efficiency generally is reached when I2/I1 ≈ 0.85. This implies that 

about 20% of the droplet charge is not harvested, causing the efficiency to fall 

below 40%.    

At some value of the load resistance, the target reaches a potential where the 

kinetic energy of the droplets is exactly sufficient to reach it. We will call this the 

optimal target potential, Vopt,  at which all kinetic energy is converted to electrical 

energy and maximum efficiency is obtained. The theoretical optimal potential (and 

corresponding resistance value Ropt) will depend on the cumulative losses occurring 

in the process which will described further in this paper and in the supporting 

information.  The measured optimal potential can differ from the calculated one 

because additional loss processes such as corona discharge from the target can 

occur. For the system reported in this paper, theory estimates that cumulative losses 

are about 55% of the input energy, so that the maximal theoretical efficiency is 

40%. Above the optimal target potential droplets are partly reflected from the 

target (figure 6) and a second operating regime begins. In this regime Vtarget is seen 

to remain approximately constant (figure 5c) and I2 is observed to become 

increasingly smaller than I1 (figure 5b). The loss of charged droplets represented by 

the difference I2-I1 implies that the efficiency decreases in this regime. The 

magnitude of this decrease can be theoretically predicted by the condition that 

Vtarget remains equal to Vopt, since this represents the potential at which droplets 

have exactly sufficient kinetic energy to reach the target. Since Vtarget = I2·Rload, I2 

will be inversely proportional to Rload at resistance values above Ropt. The efficiency 

in this „droplet loss‟ regime is then equal to (Vopt)
2
/(Rload·p·Q). Figure 5d shows the 

theoretical predictions of the efficiency in this regime as well as the measured 

efficiencies. Both are in satisfactory agreement. It is obvious that the measured 

efficiencies are mostly lower than the theoretical maxima. We attribute this to 

excess current losses due to corona discharge, occasional arcing between target and 

guard ring, and instability of the liquid meniscus of the water collected on the 

target leading to electrospraying.[14-16] Water collecting on the guard ring also 

decreased the effective distance between guard ring and target and thereby led to 

increased arcing.  
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a    b  

Figure 6. Water jet shooting in open air (left) and onto the target (right). a shows 

the water jet shooting in the open air. The droplet train close to the pore exit was 

quite narrow, and widened at a larger distance from the pore. For this 

configuration we ascribe the widening of the droplet train to consumption of the 

kinetic energy of droplets by air friction followed by droplet diffusion. b. shows a 

close-up of the droplet train impacting the target. In this case the target potential 

was above the optimal potential Vopt and the droplets were partly reflected from the 

target. 

The field along the droplet path is expected to be largely uniform, with its exact 

shape determined by the target shape and the shape of the grounded guard ring 

placed close to the pore exit. This ring will electrically shield the jet from the 

electrical field and prevent a decrease of droplet charge by field feedback. The 

target is placed as close to the ring as allowed by dielectric breakdown through the 

air, which typically is at about 15 mm distance. A shorter distance is favorable as it 

will decrease air friction. An optimal conversion of kinetic to electrical energy is 

obtained when the load resistance and hence the target voltage are such, that the 

velocity of the droplets on target impact is exactly reduced to zero. Figures 5f and 

5g show the dependence of the downstream current and the efficiency on the 

distance between pore and target at a fixed value of the load resistance. At small 

distance the kinetic energy is incompletely converted to electrical energy, and the 
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droplets arrive with considerable kinetic energy on the target. At larger distance an 

optimum is reached, when all kinetic energy is converted. At still larger distances 

the air friction of the droplets starts consuming a larger and larger part of the 

kinetic energy, resulting in a decrease of the number of droplets arriving at the 

target (represented by I2) and hence a lower efficiency. Gravity can be safely 

neglected in the considerations since the gravitational energy over the typical 

trajectory length of 1 cm is equivalent to less than 0.1% of the typical applied 

pressure of 1.4 bar.  

 

Energy loss – main factors 

Multiple loss factors can be identified in the conversion process. To discuss them 

we will distinguish two consecutive conversion stages. The first stage concerns all 

electrohydrodynamic processes up to and including droplet formation. The input 

power Pin = p·Q, with p the applied pressure and Q the resulting flow rate. Around 

the pore entrance and during pore passage energy is lost to hydrodynamic friction. 

Subsequently energy is needed for the formation of the droplet air/water interface. 

This interfacial energy is converted to thermal energy on impact with the target and 

lost. Together these factors decrease the efficiency of the first conversion stage, 

Eff1, defined as the ratio of droplet kinetic energy power Pkin over input power. 

The second stage concerns the losses occurring during the air trajectory of the 

droplets and the conversion of ionic to electronic current at the target. The 

harvested electrical power Pel = V·I2, where V (V) is the target potential and I2 (A) 

the electrical current flowing through the load. Assuming that no kinetic energy is 

left on impact, we can define the efficiency of this second stage as eff2 = Pel/Pkin. 

The conversion efficiency of the entire process can be obtained by multiplying the 

efficiencies of the two separate stages: eff = eff1·eff2.  
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Energy loss – minor factors 

Minor losses in stage 1: 

Power is also consumed for transport of the electrical current, which is determined 

by the resistance to charge transfer at the electrode/water interface and the power 

consumed for current conduction in the solution (Ohmic loss). However, we 

estimate these losses to be negligibly small under the operating conditions. The 

voltage needed for electrolysis of water namely is only about 2 V. Furthermore an 

upper limit to the Ohmic potential drop can be calculated as the potential drop over 

a truncated cone with 1mm top diameter (the Pt wire electrode) and 10 m bottom 

diameter (the pore) and a length of 1 mm (the distance between wire electrode and 

pore). For a solution conductivity of 0.18 Mm and a current of 5 nA this voltage 

drop is approximately 100V. Both values are negligible compared to the total 

voltage drop of about 10kV. 

Minor losses in stage 2:  

Air friction losses were modeled by a friction model based on Stokes‟ law for the 

air friction, the electrical force qE and Newton‟s second law. The resulting 

efficiency of the second stage, Eff2, was 90% for a target distance of 15mm.  

Other losses in stage 2 include Ohmic losses in the water covering the target, the 

resistance to charge transfer at the target/water interface and corona discharge and 

electrospraying from the target when at high potential and electrical losses to 

maintain the guard ring at constant potential. 

The Ohmic and charge transfer losses can be neglected in view of the fact that both 

the voltage needed for electrolysis of water (about 2 V) and the voltage drop in the 

water over the large target area are negligibly small compared to the total voltage 

drop of about 10kV.  The losses due to corona discharge and electrospraying 

finally occur occasionally at short distances and will not be considered in this 

analysis.  

When current flows through the guard ring, I3, it forms part of the total loss of 

charged droplets and therefore represents no extra loss.  
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Coalescence between droplets was observed during the droplet flight process, and 

will lead to loss of kinetic energy. This loss was estimated from the size and 

velocity distribution, and calculated as less than 2%. 

4. Further discussion 

The conversion method we demonstrate has interesting parallels with the Kelvin 

droplet generator (or „Kelvin‟s thunderstorm‟).[4, 17] The Kelvin droplet generator 

generates electrical energy from gravitational energy, when charged droplets fall 

down from a reservoir towards a receiving vessel at high electrical potential. The 

receiving vessel gradually acquires this high potential due to the collective droplet 

charges received. To charge the droplets the principle of electrical induction is 

applied. To do this, there are actually not one but two separate droplet streams 

exiting from the same reservoir. The droplets are collected in two receiving vessels, 

whereby each vessel is connected to an induction ring located close to the other 

droplet stream exit. In Kelvin‟s droplet generator the action of gravity on the 

droplets is during the droplet trajectory continuously opposed by the electrical 

force, thereby converting gravitational energy to electrical energy. It thus by 

principle differs from our generator where during the droplet trajectory inertial 

force is opposed by electrical force and kinetic energy is converted to electrical 

energy, which we term ballistic conversion.  

Practical applications of a ballistic conversion device can be in areas where high 

voltages are needed in stand-alone applications such as in high-voltage 

microfluidics. The extremely simple structure of the device carries the promise of 

low maintenance. Also, in several ways it can be further developed by engineering. 

The current obtained can be increased, and the necessary load impedance decreased, 

by increasing the number of pores. This is simply possible using micromachining 

techniques. [18] Ten thousand pores for example will increase the harvested 

current to 50 A and decrease the load impedance to 10 M, values suitable for 

microchip capillary electrophoresis. [19] For application in other areas it will be 

helpful if the generated voltage can be reduced. At present we demonstrated 20% 

efficiency at 6kV by a current of 5 nA. The Rayleigh limit as discussed above in 

principle still allows about 100 times higher droplet charge over mass ratios, q/m, 
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in the present device, which would result in an operating voltage of 60 V. Induction 

charging as we already applied is one of the possible ways to increase q/m, but also 

use of other solvents or ionic liquids such as applied for colloid thrusters.[8] 

Further engineering targets can be to reduce the hydrodynamic pore resistance and 

the air resistance, for example by working under partial vacuum. Finally 

continuous operation in a small package will necessitate incorporating structures 

for collection and recycling of the water inside the device. A wide variety of 

potential applications such as energy conversion, FACS sorting, inkjetting, and 

micropropulsion may benefit from gained insight. 

 

5. Conclusion 

In this chapter, we demonstrate a simple and straightforward method of energy 

harvesting from liquid microjet, termed “ballistic energy conversion”. The water is 

pushed out of a single micropore and forms a liquid microjet containing net 

charges from the electrical double layer. Due to the Rayleigh Plateau instability, 

the jet breaks up into droplets which contain net charge. The droplets move with 

high kinetic energy, and deliver charge to a bottom target. A high electrical 

potential can be produced at the target via resistors connecting the target to ground, 

so that droplets move against the electrical field created and convert kinetic energy 

to electrical energy. A maximum efficiency of 33% was found in our experiments. 

The distance between guard ring and target was also found to be important. In our 

experiment, the optimal working distance between target and membrane was found 

to be around 15mm. mainly due to the inhomogeneous charge to mass ratio of the 

droplets, we found that the maximum efficiency was achieved when I2/I1 ≈ 0.85.  
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Chapter 4 

Theoretical investigation on ballistic 

energy conversion system 

 

 

The ballistic energy conversion is calculated and analyzed both in theoretical and 

experimental aspects in this chapter. The energy conversion process is divided into 

two steps: the acceleration step from pressure to kinetic energy of the micro 

droplets, and the deceleration step from kinetic energy of droplets to electrical 

energy. Theoretical simulation predicts the energy loss factors in this acceleration-

deceleration circle, and matched nicely with the experimental data obtained using 

two pore sizes. The upper limits of theoretical efficiency and optimal operational 

conditions are also predicted in this chapter. 
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1. Introduction 

As we described in the previous chapter, in a ballistic energy conversion system a 

liquid microjet is formed which breaks into charged droplets transporting charge 

through the air to the target. Subsequently electrical energy can be harvested by 

resistors, connected between target and ground. Duffin and Saykally first used the 

liquid jet to harvest electrical energy with nearly 11% efficiency.[1, 2] They 

attributed the enhancement of efficiency compared to classical electrokinetic 

conversion to the entrance flow near the thin orifice, and the fact that droplets are 

isolated in the air so that no conduction current can be generated from the bottom 

target.  

