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ABSTRACT 

THERMALL Y DRIVEN KNUDSEN GAS PUMP ENHANCED WITH A 

THERMOELECTRIC MATERIAL 

Kuna! Pharas 

The thesis focuses on improving the flowrate of the Knudsen gas pump. The 

Knudsen pump uses thermal transpiration as the driving mechanism to pump gas. It is a 

motionless gas pump as the pump does not require any moving actuators for pumping. 

The thermally driven gas flow is accomplished in the molecular or transitional gas flow 

regime. The advantage of this pump is that without any moving parts it avoids friction 

losses and stiction problems which devices in micro scale are prone to suffering due to 

scaling issues. Thus, this pump is highly robust and reliable. Knudsen pumps in the past 

have suffered from the drawback of low flowrates and inability to operate at atmospheric 

pressure. In the early days lack of micromachining technologies limited minimum 

channel size which had to be operated at lower than atmospheric pressure to achieve free 

molecular flow. Various designs have been implemented with an impetus on increasing 

the flowrate of the pump. 

The key to this pump is establishing a temperature difference along the length of 

the channel. A higher temperature difference over a shorter channel length makes the 
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pump more efficient. Pump channels have been made out of various materials like 

silicon, glass and polymer. The silicon microfabricated single channel conventional 

design pump suffered from the high thermal conductivity of silicon, which limited the 

thermal gradient that could be achieved. Silicon was replaced by glass, which has a lower 

thermal conductivity. The glass micro fluidic pump could pump water in reservoirs but at 

a slow rate. Renewable forms of Knudsen pump were also made by using nanoporous 

silica colloidal crystals which are robust and could use solar energy and body heat to 

create a temperature difference and achieve pumping. The pump powered by body heat 

produced a maximum pressure differential of 1.5 kPa. However, the use of these pumps 

is restricted to certain applications due to slow pumping. The polymer material, made of 

mixed cellulose ester, has a very low thermal conductivity, which aids in maintaining a 

higher temperature difference between the ends of a channel to achieve a higher flowrate. 

The polymer material used is in the form of a nanoporous template which has numerous 

pores each of which acts as a pump and thus the pump's conductance to gas flow is also 

increased which makes it faster. The pore sizes range from 25 nm to 1200 nm. It has been 

proven that a smaller channel diameter pump is more efficient. Efficiency decreases as 

the channel size approaches viscous flow regime. 

The initial design used a resistive heater to actively heat one end of the channel 

and a heat sink was used to passively cool the other end of the channel. This design was 

ineffective in achieving a significant temperature difference for a decent flowrate with the 

materials like silicon and glass. The conventional Knudsen pump design using a porous 

polymer matrix as channel material attained a normalized maximum no load flowrate of 

135 J.lLlmin-cm2 at 3.81 Watts of input power. This number is low compared to other 
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micropumps. This led to the use of a thermoelectric material, which could actively heat 

and cool the pump channel ends and provide a much higher temperature difference over 

the same channel length as compared to the conventional Knudsen pumps which used 

only active heating of the channel's hot side. The thermoelectric strategy also eliminates 

the need for a heat sink in the pump. This transforms the design to bi-directional modes 

of operation. 

The first design using thermoelectrics is a lateral design in which the pump 

channels closer to the thermoelectric element developed a higher temperature difference 

across them compared to the channels away from the thermoelectric element. Thus, the 

thermoelectric energy was underutilized. Changing to the radial design made the pump 

more efficient compared to the lateral design since the thermoelectric energy was 

uniformly distributed on all the pump channels. The radial design also reduced air gap 

resistances and minimized energy losses which enhanced the output for the same input 

power. At an input power of 4.18 Watts it achieved a normalized no load flowrate of 408 

IlLimin-cm2
. It also recorded a maximum normalized flowrate of 1.5 mLimin-cm2 while 

moving a drop of water which to date is the maximum flowrate reported by any Knudsen 

pump. A theoretical model has been developed to compute the pump's efficiency based 

on the flowrate and pressure difference obtained by the pump. The efficiency of the radial 

design pump with the thermoelectric is higher when compared to a conventional pump 

using a resistive heater whose channels are also made from the same material as that of 

the thermoelectric pump. 
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Finally, initial progress has been made for a Knudsen pump utilizing a porous 

thermoelectric. The nanoporous thermoelectric material would reduce the pump's size 

and lower the power consumption, which could help increase the efficiency of the pump. 
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CHAPTER 1 - INTRODUCTION 

1.1 Motivation and Applications 

The micro gas pump forms an integral component in MEMS and microtechnology 

applications ranging from gas manipulation [1], forced convective cooling in 

microelectronics [2], space exploration, microplasma and gas chromatography [3], to 

micro fluidic applications such as Lab-On-A-Chip [4], protein immunoassays, drug 

delivery and active micromixers [5]. Much progress has been made but a complete on 

chip micropump suitable for the above applications is not easily available. Thus, this 

research has a lot of potential. 

1.2 Micropumps 

A micro pump or compressor - The basic design of a micropump consists of a 

pumping cavity where the pumping takes place and an inlet and outlet connected to that 

cavity with control valves to regulate the fluid flow as shown in Figure 1 . If a chamber 

of fluid is connected to the inlet of the pump by which it evacuates the gas or draws in the 

Pumping 
mechanism 

Outlet Valve 

I Fluid going 
_ )r-~to chamber 

- compressing 

Figure 1. Schematic illustrating working principle of a micro pump. 
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liquid then it is termed as a pumping action whereas if the pump's outlet is connected to a 

chamber filled with gas or liquid which gets compressed due to pumping then it is termed 

as a compressor. 

A brief overview of the common micro pumps with their working principle and 

merits and de-merits is classified below so as to figure out what could be improved in 

pumping criterion to make a better pump which is more versatile and overcomes the 

existing shortcomings. 

The two main parameters which govern a pump are pressure difference generated 

and flowrate obtained which have been identified for the following types of pumps in 

Figure 2. 

1.2.1 Types o/micro pumps: 

• Pressure differential • Flowrate 
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Electrohydrodynamic [12] 

Electroosmotic [13] 

Magnetohydrodynamic [14] 

Knudsen [15] 

Figure 2. Graph showing pressure head andflowrate data obtained by 
different micropumps. 
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A) Displacement pumps- Most of the micropumps reported so far are displacement 

micropumps. The membrane or the diaphragm is made to deflect by some actuation 

mechanism which compresses the fluid in the chamber and thus generates pressure by 

adding momentum to the fluid volume. The displacement in most cases is periodic 

and that periodicity is rectified into a continuous flow. 

I) Electromagnetic - Electromagnetic actuation can be achieved by the movement of the 

plunger due to electromagnetic forces coupled to the solenoid coil. Since it is 

electromagnetic in nature the force on the plunger is proportional to the amount of 

current passing through the coil and the number of turns on the coil. Miniaturization 

is limited due to the bulky size of the solenoid coil. It's advantages are large bi

directional movement, larger volume displacement and response to a high frequency 

range. The force obtained reduces in the micro world due to decreased volume of 

magnets and tum coils. Power consumption is high since it needs larger magnitudes 

of current. The use of magnetic materials may interfere with fluids if they possess 

ferroelectric properties. 

2) Piezoelectric - This actuation is obtained by either bimorph or monomorph piezo 

elements which make use of the change in strain while actuated. The change in strain 

causes the membrane to deflect which is used to pump the fluid in the pump chamber. 

The elements could be either in the form of discs or cantilevers and could operate as a 

single element or in stacks of elements to increase the pressure generation. This is the 

most widely used in both micro and macro pumps due to its high frequency operation, 

precise control of motion and high stroke force. They can operate at 10kHz 
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frequency regime with voltage range between 80V to 200V. The fabrication is in the 

complex side which makes it even harder to integrate in the system. 

3) Electrostatic micropumps - This pump uses an electrostatic actuator in which there is 

one fixed electrode and another movable electrode separated by a gap. It can be easily 

fabricated in micro scale since a tiny gap is achievable by modem lithographic 

techniques, consume less power due to capacitive actuation compared to some other 

micropumps and is significantly fast. The disadvantage is that in the micro world 

friction and stiction forces on the moving electrode decrease the reliability of the 

pump. It also could be easily integrated with other electronics of the system due to a 

wide range of operable frequency. 

4) Pneumatic micropumps - Pneumatic micropumps use external gas pressures to 

actuate the membrane controlled by a valve and an air compressor. The force 

generated has a wide operable range since an external gas pressure is used but 

simultaneously it becomes difficult to integrate in a system due to limitation in size 

reduction. The pumping system is also dependent on the response time of the valves. 

5) Thermopneumatic pumps - Similar to the pneumatic pumps, thermopneumatic pumps 

work when a material used in the pump expands in volume due to heating and thus 

causes the deflection in the pump membrane. The membrane relaxes when the heat is 

transferred outside of the system. These pumps are characterized by large deflection 

and high force whereas the drawbacks include high response time which limits the 

flowrate and high power consumption due to resistive heating. 
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6) Electro wetting pumps- In this pump the fluid changes its surface gradient which 

moves the fluid. Pump can only work with liquids where charge redistribution can 

take place. 

B) Dynamic pumps -The dynamic pumps eliminate the limitation of stroke length as 

in the displacement pumps mentioned above since they operate by the interaction of 

the working fluid with the electric and magnetic fields and for a special category of 

pumps the interaction is temperature driven. Most of the dynamic pumps are used to 

pump liquids. 

1) Electrohydrodynamic pump - The pumping is due to electrostatic forces interacting 

with ions in dielectric medium. Thus, these pumps can only be used with certain types 

offluids. There are two different types ofEHD pumps: 

a) DC injection type - The coulombic forces exerted on the charges between the pump 

electrodes with an applied electric field is the main pumping force. Electro chemical 

reaction between electrodes and the liquid which depends on the composition and 

geometry of electrodes determine the pump characteristics. 

b) Travelling wave voltage type -Phase shifted rectangular voltage pulses are applied in 

the direction of the channel. Due to temperature induced conductivity gradients, free 

charges are induced in the channel which interacts with the travelling field in the 

volume of the liquid and results in liquid movement. 

2) Electro Osmotic pump - Electro-osmotic pumps use the motion of the ions in the 

liquid to generate the flow. They are easy to fabricate, simple to integrate and not limited 

by the pressure generation since they are independent of a membrane. The major 
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drawback is the bubble fonnation due to high voltage required for long channel flows. 

The key parameters that dictate the perfonnance of EO pumps are 

(i) the magnitude of the applied electric field and applied voltage, 

(ii) the cross-sectional dimensions of the structure in which flow IS 

generated, 

(iii) the surface charge density of the solid surface that is in contact with 

the working liquid, and 

(iv) ion density and pH of the working fluid 

2) Magnetohydrodynamic pumps - In these pumps current carrying ions impart a 

Lorentz force in the presence of a magnetic field to the liquid to induce the flow. The 

pump perfonnance is limited by the magnetic flux strength achieved by micro 

magnets. 

3) Knudsen Pump - This is a gas pump but it's dynamic in nature. It uses a temperature 

gradient along the pumping channel to generate the flow of the gases. The flux of 

molecules is higher on the cold side of the channel as compared to the hot side due to 

the physics of thennal transpiration and is only applicable to channels which pennit 

gas flow in free molecular or transitional regime. Although high pressures could be 

obtained by increasing the temperature difference along the channel but due to the 

limitation of channel diameter since the flow has to be in free molecular regime (~1 00 

nm) the pump has a low flowrate. This thesis will incorporate designs and methods to 

increase the flowrate and thus increase the overall efficiency of the pump. 

Thennally driven gas pumps can be readily miniaturized and makes them suitable 

for use as a vacuum pump or compressor for MEMS applications. This thesis work 

6 



encompasses a novel method of making a thermally driven gas pump with no moving 

parts for potential applications ranging from mems to microfluidics and biomedical 

applications. 

1.3 Salient features of the Knudsen pump 

The key features of this pump are as follows: 

~ The absence of moving parts makes this pump robust, free from wear and tear 

which is common in MEMS pumps such as diaphragm pumps. 