Our analysis in the previous chapter shows that the energy conversion in such 

systems is different from traditional energy conversion by the streaming potential, 

and our experimental results show the maximum efficiency can be over 30%. The 

analysis in the previous chapter can be summarized as follows. Pressure pushes 

water through an orifice forming a jet. Due to the Rayleigh-Plateau instability[3], 

the water jet will break up into droplets, containing net charges from the electrical 

double layer (EDL). The charged droplets are collected at the target, creating a 

current and generating an electrical potential through a high ohmic (several Tera 

Ohm) resistance. The created potential will slow the charged droplets down, 

because they move against an electrical field. The kinetic energy of the droplets 

can overcome the force exerted by this electrical field. Now essentially the pressure 

mechanical energy is converted to electrical energy via kinetic energy. Because the 

basic system consists of only a membrane with micropore and a target, this is a 

simple and straightforward method to convert mechanical energy to electrical 

energy. 

However, a quantitative analysis is needed for the ballistic energy conversion 

system, so that we can have a better understanding of the limits of the system and 

predict what the optimal operational conditions are for the conversion efficiency. In 

this chapter, we construct a theoretical model for the energy conversion system, 

and predict where the system still can be improved. 
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In this chapter we experimentally investigate the droplet speed as function of 

trajectory distance, applied pressure and analyze the energy loss in the two steps. 

We simulate the viscous losses in the micropore, and the air friction loss of 

droplets in air. Finally we predict the direction of efficiency improvement and the 

theoretical limit of the efficiency.  

  

 

Figure 1 The conversion principle and setup. Droplets, from the break-up of a 

Rayleigh jet, are charged by EDL ions. The inertia of droplets moves them against 

the electrical field and converts (mechanical) kinetic energy to electrical energy.  

2. Model 

During the process of energy conversion from input pressure to electrical energy, 

there are many sources of energy loss. To estimate the limit of energy conversion 

efficiency, the energy losses are theoretically calculated in this chapter. We divide 

the energy conversion process in two steps: 1. Pressure to kinetic energy 

conversion of water. An applied input pressure difference pushes the aqueous 

solution out through a thin orifice where it forms a liquid jet, with defined 
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efficiency effkin. Viscous friction forces consume mechanical energy when the 

solution is moved at  high speed to form the liquid jet via the micropore[4], so that 

only partially the pressure energy is converted to kinetic energy that is useful for 

electrical energy conversion. The formation of the cylindrical liquid jet also 

consumes part of the pressure energy to create air/water interface with a certain 

surface tension.[5] 2. Kinetic energy of droplets to electrical energy conversion, 

with defined efficiency effel. After jet breakup into droplets, the charged droplets 

move with an initially high speed against the electrical field and undergo air 

friction. Hence, partially the kinetic energy will be consumed by air friction. 

Finally, we can calculate the overall efficiency of ballistic energy conversion by eff 

= effkin × effel. This should equals to the definition of electrical energy conversion 

efficiency eff = I×U/(p·Q), where I, U, p, Q are measured current, voltage, applied 

pressure and flow rate in system. Figure 2 indicates the position where the main 

energy losses occur.  

 

 

 

Figure 2 Categorization of losses in the model 

 

Setup 

To measure the energy loss of each step, the jet size and velocity of droplets are 

important to know. A custom setup was built that is able to capture double-

illuminated images of droplets at certain desired distances from the micropore 

while applying a potential on the target or the guard ring and measuring pressure, 

flow rate and electrical current as shown in Figure 3a. The laser come from right 

side and camera will has a quite short time delay producing twice illumination on 
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the image. Litron Nano-PIV (Q-switched  doubled NdYaq laser 532nm 6ns Dual 

cavity) used for the laser source and the images captured by Lumenera Lm135-io 

(4.65µm per pixel), via microscope Olympus BX-30MF. The laser time delay can 

be adjusted and controlled by a trigger Berkely delay generator BNC 575 (250ps 

accuracy). Droplet velocity information was extracted from the double-illuminated 

images by dividing displacement by the time step between illumination pulses. [6, 

7] A sample image is shown in figure 3b. A high voltage source (fug - HCE 7 

35000) was connected with a piece of metal at bottom, to decelerate charged 

droplets by producing an electrical field. Rest of the setup can be seen from chapter 

3.  

 

a  

b  

Figure 3. a. Setup for optical velocity measurements. Flow meter and water inlet 

are electrically isolated from the setup. Sample picture op droplets from the 

droplet stream. Images are taken with 10× objective and displayed on 4.65μm 

pixels. (scale bar indicates 20μm). Double laser illumination was used for 

measuring the movement distance within one pulse. The size and speed of droplets 

was analyzed by a Matlab script. 
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2.1 Loss factors in liquid 

Liquid losses are defined as the ratio of kinetic energy of droplets (Ekin) after jet 

breakup to pressure-driven mechanical energy (Ein) :effkin = Ekin/Ein. In the liquid 

two main factors of loss are investigated: viscous losses due to the shear rate of 

water flow, and energy losses by generation of the water-air interface. In this 

section, we will discuss the viscous loss and surface energy loss separately. 

2.1.1 Jet formation: viscous friction 

The viscous energy losses of water flowing through an orifice can be analytically 

calculated by knowing the liquid flow velocity profile via the circular pore in the 

creeping flow model by Sampson.[8, 9] From empirical data on the head loss or 

pressure loss in a small opening into a circular pipe it is also possible to calculate 

the energy loss factor.[10] However, the Reynolds number is close to 100 in our 

system, not satisfying the creeping flow assumption for Sampson’s Solution. In 

addition, the water passing through the micron-sized pore forms a free liquid jet in 

air, which is fundamentally different from the liquid flow in a pipe. Hence, it will 

be necessary to simulate the water flow to calculate the viscous energy loss in our 

experiments.  

The input mechanical power is calculated by p*Q, where p and Q are input 

pressure and volume flow rate. Since the flow is continuous and constant at every 

position, we can separate the applied pressure energy into a fraction that is 

effectively used  for driving the flow (peff), and the other two fraction that are lost 

due to viscous friction (pvis) and surface tension (pS). 

                     (1) 

The Bernoulli equation describes the conversion from pressure to kinetic energy of 

water flow without any viscous loss. With the simulation results of the liquid 

velocity, the fraction of applied pressure energy that is converted to kinetic energy 

(defined as effkin) can be calculated: 

       
    

 
  

  

  
        (2) 
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where vj and vb are the simulated mean velocity of liquid jet and the velocity 

calculated from the Bernoulli equation.  

Energy loss factor 

The first source of energy loss occurring during the conversion from pressure 

energy to kinetic energy of flowing water is viscous friction. The viscous friction 

force fv during water flow through a pore is proportional to the area of the pore πr
2
 

with radius r. The product of force fv and mean velocity v then gives the power 

consumed by the viscous force,      . According to the theoretical calculation 

of flow rate in an orifice during single phase flow, the flow rate is proportional to 

r
3
.[11] Hence, we can estimate that the fractional viscous energy loss equals 

fv·v/p·Q, and thus is inversely proportional to r.  

Above we defined an effective pressure that induces liquid flow: peff. To calculate 

this pressure we should realize that the pressure at pore exit isn’t equal to 

atmosphere pressure, since the exiting solution forms a cylinder liquid jet that 

produces a local Laplace pressure. For the calculation of this pressure we have to 

use jet radius a instead of pore radius r, due to the contraction of the jet in air. Jet 

radius a determines the mean flow velocity under the applied flow rate. As a result, 

the effective pressure can be expressed as: 

          
 

 
        (3) 

where a is the jet radius, typically smaller than the pore radius due to jet 

contraction;         are  the input pressure, viscous loss factor and Laplace 

pressure in the cylinder jet, respectively. The term K/a indicates the viscous loss, 

with the viscous loss factor  .. The loss factor K can be calculated from the flow 

profile obtained by simulation in Comsol using a two phase flow model. 

The Bernoulli equation derived from conservation of energy describes the 

transition of pressure to flow rate without any energy losses. Conversely, an 

effective pressure can be calculated from the Bernoulli equation substituting the 

flow rate.  
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        ⁄     
      (4) 

To separate the influence of surface tension, the surface tension was reduced by a 

factor of 20 in the simulations, so that by integration of surface only viscous 

friction played a significant role. Simulations then yielded a value for   of 1.3010
-

6
m, determined as an average over simulations with several jet diameters (from 

8μm to 30μm). This value is not valid for very small values of   where the flow 

rate is significantly influenced. The relation        was taken from the 10m 

pore simulations, which was confirmed by experiments. Many factors can 

influence the contraction ratio of liquid jet, such as pore size, surface roughness 

and velocity profile.[12] Experimentally we observed a larger contraction ratio 

approximately a/r = 0.8 in an experiment with a 30μm pore. 

By knowing the velocity of the fluid through the pore we can calculate the flow 

rate: 

              (5) 

By substituting Equations 3 and 4 in Equation 5 we find the theoretical flow rate. 

This theoretical flow rate satisfyingly matches our measurements as function of 

pressure for 10m and 30m pores as shown in figures 4a and b. 

a b  

Figure 4 a. Observed and predicted flow rate for several pressures using a 10m 

diameter pore. The theory is based on a jet radius of 4.5μm. b. the flow rate 

increase as function of applied pressure using a 30 μm diameter pore. The theory 
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is based on a jet radius of 11.9μm. A stronger contraction of the liquid jet was 

observed in the 30m diameter pore. 

 

 

2.1.2 Breakup: surface energies and the momentum balance 

Surface effects are treated separately at the location of the pore and near the 

breakup of the jet, as illustrated in figure 5. The jet is formed out of the pore and 

the contraction ratio (a/r) of the jet determines the velocity vj under constant flow 

rate, according to equation 5. In this jet formation section the surface forces are 

balanced and do not reduce the energy of the jet, but the Laplace pressure in the jet 

does reduce the net pressure exerted on the fluid. In the breakup section the 

Laplace pressure yields  a positive contribution to the kinetic energy of the droplets, 

but the surface forces are not balanced and they form a negative contribution to the 

droplet kinetic energy[4].  

 

Figure 5 Illustration of surface forces and Laplace pressure effects 

The liquid jet in air will break up into droplets according to Rayleigh-Plateau 

instability. Assuming the jet and droplets are perfectly axisymmetric, the surface 

forces in the radial direction are balanced, but are not in the movement direction. If 

we define an artificial surface at the position where jet pinches off, this surface 

“pulled” by the jet surface force but “pushed” by the droplet is not balanced (figure 

5). This phenomenon was described and measured by Schneider et al. and the 

velocity was derived from  the momentum balance [4]: 

   

  
 

    

  
         (6) 

Where        are the momentum of the liquid in the jet and in the droplets, 

respectively.  
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Working out the equation yields[4]: 

          
 

       
      (7) 

Substituting Equation 3 and 5 in Equation 7 we can calculate the droplet velocity as 

function of the pressure. Dividing the droplet kinetic energy by the input energy 

    then yields the efficiency of pressure to kinetic energy conversion, effkin.  

         
     

 

  
    (8) 

Figure 6 shows the initial velocity of droplets (just after jet pinch-off). The data 

points indicate the measurements and the lines are from theory. A quite satisfactory 

agreement of theory and experiments is obtained. The left y-axis indicates the 

initial velocity of droplets, while the black solid points and blank points present the 

experimental measurements of velocity for 10μm and 30μm pores, respectively. 

From the initial velocity, we can calculate the energy conversion efficiency from 

pressure to kinetic energy for both pore sizes, shown as red dots from experiments 

and lines from theoretical predictions. A maximum effkin will be reached after 

pressure increase to a certain value. It is apparent that use of a larger pore can 

easily decrease the energy loss during generation of droplets.  
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Figure 6 Velocity of the jet and efficiency of pressure to kinetic energy conversion 

(effikin) as function of applied pressure. The measurements and theory are shown 

for both 10m and 30m pores.  

 

2.2 Loss factors in air 

After jet breakup into droplets, the charged droplets move with inertial energy and 

deliver charges to the bottom target producing electrical energy. However, the air 

friction partially consumes kinetic energy so that not all the kinetic energy can be 

converted into electrical energy. The air friction loss factor will be discussed in this 

section.  