~ Can generate a constant pressure drop and thus a continuous flowrate required for 

many critical biological process flows. 

~ Flow rate has an easily controlled, large dynamic range. 

~ Bi-directional flow control. 

~ Small size. 

~ It can operate at low voltages, unlike some other micropumps, such as the 

electro-osmotic pump [16]. 

~ Devoid of valves to minimize leakage. 

~ Can be used to pneumatically pump liquids. 

The potential applications of this pump could be in the following areas: 

.:. Lab - on - Chip applications 

.:. Drug delivery 

.:. Biological immunoassays 

.:. Electronic chip cooling 

.:. MEMS compressor and vacuum pump 

.:. Energy harvesting 
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.:. Bypass medical devices since its bidirectional [17]. 

The working principle of the micropump is based on the principle of thermal 

transpiration. Thermal transpiration based pumps are also known as Knudsen pumps after 

the name of the inventor of this pump - Martin Knudsen. Thermal transpiration states 

that a gas flow takes place from a cold chamber to a: hot chamber both of which are 

connected by a channel which permits free molecular flow when a temperature difference 

is maintained along the length of the channel. 

The key problems which surfaced during the making of the pump are: 

~ Isolation of the hot and cold ends over a small channel length to get the required 

pressure differential for successful operation of the pump. 

~ Obtaining a substantial flowrate. 

~ Integrating the pump to a sensor for further applications. Since, the heat from the 

hot end will affect both a pressure sensor and a flow sensor and give inaccurate 

measurements. 

The above mentioned problems are approached in the following ways: 

./ The pump channel ends are heated and cooled by active means on the respective 

ends . 

./ A material of low thermal conductivity for the pump is found which helped in 

maintaining a greater temperature difference and along with it the design of 

multiple pump channels operating in parallel is implemented to increase the 

flowrate . 

./ Off-chip sensors are used for both pressure drop and flowrate measurements. 

1.4 Relevance o/the research 
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The pump in discussion working on the principle of thennal transpiration has achieved 

higher efficiency compared to other pumps operating on same principle. It is also made 

bi-directional which is a unique feature in thennal transpiration based pumps. 

Knudsen pumps prior to this focused on only creating a temperature difference 

along the channel by active heating of the hot end of the channel and passive cooling of 

the cold end of the channel. In the present work a significant temperature difference has 

been generated along the channel by using a thennoelectric material to actively heat as 

well as cool the respective channel ends. This design could keep one end of the pump at 

even below room temperature while simultaneously heat the other end and thus increases 

the efficiency. The property of a thennoelectric material is such that with the change in 

the direction of current flow through it the hot and cold ends will also interchange, thus 

facilitating a bi-directional operation of the pump due to symmetrical design. 

The advanced work incorporates improving the efficiency of the pump, making it 

smaller and more compact, reducing energy losses and increasing the thennoelectric 

figure of merit by using nanoporous thennoelectric material as compared to the bulk 

material presently being used. The nanopores also serve the purpose of multiple channels 

which pennit gas flow in the free molecular regime, thus killing two birds with one stone. 

This eliminates device integration complexity by using the same material for 

thennoelectric and the pump channel as well and thus reduces energy loss in the 

connection between the pump channel and thennoelectric material in the present design. 

The nanoporous thennoelectric also aids in making the pump more suitable for onchip 

operation like LOC due to its reduced size and weight. Investigation is in progress to find 

the optimum device design for the porous thennoelectric pump. 
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1.5 Outline of thesis 

The thesis starts with an introduction ofthe key features of this pump which make 

it a superior candidate over its competitors. 

Chapter 2, "Background And Previous Work", outlines all the successful endeavors 

towards attempting to make Knudsen pumps and compressors right from its inception in 

macro scale to the present micro scale Knudsen pumps which also includes theoretical 

research. 

Chapter 3, on "Theory", is broken into two parts. The first part talks about the kinetic 

theory of gases and the derivation leading to the thermal transpiration equations. The 

second part talks about the operation of a thermoelectric and how integration with the 

pump improves the pump performance and simulataneously makes it bi-directional in 

nature. It also briefly touches on the physics of nanostructured thermoelectrics since the 

future goal is to make a Knudsen pump out of nanoporous thermoelectric material. 

Chapter 4, on "Unidirectional Knudsen Pump", starts from the very first approach to 

make the pump using silicon in the lateral design and then throws light on why it failed 

and then moves onto making the micro fluidic glass based Knudsen pump which works 

better than the silicon based Knudsen pump. 

Chapter 5, on "Knudsen Pump Using Passive Power", discusses how body temperature 

and solar energy could be used to drive thermal transpiration in nano porous material. 

Chapter 6, on "Thermoelectric Powered Bi-Drectional Knudsen Pump", uses a polymer 

based porous material coupled with a thermoelectric to make the pump bi-directional as 
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well as more efficient. Pressure and flow characterization is also included which points 

out why the thermoelectric is so essential for a better pump. 

Chapter 7, on "Current Progress Using Nanoporous Thermoelectric As Knudsen Pump", 

the features of a nanoporous thermoelectric is outlined and various methods have been 

discussed which are tested to make a porous thermoelectric Knudsen pump. 

The thesis concludes with the "Conclusion and Future Work" which summarizes the 

various efforts towards making a more efficient Knudsen pump and the ongoing work in 

progress with nanoporous thermoelectric and its future goals. 
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CHAPTER 2 - BACKGROUND AND PREVIOUS WORK 

2.1 Experiments which laid the foundation 

Osborne Reynolds was the first person to realize the phenomenon of a flow 

creeping from cold to hot side and he coined the term thermal transpiration [18]. During 

the same time, Maxwell developed independently a theory for thermal cre<;!p [19]. In 

1910, Martin Knudsen built the first thermal transpiration based molecular compressor. 

The molecular compressor built by Knudsen [20, 21] consists of a series of tubes with 

constrictions arranged in between each tube. The constrictions were very small so that 

rarefaction effects became important in the constrictions shown in Figure 3 . By heating 

the same side of these constrictions to a very high temperature of 773K, Knudsen was 

able to maintain considerable pressure gradients. 

In another experiment Knudsen [22] used artificially porous porcelain bulb. The 

Thin pipe Thick pipe 

I /. " 

Heater~ 
(773K) 

Figure 3. Experimental set up with which Knudsen showed thermal transpiration 
effect at sub atmospheric pressure. 
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air inside the bulb is heated by passing an electric current through a resistance. At steady 

state the inner surface of the bulb is hotter than the outer surface. A tube connected to the 

bulb had its other end dipped in water. Due to thennal transpiration cold air from outside 

came through the pores inside the bulb and augmented the air pressure which in turn 

fonned bubbles in the water at the end of the tube. Because of the backflow mentioned in 

Chapter 3 the pressure difference between the inside and outside of the bulb becomes 

smaller. 

Significant work has been carried out by various research groups in the area of 

thennal transpiration based pumps in micro and macro scale involving both theory and 

experiments. 

2.2 Different pumps based on thermomolecular phenomenon other than Knudsen pump: 

Two other types of the mal molecular pumps are the accommodation pump and the 

thennomolecular pumps. They are briefly described in the next two subsections. 
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Pumping Direction 
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t Hot Side 
- - --t ColdSidy 

Rough Pyrex tube 

Figure 4.Schematic o/the accomodation pump. The walls o/the pipe connecting A & C 
are rough while those o/the pipe connecting B & C are smooth. (Adaptedfrom [23]) 

2.2.1 Accomodation Pump 

The accommodation pump exploits the difference in the scattering of gas 

molecules at different types of boundary surfaces to generate the pumping action[23]. 

Two volumes of gas are connected by a channel which has alternating smooth and rough 

surfaces. When this set up is held at a temperature other than the room temperature then 

pumping of gas takes place from one volume to another. The explanation is attributed to 

the differences in specular reflection between hot molecules travelling toward the cold 

regions as compared with the cold molecules traveling toward the hot region. The 

specular reflection for both hot and cold molecules is suppressed by the surface 

roughness. Figure 4 shows three chambers (A, B, and C) connected in series by tubes. 

Chambers A and B are connected through a smooth pyrex tube and chambers B and Care 

connected through a roughened pyrex tube. Hobson, in his experiments, demonstrated 

that if A and C are maintained at room temperature and B is held at liquid nitrogen 

temperature (that is, temperature lower than that of A and C), an effective movement of 
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Figure 5. Schematic of a thermomolecular pump. The heated carbonized nickel 
element increases the molecular flux from A to B. (Adaptedfrom [24]) 

gas molecules from A to C occurs. The difference in the gas-wall collision dynamics of 

the gas molecules moving through the smooth pyrex tube and through the roughened 

pyrex tube results in this pumping effect from chamber A to C. At equilibrium the ratio 

of the pressure in chamber A to the pressure in chamber B, PA/PB, is expected to be lower 

than the ratio of the pressure in chamber C to the pressure in chamber B, Pc/PB• 

2.2.2 Thermomolecular pump 

Thermomolecular pumps work when in a non-isothermal system scattering of 

molecules from the wall surface do not follow cosine law which leads to anisotropic 

molecular fuxes, even though the molecular flux is isotropic and maxwellian [24]. In the 

experimental setup (Figure 5), there are two chambers connected by an aperture, 

maintained at same temperature To, with chamber A having the director made up of 

carbonized nickel. If the director is heated to a temperature T > To, the molecular flux 

from A to B, QAB increases. The molecules which strike the director are preferentially 
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Figure 6. Schematic of the aerogel machined Knudsen compressor. (figure from [49J) 

scattered towards the normal and through the aperture. The angular distribution of 

molecules reflected off the face of the director is no longer cosine but is peaked 

somewhat more like Cos2 reflection. The pressure in B is thus increased in equilibrium at 

which the molecular fluxes QAB and QBA are equal. The pressure ratio P AIPB is 

independent of the volume of the two chambers and is dependent on the angular 

distributions of molecular scattering at the surfaces, and on the geometrical arrangement 

of those surfaces. 

2.3 Modern Experiments 

Pham-Van-Diep [25] was the first one to demonstrate a (MEMS) Knudsen 

compressor. The compressor generated a large difference in pressure by employing a 

cascade of multiple stages. Each stage composed of a capillary and a connector. A 

temperature difference along the capillary results in pumping due to thermal transpiration 
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which creates a pressure difference. Vargo et al in the University of South California 

along with the Jet propulsion laboratory made a Knudsen compressor out of porous silica 

aerogels [26] extending the prior work in [26]. The aerogels have low thermal 

conductivity (0.02 W/mK) and the pore sizes in lO's ofnm range permit gas flow in free 

molecular region both of which are favorable for thermal transpiration in room pressure 

conditions. The aerogel Knudsen pump achieved a pressure drop of 1.5kPa. 

The low thermal conductivity offers the advantage of maintaining a temperature 

difference across the membrane with minimum energy consumption. A thin disc of 

silicon aerogel is used as the thermal transpiration membrane whose edges are sealed by 

Torr Seal epoxy. The aerogel is sandwiched between two silicon guards, with deep 

reactive ion etching (DRIE) holes through them. One of the thermal guards has a thin 

film resistive heater deposited on it. This forms the heat source of the hot end of the 

channel. The silicon thermal guards are anodically bonded to pyrex connector sections. 

The plexiglass cover and the aluminum base together constitute the connector section of 

the pump as shown in Figure 6. 

If the silica aerogel is doped with carbon it can absorb radiant energy and Young 

et al made a radiantly driven Knudsen pump out of the aerogel by doping it with carbon 

[27]. They also tried a bed of glass spheres touching each other (shown in Figure 7) as 

transpirational membrane whose thermal conductivity is similar to that of the aerogels. 

Glass microspheres with diameters 0.75 mm and 0.344 /-lm are chosen as optimal pore 

diameters for the low pressure and high pressure cases, respectively. The spheres are 

blackened to minimize the radiation component of the thermal conductivity. 
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Han et al also made Knudsen compressor out of aerogel material operating at low 

pressures [28]. At low pressures the pore diameter of the aerogel can be as large as 500 

Jlm for an operating pressure of 1 Pa. This dimension is easy to machine and also a 

higher conductance can be realized. Two different geometries of channels were used -

capillary and rectangular. 