The motion of droplets during the trajectory from pore to target is described by 

Newton’s second law: 

 ⃗   
  ⃗

  
    

⃗⃗⃗⃗⃗⃗     
⃗⃗ ⃗⃗ ⃗⃗⃗ 

Then we can derive: 

  
  

  
 

   

 
 

      

 
     (9) 
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The motion of the droplets can thus be calculated by the electric force     and the 

drag force     as functions of the trajectory position x. The observed droplet size 

increases with distance x because of merging of the droplets in-flight, from 

approximately 8m radius after jet breakup to 20m radius at 13mm from the pore. 

The statistics of droplet sizes obtained for both 10 and 30μm pores are shown in 

figure 7. Both of them produce main droplets and satellite droplets.[6] However, 

since the satellite droplets from the 10μm pore are too small to be detected, only 

the main droplets are shown in the figure. Main and satellite droplets will coalesce 

very quickly after some travelling distance. Thus there were no satellite droplets 

observed at 1.5cm below the chip. The average droplet size increases as a function 

of distance.  

a  b  

Fig. 7. Histograms of size variation of droplets.  (A) the size distribution obtained 

with a 10m diameter pore (green) and a 30m diameter pore (blue), at the point 

where the jet breaks up into droplets. The data give a clear indication of a bimodal 

distribution with small satellite droplets and large ‘main’ droplets. (B) the size 

distribution of droplets at 1.3cm(10mm pore) and 1.5 cm(30mm pore) distance 

from the chip. Please note the change of scale in the x-axis. 

The air drag force on a single droplet can be expressed as[13]:  

    
 

 
      

          (10) 
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where             are the mass density of air, the speed of the droplet relative to 

air, and the air friction coefficient. In our calculation, we assume the droplets are 

perfect spheres without any vibration.  

Measurements of the droplet velocity as function of the distance from the pore are 

shown as points in Figure . Figure 8a indicates that the velocity of droplets from 

10μm and 30μm pores decreases as function of the distance in the absence of an 

electrical field from the target. Dashed lines give the theoretical predictions when 

there is just a single droplet moving in air. These predictions are approximate. 

However, in our experiments the droplets break continuously from the jet with a 

certain spacing. This will induce a flow of the surrounding air with the droplets, 

and the decrease of the relative speed of droplets with respect to the surrounding air 

will induce less air friction energy losses. The solid lines present the velocity 

prediction with consideration of this air flow, which we will discuss later in this 

chapter.  

In addition, we applied 7kV voltage on the target by a high voltage source (fug-

HCE 35000). The solid points (including the square black points and grey circle 

points from two separate experiments) and green blank points indicate the 

measured droplet velocity as a function of  trajectory distance without and with 

7kV target potential applied, respectively. With the additional electrical force from 

the target, the velocity of the droplets decreased faster, converting kinetic energy to 

electrical energy. 
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a   b  

Figure 8 a. The velocity decrease as function of trajectory distance for liquid jet 

from 10m pore (black points) and 30m pore (red points) compared with two 

theoretical predictions, without (dashed lines) and with the air wake (solid lines). b 

Velocity measurements and predictions as function of distance from the micropore. 

The applied pressure is 1.4bar and the distance between pore and target (for 

dataset 3) is 13mm. In the measurements with applied electrical field, this field was 

applied between 3 (location of the guard ring) and 13mm (the location of the 

target). 

The motion of air is not bounded by a nearby stationary wall, and therefore the 

vortex that is formed by the droplets can extend to unlimited space as shown in 

figure 9a. The air drag force is due to the relative velocity between air and droplets. 

Hence, in the simulation we can keep the droplets stationary and introduce moving 

air flow around these droplets. The force on the droplets was calculated by 

integration of the force on the droplet surface, and a coefficient of the air drag force 

was introduced in equation 9 to indicate this force decrease. All these simulations 

were performed using a FEM fluid flow model in Comsol. The results are shown in 

figure 9 below.  
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a  b  

 

c  d  

 e f  

Figure 9: a. Illustration of a hypothetical far-extending wake of air nearby the 

liquid jet. b. The air velocity distribution around droplets. It can be clearly seen 

that the relative velocity between surrounding air and droplet decreases due to the 

air movement. c. Force per mass as function of droplet size for several velocities 

measured at 2.5mm from the start of the droplet stream. d. Force per mass as 
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function of velocity for several measured for 16µm droplets, Q =0.9µl s-1, at 

2.5mm from the start of the droplet stream. e.  Force per mass as function of rpore, 

which represents the flow rate Q according to the Bernoulli equation. The 

simulations used rdrop = 25µm and 10m/s measured at 2.5mm from the start of the 

droplet stream. f. Friction force simulations with 14μm droplets and fitting lines for 

v = 10m/s as function of trajectory distance.  

Simulations show that a representative wake of air is generated for distances larger 

than 2.5mm. Because of the coalesce of droplets, it would be more practical useful 

to calculate the force per mass ratio F/m instead of force, so that we can get rid of 

the influence on droplet size variation by coalesce. Different droplets sizes were 

introduced to calculate the air drag force per mass ratio, to investigate the influence 

of droplets coalescence (figure 9c). Simulation results in figure 9d show that the  
   

 
 coefficient is independent of the droplet size for constant mass flow rate over 

distance. This is mainly because the distance between two droplets become larger 

after merging, supplying more space for air flow in between. Hence, even though 

the merged droplets are larger, this does not influence the effect of air friction 

during the trajectory. A variation of flow rate however can change droplet velocity 

and the spacing of the droplet mass center, inducing changes of the 
   

 
 coefficient, 

as shown in figure 9e. For a stream of equal-sized and equal-distance perfectly 

spherical droplets the spacing of the droplet mass centers is: 

   
 

 
   

 
    (11) 

where         are distance between droplets center of mass, droplet velocity, flow 

rate and droplet radius, respectively.  

The air friction force decreases with trajectory distance. Lower speed, shorter 

spacing of droplets and higher surrounding air velocity can induce this decrease. 

From non-linear fitting of the air drag force by simulation results (figure 9f), it can 

be seen that the force decrease as x
-1/6

 fits well as a function of distance x. However, 

for simplicity to get an analytical equation, we adopt the force decrease as   √ . 
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Hence, substituting this decrease factor   √  to 
   

 
 in Equation 9, the air force per 

mass ratio can be expressed as 

   

 
 

     
 

√ 
    (12) 

where     is a distance-independent coefficient obtained from simulations.  

By surface integration of air drag forces from simulation, we could obtain the 

coefficient          
 

 

   [  ] for different pore sizes. The maximum deviation is 

0.18 when the droplet radius is varied from 8 to 20m and the velocity from 5 to 

12 m/s. We can substitute Cdr in Equation 9 and obtain the velocity distribution 

along the trajectory distance,     . For the initial droplet speed          

  m/s, as obtained from measurements, the theoretical predictions are drawn in 

Figure a.  

The electrical force per mass ratio  
   

 
 in Equation 9 can be calculated from the 

charge density of the droplets and the electrical field strength, assuming the electric 

field is constant: 

     
   

 
 

 

 

  

  
       (13) 

where               are the coefficient of electrical force (defined), potential 

difference, length over which the electrical field exists, charge density in the 

droplets and mass density of water, respectively. The charge density is calculated 

from    
 

 
, where   is the upstream current in the reservoir. The theoretical 

prediction with an applied electrical field (7kV on target with 10mm distance) is 

also shown as the blue solid line in Figure b. The charge density value used was 

3.4C/m
3
 (2.9nA at 0.85L/s). Because the electrical energy only can be harvested 

after droplets came out of the guard ring, the theoretical prediction was started 

from the position of the guard ring (3mm). With 7kV applied voltage over a 

distance of 10mm, a typical value of Cel is 2380 N/kg,  
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Solving Equation 9 by substitution of Equation 12 and Equation 13 with the initial 

condition         yields 

      
    

   
√     

          √  
   

     
 (          √ ) (14) 

In this equation the first term describes the converted electrical energy; the second 

term describes the energy loss by viscous friction, and the last term is a 

compensation energy due to electrical force. The last term is a compensation term 

accounting for a decrease in the energy loss by air friction in the presence of an 

electrical field. This is because the electric field slows the droplets down, and the 

lower velocity of the droplets causes less air friction. By addition of the third term, 

lower energy losses are expected to be observed relative to the theoretical 

prediction.  

By equation 14, we can calculate the energy distribution along the trajectory 

distance. The remaining kinetic energy of droplets can be calculated from the 

velocity. The electrical energy per volume can be simply calculated by 

 
   

  
 

    

 
         (15) 

where    is the location of the guard ring. The effects of the compensation term 

can be seen in the figure 10: the total air friction loss is higher when droplets move 

without an electrical field.  
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Figure 10 Energy distribution in the system as function of distance from the jetting 

micropore. The lines show the kinetic energy of the water as fraction of the initial 

kinetic energy. Additionally a line is shown with added electrical energy (red), to 

show that air friction losses are smaller when an electrical field is applied.  In the 

measurements with applied electrical field, this field was applied between 3 and 

13mm.  

 

2.3 System efficiency 

It is interesting to predict the efficiency of the ballistic energy conversion system. 

Combining  the equations of energy loss in the two consecutive steps (see Figure 2), 

by substitution of equation 3 and 5 in equation 14, we can obtain: 

      
    

   
√   

 (  (  
 

 
) 

 

 
)

      
(  

 

             
)
 
         √   

   

     
 (          √ )  (16) 

The maximum output power can be gained when droplets convert all kinetic energy 

against air friction energy and electrical energy, and then land on target. Hence, we 

can calculate the maximum electrical field by defining that the final velocity equals 

zero v(L)=0, where L is the maximum distance droplets can reach under the 

electrical field force fel and air friction force fdr. Then we can calculate the required 



Chapter 4 

 

88 

 

maximum electrical field from the electrical drag term with constant charge density 

(3.4 C/m
3
) as function of guard ring-target distance x: 

        
    

 
    

   
    

       √ 

       √        √ 
   (17) 

By substituting equation 17 in equation 16, we can obtain the energy distribution in 

electrical energy, air friction and compensation terms.  

The energy loss in air friction can be expressed as effel which can be calculated by: 

        
   

    
   

    

  
 ∫

     

√ 

 

 
     (18) 

where Edr is the energy loss by air friction.  

Finally, the system efficiency can be calculated by  

                 

The efficiency calculated from the energy loss factors is equivalent to the definition 

of the electrical energy conversion efficiency eff=U·ρe/p. 

With the above equations for the total efficiency we can determine the direction to 

optimize the system to achieve minimal energy losses. This predicted system 

efficiency is plotted against input pressure, pore-target distance and pore radius in 

Figure 11. In these system efficiencies the electrical force is assumed to be 

optimized such that the final velocity at the target is exactly zero, by solving 

Equation 16 at     and     for    . This results in a required field strength 

which is also indicated in the figure, because in practical systems the field strength 

needs to be limited to prevent breakdown of air and corona discharges. The 

breakdown field strength of air is 2.3kV/mm (the maximum value occurring in the 

figure). However, corona discharge can happen at lower voltages, because of small 

curvature on the target. From Peek’s equation[14], we can calculate that the 

maximum working voltage can be about 24kV with 3cm distance between guard 

ring and target. 
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Figure 11 System efficiencies are predicted with variations of applied pressure (a), 

pore-target distance(b) and pore radius (c). Optimal electrical field strengths are 

shown as dashed lines, which are required for the maximum conversion efficiency 

(red solid lines). Parameters used in these calculations are a charge density of 

3.4C/m
3
, p=140kPa, d=15mm and r=5m, where not stated otherwise. 