The rectangular channel has three times more open area than the capillary 

channel. The membrane conductance is proportional to the membrane open area. In 

Figure 8(b), the comparison of the maximum pressure ratios between the rectangular 

channel membrane (500 JlID height) and the capillary membrane (500 Jlm diameter) 

indicates that the pressure ratios obtained by the capillary membrane were higher (1.8-3 

times) than those obtained by the rectangular channel membrane. Theoretically, the 

pressure gain through the membrane channels is proportional to the flow coefficient ratio, 

QTIQp or MTIMp, for the same value ofK. 

Fa:Blclo -
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Figure 7. Schematic of the nanoporous matrix made of glass spheres used for Knudsen 

pump. (figure from PhD. Dissertation "Investigation of several important phenomena 
associated with the development of Knudsen compressors "by Marcus Young, USC, 2004) 
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Figure 8. (a) Comparison of conductances derivedfrom experimental datafor 500 
;.on height rectangular channel and 500 ;.on diameter capillary membranes. (b) 
Comparison of experimental iJp/ pav for 500 ;.on height rectangular channel and 
500;.on diameter capillary membranes. (figure from [28]) 

McNamara et al in the University of Michigan demonstrated the first fully 

microfabricated single chip Knudsen pump [29]. This pump is complete with integrated 

bolometers and capacitive pressure sensors for temperature and pressure characterization 

shown in Figure 9. This device is fabricated by separately processing a glass substrate 

and a silicon substrate, bonding them together, and dissolving the silicon handle wafer, 

(a) (b) (e) 

Figure 9. (a) Optical micrograph of a single chip Knudsen pump, (b) 200 ;.on pressure 

sensor membrane before power is applied, (c) pressure sensor deflected after 80mW of 

power is applied The cavity pressure is measured to be 0.46 atm. (figure from [29]) 
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leaving the pump on top of the glass substrate. The glass substrate and dielectric cover is 

used to minimize thermal losses. The microfabrication process is mostly on a planar 

surface, which facilitates other devices to be co-fabricated on the same wafer. The cold 

chambers are passively maintained at room temperature. A polysilicon heater located 

near the nano channels heats the hot chamber. The heater is suspended on a thin 

dielectric membrane in order to minimize heat flow from the heater to the substrate. This 

has achieved thermal isolation values greater than 1000 KIW. A glass substrate is used to 

provide thermal insulation and, thereby, improve the energy efficiency. A long channel 

length is used to improve thermal isolation between the hot and cold chambers. Thin film 

bolometers are located on the bottom of every chamber, measuring the temperature 

distribution and thus the degree of thermal isolation. With 35 m W of power, the cold 

chamber temperature increases by less than 1°C. The gas outlet of this Knudsen pump is 

vented to atmosphere. The high pressure drop can be observed by watching the deflection 

of the vacuum cavity pressure sensor (Figure 9c). The pressure sensor membrane is flat 

with no power to the Knudsen pump (Figure 9b), but it is deflected with the power on 

(Figure 9c). The change in capacitance measured is 2.6 iF, which corresponds to a cold 

chamber pressure of 0.46 atm. The input power of 80 mW provides the heater 

temperature of 1100 C. Based upon a visibly observed pump down time of two seconds; 

the mass flow rate is estimated to be 1 x 10-6 cm3/min. 

Also, from University of Michigan, recently a Knudsen pump based on zeolite 

[30] was demonstrated with a flowrate of 0.12 sccm. Naturally occurring Clinoptilolite 

has nanporous network structure which can be used for thermal transpiration. The zeolite 

material is cut in circular discs and one side is heated by means of a resistive heater and 
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the other side is left to attain room temperature with the help of a heat sink (Figure 10). 

Inlet pipes are attached to hot and cold ends and pressure drop and flow rate are 

successfully monitored. The pressure sensor attached to the cold side of the pump 

measured a maximum of 2.5 kPa. Flow rate is measured by using a water droplet on the 

hot end inlet of the pump. When the pump starts the water drop moves out of the pump 

and its velocity is recorded and thus flowrate is obtained. In this operation the hot side 

temperature is 50K above the room temperature and the cold side temperature is 17K 

above the room temperature. 

Gupta et al also made a series cascaded Knudsen pump made of porous ceramic 

discs [31]. The pump is a 9 stage planar architecture providing a maximum pressure of 

12kPa and a gas flow rate of 3.8 J.lLlmin. Each ceramic disc is 2.85 mm thick and 5 mm 

in diameter. Brass caps with embedded microgroove channels are used to seal each 

ceramic disc from above and below, and direct the gas flow laterally, int%ut of each 

(a) 

let Port 
PVC Casing 

(b) 

Port 

Figure 10. a) Schematic & b) exploded views of the zeolite Knudsen pump (figure 
from [30]). 
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(a) (b) 

Figure 11. a) Schematic & b) exploded views o/the 9 stages ceramic Knudsen pump. 
(figure from [31]) 

stage through the transfer ports (Figure 11). Thermally conducting caps minimize the 

possibility of parasitic heating of the transpiration elements. 

2.4 Theoretical work 

An extensive amount of theoretical work also has been done in the field of kinetic 

theory of gases related thermal transpiration and Knudsen pump. Davor et al [32] from 

our group calculated the theoretical efficiency of the pump with and without the thermal 

losses. In this derivation the flux from each side is considered as a separate pump. The 

efficiency is calculated in terms of power exerted by a unit of mass to flow or work 

exerted per unit mass, using 

llideal = -,.,...----::/
W input/m 
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where Winput is the input work usually in the form of input power from an external source 

like a power supply, solar power or waste heat. 

(2.2) 

where Whot is the work done by the hot flux and WCOld is the work done by the cold flux. 

According to the formula a higher temperature on the hot side and a lower temperature on 

the cold side will increase the net effective Wuseful' After all the substitutions and 

neglecting thermal losses (Figure 12) 

R (r COld-rhot) 
I'lid l = -

ea cp rhot+r cold 
(2.3) 

where R is the universal gas constant and Cp is the specific heat of the gas. Thus different 

gases will have different efficiencies due to different specific heats. 

Taking into account the thermal losses, using the conductance model of the pump 

channel the efficiency formula modifies to the following: 

( 

~ Phot ) 
R ..J~-Pcold 

TJ = cp !.J.wt... ~ 21 M G 
P + ~+(j27rThot Re'e P ) 

cold ..J~ P cold 

(2.4) 

fJ7r/2 1 
Here, C' = -7r/2 '2 zcos(}d(}ds 

where z is the chord making an angle 8 with the normal to the perimeter s, G is a term 

used to lump together the energy losses to the environment, M is the molar mass of the 

gas being pumped and I is the length of the channel. 
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Figure 12. (a) Surface of the ideal efficiency as a function of T cold and That. for dry 
air and using equal hot and cold pressure, (b) Plot of efficiency vs. temperature ratio 
{or dry air and using equal hot and cold pressure. (figure from [32]) 

2.4.1 Simulation 

DSMC - Discrete Simulation Monte Carlo simulations have also been carried in 

the field of thermal transpiration to fit the experimental data with theoretical model [33-

35]. A real gas is modeled by a large number of simulated molecules. Each simulated 

molecule represents a fixed a number of real molecules. The simulation domain of the 

flow field is divided into small cells. Simulated molecules are indexed corresponding to 

the cells they occupy. Flow channels are represented by 2D straight channels in the 

simulations. In the 2D DSMC model, the velocity vectors retain 3D characteristics for the 

purpose of calculating the result of collisions. 
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Figure 13. DSMC simulation domain for single membrane channel Knudsen 
compressor with hot and cold side connectors. Due to symmetry only half of the 
geometry is used. (figure from [33 J) 

The 2D single membrane flow domain used in the simulations is as follows: A smaller 

channel (dimensions Lch, Hch) representing a single low-pressure membrane flow channel 

is placed between two larger channels (dimensions L,H), which are the cold and hot side 

connector sections on each side of the membrane (Figure 13). 

For each time step, simulated molecules move and collide with each other or with 

solid boundaries; therefore, the two position components and three velocity components 

change accordingly. The flow properties including the number density, static 

temperature, and static pressure of the flow are calculated by averaging these components 

Figure 14. Temperature maps in DSMC simulations for uncoupled and coupled cases. 
Tn = (I'-TJ/ (I'wTJ. (figure from [34J) 
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over a certain large number of time steps (sample time) in each cell. 

The thermal simulation in the Figure 14 shows both coupled and linear models 

which differ significantly. The actual temperature difference of thermal transpiration in 

the coupled case is less in the channel compared to that of the reservoirs (Figure 14). 

This shows that a continuum description of thermal transport is not valid in the solid and 

that thermal contact resistance needs to be considered. The simulations also show that 

pressure driven flow is stronger than thermal transpiration flow at the centerline of the 

channel. 
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Figure 15. (a) Channel configuration, (b) wall temperature distribution, (c) Flow 
velocity and isothermal lines at Kn=O. 05 and T1ITO=3, arrows showing direction of 
flow, (d) massflow rate for channel in (c). The white circle indicates the result 
computed with cell size DI40 X DI40 and average number of particles per cell 1 00, and 
the black circle indicates that with DI20 X DI20 and 100 [36]. 
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Figure 16. Schematic of capacitive cantilever assembly, (b) The stress induced by 
the KF on the cantilever results in a static deflection which is sensed as a variation 
in the capacitance between the cantilever and the flXed substrate. The left axis 
displays the measured signal, while the right axis gives the corresponding Knudsen 
pressure yielding a total force in the range 90 nN :::; KF:::; 0:8 jiN for the cantilever 
used. (figure from [37]) 

Sone et al designed a channel with periodic grooves on both walls of the channel 

[36]. They imposed a periodic temperature variation, whereby the temperature decays 

linearly on the groove side but it increases linearly on the channel wall (Figure 15 

(a&b)). This device produced a unidirectional flow with a maximum mass flow rate at 

Kn~O.3 . 

2.5 Application other than a pump 

Based on the principle of thermal transpiration, sensors have also been designed 

and fabricated [37] . Knudsen like forces is generated when gas or air is passed through 

an opening whose dimension allows for a free molecular or transition regime flow 

(Figure 16(a)). The pressure dependence of these forces has been studied using a 

microelectromechanical system composed of a microcantilever near a substrate surface. 

Nano-Newton scale KF is observed by the bending of the micro cantilever as monitored 

by the charge variation on the microcantilever-substrate assembly in a capacitive mode. 
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CHAPTER 3 - THEORY 

3.1 Thermal Transpiration 

In a Poiseuille flow the velocity of flow at the walls of a channel is zero. But 

when the mean free path of the molecules approach the hydraulic diameter of the flow 

channel then this law fails since the flow velocity at the walls is greater than zero or 

rather the gas appears to slip as shown in Figure 17. Thermal transpiration is one such 

phenomenon which occurs in rarefied gases. 

To understand the physics of thermal transpiration certain physical terms need to 

be explained. Flows can be categorized based on a dimensionless number called Knudsen 

number. Knudsen number 'Kn' is defmed as the ratio of the mean free path of the gas 

molecules 'J...' to that of the hydraulic diameter ' d' of the channel in which the flow is 

A 1 TR 
taking place. Kn = -d. where A = 

v'2n:D~(fft) - v'2n:D~P 

///////////// 
) 

Thermal Creep 
) ) ) ~ 

~~ ~ Poiseuille ~ ~ ~ ~ 

) ~ ~ ) ) 
Thennal Creep 

\\\\\\\\\\\\\ 
Figure 1 7. The figure shows the directions of the thermal transpiration and 
pressure driven flows. 
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• 

p is the density, m is the molecular mass, and Dm is the radius of the influence range of 

the intermolecular force. Based on this formula and knowledge from kinetic theory of 

gases, it becomes apparent that the mean free path is directly proportional to temperature 

and inversely proportional to pressure. Here, R is the universal gas constant, T is the 

absolute temperature and P is the pressure of the gas. Thus, the Knudsen number can be 

increased by increasing the density or the pressure of the gas, or by decreasing the 

temperature of the gas. 

Flow regimes have been categorized based on different ranges of Knudsen 

numbers (Kn) as shown in Figure 18: continuum flow Kn< 0.01, slip flow 0.01 <Kn<O.l, 

Knudsen number 
Kn='ft. /d 
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5 

10
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" 101 , , , , , , 

, , , , 

Free molecular flow 
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Figure 18. Graph showing different flow regimes classified according to their 
corresponding Knudsen number ranges. (figure adaptedfrom [38J) 
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Figure 19 . The net flow of molecules from cold chamber to the hot chamber when 
connected by a narrow channel which permits gas flow in molecular regime. 

transition flow 0.1 < Kn < 10, and free molecular flow Kn > 10. The formula of Knudsen 

number in the various regimes of gas flows assumes air at isothermal temperature of 

273K. Thermal transpiration has been observed in both the transition and the free 

molecular flow regimes [38]. 

3.1.1 Molecular flux theory of thermal transpiration 

If two vessels are filled with gas at atmospheric pressures but at different 

temperatures T 1 (T h) and T 2(T c), and they are connected by a channel whose diameter is 

larger or comparable to the mean free path of the gas molecules (shown in Figure 19) 

then the following condition prevails: 

(3.2) 

In a gas at rest which follows a Maxwell-Boltzmann distribution for the molecular 

velocities, molecular flux ' d¢ ' across a plane surface element 'A' is given by the cosine 

law [39] : 

dw I,oo - dw d¢ = nA- 0 vcos(}.[(v)dv = nAvcos(}. (-) 
4n 4n 

(3.3) 
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Here, On' is the number of particles per unit volume, 'f(v)' is the Maxwell-Boltzmann 

velocity distribution function. All molecules within the solid angle ' dO)' have velocity 

vectors 'v ' whose axis makes an angle 8 with normal to A (Figure 20) . 'v' is the 

average molecular velocity which is calculated as 17= 2:. f.ooo v[(v)dv = JBkT . 
n rrm 

Consider only those molecules which strike a plane solid or liquid surface and are 

not scattered backward, then the total molecular flux across or against this surface is 

¢ = nA I cos£). dw/4rr 

= nv A 
4 

(3.4) 

(3.5) 

Depending on the surface roughness and the intermolecular forces during the 

collision, some molecules are striking the solid surface are adsorbed while the remainder 

are scattered back in various directions. 

The adsorbed molecules eventually reach accommodation with the prevailing 

temperature of the material at the surface. Under equilibrium conditions the sum of the 

distribution of the molecules leaving the surface due to various processes (adsorption-

A 

normal • 18 

Figure 20. Diagram illustrating the calculation of flux of molecules striking the wall 
surface A. dw is the solid angle in the cosine formula. 
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desorption, reflection, diffraction and inelastic scattering) has to obey the cosine law. 

From equation (3.5), the incident molecular flux per unit area is 

r = nv 
4 

(3.6) 

In a steady state with zero net flow if we equate the fluxes from the cold chamber 

and the hot chamber we get to equation (3.2). The flow direction is from the region of 

lower to higher temperature. It could also be seen from the relations of number of 

molecules to the density of the gas. The subscripts 1 and 2 denote the two sides at 

temperatures TI and T2 respectively. ni is proportional to PI and hence to 2., while n2 is 
Tl 

proportional to 2.. IfTI>T2, nI>n2 in the ratio Tl. The velocities VI and V2 are in the ratio 
T2 T2 

of {f;., thus the product ni VI is less than n2 V2 by the ratio {f;.. Hence, the flow will take 
~~ ~~ 

place from cold to hot until the pressure ratio Pl = {f;. builds to check it. 
P2 ~~ 

In a round tube of radius 'a' the mass flow rate 'Qrn' in free molecular regime is 

given by [41] 

(3.7) 

The condition for zero flow is then that Jr be constant along the tube which is same as 

the condition found for the thermal transpiration using the flux theory [40]. 

For a pump set up with "s" number of stages the above formula in equation (3.2) gets 

s 

modified to P1 = (Tl)'2 
P2 T2 

(3.8) 
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3.1.2 Momentum theory of thermal transpiration 

At an unequally heated boundary, a rarefied gas flow is seen from cold side to hot 

side as the gas creeps over the channel walls. The explanation of this phenomena is as 

follows: when the gas is hotter over one part of the wall than over an adjacent part, 

molecules impinging obliquely upon it strike with a higher average velocity when they 

come from the hotter region than when they come from the colder region, and so they are 

rebounded more strongly by the wall (except in the special case of specular reflection), 

which imparts a tangential momentum to the gas directing it towards the hotter side. 

Thus, number of molecules in the hotter region is less than that in the colder region and 

the mass fluxes from the two regions balance in a gas at rest. A momentum in the 

opposite direction to the temperature gradient is transferred to the wall from the gas [41]. 

As its reaction, the gas is subjected to a force in the direction of the temperature 

gradient and a flow is induced in that direction. In a gas in motion, on the other hand, a 

momentum in the direction of motion is transferred to the wall (Figure 21). Thus, a 

----------I.~Cold 
Momentum transfer from gas to wall 

Figure 21. Diagram showing momentum transfer from gas to wall of the pump 
channel in thermal transpiration. 
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steady flow is established when the two contributions of momentum transfer balance. 

Thus the qualitative difference of the velocity distributive functions of the molecules 

impinging on the boundary and those leaving it plays an important role in thermal 

transpiration flow. 

3.2 Thermal Transpiration models 

3.2.1 MaXwell's Model 

In a capillary tube of circular cross section where the assumption is that motion of 

gas is very slow and the temperature varies gradually along the tube so that temperature 

is uniform throughout any section of the tube, the condition for steady flow 'Q' parallel 

to the axial direction of the tube is [19]: 

-Q-+2.(a2 +4Ga)dP _~~dT = 0 
npa2 81l dx 4 p(J dx 

where, the dynamic viscosity, 
1 -A Jl. = '2 nm v 

average velocity, 
1 _ _ (8RT)2 v- -

n 
mean free path, 

A = kT 

V2nDfnP 

molecular density, 

density, 

P 
n=-

kT 

p =mn 
coefficient of slipping, 

G = ~(7 -l)A 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

where m is the mass of a gas molecule, R is the specific gas constant, Dm is the collision 

diameter of the gas molecues, k is the Boltz mann constant, T is the temperature along the 

narrow channel, P is the pressure along the narrow channel and f is a measure of 
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molecular reflectivity of the surface of the narrow channel if = 0.5 for semi reflecting 

surface andf= 1 for a perfectly reflecting surface). In the absence of a pressure gradient, 

the gas flow is from the cold end to the hot end of the narrow channel. 

However, in the absence of any flow, in which temperature varies from the end to end, 

the pressure is greater at the hot end than at the cold end. Putting Q = 0 in equation (3.9), 

indicates 

dP = 6 J.l.2 1 

dT pTa2+4Ga 
(3.16) 

3.2.2 Kennard's Model 

The Kennard model is same as the Maxwell model except for the fact that the 

coefficient of slipping in the Maxwell model is replaced by the slip length {, which 

depends on the thermal accommodation coefficient of the surface. The Kennard model 

also assumes a near continuum (Kn < 0.1) flow with moderate pressures. It assumes that 

the gas is dense enough to extend the Poiseuille's flow equation to accommodate 

temperature gradient. Kennard's model for thermal transpiration driven gas flow rate 'Q' 

across a narrow channel with circular cross-section (radius a), under the assumption of 

isothermal gas flow is [40]: 

Q = _~ a 4
p (1 + 4 f.) dP + 31l J.l.a

2 
dT 

8 J.l.RT a dx 4 T dx 
(3.17) 

If the two ends of the tube are sealed, the negative term showing that the Poiseuille flow 

and thermal creep flow are counteracting in nature, balance each other at equilibrium. 

The expression for the change in pressure with temperature is 

dP 6J.1. 2 R 

dT = a 2 p( 1+ ~D (3.18) 
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3.2.3 Williams' Model 

The Williams model is identical to Kennard's model except the slip length {, 

which is expressed more precisely in terms of the coefficient of accommodation of the 

gas molecules to the channel walls. The slip length [42] is 

(3.19) 

where a is the accommodation factor. If the pressure and temperature are normalized (p* 

and T* respectively) with respect to the pressure and temperature at the cold end of the 

tube, i.e, 

P* =!.... 
Pc 

(3.20) 

T* =!:... 
Tc 

(3.21) 

The equation relating pressure and temperature becomes 

dP' 
-dT-' - 1 

P'+8(!!:)2(~)/LJ(RT c)T' 
2 u PcD 

(3.22) 

The two features of this equation are: First, the parameter ,.,..J(ifiJ is proportional to the 
PcD 

Knudsen number since ,.,..J(ifiTJ - J...., where J.... is the mean free path of the gas molecules 
Pc 

and PeD is essentially the inverse of the Knudsen number. Thus, the solution depends on 

the Knudsen number. Second, the solution is independent of the length of the tube. 

3.2.4 Knudsen's Model 

Unlike the Maxwell, Williams, Kennard models, the Knudsen model is an 

empirically corrected model that is applicable to either very small Kn or very large Kn gas 
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flow though narrow circular capillaries. Like all the other models discussed above, this 

model also assumes isothermal gas flow along a capillary with circular cross-section. In 

the absence of any effective flow along the channel, the equilibrium change in pressure 

with respect to change in temperature is [43]: 

P 
dT - -a -1 a-+-n-(-0.a-1-)a":;"2-1 2T 

3k1.il 16 0.49 .il2 k1 

dP 1 
(3.23) 

where, kl is an empirically determined factor. k1=1 if Kn is large and kl converges 

between 2 and 3 ifKn is small. 

3.2.5 Sharipov's model: 

Sharipov's model is based on a more precise model, the S-model [44], to simplify 

the collision term in the Boltzmann Transport Equation. Hence, the Sharipov model is 

applicable to all the flow regimes (Kn > 0). The average mass flow rate of gas through a 

capillary from the cold end to the hot end is: 

For a circular cross-section [45]: 

F or a rectangular cross-section [46]: 

if = ~ m Ah (.t1T M - L1p M J 
Pav 2kT L T'P 

av av Pav 
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Figure 22. Flow coefficients against a range of Knudsen numbers for 
circular capillary. (figure takenfrom (49J) 

where !!.p is the pressure difference, Pav is the average pressure in the capillary tube, !!.T is 

the temperature difference, Tav is the average temperature in the capillary tube, MT is the 

thermally driven flow coefficient, Mp is the pressure driven return flow coefficient, A is 

the capillary' s cross-sectional area, h is the height (hydraulic diameter) of the capillary 

tube, r is the radius for the circular capillary, L is the length of the capillary tube, m is the 

molecular mass of a single molecule of gas, and k is Boltzmann's constant. 

At equilibrium flowrate is zero. Physically, the two competing flows illustrated in 

Figure 17 (the thermally driven flow that is described by MT, and the pressure driven 

flow that is described by Mp) form the net gas flow. The visualization of the flow 

coefficients as a function of Knudsen number shown in Figure 22 is helpful for 

understanding the flow characteristics. When equation (3.25) is set equal to zero, the 

thermally driven upflow is exactly balanced by the pressure driven return flow. In this 

situation, the pressure change !!. p is at its maximum value designated as !!. Pmox, and 

equation (3.25) reduces to 

flPmax flT MT 

Pav,max Tav Mp 
(3.26) 

38 



where Mp and Mt are the pressure and temperature coefficients that depend on the 

rarefaction parameter ()avg: 

1 

li
av 

= (7r3)2 aD~Pall = ..,fii 
9 2 kTall 2Kn 

(3.27) 

The poiseuille flow 'Qpos' in the center of the channel which allows gas flow in the 

viscous regime follows this equation: 

4 

Q = 7rDL llP 
pos 128#Ll 

(3.28) 

where DL is the diameter of the channel and llP is the pressure head across the channel, 

1.1 is the viscosity of the gas and I is the length of the channel. 