3. Discussion and conclusions 

We experimentally measured and theoretically modeled the energy losses during 

the conversion process from pressure energy to electrical energy. The energy 

conversion process is divided in two steps: 1. from pressure-driven input 

mechanical energy to kinetic energy of charged droplet flow; 2. Kinetic energy of 

charged droplet flow to electrical energy on target.  

In experiments, we observed that the energy loss in the first step under 1.4bar 

pressure is 52% with a 10m pore and 35% with a 30m pore. In the theoretical 

analysis, the energy loss by viscous friction is over 30% for a 10m pore, while the 

energy loss is 20% loss for surface creation. The final value of 50% loss is 

therefore in good agreement with the simulations. Also the lower viscous energy 

loss (25.3%) and surface energy loss (8.4%) from simulation and analytical 

calculation when using a 30m pore is in good agreement with the measurements. 

A lower air friction energy loss is observed in experiment than in simulations using 

the air drag force equations, and approximately 40% of the kinetic energy is lost in 

friction with air for a 15mm pore-target distance without electrical field. From the 

simulations, we found that the probable reason of lower air friction is the 

movement of surrounding air that decreases the air drag forces on the droplets. By 

fitting with the forces as function of trajectory distance, the velocity can be 
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predicted as function of travelling distance. Less air friction will also be produced 

when the droplets are moving in the electrical field generated by the target voltage, 

since the lower velocity of droplets causes less air friction forces.  

The relation between losses and pore radius was modeled using a combination of 

predictions from simulation data for viscous losses in the pore, theory and literature 

data for the surface energy losses and simulation data for the air friction 

coefficients for various flow rates. The model that was developed based on this 

data predicts that substantially higher efficiencies can be obtained for larger pore 

sizes. It is therefore recommended to use larger pore size to have lower energy loss. 

This approach  will be followed in Chapter 5. 
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Chapter 5 

Gate induced energy conversion by liquid 

jet 

 

 

Here we show that the efficiency of a ballistic energy conversion system can be 

further improved by gate control. With gate control the electrical current generation 

is enhanced a hundred times with respect to the current generated from the zeta 

potential. A maximum efficiency of 48% is obtained using a 30m pore. Energy 

was still lost on viscous flow, surface production and air friction. The higher 

droplet charge density by using gate control can also be used to decrease the 

required target voltage. Thus a 12% efficiency was achieved with 500V target 

voltage using a 10m pore and voltage gating. The different induction modes, as a 

consequence of the efficiency, are discussed and modelled in this chapter. 
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1. Introduction 

As we discussed in chapter 3, by connecting a guard ring the electrical field 

generated by the target potential can be very well shielded, so that the upstream 

current or charge density of droplets can be made independent of target voltage. 

However, many factors can influence the streaming current generation such as pH 

changes and surface contamination, thus inducing unstable energy harvesting. As 

theoretical predictions in Chapter 4 showed, a larger pore size will induce less 

energy loss during the droplet generation and less air friction energy loss. This is 

mainly due to the decrease of surface-bulk ratio of flow in larger pores. However, a 

larger pore size will also decrease the net charge density in the droplets stemming 

from the electrical double layer. Thus, higher target voltages are required for high 

efficiency energy conversion, inducing more chance of electrical energy losses. In 

addition,  highly charged droplets are preferable, since then a lower target voltage 

is required to produce the same output power. This is be preferable for practical 

applications because several hundred volts instead of kilo-Volts are commonly 

used in our daily life. 

By applying external voltages on the guard ring, we can not only shield the target 

electrical field, but also further adjust the electrical field between guard ring and 

chip. This electrical field will attract additional or even reversed net charges in the 

liquid jet so that the droplet charge density can be tuned. In this chapter, we will 

experimentally and theoretically investigate the gate controlled ballistic energy 

conversion process. Two different induction modes are discussed for current 

generation. Theoretical models are setup for prediction of current generation and 

the influence on energy conversion.  
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2. Principle and setup 

 

Figure 1 Schematic of the gated setup. Charges are introduced in the droplets by a 

gate metal ring connected to a voltage source.  

Figure 1 shows the schematic picture of the setup. A silicon-enriched silicon nitride 

membrane (less than 1m thickness) machined with a single micropore was 

mounted in a chip holder. Pressure drives aqueous solution through this pore which 

forms a liquid jet in air. After jet breakup into charged droplets, a metal target 

collects all charged droplets and the current runs via a resistor (ranging from 

GOhm to TOhm) to ground. Hence, electrical power will be produced. An external 

voltage source (Keithley 2410) is connected to this guard ring giving it either a 

positive or negative voltage, and thus provide additional polarization of liquid jet. 

This setup is quite comparable with an electrospray setup.[1, 2] It must be 

remarked that there is no current passing through this gate ring (unless droplets are 

deflected to the gate), so that there will be no electrical energy dissipated by a gate 

ring current. The energy conversion efficiency is then as normal defined as the 

ratio of electrical output power to mechanical input power.  
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3. Results  

3.1 Energy conversion optimization by gating using a 10m pore 

 

Figure 2. The upstream current I1 linearly increases with gate voltage without a 

load resistance connected. Higher currents are obtained with a salt solution than 

with demineralized water. A 10 m pore was used and a pressure of 2.2 bar was 

applied. 

Figure 2 shows that the upstream current I1 increases linearly with gate voltage 

when 2.2 bar pressure was applied over a 10m diameter pore. Two different 

solution (DI water and 1.2mM KCl) were used in the measurements. Here, we 

define the induction rate Cind as the induced current per applied gate voltage Cind 

=I/Ug. A high conductivity of solution helps to increase the induction rate, which is 

the slope of the data points obtained by a linear fit. We will explain this 

observation later in this chapter. Assuming droplets of homogeneous size are 

generated with a volume flow rate of 1.1μL/s, the maximum droplet charge density 

ρe is calculated as current divided by observed volume flow rate (I/Q) of droplets 

and is 123C/m
3
 which is close to the Rayleigh limit of 153C/m

3 
in 10μm diameter 

droplets. The Rayleigh limit describes the maximum quantity of charge in a droplet 

before breakup as a result of repulsive force occurs, 
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      (1) 

where q, ε, γ are the quantity of charge, vacuum permittivity and surface tension. [3, 

4] Higher droplet charge quantities will induce an unstable droplet or will even 

cause an explosion of the droplet due to the Coulomb force.[5] Our working 

current shown below is generally much lower than this limit, so the effects of a 

high charge density on droplets will not further be discussed in this chapter.   

a b

Figure 3. a. Current changes as function of load resistance. A small negative 

voltage (see table 1) was applied to the guard ring to adjust the charge density of 

droplets to keep upstream current I1 constant. b The efficiency as function of load 

resistance; maximal efficiency is around 35%. Demineralized water was used in 

these experiments. 

Figure 3a shows for three typical measurements with a 10m diameter pore that I2 

(open symbols)  changes with a load resistance increase. Demineralized water was 

used in these experiments. The difference between these experiments and the 

experiments from chapter 3 is that in this case small gate voltages (relative to target 

voltage) were applied so that we are able to keep the upstream current I1 constant 

(at 3nA or 4nA). As a result, a constant charge density was maintained in the 

droplets when load resistance increased. The gate voltages of three different 

experiments can be seen in table 1. The gate voltage was introduced originally 

because of the instability of upstream current generation in these three experiments , 

which totally depended on the charges from the EDL, was lower than 1nA. Hence, 

these relatively small voltages applied to the gate ring can induce and stabilize the 
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current generation. Downstream current I2 decreases gradually with load resistance 

due to deflection of droplets and electrical losses (electrospraying and corona 

discharge). By measurement of pressure and flow rate, we calculated the energy 

conversion efficiency as shown in Fig3b. Finally, we obtain a maximum 35% 

efficiency from a 10 μm pore with this gate controlled induction system. 

 
Rload(Ohm) 1.1 T 2.2 T 3.3 T 4.3 T 5.3 T 6.4 T 7.2 T 8.0 T 9.0 T 10.0 T 

Exp1 -250V -250V -250V -250V -250V -250V -250V -250V -250V -250V 

Exp2 -215V -235V -241V -252V -260V -265V -274V -280V   

Exp3 -342V -342V -342V -342V -342V -342V -342V -342V   

Table 1. Voltage applied on the guard ring for three independent experiments.  
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3.2 Energy harvesting by gating using a 30m pore 

a b  

Figure 4 a. Both the variation of upstream current I1 and downstream current I2 as 

a function of gate voltage. b The efficiency as function of gate voltage. A 10mM 

KCl solution was used in these experiments and a 30 m diameter pore. 

From the theoretical analysis presented in chapter 4 figure 11, we know that the 

liquid jet generated from a larger pore is expected to has less energy loss by lower 

viscous friction forces, lower surface energy and lower air friction during travelling, 

due to the smaller surface-bulk ratio. However, use of larger droplets will also 

decrease the net charge density from the electrical double layer, thus higher target 

voltages will be required for high efficiency conversion, inducing more energy 

losses by corona discharge or electrospraying from the target. A gate-controlled 

system is therefore preferably used to increase droplet charge density, especially 

for large pore.  

Figure 4a shows two typical measurements using a 30m pore with addition of  

KCl (10mM) in the aqueous solution. A 1.01TOhm resistor was connected in the 

downstream circuit. The negative gate voltage was tuned from 0V to -250V to 

increase upstream current I1. Downstream current I2 increases with I1 at increasing 

gate voltages and then starts to decrease around a target voltage of 20kV. The 

deflection of droplets and electrojetting were then observed from target to gate ring. 

We ascribe this to electrical breakdown (corona discharge) between target and 

guard ring occurring at high field strengths, as can be calculated Peek’s equation 
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             ⁄  , which describes the voltage breakdown limit between two 

targets, where UC, mv, gv, d and r are the corona inception voltage, irregularity 

factor of surface smoothness, "visual critical" electric field, distance between 

objects and radius of target, respectively.[6] With the minimum radius of curvature 

on the target electrode 1.4mm and distance of 3cm, the limit of target voltage in 

our system is about 24kV. The efficiencies of these two experiments are shown in 

figure 4b. The maximum efficiency is close to 50% (48%), which is slightly lower 

than the theoretical prediction as shown in figure 11 of chapter 4. A possible 

explanation is that the required target voltage is higher than the actual limit of our 

target collector. 

3.3 Energy harvesting at lower target voltage 

In the previous experiments, high efficiency was obtained at quite high target 

voltages (typically ten kilovolts), which is not convenient for application. By 

application of high gate voltages we will now aim to strongly increase the droplet 

charge, so that we can much decrease the required target voltage. A 10 Gohm 

resistance was used to replace the TOhm resistors for energy conversion. 

A 2.2bar applied pressure drives 0.1M KCl solution out of a 10m pore. By 

gradually increasing the negative gate voltage, droplet charge density was adjusted. 

The current variation as function of gate voltage is shown in figure 5a. The energy 

harvesting results are furthermore shown in figures 5a and 5b. It is seen in figure 5a 

that the downstream current I2 initially increases with I1, and then decreases due to 

droplet reflection. Efficiencies were calculated and are shown in fig 5b.  
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a b  

Figure 5. a The efficiency increase as function of gate voltage. b The efficiency 

increase as function of generated voltage.  