This model is based on semi analytical approach and is one of the best analytical 

alternatives to DSMC - "Discrete Simulation Monte Carlo" techniques. This model can 

be applied to non-isothermal gas flows too. 

In this model, it is also shown that the gas pumping rate increases as the width of 

the channel increases for a given height since the flowrate is proportional to the area of 

cross section of the channel height, and then the flowrate reaches saturation regime due to 

edge effects. So, this model gives alternative options to channel fabrication designs. Also, 

for a greater channel height the flowrate is higher but the pumping capability is lower due 

to reverse thermal creep. 
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The resulting pressure distributions from DSMC,IP-DSMC (Information 

Preserving DSMC) and Sharipov's Boltzmann Transport Equation models are presented 

in Figure 23 for a channel length of 5 um and various heights of (1 ~, 100 nm, and 20 

nm) with a linearly varying temperature from 273°K to 573°K along the channels [47]. 

Considering the degree of non-idealities in short channels the graph in Figure 23 shows 

that Sharipov's model is in excellent agreement to the DSMC and IP-DSMC models. In 

Information Preserving DSMC (IP-DSMC) method, certain macroscopic quantities are 

"preserved" along with the microscopic velocities used in the DSMC simulations. These 

preserved quantities are then transported by particle movement and modified by 

boundary interactions, particle collisions, and fluxal modifications. 

3.3 Knudsen Pump or compressor 

The phenomenon of thermal transpiration can be used for creating vacuum by 
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Figure 23. Pressure distributions for 5 J1l1'llong channels comparing DSMC, 
OSIP-DSMC, and Sharipov's BTE solutions. (figure from [47J) 
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either sucking in air from one closed chamber or as a compressor by forcing in air into a 

chamber [48]. In both of these processes thermal transpiration will be used as either a 

vacuum pump or as a compressor. Based on requirements, single stage pumps can be 

cascaded in series to obtain a higher pressure difference or may be arrayed in parallel for 

a higher flow rate. 

A pump diagram for a three chamber Knudsen pump, which is easily cascaded, is 

shown in Figure 24. The narrow channels between the cold inlet chamber and the heated 

chamber are where the pressure change occurs. Thermal transpiration is the dominant 

mass flow phenomenon in the narrow channels. The larger channels which have 

diameters suitable for a viscous flow are dominated by pressure flow and move the fluid 

from the hot to the cold exit chamber, forming a complete pump with two stages [29]. 

As indicated in Figure 17, thermal creep flow is driven from the cold end of a 

tube towards the hot end of the tube. For free molecular flow, thermal creep flow will fill 

the entire tube, becoming thermal transpiration. In the case of transitional flow, the 

thermal creep occurs closer to the tube's walls. As a pressure difference is established a 

Figure 24. A two-stage Knudsen pump cascaded in series, showing resultant 
pressure change. (figure takenfrom [29]) 
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pressure return flow will occur, partially or completely balancing the thermal creep flow. 

Thus, thermal creep can also produce a net gas flow and a pressure difference, which 

again are the requirements for a pump. 

Since the thermal conductivity of the tube wall is significantly larger than the gas 

conductivity, the temperature distribution is determined by the thermal property of the 

tube. If the tube thermal conductivity is constant, the temperature distribution is linear. 

3.4 Theoretical calculation of pressure drop on the cold side of the pump as a function of 

time: 

The dynamic response of the pressure on the cold or sealed outlet is an important 

aspect to model for subsequent important results. The pressure drop versus time is 

definitely an exponential function which fits very nicely with theoretical and 

experimental results. Young in his thesis had proposed and derived a formula for the time 

constant 't which is given by [49]: 

(3.29) 

where em is the conductance of the membrane, Qp and· QT are the pressure and 

temperature coefficients respectively and V H and V c are the volumes of the hot and cold 

chambers respectively. In our pump's case the hot side is opened to the atmosphere and 

thus the term V H drops off from the equation. 

With this above constant the pressure drop with respect to time becomes: 

(3.30) 
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In Han's thesis the conductance of both the cold and hot side are taken into account 

which modifies the above formula of the time constant to [49] 

Qp( 1 1 ) 
1+Cm"Q c+c 

T = THe Qp( 1 1) 
CmQT VH +Vc 

(3.31) 

where CH and Cc are the conductances of the hot and cold side inlet pipes respectively. If 

the pressure drops in these inlets are negligible compared to that along the membrane 

thickness then equation (3.31) becomes same as that of equation (3.29). Han considered 

the conductance as only the thermally driven conductance of the gas flow 

c = A~ JkTavg M 
m L 2m T (3.32) 

This conductance formula used is for transitional flow regime. In the model for 

our thermoelectric pump the conductance accounts for both thermally driven and pressure 

driven flow conductances. 

U sing the ideal gas law 

PV = NkT (3.33) 

where N is the number of particles of the gas, P = pressure, V = volume, k = Boltzmann 

constant and T = absolute temperature. 

Time rate of change ofN 

N = PV kT 

• dN 
N=

dt 

• dM 
M=

dt 
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where M is the flowrate of the gas 

. dN 
M=m

dt 

=mN 

(3.37) 

(3.38) 

= m Vh dPh (for hot side chamber, in our pump's case the hot side is open to atmosphere 
kT dt 

SOVh-oo) (3.39) 

= -m Vc dPc (for cold side chamber) (3.40) 
kT dt 

(negative signs is for opposite direction of flow. The gas fills in the hot chamber whereas 

it empties out of the cold chamber) 

We also know that sharipov's equation of flow in transitional regime through a 

rectangular capillary where 1> >w 

(3.41) 

(3.42) 

= a + f3Pc (3.43) 

where a = (3.44) 

and f3 = (3.45) 

In the above analytical derivation the number of pores has to be considered since 

the net conductance of all the pores pumping in parallel will sum up. Flowrate is directly 

proportional to the number of pores in the membrane. The number of pores can be 

approximated based on the porosity of the membrane. If the channel material is P% 

porous, R is the radius of the membrane and r is the radius of the pore, then the number 

of the pores 
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(R)2 P N - - -
P - T 100 

F or a porous membrane with 'Np' pores or channels M becomes N M 

Equating (3.40) and (3.43) 

mVcdPc - N + N f3P. =>---- a 
kT dt P P e 

dP => _c + p(t)Pe = q(t) 
dt 

kTN P 
where pet) = -p-

mVc 

and q(t) = -kTNpa 
mVc 

U sing first order linear differential equations 

p. = exp Cf p(t)dt) 

kT = exp (-Npf3t) 
mVc 

1 I 1 Pc = - p.q(t)dt + - C 
Jl Jl 

Here, C is a constant of integration 

(
-kT ) a 

= Cexp mVc Npf3t - P 

Applying boundary conditions, at t=0, pressure on the cold side of the pump P c=O 

a 
C = P + Pe(O) 

Thus, the pressure difference obtained by the pump at any given time 't' is 
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(3.47) 

(3.48) 

(3.49) 

(3.50) 

(3.51) 

(3.52) 

(3.53) 

(3.54) 

(3.55) 

(3.56) 

(3.57) 

(3.58) 

(3.59) 



mV: 
where T = -----Lp 

kTNp 

(3.60) 

(3.61) 

The number of pores is very difficult to estimate especially when the porous 

membrane is like a sponge where the pores are in a network rather than straight hollow 

cylinders. Also, there could be imperfections or leakage due to damage in the membrane 

in case of which the pores of the affected area will not contribute to gas pumping. The 

exponential decay is the time it takes to evacuate the cold side chamber. In these 

experiments it comprises of the pressure sensor's dead volume which is about 0.8 cm3 

and the air in the inlet pipes from the membrane to the sensor which in total comes out to 

be approximately 1 cm3
. The time constant will also depend on the thermal mass of the 

system since that will determine how fast the system attains the temperature difference. 

The plots of Figure 25, Figure 26 & Figure 27 are obtained by using the data from 
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Figure 25. Theoretical pressure drop plotted as a/unction o/timefor 25 nm pore size 
membrane. The hot and cold side temperatures used in equation (3.59 &3.60) is 353 
K and 324 K respectively. 
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Figure 26. Theoretical flowrate with time is obtained by substituting the dynamic 
pressure (equation 3.59) on the cold side pressure in equation 3.41. 

Table 1 which are obtained from the experimental conditions in Section 6.5.1 of Chapter 

6 for the case of radial design thermoelectric pump using cellulose ester membrane as the 

channel material, in the theoretical equations. 

Table 1. Various parameters with their numerical values used in computing 

theoretical results. 

Parameter Value 

Hot side temperature (Th) = 353K 353 K 

Cold side temperature (Tc) = 324K 324K 

Length of pump channel (L) = 105 ).lm 105 ).lm 

Radius of capillary (h/2) 25/2 nm 

Number of pores (Np) 7ell 

Molecular mass of air (m) 28* 1.67e-27 kg 

Volume of cold side chamber (V) 1 cm3 

Temperature flow coefficient (MD 0.38 

Pressure flow coefficient (Mp) 1.4 
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Figure 27. Theoretical plot of pump pressure difference with respect to flowrate by 
using the data offlowrate and pressure drops obtainedfrom Figures (25 & 26). 

In this theoretical model the time required for the pressure drop is less than a 

second and that is attributed to the more number of pores in the theoretical model 

compared to the actual pores contributing to thermal transpiration in the experiments. 

The exponential decay is explained as follows. The curve has a higher slope to 

start with where the thermal transpiration is at its peak with very little of the back flow. 

At this point the pump has the maximum flowrate. Slowly with building up of pressure 

on the hot side the pressure driven flow negates the transpirational flow. When the curve 

stabilizes that time the flow rate is zero and the pressures on the cold and hot sides settle 

at the square root of their absolute temperatures. The flowrate of the gas evacuated from 

the cold chamber is proportional to the derivative of the pressure versus time graph at a 

constant power. The reverse flowrate is proportional to the hydraulic conductance times 

the pressure differential. 
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The net flowrate against time is plotted in Figure 26 by substituting the dynamic 

pressure (equation 3.59) on the cold side in equation 3.41. A maximum flowrate of 14 

mLimin is obtained theoretically when the pressure difference term in equation (3.41) is 0 

which is the condition for computing maximum flowrate.. The pressure differential 

versus flowrate graph is obtained in Figure 27 by combining Figure 25 & Figure 26 to 

compare with experiments in Section 6.5.1 of Chapter 6. 

3.5 Thermally Driven Flows in Sub-NanolNanoscale Size Channels 

At channel dimensions in the order of sub nano meter range the attractive forces 

like Vander Waals forces between the channel walls and the molecules is more 

pronounced compared to that in larger dimensions which results in an increased thermally 

driven flow due to higher density of molecules near the wall. 

Also, when the mean travel distance for collision of the molecule to that of the 

wall is of the order of the phonon mean free path then phonon coupling takes place. 

Phonon coupling is defined as the coupling of gas flows near the wall to the phonon flux 

in the wall material [50, 51]. The coupling occurs when the mean travel distance of the 

molecules along the tube axis between collisions with the channel's wall is on the order 

of the phonon mean free path in the solid, leading to an enhancement of the collisional 

coupling between phonon and molecule flows. Phonon coupling will be most feasible for 

crystalline structures and diminish in random amorphous materials such as aerogel. 

The drag caused due to phonon-molecule coupling, increases gas density near the 

wall and counteract the potential for the increased efficiency mentioned above for 

thermally driven flows. For low enough temperatures, which enhance the coupling, the 

phonon drag could even drive the flow in the opposite direction. 
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Thus, phonon drag effects may become important at low temperatures and at pore sizes 

below 5 nm. 

3.5.1 Nanoscale Pore Condensation 

The narrower the constriction of the flow channel the more is the gas adsorption 

on the channel walls [35]. This effect can lead to flow channel blockage through gas 

condensation. It also may lead to flow enhancement in pressure-driven flows [52]. The 

increased adsorption in the capillaries is from the high curvature of the smaller diameter 

channels. The potential energy inside a nano channel behaves like the Lennard Jones 

potential model [53]. 
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(a) (b) 

Figure 28. Figure in (a) shows one directional Knudsen pump with asymmetric 
design using a resistive heater and heat sink, while the figure in (b) shows a 
bidirectional pump with symmetric design by using a thermoelectric. 