The maximum efficiency obtained with the 10GOhm resistor is 12% with an 

applied pressure of 2.2bar and -700V gate voltage. Such low efficiencies are partly 

due to the fact that part of the kinetic energy is consumed to overcome the potential 

from the gate (-700V), as we will discuss later in this chapter. Another reason for 

this low efficiency is that the droplets were highly charged thus repelling each 

other during travelling. Under some circumstances, a droplet cone was formed 

when the droplets came out through the induction ring. As a result, the droplets 

can’t form a straight air wake and lose more kinetic energy against air friction than 

calculated value in the theoretical prediction in chapter 4. Besides, the flat target 

surface will induce a different transport distance for the droplets at the inside of the 

cone and at the outside of the cone. The droplets that need to travel a longer 

distance will be more easily deflected by the target voltage, thus the 

inhomogeneous distance will cause a smaller energy conversion efficiency. A 

positive aspect is that it can be seen that the maximum efficiency was obtained 

around 500V target voltage, which is in the range of the daily used voltages. 
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4. Theoretical models of current induction 

We have shown that the current generation can be well controlled by the applied 

gate voltage. It is quite interesting to theoretically investigate the induction models, 

so that we can have a better understanding on the influence of the energy 

conversion performance. Prediction of the current generation and optimal 

operational conditions for energy conversion using gating will be discussed in this 

section. We found that it would be possible to induce the current by placing the 

induction ring in two different positions. We termed the accompanying induction 

modes plate mode and cylinder mode.  

4.1 Plate model of current induction 

Current induced by an infinite large plate 

If we place the induction ring below the jet end, the induction of charge can be 

modeled as a cylindrical rod ending in a spherical droplet opposite to an infinitely 

large plate. The air capacitance in our droplet – induction ring system can then be 

described as a sphere-plate capacitor. 

 

Figure 6 Electrical model of current induction in plate mode. 

The droplet is connected to the ground via the water jet. We assume that the water 

jet can be approximated as a resistance Rjet. We can distinguish two capacitors in 

the system: the capacitance of the air-water interface (Cw-a) and the capacitance of 
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the jet-plate system in series connected. The capacitance of the water-air interface 

(0.2F/m
2
) is much larger than the capacitance of the jet-plate system due to the 

large distance between the plates of the latter.[7, 8] Hence, the final capacitance 

will be dominated by the capacitance of jet-plate gating system. To simplify the 

problem, we can consider that the droplets are perfectly spherical. The capacitance 

of the system in plate mode (Cp) can then be modeled  as the capacitance of an 

“infinitely” long cylinder (jet) with a perfect sphere at the end.  

                          (2) 

where ε0 and Rdrop are vacuum permittivity and initial droplets radius; Crod and C1 

are the capacitance of the liquid jet and a correction coefficient of capacitance on 

initial droplets. The correction factor stems from the fact that the droplet formation 

is a dynamic process. During the droplet pinch-off process, the size will 

continuously increase which influences the capacitance of the induction gate and 

liquid jet. So, a factor C1 was introduced for a more precise analytical estimation, 

which will be discussed in the appendix of this Chapter. 

 

Figure 7. The simulation results of the electrical field at the end of the liquid jet 

(Comsol).  

From our simulation results of the electrical field as shown in figure 7, it can be 

clearly seen that the field strength nearby the tip is the strongest indicating how the 

capacitance is distributed. During a droplet pinch-off process, the droplet size 

increases gradually, thus the capacitance of the system changes as function of the 
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pinch-off time (see Appendix). Here, we take the average size of the droplets over 

the pinch-off time. Hence, the correction factor C1 is estimated from this simulation 

and used in the calculation later. The capacitance of the cylinder rod equals 3×10
-16

 

F from our simulation, and the capacitance of the spherical droplet was analytically 

calculated, with a correction factor C1 from simulation (discussed in Appendix). 

In addition, we will not attempt to extensively describe the time-dependent 

charging process, since it will be rather complicated because jet shape and droplet 

size varies with time. To simplify the model, we assume that the size of the 

droplets is homogenous and the formation process is exactly repeatable. 

Furthermore, the liquid jet was modeled as a single capacitor connected with a 

single resistor (Rjet).  

The electrical resistance of a cylinder water jet with radius a is      
 

     , 

where a and κ are jet radius and conductivity of the solution. The electrical 

resistance of the water jet (typical length 500m and radius 4.45m from a 10m 

diameter pore) ranges from 1MOhm to 1TOhm when using  a 1MKCl solution and 

DI water, respectively.  

The induction current can be calculated from the gate voltage and capacitance of 

the system: 

  
 

 ⁄             (3) 

where q, τ, U, Cp are the charge quantities on single droplets, droplet formation 

time, voltage difference between jet tip (Utip) and gate voltage (Ug) and capacitance 

in plate mode. By substituting the voltage difference, we can obtain: 

                      (4) 

Assuming the liquid jet is an Ohmic resistor, the jet tip voltage Utip(τ) is I(τ)·Rjet. 

Hence, we can substitute Utip(τ) in the above equation to calculate the pinch-off 

time (τ) dependent induced current per gate voltage change as a function of the 

solution conductivity. Depending on the jet resistance, I(τ) can be very large and 

flow for a much shorter time than the droplet formation time, or very small and 
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flow for the entire droplet formation time. Utip (τ) can be calculated using the 

following considerations.  

The Ohmic resistance of the liquid jet and the capacitance of the jet and gate ring 

('system capacitance') together form a RC circuit. This system will have a RC 

charging time, determining the charging of the droplets before breakup. If the jet 

breaks up prior to the charging time, the droplets will not be fully charged by the 

gating mechanism. The system capacitance will charge the tip of the jet until it is 

pinched off. So, the time-dependent potential at the jet tip is: 

                 (
  

      
)     (5) 

In the above equation, τ indicates the pinch off time of the droplets. By substituting 

the above equation into equation (4), we can obtain a final equation to calculate the 

induced current as function of the induction voltage.  

  
  

⁄                    (
  

      
)       (6) 

The theoretical calculations are shown in figure 9 as dashed lines for two 

difference pore sizes. The induction rate increases rapidly with solution 

conductivity and reaches a saturated value which is determined by the capacitance 

of the system. In the first stage, the induction rate is governed by jet resistance. 

When the solution conductivity increases, Utip decreases so that the effective 

induction voltage (equation 5) increases causing more charging of the jet tip. As a 

result, the induction rate will increase with solution conductivity. When the 

conductance of the solution is over 0.01 S/m, the electrical resistance of the liquid 

jet will not play a role any more since the voltage produced on liquid jet can be 

ignored compared with the applied voltage. The capacitance of the induction 

system will then dominate the induction rate on the droplets. A larger droplet size 

has a higher induction rate in general, due to the larger system capacitance 

(euqation 2). However, the induction rate per volume is lower than with the jet 

from a smaller pore.  
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4.2 Cylinder mode of induction 

 

Figure 8 Schematic picture of liquid jet and equivalent circuit of current induction 

in 'cylinder mode'.  

Many experiments studied the charge induction effects in a liquid jet, and many of 

them used a cylinder bucket as induction gate.[9] Also in our case, the induction 

ring is often placed close to the pore with a sufficient thickness, so that most of the 

liquid jet will be surrounded by the gate cylinder instead of being located under the 

jet opposite to its axis. The schematic image of figure 8 shows this position of the 

guard (induction) ring, which now surrounds  most of the area of the jet. The 

capacitance of the system can now be simplified as a two-cylinder capacitance, 

with inner jet radius (a) and outer radius the ring opening (Rr). The capacitance of 

this cylinder system is known as: 

   
    

         
       (7) 

where l is the length of jet surrounded by the gate electrode. Because the electrical 

field in our case is not an “infinite” long cylinder, so that the field strength in our 

measurements is smaller than the field strength in an “infinite” long cylinder, thus a 

coefficient of capacitance C2 is introduced in the equation and will be discussed 

later in the Appendix. 
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The charge quantity on the jet can again be calculated by a capacitance in cylinder 

mode CC and the voltage difference between jet and gate U:       . Then, the 

volume charge density in a cross section of the cylinder is: 

                  (8) 

The generated streaming current will be calculated by multiplying flow rate and 

volume charge density, 

        
      

         
      (9) 

where Rr and u0 are the radius of gate ring and the velocity of the water jet. 

Substituting the voltage difference between the jet end and the applied gate voltage, 

we can obtain the current: 

  
      

  (
  
  

)

               (10) 

Considering the fact that the charges are continuously transported from the 

reservoir to the tip of the jet, the voltage difference between gate and jet tip can be 

expressed as: Ug-Rjet×I. Substituting this voltage in equation 10 for Ug, we can 

calculate the induction current: 

 

  
  

  (
  
 

)

        
     

⁄
     (11) 

Here, we didn’t consider the RC charging time on the jet tip. This is because the 

liquid jet will be charged from the jet as it comes out of the pore, and not charged 

only at the jet end like in plate mode. So, the charges won’t need to be transported 

through the entire jet and then charge the breaking-up droplets.  
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Measurements 

 

Figure 9. a. comparison of the induction rate (I/Ug) in cylinder mode and plate 

mode. The plate mode was calculated as an infinite large plate in front of jet, 

which is the upper limit of induction rate. However, it is not possible to reach this 

limit, since a hollow plate has to be used as induction electrode to allow passage of 

the liquid jet.  

Two induction models of theoretical predictions are plotted in figure 9. The solid 

lines and dashed lines indicate the cylinder mode and plate mode of induction, 

respectively. The theoretical predictions are calculated under 1.4bar with a flow 

rate of 0.84μL/s in a 10μm pore and 6.3μL/s in a 30μm pore. The data points are 

either directly from measurements or from fitting of data points under different 

pressures of experimental results. From the above figure, we can clearly see that a 

high conductivity solution is more efficient for current induction. Since a larger 

pore will produce a larger radius of the liquid jet, the induction rate for a larger 

radius jet will increase. However, due to the larger flow rate, the induced charge 

density will be decreased.  

Besides the conductivity of solution, the velocity of water jet or flow rate can also 

influence the induction current, mainly because of the mass flow and jet breakup 

time. Measurements were performed both in gate and cylinder induction mode of 
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the induced current as a function of flow rate and salt concentration and are shown 

in figure 10. The induction rate almost remains constant as a function of flow rate 

for DI water, but increases with flow rate with KCl solutions. The cylinder mode is 

generally more efficient to induce charges in droplets, as predicted above. This is 

mainly the case because in cylinder mode under our working conditions, a higher 

system capacitance can be obtained. By rescaling the hollow pore size of the ring, 

the length of the gate ring and/or the length of the liquid jet, the capacitance can be 

changed and as a result the induction rate. 

 

Figure 10 Induction rate as function of flow rate in a 10m pore in two modes.  

4.3 Discussion on effects of energy conversion 

Induction of current can increase charge density in droplets, thus lowering the 

required target voltage for maximum energy conversion efficiency. This is quite 

useful for applications, since it might allow operating the device at lower voltages, 

close to the few hundred volts typically used in daily life, as we showed in the 

above measurements. However, the gate voltage can introduce additional losses 

and the comparison of two induction modes will be discussed below. 
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4.3.1 Plate mode 

In plate mode, charged droplets are accelerated after jet breakup by the induction 

ring, and then decelerated between the induction ring and target electrode. 

According to the conservation of energy, the induction voltage does not increase or 

decrease the kinetic energy of droplets. However, the velocity increase of droplets 

due to the increased speed will lead to consumption of  more energy by air friction.  

The figure below briefly shows the energy distribution as function of traveling 

distance. Here we give an extreme example of low induction rate (10nA/2.25kV), 

to show clearly the energy decrease due to the acceleration of the droplets. The 

yellow area indicates the energy produced and consumed by the gate voltage, while 

the green area indicates the harvested energy by the target voltage. All the kinetic 

energy increase caused by the applied gate voltage will be consumed when the 

droplets fly out of the gate ring. Finally,  around 70% of kinetic energy can be 

converted to electrical energy, which is lower than the over 80% with no voltage 

on the gate ring.  