3.6 Improvement of pump efficiency 

To maintain a temperature gradient one end of the channel has to be kept at a 

higher temperature compared to the other end. Materials with sufficiently low thermal 

conductivities (order of 10' s of m W 1m· K) are required to minimize the energy required 

to maintain the temperature difference across the transpiration membrane efficiently. This 

could be achieved by active heating of the hot side and passive cooling of the cold side 

which so far has been the design of most Knudsen pumps or compressors [29,30,35,48]. 

But if instead the temperatures of both ends are actively controlled by active heating and 

active cooling the respective ends of the channel then a higher temperature difference 

can be obtained along the same length of the channel compared to that of only actively 

heating the hot side [15] compared in Figure 28. This in turn should boost the efficiency 

of the pump since a higher temperature difference will have a higher pressure drop along 

the channel which will enhance the flowrate. Also, in the flux theory of thermal 

transpiration the flow from cold to hot side is due to a higher flux of gas molecules on the 

colder side compared to that of the hotter side. In the formula for flux, it is easily seen 

that a lower cold side temperature facilitates higher flux of molecules approaching from 
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the cold side and thus there will be a net increase in the flux moving from the cold to the 

hot side. By using active temperature control only on the hot side and passively cooling 

the cold side the temperature on the cold side is limited to a maximum of room 

temperature which ultimately limits the flux on the cold side and thus the net gas flow. 

Thus, a new design has been proposed in this research where the hot side of the 

channel is heated as usual but simultaneously the cold side of the channel is cooled too 

maintaining it below or at about the room temperature, thus obtaining a higher 

temperature difference and higher net flow. 

The above operation was implemented by using a thermoelectric material which 

acts like a heat pump when current is passed through it. With current the charge carriers 

in the material flow in a direction either same or opposite to that of the current depending 

on their polarity and thus carry the heat generated with them from one side (cold side) to 

another side (hot side). This property of a thermoelectric material also makes this 

Knudsen pump bi-directional, since the hot and cold sides can be reversed just by 

changing the direction of the current flow. This is the first ever bi-directional Knudsen 

pump to date. 

3. 7 Thermoelectric concept 

The thermoelectric effect was first discovered by T. J. Seebeck in 1821, where he 

showed that an electromotive force could be produced by heating the junction between 

two different electrical conductors. Years later Peltier made his discovery where he found 

passage of an electric current through a thermocouple produces a small heating or cooling 

effect depending on its direction. Both the Seebeck effect and the Peltier effect are related 

to each other. When a current passes from one material to another, the energy transported 

52 



by the electrons is altered, from one material to another, the difference appearing as 

heating or cooling at the junction - Peltier effect. Likewise, when the junction is heated, 

electrons are enabled to pass from the material in which the electrons have the lower 

energy into that in which their energy is higher, giving rise to an electromotive force. It 

was only in the 1950s that the advent of semiconductor materials as thermoelectrics led to 

the development of practical Peltier refrigerators and also led to construction of 

thermoelectric generators with high enough efficiency for power harnessing applications. 

When a current 'I' is passed through the couple there is peltier cooling at the 

source equal to (un-up)ITI, where Tl and T2 are source and sink temperatures respectively 

and Un and Up are the Seebeck coefficients of the two branches with opposite sign shown 

in Figure 29. The cooling effect is opposed by the heat conduction at the rate (T2-

T 1)(Kp + Kn), where Kp and Kn are the material thermal conductivities of the two branches. 

The cooling is also opposed by the joule heating due to the contact resitances Rp and Rn 

within the p and n thermo elements respectively. Half of the joule heating passes to the 

Figure 29. Schematic of a peltier cooler showing the flow of charge carriers in 
the thermoelectric material which leads to a hot and a cold side. 
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source and half of it goes to the sink. The maximum heat flux pumping capability for a 

thermoelectric device 'q' is given by [54] : 

(3.62) 

A variety of metals and semiconductors can in principle be used as thermoelectric 

materials. However, the figure of merit for metals is very small due to their small 

Seebeck coefficient and large thermal conductivity. Semiconductors offer much greater 

control because one can control the transport properties by doping and alloying 

semiconductors. The figure of merit of a thermoelectric determines how good its 

characteristics are. The lower the thermal conductivity and higher the electrical 

conductivity the better is the thermoelectric since figure of merit Z is given by: 

(3.63) 

where a is the electrical conductivity, K is the thermal conductivity and S is the 

thermopower of the material. But the parameters in Z are interdependent so it is not so 

easy to control one without affecting the other. A major research in the field of energy is 

to engineer these parameters for a high Z. These parameters could be depicted at the tips 

cr 

s 

ZT= S2 crT 
K 

S = Thermopower 
K = Thermal conductivity 
(J = Electrical conductivity 
T = Absolute temperature 
Z = Figure of merit of 

K thermoelectric 
Figure 30. The three crucial parameters of a thermoelectric shown at the vertices of 
a triangle, showing how crucial it is to optimize them so as to get a highly efficient 
thermoelectric. 
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Figure 31. Many of the recent thermoelectric materials have attained a higher figure 
of merit in nano dimensional form compared to their bulk counterparts. (figure from 
"Vehicular Thermoelectrics Applications Overview " presented at DEER 2007) 

of a triangle to show their contribution to the thermoelectric figure of merit shown in 

Figure 30. 

3.8 Properties of nano structured thermoelectric materials 

The advanced version of this project deals with nanoporous thermoelectric as a 

pump. A brief discussion about the properties of nano structured thermoelectric will 

benefit the reader. These properties will throw light on the fact why the nanoporous 

thermoelectric would suit the pump better compared to a peltier module. Nanoporous 

thermoelectric is essentially a form of nano structured thermoelectric. The graph in 

Figure 31 shows the improved figure of merits of nanostructured thermoelectrics. The 

approach of increasing ZT through reducing the thermal conductivity, has greatly 

benefitted from recent advances in semiconductor nanostructure synthesis. For example, 

while considered a poor TE material in the bulk phase (ZT < 0.01 at 300 K), Si was 

recently shown experimentally to have significantly increased ZT values in the form of 
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nanowrres (ZT ~ 0.6 at 300 K) [55, 56] largely due to the sharp decrease in K (from 150 

W/mK in the bulk to 0.76-1.6 W/mK in the nanowires). The first proposal to increase the 

figure of merit by nanostructuring was made by Hicks et al. [57, 58]. It was suggested 

that as the dimensionality of a material is decreased by nanostructuring a new variable 

(length scale) becomes available for the control of materials properties. 

In semiconductors, the thermal conductivity has contributions from both 

electrons and phonons, majority coming from phonons [59]. Phonon thermal conductivity 

can be reduced without causing too much reduction in electrical conductivity. Phonon 

surface and interface scattering can lower thermal conductivity in sub 100nm range by a 

factor of 2-5. In case of matrix of quantum dots electrons have to move between the dots 

in order to transfer heat from one location to another. If the electronic bands in the dots 

are very narrow, then electrons are highly confined and it is not easy to take them out of 

E 

, 
t---....& 

.-; 

-~30 

O(E) 

• • 
I 

E 

, 
I , 

.-; 

-~30 

O(E) 

• 
E 
~ 

00, 
• , , 

• 
• , , , 

• • , 
I , , 

; 

-~30 

.. 
O(E) 

Figure 32. Density of states for 2D, 1 D and OD materials, the dotted line shows the 
density of states for a typical 3D material. 
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the dots. This change in the density of states with nanostructuring arises due to quantum-

confinement effects, which arise when the length scale is made small enough as the 

number of atoms in any direction (x, y, or z) becomes small. In these low dimensional 

materials the density of states show a rapid variation with energy for example, in the 2D 

system the density of states show step like changes as shown in Figure 32. If the 

chemical potential is positioned close to these steps or regions with rapid variation of the 

density of states one can theoretically tune the thermoelectric properties to achieve a 

large value of !fa, which is in the numerator of the figure of merit ZT. Furthermore, in a 

nanostructured material the introduction of many interfaces, leads to a reduction in 

thermal conductivity due to the scattering of phonons at the interfaces. This has been 

studied theoretically by various groups and has been experimentally demonstrated by 

Kim et al. [60] in nanostructured materials. It is also possible to selectively scatter 

phonons without affecting electrons if the length scales associated with phonons and 

electrons are different. For example, if the phonon mean free path is larger than the 

electron mean free path one can nanostructure a material with interfaces having a 

periodicity smaller than the mean free path of phonons Porosity is one of the strategies to 

parse the electron and phonon mean free path differences [61]. By creating porous 

structures with pore sizes falling between the native electron and phonon mean free paths, 

it is possible to disturb phonon transport more than electron transport to increase ~ ratio 
Ie 

and thus the ZT. 
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CHAPTER 4 - UNIDIRECTIONAL KNUDSEN PUMP 

4.1 Lateral design microfabricated Knudsen pump 

A lateral design was implemented for the Knudsen pump which was fully 

micromachined. The nanochannels for thermal transpiration are wide channels and the 

enclosing cover is supported by pillars to prevent it from collapsing. The wide channel 

design was implemented to obtain a higher flowrate. The wide channel will still favor 

thermal transpiration because of the cosine law most molecules will travel the distance to 

reach the height of the channel and collide with the channel wall first and a very few of 

them which will travel the distance along the width of the channel will collide with each 

other first before hitting the channel wall. This is even verified by the definition of 

hydraulic diameter which has to be of the order of the mean free path of the gas for 

th al .. ak 1 S' h dr l' d' d 4*area(w*h) 'f erm transplratlOn to t e pace. mce, y au IC lameter =. , I 
penmeter(2w+2h) 

width(w) » height(h), d - 2h. The height of the wide channel is designed for the gas to 

flow in transition regime. 

4.1.1 Glass and silicon lateral micro-machine pump 
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Pillars 

Wide 
Channel 

(a) (b) (e) 

Figure 33. (a) Schematic of the lateral microfabricated pump, (b) Lateral channel pump 
without the top cover in between the cold chamber opening and the metal patterned heater 
(c) with enclosed channel, open at the heat source end and the cold end, bonded to the 
bottom substrate along the edges of the channel. 

The substrate forming the channel is silicon and the channel cover is made up of 

glass in one design and silicon in another design. The fabrication involved a 3 mask 

process. A schematic of the lateral design pump with the gas flow direction is shown in 

a) Oxidized Si wafer sputtered with NiCr. 

b) Metal is patterned and etched to 
make heater and for bonding of the 
glass chip . 

c) DR IE etch to form wide channel 
through the wafer. 

d) Front s ide oxide is etched using RIE 
from the backside to complete the 
channel through the wafer 

e ) Glass chip coated with nichrome gold film is 
bonded on top to cap the narrow channel. 
_ 5 i 5i0

2 
_ NiCr _ Gold _ Glass 

Figure 34. Process flow for the lateral 
design microfabricated single channel pump 
with bottom substrate as silicon and top 
cover as glass. 
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Figure 33a. A resistive heater is used to heat the hot side of the channel. The heater is in 

the form of a line trace with bond pads at the ends for probing. Nichrome is chosen as 

the heater material [62]. The channel cover is formed by flip chip bonding glass or 

silicon to the silicon substrate [63, 64]. The optical images of the fabricated chips are 

shown in Figure 33 (b&c) and the process flow is shown in Figure 34. 

Both silicon and glass are used for their respective advantages. The glass being 

less thermally conductive will allow the heat transfer less from the hot end to the cold end 

of the channel while with a silicon cover heat dissipation to the ambient will be better 

than compared to a glass cover. Both of these designs proved inefficient since silicon 

being highly thermally conductive, a significant temperature gradient could not be 

maintained along the channel length. The failure of the channel to attain the temperature 

difference is shown in the IR images in Figure 35. When the chip is powered ON the 

Infra red image shows no variation in temperature contours along the length of the 

channel which proves that the channel is longitudinally at almost similar temperature and 

there is absence of temperature gradient. The metal patterned heater trace on the channel 

Figure 35. Infra red camera image with chip (a) OFF, (b) ON 
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(a) (b) 

Figure 36. (aj Simulation to show that a serpentine heater structure will distribute 
uniform heat along the width of the channel, (bj experimentally fabricated suspended 
heater trace in silicon using SCREAM like process. 

substrate was definitely a prime reason for the failure. 