The jet itself before breakup will also be accelerated. The acceleration of water in 

the liquid jet can be calculated by the electrical forces due to charge density and 

electrical field. We will assume that the charge density is homogeneous along the 

liquid jet, and equal to the droplet charge density (typically 4C/m
3
). Considering 

that the typical applied voltage is 1kV for a distance between gate ring and chip of 

1mm, the power used in electrically accelerating the jet by the induction gate is 

Pgate = Fel *v, with a typical jet length 500μm and radius of 5μm in the mean 

velocity v of the water jet (10m/s). Finally, the electrical power used to accelerate 

the liquid jet is approximately 1.6μW, which can be ignored compared with the 

typical input power of 100μW in 10μm pore. An additional argument that electrical 

forces on the jet can be neglected is, that no flow rate changes were observed when 

gate voltage was applied. 
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Figure 11. Schematic (normalized) energy distribution as function of travelling 

distance using plate mode induction. Droplets are accelerated by the gate ring and 

decelerated when droplets have past the gate ring. Blue lines indicate the kinetic 

energy variation as distance; green lines indicate the energy consumed or 

generated by electrical field. The yellow area indicates the kinetic energy increase 

and decrease by the gate ring, and the blue area indicates the energy gained at the 

target electrode. 

4.3.2 Cylinder mode 

We will assume 20m diameter droplets with an initial velocity of 11.3m/s, and 

furthermore for simplicity that all kinetic energy is converted into electrical energy. 

This is impossible when droplets travel in air, but it can predict the upper voltage 

limit in the system. Using a high concentration solution (0.1M KCl) for the 

prediction we obtain  I = 0.126*Ug.  

The induction gate  in cylinder mode will introduce additional loss factors. The 

droplets need to move against the field created by both induction voltage and target 

voltage, but the electrical energy is only harvested by moving against the target 

voltage. We define the gate efficiency as the efficiency for converting kinetic 

energy to electrical energy on the target:  
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     (12) 

As a result, the efficiency during transport of droplets shall be the result of both air 

friction and gate-target potential ratio.  

                    

Figure 12a shows the percentage of kinetic energy that can be converted to 

electrical energy.  

a  b  

Figure 12. a. The energy distribution in the cylinder induction mode. In case of 

50nA generated current induced by -396V gate voltage, we can obtain 440V volts 

on the target. The yellow area indicates the energy consumed by gate voltage and 

the blue area indicates the harvested electrical energy. B. The efficiency effgate is 

defined in equation 12.  

Comparison between plate and cylinder mode 

In principle, the energy conversion efficiency can be quite high for both modes, by 

using low gate voltages. However, as we discussed above, highly charged droplets 

and lower target voltages are preferable in practical applications. Hence, the 

induction rate and energy conversion performance in case of high induced currents 

will be discussed here. In our existing induction setup, the plate mode worked 

better than the cylinder induction mode, due to the effects of electrical field. We 
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experimentally found that the current is also easily influenced by the target voltage 

in cylinder mode. With increasing target voltage, the upstream current I1 was seen 

to be lower in the cylinder mode at the same applied gate voltage. This can be 

explained by the fact that the electrical field more easily penetrates the induction 

ring in the cylinder mode due to the larger opening. Hence, higher induction 

voltages are required to keep the current constant. However, high induction 

voltages additionally consume the kinetic energy as we described above effgate. 

However, the energy conversion performance in cylinder mode can be improved by 

downscaling the hollow pore size of the gate electrode. A small spacing between 

jet surface and gate electrode can increase the capacitance of the system so that a 

much lower voltage is required to induce high currents from the reservoir. Since 

the opening then becomes smaller, the electrical field will additionally not easily 

penetrate into the pore and influence the charge induction. In conclusion it can be 

stated that further studies on design of the induction gate are still needed. 
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5. Conclusion 

In this chapter, we successfully investigated gate controlled ballistic energy 

conversion systems, both experimentally and theoretically. We showed that the 

upstream current, determining the  charge density of droplets, can be enhanced 

hundreds of times with respect to the current generated from the zeta potential. 

This provides a quite stable, surface potential independent system for ballistic 

energy conversion. In addition, there is no current flow through the gate so that we 

expect to have quite high efficiencies with relatively low target voltages. The 

efficiency with 10m pores maximally reached 35%.  The maximum efficiency 

with a 30m pores was 48% due to less energy losses on viscous flow, surface 

production and air friction. A higher charge density in droplets can also be used to 

decreases the required target voltage for maximal energy conversion efficiency. 

Thus a 12% efficiency was achieved with 500V target voltage with a 10m pore 

using voltage gating. We presented a theoretical analysis and set up two induction 

models which could both be compared to experimental data. By placing the gate at 

different positions we could induce charges more efficiently in the cylinder mode 

than in the plate mode. We experimentally studied and analyzed the charge 

induction rate as function of position, gate voltage and liquid flow rate. However, 

both modes will introduce additional energy losses. To obtain an optimal efficiency 

in system, a small gate voltage is preferred. 
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7. Appendix  

Correction on plate induction mode – formation of droplets 

 

Figure 13. The droplet radius increases as function of time, changing the system 

capacitance and inducing a change of the induction rate as function of time. Since 

the capacitance is linearly proportional to radius, we can take the average value of 

the radius and use it for calculating the final capacitance. 

The system capacitance is proportional to the droplet radius. However, the size of 

droplets keeps changing during the jet pinch-off process and thus system 

capacitance will also change according to equation 2. We assume the droplet radius 

starts at the the jet radius and ends at the radius of the droplets that we measured 

(see chapter 4). Since the  volume flow rate is constant, we can calculate the 

droplet size increase as function of time by: 

   
  

  
  

  

 
 

The system capacitance is linearly proportional to droplet radius. Hence, we can 

take the average value of the capacitance within one pinch off cycle. According to 

equation 7, the average droplet size in one pinch-off cycle is a function of flow rate, 

shown in figure 14.  
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Figure 14. the correction coefficient C1 on capacitance of plate mode by averaging 

droplet size over pinch-off circle.  

Since we work with a Rayleigh- jet, the droplet size is indepent of flow rate.[10] So, 

a high flow rate will induce a high droplet pinch off frequency, so that the time for 

jet breakup is shorter. Capacitance correction values for jets from both 10m and 

30m pores are show in figure 14. We find that the average droplet radius (time 

scaling) and correction coeffcienct C1 in equation 2 within pinch-off time cycle 

increases with flow rate. By substituting this correction coefficient, we can 

calculate the induction rate as function of the solution conductance. 

Correction of Cylinder model – side effect 

The capacitance in equation 8 is suitable for an infinite long cylinder. However, in 

our liquid induction system, a fringe effect of the electrical field in the cylinder 

inductor can’t be ignored. As known, the electrical field on the edges of a cylinder 

is smaller than inside the cylinder, decreasing the capacitance of our system 

according to Gauss' law. The electrical field distributions for both an “infinite” 

cylinder and our system are shown in figure 15. Using these simulations we can 

obtain a correction value for the induction capacitance.  
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a b  

Figure 15 a. The electrical field distribution in an “infinite” long cylinder. Warm 

color and cold color indicate the high and low electrical field. b. the electrical field 

distribution in our system. 

This correction factor will change as function of jet length. After introducing this 

factor, the induction rates for both induction modes (plate and cylinder mode) were 

calculated. They are shown in figure 12.   
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Chapter 6 

Self-excited ballistic  

energy harvesting device 

 

 

A gate controlled system has many advantages such as stable current and low 

target voltage. However, as an energy conversion device, it is practically useful to 

remove all electrical power sources from the system. This chapter introduces a self-

excited energy conversion design that is comparable to Kelvin’s water dropper. 

Two types of voltage divider, using resistors and diodes, are used to produce stable 

gate induction voltages. Maximally 17.9% energy conversion efficiency was 

obtained with a diode- gated system and there is still more space to improve the 

conversion performance. 
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1. Introduction 

The gate-controlled ballistic energy conversion as introduced in the previous 

chapter has many advantages, such as stable, current adjustable and surface 

potential-independent current generation. With a well-controlled applied voltage on 

the metal guard ring, theoretically the charge density can be increased until the 

Rayleigh limit, so that the target potential can be decreased to the order of daily-

use range. However, as an electrical energy conversion device it is not feasible to 

use a voltage source for electrical energy harvesting and all input energy should 

come from mechanical energy, rather than electrical energy.  In addition, self-

excited energy conversion system is convenient for application. Many other self-

excited energy devices have been studied. [1-5] 

In 1876, Lord Kelvin invented an electrostatic high voltage generator by water 

dripping, named the Kelvin water dropper.[6] The schematic picture of the setup is 

shown in figure 2a. Two metal buckets with a pore at the bottom drip water. The 

falling water drops pass through hollow metal rings and are collected by two other 

metal buckets. The hollow metal rings are cross-connected with these bottom 

buckets. As a result, any tiny charge on the water drops (e.g. a positive charge) that 

left the left-top bucket will charge the bottom left bucket and hence the right side 

ring. The metal ring on the right side will then attract more negative charges to the 

water drops on the right side, so that more net negative charges will be collected by 

bottom right bucket and the negative voltage increases on the left ring. Hence, a 

positive feedback exists and the two downstream buckets will continue this 

charging process until voltage breakdown occurs between the two bottom buckets, 

or drops are repelled and fall outside of the buckets. The Kelvin water dropper is a 

positive feedback system that can charge water drops from dripping driven by 

gravity.[7] However, the Kelvin water dropper has not been well developed since 

the voltage is too high for practical application and the harvested currents are very 

small with regard to the amount of water consumed. 

We can apply the charge induction mode of Kelvin’s generator to our ballistic 

energy conversion system. However, the positive feedback system is also an 

uncontrollable system. For a certain load resistance, there will be an optimal charge 
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density of droplets for energy conversion, otherwise overcharged droplets will 

easily be deflected causing a lower efficiency as can be seen from figure 4 in 

chapter 5. Taking a 30μm pore as an example, the optimal target voltage for a 

1Tohm resistor is around 20kV, with a gate voltage around -170V. If we can obtain 

the proper gate voltage by dividing the target voltage using a voltage divider in 

Kelvin’s induction system, the charge density will be properly controlled. This 

proper design and operation of this feedback system was attempted in the research 

described in this chapter. 

Demonstration of current induction by gate voltage 

 

Figure 1 The principle of controlling  the upstream current by gate induction. The 

polarity of current I1 can be reversed by gate voltage. Solution 0.1M KCl, pore 

diameter 10 m, applied pressure 2.2 bar. 

As we described in chapter 5, a negative applied voltage on the gate can induce a 

positive current I1 in the upstream reservoir, increasing the energy conversion 

stability by establishing a controllable current generation or charge density of 

droplets. To investigate the possibility of inducing both a positive and negative 

current be gate induction, as needed for self-excited, we performed a preliminary 

experiment in which we applied both a negative and positive gate voltage. The 

results are shown in Figure 1. The applied voltage ranges from -600V to 650V and 

in this case is supplied by a Keithley power source (2410). A 0.1M KCl solution 
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was used in this experiment and the water jet was forced by 2.2bar through a 10μm 

pore. We found that the current can be tuned from positive (75nA) to negative (-

83nA). Hence, by adjusting the voltage on the gate ring, we can not only adjust the 

droplet charge density but also reverse the polarity of the current and droplet 

charge. This provides a possibility to use the design of the Kelvin water dropper to 

build a self-excited ballistic energy conversion device.  

2. Principle and setup 

a b  

Figure 2a. the Kelvin water dropper driven by gravity, operating  by setup of a 

positive feedback system. 1b Our self-gated ballistic energy system driven by 

pressure.  Resistors form a voltage divider to separate the gate voltage from the 

target voltage.  

Figure 2a gives the schematic figure of Kelvin’s water dropper operating via the 

mechanism described in the introduction. Figure 2b shows the schematic picture of 

our proposed self-excited ballistic energy conversion device. Two silicon nitride 

membranes containing a single cylindrical pore with a diameter of 30 m were 

mounted in pressurized PMMA reservoirs with rubber O-rings. The reservoirs 

contained degassed ultrapure 10m KCl solution. A layer of 150nm thickness Pt was 

sputtered at the back side of the chip for electrical connection with instruments via 

four copper pins. The mechanical input power can be calculated with measurement 

of the flow rate (Bronkhorst Cori-flow) and pressure using a pressure sensor (see 

Chapter 3). Two pieces of aluminum foil (with thickness of 0.2mm) were attached 

under the chip holders to function as induction gate. The current can be measured 

by either pico-ammeter (Keithley) or by connecting with a multi-meter. A multi-
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meter in voltage range will show the voltage difference between an integrated 

10MOhm resistor. The flowing through current can be calculated by the voltage 

reading: I = 10mV/10MOhm = 1nA. 

In some experiments the current generated by deflection of droplets from the target 

to the gate ring (I3) was measured using a multi-meter in the voltage range. Two 

stainless steel cups functioned as targets and were placed beneath the chip holders 

to collect charged droplets. The load resistance connected between these targets 

and ground was divided into two sections: resistors for electrical power generation 

and resistors for induction of the other jet, named Rload and Rg respectively. 

Resistors were immersed in an oil bath (Shell Diala S2-ZU-I)  to prevent corona 

discharge and a layer of Delrin (Polyoxymethylene) was mounted at the edge of the 

cup for the same reason, at the location where the electrical field was expected to 

be the strongest.  

 

Equivalent circuit 

a b  

Figure 3. a. the equivalent circuit of gate controlled system in single micro jet 

system. The power source delivers an amount of useful mechanical power. 

Upstream current I1 is induced (controlled) by a voltage source by an element with 

a function similar with the function of a field effect transistor (FET). The target 

voltage is produced by current I2 flowing through Rload. I3 is a leakage current 

induced by deflection of droplets to the guard ring or other leakages. b. The 

equivalent circuit of a self-excited ballistic energy conversion device. The 
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electrostatic current induction was modeled as a field effect-like transistor that 

allows current passage to be controlled by the voltage drop over the other Rg. Ct-e 

and I3 (I32) respectively indicate the capacitance between target and earth, and the 

leakage current induced by deflected droplets, corona discharge or electrospraying.  

To simply model the ballistic energy conversion principle, the device, including the 

mechanical parts, was converted to electronic elements and modeled as an 

equivalent circuit. The single gate controlled ballistic energy conversion device 

was modeled in figure 3a. The “equivalent” voltage source US represents the 

mechanical pressure driven energy source, with opposite polarity of the current. 

The mechanical power can be calculated by Pin = (US)
2
/R. At constant pressure, the 

input power will also be constant. In principle, the current flow through the inner 

resistance R of the mechanical energy supply can range from 0 (non-charged micro 

jet) to the Rayleigh limit. The induction current (I1 and I2) in the top circuit is a 

linear function of the gate voltage as shown in figure 1. The function of the 

induction gate is modeled as a FET-like element in the circuit. With applied 

voltages on the “gate” (metal ring), more current will be induced between “source” 

(solution in reservoir) and “drain” (metal target). Then the current/charges will be 

captured in the droplets and fly to the target. When the charged droplets are 

collected by the target they produce a high voltage via the resistors. In addition, 

there will be two possible ways for current leakage: from the highly charged target 

to the grounded environment (such as the grounded Faraday cage) and to the 

reversely charged induction gate. The deflected droplets or corona discharge can 

also produce a leakage current I3, marked as a dashed line, representing droplets 

reflected from the target when the product of I2 and Rload exceeds the power of the 

power source. I3 therefore only flows at high target voltages. In the self-excited 

system (Fig 3b), the current of two jets were interactively induced by placing a 

voltage divider at downstream current as we described above. The current leakage 

via I3 can thus be considered as a negative feedback limiting the gate voltage to a 

balanced value, preventing I2*Vtarget to exceed Pin. Finally, we can create a self-

excited ballistic energy conversion as shown in Fig.3b.  Here each gate voltage will 

be produced by current flowing through the voltage divider of the other device.   
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3. Experiment results 

3.1 Gating by resistors 

First, two 1T Ohm resistors were series connected for power generation and gate 

induction. In figure 4a, we can see clearly that the upstream currents I1 and I12 start 

to increase rapidly after the upper electrodes were connected to the ammeter. The 

upstream currents from the two jets have different polarities, showing successful 

operation in feedback mode. Both currents reached a saturated value quickly and 

droplets were seen to be deflected to the gate ring, decreasing the current flow 

through Rg and the gate voltage. These deflected droplets can be considered as a 

negative feedback to the gate voltage that keep the charge density at an proper level. 

As we know however, the deflected droplets don’t contribute to energy conversion. 

In addition, the deflected droplets contacting the gate electrodes decreased the 

current flow through Rg, thus doubling the electrical energy losses. The periodic 

transients in the current level weren’t because of voltage breakdown, but because 

charged water that accumulated at the bottom of the gate by deflected droplets 

dropped to the downstream metal target. From figure 4b it can be seen that the 

downstream currents I2 and I22 which are the currents through Rg, were much 

smaller than the upstream currents, because partially the charged droplets were 

deflected reducing the current through Rg and generating a current through the gate 

ring. 

To calculate the electrical output power, we need to know the current flowing 

through all the resistors. For simplification, we can extract the electrical elements 

from the setup and make a simple circuit drawing shown as figure 4c. The current 

flow through the gate was measured by a multi-meter in voltage range. A 10MOhm 

resistor is integrated in the multimeter in the voltage range, so that the current can 

be calculated by the voltage reading of the multimeter divided by 10MOhm. 

Finally, according to Kirchhoff’s circuit law, the current flow through Rload equals 

the sum of the current through the gate and Rg. The output power of two jets thus 

calculated is 225.8μW. From measurements of the flow rate (13.12μL/s) and 

pressure (1.40bar), the efficiency of whole system is then calculated as 12.3%.  
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The reason for the low efficiency in this setup is that the Rg is too high for proper 

induction of charges. Assuming there is no leakage current by deflected droplets, 

10nA will introduce 10kV on gate ring, which is too high an induction voltage 

when compared with the results obtained in chapter 5 (figure 4). Another reason for 

the low efficiency is that the highly charged droplets repel each other and form a 

cone when they move out of the gate. Hence, less air wake will be formed so that 

air friction force losses increase. Besides, the difference in trajectory distance for 

droplets at the outside and inside of the cone will also cause a lower efficiency. 

a b  

c  

Figure 4. Measurements using the self-gating system. a. The upstream currents I1 

and I12 increase as function of time. The blue arrow indicates when the induction 

gate was connected. b Both downstream currents I2 and I22 after some time of 

operation. c The circuit diagram with indicated current values.  

As we analyzed above, the 1T ohm resistor is too high as Rg. Hence, a lower value 

of Rg is recommended for gating. According to our experimental results in chapter 
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5 (figure 4), the optimal gate voltage is about 170V for a 1Tohm Rload in 30μm pore 

experiments. From the ratio of optimal target voltage and gate voltage 

(20kV/170V), we can find that the optimal Rg = 8.5M when a 1Tohm Rload is 

connected. The resulting simplified electrical circuits are shown in figure 5 for 

three different connections, so that we can easily calculate the electrical output 

power. Experiments were performed using these configurations and the upstream 

and downstream currents measured are shown in the figure.  

a    b  

c  

Figure 5. Three experiments performed using 8G Rg resistors in different 

connections and the current flows obtained. a.A  symmetric connection of Rg can 

produce current constantly, but in a low value. B. The typical connection of 

Kelvin’s dropper. Most droplets are highly charged and deflected to the gate ring. 

c. An  asymmetric connection of Rg. 30μm pore and 10mM KCl aqueous solution 

was used in these experiments. 
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By symmetric connection of Rg shown in figure 5a, the upstream current is slightly 

induced. The induced current remained quite stable at the such low values within at 

least 10min duration of the measurements. This is possibly because the Rg is too 

small to generate an appreciable voltage on the gate ring, so that hardly a current is 

induced from the reservoir. With the typical Kelvin’s dropper connection (figure 5b) 

on the other hand, using Rload instead of Rg, the droplets are immediately charged 

and deflected to the gate ring. This indicates that the droplets become easily 

overcharged compared with an optimal current with a certain load resistance. The 

deflection of droplets can be considered as a negative feedback to decrease the gate 

voltage. As we know from Chapter 3, the deflection of droplets is one of the causes 

of electrical energy loss. However, in the self-excited system, the deflected droplets 

will touch the gate balancing the current from the other downstream cuircuit, thus 

decreasing the current flow through Rg. Hence, the deflection of droplets will 

double the electrical energy loss in the self-excited system. Finally, by assymetric 

connection of resistors (figure 5c), this mechanism of energy loss is seen more 

clearly on the right side jet. The current I1 on the left side can be well induced. 

However, the deflection of droplets balanced the downstream current through the 

right side resistance, so that almost no power can be produced from the jet on the 

right side. The influence of the resistance can be seen clearly from the difference of 

induced upstream current between two jets. The Kirchhoff laws won’t work if we 

take the upstream current in consideration, since a lot of droplets loss occurred to 

the environment.  

Theoretically, 8GOhm should be the optimal Rg connected with 1TOhm load 

resistance for energy current induction. However, the current shown in figure 5a is 

much lower than expected. The possible reason is that 8GOhm is still practically 

lower than the required Rg. The conclusion is that the control of gate voltage still 

needs further investigation. One possible way is to used the current and induction 

rates defined in chapter 5, since the induction currents are linearly related with the 

gate voltage, and therefore with the target voltage in case of self-excited. Further 

studies are thus still required for optimal self-excited operation. 
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3.2 Gating by diodes 

When gating by resistors it is very difficult to control the induction voltage. Since 

the gate voltage is determined by ohmic resistors, the droplets are either been easily 

overcharged or not charged at all. Even though the gate resistor voltage divider 

decreases the induction voltage considerably, it is still a positive feedback system. 

Deflected charged droplets will play the role of negative feedback, decreasing the 

gate voltage. Hence, we propose to gate the micro jet by reversely connecting a 

diode, which provides a constant voltage with increasing current. As a result, the 

gate voltage can stay in a constant reasonable range preventing overcharging the 

droplets. The I-V curve of a reversely connected diode (MULTICOMP - UF4001) 

was measured and is shown below. An accurate current source (Keithley 2410) was 

used to apply a constant DC current and measure the voltage difference in real time. 

It can be seen in figure 6 that a quite small DC current (4 nA) can produce about 

500V between the terminals of the diode and this voltage will be almost 

independent of the current. As a result, we can use the inversly connected diode to 

produce a constant gate voltage allowing more stable energy conversion. 

a b  

Figure 6. a. Reversed voltage generated over the diode by a constant DC current 

as a function of time. Currents in the nA range can produce around 500V voltage 

drop. b. The I-V curve after 500 seconds. At higher currents the voltage becomes 

saturated and independent of the applied current, so that the gate voltage will 

remain constant and won’t overcharge the droplets.  
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a  b   

Figure 7. a. The rise of current I12 as a function of time. A clear saturated current 

can be found and the current disappears immediately when the pressure been 

turned off. b. Scheme of the electrical circuit and measured currents. The efficiency 

can be calculated by simultaneous measurement of flow rate and pressure.  