4.1.2 Silicon micro-machined pump 

Due to the shortcomings of the design in section 4.1.1, the next design 

implemented an isolated heat source from the channel substrate by fabricating suspended 

A 
Length· y 

W 'dth 
--- -- -- -- ---

Cold Chamber opening 

Channel 

/ 
Heater 

Bond pads 

(a) 

Heater 

(b) 

Figure 37. Optical microscope image of the actual silicon-silicon chip with suspended 
heaters for thermal isolation, (aj the bottom silicon substrate without the top cover showing 
heater elements, cold side opening and support pillars, (bj showing the top silicon substrate 
being bonded over the etched channel. 
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heater surrounded by air [65-67]. In this case, the whole pump was made out of silicon 

including the heater and the top cover. The suspended heaters were made of boron doped 

silicon and etched by SCREAM process in the DRIE [68]. The heater geometry was also 

revised from the previous design by making it serpentine rather than straight bars. 

Ordinary differential equation with imposed boundary conditions shows that in a straight 

bar resistive heater the heating is not uniform rather it follows a bell curve with higher 

temperature in the center and lower on the ends. This will cause unequal heating of the 

channel's hot side and will hinder in thermal transpiration and flowrate. This problem 

was eliminated with the serpentine design since the straight bar is folded in the form of 

serpentine structure with the fold carrying the maximum temperature facing the channel 

opening for uniform heating of the hot end, shown in Figure 36(a). The fabricated heater 

trace SEM cross sectional image is shown in Figure 3 6(b). The channel length is several 

hundred micrometers in each of these designs. The optical images of the chip are shown 

in Figure 37. Like the earlier process in 4.1.1 this process flow is similar except that 

bonding is on a wafer level and both the top and bottom substrates are made of silicon. 

The high thermal conductivity of silicon material could not maintain a significant 

temperature gradient for efficient pumping as is seen in the graph of Figure 38b. The 

pump suffers in flowrate and takes a long time to evacuate the dead volume of the sensor. 

The pump has been tested only in the pressure mode by using two sensors one to measure 

the ambient pressure and the other to monitor the pressure at the cold side of the pump. 

The net difference of these two sensor readings indicates the actual pressure drop 

obtained by the pump. In Figure 38b the sensor graph follows and exponential decay fit 

of the same. Due to small conductance to gas flow in the channel, the time it took to' 
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attain the stable point is very long during which the variation in the ambient pressure 

causes the pressure sensor curve to deviate from a smooth exponential decay curve. 

100.0 

Ci 99.5 
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.:.:: -~ 99.0 
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tn 
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(a) 

Ambient Pressure 

" 
....... Exponential fit of pressure drop 

I 
...... ...... 

~--Pressure drop on cold side ...... 
98.0 +----+---+----+---+-

o 2 4 6 8 
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(b) 

Figure 38. (a) The experimental set up used to test the pump chip. Power is 
provided to the heater pads on the chip through the probes and the cold end of the 
channel is coupled to a pressure sensor not shown in the jigure(a), (b) the graph 
obtained with pressure drop at the cold end versus time. 
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N type wafer 
do ed with boron 

I Thin oxide grown to 
.. form channel depth 

DRIE through wafer 
from backside 

! 
SCREAM like process 
to form suspended heater 

t Oxide etched 

• 

Pattern for 
heater 

BOSCH Process 

BOSCH process 
with increased 
platen power 

• I r Isotropic etch 
..... with SF6 

I 
Oxygen clean 

Separate wafer for top cover • r etched for hot side opening 

_ Si _ Si02 - Boron doped Si _ Resist - c4Fa 

Figure 39. Fabrication process for the Si-Si lateral pump, separately showing 
the SCREAM like process. 

The fabrication process development involved four masks shown in Figure 39. 

An n type wafer was selected and then one side was made p type by using spin on dopant. 

PB 20 F was spun at 3000 rpm and then baked at 200e for 15 min. The wafer was then 

put in the furnace at 1000e for limited source diffusion for 2 hours. Then a thick oxide 

was grown by performing a wet oxidation and simultaneously patterned for channel 

region and supporting pillars. This oxide layer will serve as a sacrificial layer and help in 

keeping the wafer surface clean for bonding. The intermediate processes of etching using 

DRIB will otherwise leave a polymer coating which is difficult to remove from silicon 
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[69]. The wafer was then subjected to dry oxidation where a 100 nm thin oxide film was 

grown. By the principle of oxidation, this oxide growth will use up the silicon in the open 

places to form silicon dioxide and thus reduce the height of the silicon in those areas by 

around 50 nm. The other places silicon will not be attacked due to thick oxide protection. 

Thus a channel height of around 50 nm was formed. The backside of the wafer is 

patterned using photoresist for the opening of the pump channel to the cold side. The 

opening was made by etching through the wafer using DRIE from the backside. 

A SCREAM -Single crystal reactive etching and metallization, like process [68] 

was used in the DRIE to etch the free standing heater elements. This process uses normal 

BOSCH process to etch down the heater height, and then uses only passivation, gas C4F 8, 

to coat the sidewalls and the bottom floor, then uses a higher platen power BOSCH 

process to etch deeper and not affect the sidewalls, finally it uses only SF6 to make an 

isotropic etch to free the structures. The bond pads due to larger dimensions in the mask 

layout do not free totally but get undercut. The p-doped wafer form p-n junctions at the 

bond pads. When the pads are supplied with voltage the p-n junction is in reverse biased 

condition and thus allows current flow only through the heater geometry in the player 

and not the n layer, thus electrically isolating the heater from the rest of the device. The 

top cover for the channel enclosure is prepared on another wafer by patterning and 

etching through the depth of the wafer to open the channel end at the hot side. The active 

bonding surface on both the wafers is protected by oxide layers till all the above 

mentioned DRIE processes are finished. Thus the oxide acts as a sacrificial layer which 

can be etched away after the DRIE and with it will be removed all the organic deposition 

from the wafer after the DRIE. Now, the wafer surfaces are ready for bonding after the 
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RCA clean. The bottom and the top wafers are aligned using the bond aligner and then 

the set is clamped and pre bonded in the wafer bonder. After the pre-bond the wafer set is 

permanently bonded by silicon fusion bonding in the furnace at 1000C for 1 hour [70]. 

The spacing of the supporting pillars was designed so as to prevent the collapsing of the 

top substrate onto the bottom substrate [71]. The wafer is then diced to get individual 

pumps. 

It is apparent after both the results from Sections 4.1.1 and 4.1.2 that silicon is not 

the right material for the channel. If a material which has lower thermal conductivity than 

silicon and could be easily micro-machined is adopted then chances of increasing the 

efficiency of the pump using the lateral design become much higher as shown in the 

simulated graphs Figure 40 for three different materials with two different substrate 

thickness using the similar lateral design as that of Section 4.1.2. 

It is quite evident that the lower the thermal conductivity and thinner the 

substrates the higher is the temperature gradient along the channel. Also, the thickness of 

the top substrate or the channel cover plays an important role in maintaining the 

temperature difference. All these points were put together and analyzed in the following 

simulation model to come up with the right material and better design. 
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Figure 40. Longitudinal temperature distribution along the channel (a) when both 
top and bottom substrates are 500 JIm thick, (b) when both top and bottom 
substrates are 5 JIm thick. 
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Table 2. Results of the simulation: 

Top-bottom Temperature Temperature Pressure Differential 
substrates hot side (K) cold side (K) ratios Pressure(Phot=latm) 

Si-Si 499.9 499.2 1.0007 0.0006 
(500 ).Lm) 
Si-Si 499.6 491.6 1.0081 0.0008 
(S).Lm) 
Glass- 492.4 441.5 1.056 0.053 

Glass(SOOum) 
Glass- 488.7 328.4 1.219 0.18 

Glass(S).Lm) 
PDMS- 476.7 331.7 1.198 0.165 

PDMS(SOO).Lm) 
PDMS- 477.9 302.8 1.256 0.204 

PDMS(S).Lm) 

The results in Table 2 summarize that a material with low thermal conductivity 

along with a thin top substrate is the best design for obtaining a high temperature 

difference along the channel. The silicon in Figure 38b gives a higher pressure drop 

compared to the simulated number in the above table, the reason behind that is in the 

simulation model the width of the channel is 1/50th that of the actual pump due to 

computer memory usage. The wide channel helps in better heat dissipation and thus 

attained a higher temperature gradient. Still, the pump is very slow compared to existing 

micro gas pumps and will not suit any potential applications. 

4.1.3 Polymer micromachined pump 

Based on the simulation results nanochannels made of polymer were found to be 

the suitable approach. Recent developments in NIL-nano imprint lithography has been 

68 



used by different research groups to make nanofluidic channels [72-79] and 

subnanometer features for Ie industry. 

Nano channels made of Polymer using nanoimprint lithography by hot embossing 

- Hot embossing processes include three steps, the first is heating and applying pressure 

step, the second is remaining temperature and pressure step and the third is de-molding 

step. Hot embossing can be performed isothermally or non-isothermally. The isothermal 

hot embossing means the substrate and mold will be heated to the same temperature 

during embossing process. In contrast, the non-isothermal embossing means the mold and 

the substrate will be heated to different temperature. 100 nm high channel moulds were 

made in silicon wafer using DRIE and then the same was coated with FDTS to make the 

surface hydrophobic for easy release of the mold at a later step and polycarbonate wafers 
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Figure 41. (aj Effect of temperature on deformation of polymers, (bj important 
stages in hot embossing. 
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were imprinted by the same in the SUSS bonder under vacuum in a temperature range 

above the Tg (glass transition temperature) of the Polycarbonate which is 150 C. 

Normally, a temperature around 50C higher than the Tg temperature was chosen. Above 

Tg, local motion of chain segments takes place and the modulus of the material drops by 

several orders of magnitude. However, the entire chains are still fixed by the temporary 

network of entanglements. A rubber-elastic plateau region exists beyond Tg, where a 

relatively large deformation may occur due to extension of chain segments fixed between 

entanglement points (Figure 41a). The modulus stays relatively constant in the rubbery 

state, and the deformation will recover after the force is released. Next is the rubbery 

flow region for linear amorphous polymers, but it does not occur for cross-linked 

polymers. Finally, with a further increase in temperature, the viscous liquid flow state is 

reached. In this regime motion of entire chains takes place and the polymer flows by 

chain sliding. The modulus and viscosity are further reduced in this region and the 

deformation is irreversible, which makes it the right temperature range for NIL 

patterning. A constant pressure was also applied during the bonding. The two stages of 

first applying the temperature over the Tg of the polymer and then the application of 

pressure forms the two important steps of hot embossing shown in Figure 41b. The nano 

imprint lithography on Polycarbonate was successful, the process steps of which are 

shown in Figure 42a . Then to enclose the channel on the top side PMMA was spun on 

a separate wafer. The wafer with PMMA spun on it and the imprinted polycarbonate 

wafer were aligned to each other with PMMA facing the polycarbonate and then a 

thermo- compression bonding technique was used to bond PMMA to polycarbonate. 