Instead of a single diode in reverse connection, two diodes were connected in 

opposite directions to prevent random charging of the two microjets (Fig7.b). As 

the pressure was turned on, less than 1nA current was initially generated by the 

microjet due to the streaming current (Fig7.a). This value is much lower than the 

streaming current measured in Chapter 3 because of the use of a salt solution 

(10mM KCl). The current then rapidly increased because of current flowing 

through the diodes and generating an induction voltage. When the current was over 

15nA, it reached a saturated value (finally around 19nA). It could also be seen that 

the noise in the saturated current section is larger, which we think was caused by 

deflected droplets landing on the gate.  

The difference between using diodes and resistors is that a stable voltage can be 

produced for induction of current, so that the droplets won’t be overcharged. It can 

indeed be seen from figure 7.a. that a much higher current (than downstream 

current gated by resisitors in figure 4 and 5) was measured at the downstream. The 

target voltage can be approximately calculated by the sum of the voltage over the 

resistor and the diodes (about 500V when the downstream current is over 4nA). 

With measurement of the flow rate for the two microjets (12.3μL/s) and the applied 

pressure (1.40bar), we can calculate that the total efficiency of the self-excited 

system is at least 17.9%. Because partially the current will be balanced by those of 
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the deflected droplets, the current through Rload is larger than the value we 

measured and hence the efficiency is probably underestimated. In addition, there is 

more space to improve the performance of energy conversion, such as changing the 

pore size on the gate ring, designing the target and the modifying the properties of 

the diodes.  

4. Further discussion and conclusion 

The self-excited ballistic energy conversion system conceptually is comparable to 

the Kelvin’s water droppper, although the systems fundamentally differ in driving 

force and energy conversion mechanism. No theoretical analysis on the energy 

conversion efficiency of Kelvin’s water dropper has been made yet. However, 

theoretically the energy loss is expected to be quite low for Kelvin’s water dropper, 

due to the low surface energy and air friction. However, the actual limitation of 

Kelvin’s water dropper is the need for a high voltage on the collector and a high 

volume flow of water. Because of the low surface-bulk ratio, the induced charge 

density will be quite small, which means a high target voltage is required for high 

effciency. In our case, micrometer sized droplets are produced from the pore with 

initially a high speed which droplets are decelerated by target voltage. Since the 

droplets can be highly charged, the target voltage can be decreased to hundreds of 

volts as shown in figure 5 in chapter 5. We present a DC voltage microfluidic 

energy harvesting device. However, by proper design and connection of the circuit, 

it can also switch to AC voltage. [8] 

In this chapter, we demonstrated that both the droplet charge density and polarity 

can be changed using a voltage source. This provided the possibility that we can 

use a cross connection of target and gate ring to induce the current, a similar 

method as used in Kelvin’s water dropper. To prevent the droplets from being 

overcharged, a voltage divider was connected at the downstream circuit. As a result, 

the gate voltage could be separated from the target voltage, providing the 

possibility of stable current and energy generation. Experimentally, we succesfully 

induced inversed currents from two liquid jets and obtain 12% energy conversion 

efficiency. By using reversely connected diodes, the gate voltage can be regulated 

in a reasonable range in a stable way. Much higher downstream currents were then 
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observed and a maximum efficiency of 17.9% was obtained experimentally. 

However, further research is still required as the optimal method to control the gate 

resistance still needs to be found out.  
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1. Summary  

The rapid economic development and increasing consumption of electrical energy 

requires people to generate more energy. The new energy sources developed are 

required to be clean and environmentally friendly. [1, 2]Microfluidic energy 

harvesting device is relatively less known compared with other popular renewable 

energy sources, such as solar cell and bio-fuels, but can provide such a clean and 

environmentally-friendly source.  

When the net charges inside the electrical double layer (EDL) are transported by 

water flow, they produce electrical current which can be harvested via connection 

of electrodes at two ends of a channel. Electrical power can then be generated by 

load resistors connected in the external circuit. However, the maximum 

experimental efficiency in channels with overlapping EDLs is only 3-5% in 

nanochannels or nanopores.[3, 4] Many theories predict that the efficiency can be 

much improved with slipping boundary, however this has not yet been achieved in 

experiments. [5] The maximum possible theoretical efficiency in such systems is 

50%, since at maximum power conversion a leakage current („conduction current‟) 

will run through the internal resistance of the channel of equal magnitude to the 

current through the external circuit.  

We investigated the energy conversion performance by the streaming potential 

using totally different approaches. By introducing gas bubbles, which can be 

considered as perfect insulators, the internal electrical resistance of the system can 

be increased, decreasing the conduction current. Following this approach, 

according to an equivalent circuit analysis, experimentally we achieved over 163 

times efficiency increase compared with single water phase flow. The absolute 

efficiency however was still quite low, due to the corner conduction and high bulk 

conductivity of the solution used, as well as the use of microchannels. Hydrophobic 

surfaces are expected to further increase the energy conversion efficiency 

according to our preliminary experiments.  

The conduction current decreases the efficiency for traditional energy conversion 

from streaming potential. To totally prevent the conduction current, we took a 
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radically different approach. The flow chart below shows how the ballistic energy 

conversion principle is fundamentally different from traditional energy conversion 

from streaming potential. We employ a microjet system which is described by 

fundamentally new physics. It operates in two stages: first pressure is converted to 

kinetic energy and subsequently kinetic energy is converted to electrical energy. In 

the first stage a stream of high-velocity charged droplets is produced by forcing 

water through a micropore. The microjet formed then breaks up into droplets by the 

Rayleigh-Plateau instability. The droplets have acquired their charge from the EDL 

at the membrane surface. In the second stage the charged droplets travel through an 

electrical field towards a high-potential target, decelerating them to zero speed. The 

target acquires its potential by droplet impact. Current is drawn from the target to 

do useful work. The second process can be represented simply by the equation ma 

= -qE. 

Experimentally, we found that the average optimal efficiency from a 10μm pore 

using this approach is over 30%, with an output power of 42μW under 1.4 bar 

pressure and 1 L/s flow rate for a single pore. Because we found this conversion 

mechanism is fundamentally different from traditional energy harvesting from 

streaming potential, we called it “ballistic” energy conversion.  
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The classical electrokinetic energy conversion mechanism is entirely different. It 

relies on a single stage conversion by forcing liquid through a channel with 

charged walls. Acceleration now plays no role (low Re). Conversion in a high-

friction high-conductivity environment gives as main loss factors hydrodynamic 

friction and a conduction current back through the channel. As already mentioned 

above, best conversion efficiencies experimentally achieved were only 5%.  

To determine the limit of the ballistic energy conversion system, we experimentally 

measured and theoretically modelled energy losses during the conversion process 

from pressure energy to electrical energy. For a 10μm pore, a 52% energy loss was 

experimentally observed from pressure to knetic energy of droplets in step 1. With 

the theoretical investigations, 33% energy losses by viscous forces and 22% by 

creating surface were expected, in good agreement with experimental results. A 

lower energy loss in larger pores is theoretically expected due to the decrease of the 

surface-bulk ratio, causing lower viscous loss (25%), surface energy (8.4%) and air 

friction losses (6%). Experimentally, we found a 35% energy loss by droplet 

generation using a 30 m pore, in a good agreement with the simulations.  
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A large pore will thus create less energy loss due to the lower surface-bulk ratio. 

However, this lower ratio will also decrease the net charge density on droplets 

where the net charges come from transport through the EDL. To obtain a high 

efficiency, a higher target voltage is then required to decelerate the droplets with 

low charge density thus giving more chance of electrical energy losses due to 

processes as corona discharge and electro-spraying. Hence, highly charged droplets 

are preferable in the system. To achieve this, we applied voltages on the guard ring 

to create an electrical field to electrostatically induce more charge in the droplets. It 

was found that the charge density increases linearly with applied voltage. Using 

this approach nearly 50% efficiency was obtained from experiments. We 

experimentally found two modes for induction of charges, named plate mode and 

cylinder mode. A theoretical analysis was given to explain and to estimate the 

magnitude of current induction by gating.  

For a practically useful electrical energy harvesting device, the input energy source 

should be entirely mechanical, without the need for a voltage source integrated in 

the system. Thus, combining the ballistic principle with the design of Kelvin‟s 

water dropper [6], we can also apply two jets and introduce cross-connected 

induction rings in our system. However, Kelvin‟s water dropper is a positive 

feedback system which has the consequence that the voltages become too high and 

most of the charged droplets become deflected to the induction ring, so that less 

current flows through the load resistors producing electrical power. We improved 

the design by incorporating a voltage divider so that the voltage on gate can be 

separated from the target voltage, leading to a stable power generation system.  

 

2. Outlook 

2.1 Power density and power generation in membrane 

Besides energy conversion efficiency, another very important factor in energy 

conversion is the power density. This is also quite important for a portable device, 

which must take up a relatively small space but needs to provide high power. From 

our existing experiment, the maximum output power produced by 1.4 bar in a 30 
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m pore (shown in figure 4 chapter 5) is about 400W. Considering a 50×50m 

square cell, the power density obtained can be 160kW/m
2
. So, by integration of 

parallel pores in a membrane, the output power can be 400W in a 5×5 cm
2
 

membrane under 1.4bar with volume flow rate 6.5L/s. This is far leading the 

existing renewable energy conversion methods, such as wind power (85.61W/m
2
) 

[7, 8], solar cell (170W/m
2
)[9], traditional hydropower station (considering the 

water surface area in average 2.98W/m
2
)[10], and traditional energy conversion 

from streaming potential (3W/m
2
)[3]. By scaling up, we can thus at least in 

principle obtain quite a high power in a small area, which might be good for the 

local environment. However, as can be read in this thesis there are still quite a lot 

of technical problems that need to be solved. The purity of water is a quite critical 

problem, since any tiny particle can clog the micropore, which then can‟t 

constantly produce a liquid jet. Filtering can here provide a possible solution. 

 

2.2 Design of target electrode 

From the theoretical calculations in chapter 4, the limit of energy conversion 

efficiency (63%) in a 30m pore is still higher than the experimental results (48%). 

According to Peek‟s equation, the measured target voltage (20kV) is about the 

limit of operation voltage (24kV) due to small curvature of target. Thus, a better 

design of target collector is required for further studies and application. 

In addition, as we described in chapter 5, highly charged droplets are preferable 

since it can decrease the required target voltage, which is especially useful for 

practical application. However, these highly charged droplets have a higher 

electrostatic repulsion force between each other and therefore form a spray cone. 

This spray cone introduces two disadvantages: first, no air wake or less air wake 

will be formed, so that air friction loss will increase. Second, the optimal trajectory 

distances for the droplets at the outside and inside of the cone are different. As a 

result, more droplets are likely to be deflected and energy conversion efficiency 

will decrease. 
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Finally, to satisfy these two key technical design factors, a target with large 

curvature, smooth surface and circular shape is required. The membrane with guard 

ring will be placed in the geometrical center of the target.  

 

2.3 The design for application 

One of the advantages of microfluidics and “Lab on a chip” techniques is the 

possibility to integrate complicated systems into a piece of chip and devices. 

Besides, the ballistic energy conversion device can be quite simple, since it only 

requires a micro-machined membrane, a metal target and pure water.  

As we described above, the ballistic energy conversion can provide quite a high 

power density (160kW/m
2
 under 1.4 bar). Considering a person with 80kg weight, 

the pressure generated from the footprint is about 3bar, thus 800W electrical power 

can be produced by standing. The figure below shows a –greatly preliminary- 

design for application. A flexible air cushion was integrated under the shoes. Steps 

push the air in the reservoir via a check valve. Pressure drives the water through the 

membrane and produces energy, which can be collected and then used for example 

for charging the cell phone.  
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