The bonding did not take place uniformly as some areas bonded while others did not 
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Figure 42. (a) Process steps for forming enclosed nano channels using hot 
embossing, (b) surface roughness scan of the hot embossed surface using optical 
profilometer. 

bond. The reason was due to surface roughness during NIL which was determined by the 

optical profilometer image in Figure 42b. 
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Nanochannel made out of polyimide using aluminum as a sacrificial layer [80] -

Polyimide PI 2611 processing was done on a wafer to form the base of the channel, 

process steps of which are shown in Figure 43a. Then aluminum was sputtered and 

patterned to define the channel geometry on it. Then another layer of polyimide was 

coated and processed. Then again aluminum film was sputtered as a masking layer to 

etch the polyimide and patterned at the channel openings. Dry etching was used to 

Poly im ide spun o n wafer 

A lumin u m f ilm patterned 

Top poly im ide layer coated 

Aluminu m as m asking layer 
patterned 

Top poly im ide layer dry etched 
to make channel open ings 

A lu minum etched away to 
make nanochan nels 

Si - PI 26 11 - AI 
(a) (b) 

Figure 43. a) Process flow for making polyimide nano channels with aluminum as 
sacrificial layer, b) remains of aluminum in nanochannels after a week of etching. 
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perform the polyimide etching of the top layer near the channel openings to expose the 

aluminum forming the nanochannel. Then the whole wafer was left in aluminum etchant 

to etch away the aluminum and form the enclosed nanochannels whose height will be the 

thickness of first deposited aluminum film. This aluminum etch process takes a long time 

to etch away all the aluminum. The optical image of the polyimide channel shown in 

Figure 43b is after 7 days of etching and still some aluminum remains could be seen 

trapped inside the nanochannels. By the time all the aluminum is etched away the etchant 

finally starts attacking the polyimide too. Thus, this process was not successful. 

4.2 Glass micro-machined micro fluidic pump 

With thermal conductivity of silicon as high as 150W/mK, a material which could 

be micromachined as well as has a low in thermal conductivity value is glass. This pump 

design incorporates a nanochannel in continuation with a micro channel shown in Figure 

44. The heat source is not fabricated on chip rather supplied externally during the pump 

operation. Both the channels are etched on the bottom glass substrate and then the top lid 

Air Out 

Figure 44. Schematic of the glass microfluidic pump. The nano channel 
used for thermal transpiration is in conjunction with the micro reservoir 
into which water is being pumped 
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is thermo-compression bonded. The reasons behind choosing glass for this design are low 

cost, ease of fabrication, easier inspection, good thermal isolation between hot and cold 

sides and flexibility in its integration with other lab-on-a-chip devices. The height of the 

nanochannel is 80 nm and the height of the micro channel is 12 micrometers. The nano 

channels are under thermal transpiration when a temperature gradient is applied across 

them. The water flows in the micro channels, not the nano channels. A hydrophobic 

treatment is used to repel water from the channels, which would otherwise fill due to the 

capillary forces. The pumping of liquid into the micro channels is attributed to thermal 

transpiration occurring in the nanochannels which generates a pneumatic pressure 

responsible for drawing the liquid into the channels. Thus, pneumatic pumping of liquids 

can be achieved using this pump which is the first of its kind for a Knudsen pump [81]. 

An on-chip micropump for pumping liquids has abundant applications ranging from its 

use on a lab-on-a-chip, mixers, biological assays, HPLC, PCR analysis, picoliter drug 

delivery and many others [82-86]. In the micro scale there are other forces that have to be 

balanced in order to obtain favorable pumping action [87-89]. The dynamic behavior of 

the meniscus is acted upon by gravitational force, viscous force, interfacial force, the 

inertial force and the force due to the pressure difference caused by thermal transpiration. 

The force due to inertia can be neglected for the water-glass system which is true in our 

case. The inertial force is accountable when the capillary radius is around 0.480 mm [90] 

which is a couple of orders in magnitude greater than the radius of the capillary we have 

used. The height of water that can be supported by the capillary forces is given by (4.1). 

h = 2ycos(J 

pgd 
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where 'y' is the surface tension of the liquid, '8' is the contact angle with the wall, 'p' is 

the density of the liquid, 'd' is the hydraulic diameter of the capillary and 'g' is the 

gravitational constant. The Knudsen pump will generate a pressure within the channel. 

Taking the ambient pressure at 'Pamb' and the pressure in the channel as 'Pch' the 

following relationship can be found 

(4.2) 

where 'Tch' is the temperature at the boundary between a deep channel and a shallow 

channel etched into the glass and 'Thot' is the temperature of the hot end of the nano 

channel. The pressure on the water in the channel due to the Knudsen pump is the 

difference between the ambient pressure on the water reservoir 'Pamb' and the pressure in 

the channel 'Pch'. This is given by (4.3). 

P, ~Ch pump = Pamb - Pamb -T 
hot 

(4.3) 

At equilibrium, the sum of all the pressures on the liquid is zero. This is shown in (4.4). 

L P = 0 = Ppump + Pcap - Pgrav (4.4) 

where 'Pcap' represents the capillary pressure and 'Pgrav' represents the gravitational 

pressure acting on the liquid. A hydrophilic surface cannot be used as the capillary forces 

and the forces generated due to thermal transpiration act in same direction. Thus a 

hydrophobic treatment was preferred on the glass channel surface in order to reduce the 

capillary forces. With a hydrophobic surface, the capillary height is still beyond that 

which will be achieved with a microfabricated device. Using a channel length that is less 

than the capillary height determined by (4.1) will result in all the water being repelled 
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Figure 45. Variation o/threshold temperature with micro reservoir depth. 

from the channel. Thus initial ' h' may be assumed to be the (negative) depth that the 

channel is submerged in the liquid reservoir. The minimum temperature required to 

equate the capillary force with the pneumatic force can be found, using (4.4). It is given 

by (4.5). It can be termed as threshold temperature ' Tthreshold '. 

2 
T - Pamb T 

threshold - ( 2ycos8 )2 ch 
Pamb+ -d-- PBh pg 

(4.5) 

Assuming that the cold temperature is room temperature, and assuming' h ' is nearly zero, 

Figure 45 may be obtained. A temperature higher than the threshold temperature will 

start to pump the water through the channel. From Figure 45, it is apparent that a 

threshold temperature of 65°C is required in order to raise the water through a micro 

reservoir of depth 10 !lIIl. 

4. 2.1 Fabrication process development 
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Figure 46. (a) Fabrication process flow for the glass pump showing both the nano 
channel and the micro reservoir etches and then glass to glass bonding, (b) SEM 
image of the nano channel fabricated in (a). 

The fabrication process development of the Knudsen pump using microscopic 

glass slides involved two masks shown in Figure 46a. The microscopic glass slides were 

pre cleaned using acetone and methanol in order to remove any organic contaminants. 

The slides were rinsed in DI water followed by the nanostrip (Cyantek corporation) 

treatment at 90°C for 15-20 min. This step ensures that the slides are devoid of any 

organic contaminants that have survived acetone bath. The nanostrip treated slides were 

DI water rinsed and spin dried. Dehydration baking at 150°C for 30min would ensure that 

the slides are moisture free. S 1813 photoresist was spin coated on the glass slides. The 

slides were exposed with the first mask. It defines the nano channel regions. A short 

oxygen plasma descum was carried out in order to remove any organic residue from the 
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nano channel defined regions. A dilute BOE treatment of these glass slides creates the 

nanochannels with 75 run - 80 run step height. This is shown in Figure 46b. The glass 

slides with the nano channels were subjected to acetone and methanol rinse followed by 

the nanostrip treatment. This removes the residue from the hard baked photoresist from 

the first mask process. After the dehydration bake the slides are sputtered with Cr. A 

second mask step is implemented on the patterned glass slides with the etched nano 

channels. The second mask defines the regions of the deep micro reservoirs. Chrome is 

etched from these regions with the photoresist as the mask exposing the underlying glass 

for the prolonged BOE etch. Microreservoir with 12 ,..un depth is formed during the 

prolonged BOE etch. Nanochannels are protected by the hardbaked photoresist and Cr. 

The hardbaked photoresist and Cr are completely removed for the subsequent glass-glass 

bonding. The glass slide with shallow nano channels and deep micro reservoirs are coated 

with hydrophobic coating in the molecular vapor deposition system. The monolayer 

coating was performed using FDTS (Perfluorodecyltrichlorosilane) at a pressure of 0.5 

Torr along with water maintained at the pressure of 18 Torr. The total time of deposition 

is 300 sec. The temperature of the chamber is maintained at 35°C during the deposition. 

A low temperature glass-glass bonding was adopted in order to obtain the embedded 

nano channels. The bottom glass slide with the etched channels and reservoirs is bonded 

to the top glass slide, which acts as the cover glass. They undergo the calcium acetate 

pretreatment in order to activate the surface before bonding. The details of the 

pretreatment procedures are explained elsewhere [91]. The pretreated slides are hand 

pressed against each other and placed on the hot plate for 2 hours maintained at a 

temperature of 60°C. The temperature of the hot plate was then raised to 300°C with the 
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Figure 47. Measured temperature along the channel under thermal 
transpiration. 

ramp up rate of lOO°CIHr. The dwell time at 300°C was 2hrs followed by the ramp down 

rate of 100°CIHr. The cross section of the schematic of the bonded glass slides is shown 

in Figure 46b. 

4.2.2 Results 

The fabricated Knudsen pump was tested by keeping one end of the nano channel 

within the close proximity of the iron tip maintained at 550°F. The open end of the micro 

reservoir was immersed in water at room temperature. The outer side of the glass slide 

was contact probed using thermo couple tip along the length of the channel. Figure 47 

shows the measured thermocouple readings which clearly depicts the established thermal 

gradient across the nano channel. From Figure 47, the temperature at the hot channel end 

on the glass slide is 190°C, but drops to 100°C at approximately 2mm from it. The 

temperature further drops to 20°C at the intersection ofnano channel and micro reservoir. 

The temperature difference of !1 T = 170°C between the two ends of the shallow channel 
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(a) (b) 

Figure 48. (a) As expected, the water level in the micro channels did not rise, as the 
connected nano channels are not in the proximity of the hot iron tip. (b) Successful 
pumping of the water in the micro channels when the connecting nano channels are 
under thermal gradient. 

generates a pressure difference due to thermal transpiration. This ultimately causes the 

increase in the level of the water in hydrophobic coated micro reservoir. 

Figure 48 (a&b) show the optical microscope pictures of the bonded glass slides 

immersed in water with the embedded channels between them. The channels are clearly 

visible due · to the light interference between the top glass and the bottom etched glass. 

Figure 48a shows the edge of the glass slides not within the proximity of the hot iron tip. 

It is apparent that the hydrophobic coating on the micro reservoirs did not let the water 

flow inside them. Hence there is no change in the level of water. However, from Figure 

48b, when hot iron tip was in close proximity to the nano channels, the level of water in 

the connecting micro reservoirs has increased. 

The time required for the water in the micro reservoir to reach a certain height is 

influenced by gravity, capillary force, inertial force, viscous force and the force generated 

by the pressure difference of the pump. The experimental setup was left overnight with 
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the pump ON and next morning the water height in the microfluidic channels was 

observed due to pumping. So, the exact time it took for the water to rise in the channels 

was unknown. However, after a certain height there was no more increase in the height of 

the water in the channels even with the pump ON. At the steady state when all the forces 

are balanced there should be unrestricted pumping. The water height stagnating after 

reaching a certain level led to the conclusion that as the water was getting closer to the 

heat source it started evaporating and thus it was limited in further travel. 

4.3 Thermal transpiration in porous polymer membrane 

In Section 4.2 with the glass microfluidic pump, the rate of pumping has been 

observed to be very slow. As shown in Table 2, a polymer material is the best candidate 

to make the pump channels. In this section Knudsen pumps have been made out of mixed 

cellulose ester filter membranes obtained from Millipore Corporation. These membranes 

have 70-75 % porosity which is favorable for a high gas flow rate. Each pore forms an 

Membrane Porosity (%) Thickness Knudsen Number (Kn) 
pore size (nm) (J.UIl) ~J...=60nm 

25 70 105 2.4 

50 72 105 1.2 

100 74 105 0.6 

220 75 150 0.27 

300 77 150 0.2 

450 79 150 0.13 

650 81 150 0.09 

800 82 150 0.075 

1200 82 150 0.05 

Table 3. Porosity and membrane thickness/or the different pore diameters of 

mized cellulose ester membranes used. 
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individual pump and thus there is an increased conductance to gas flow since the filter 

membranes have numerous pores in them. The thickness of the membrane is 105 J..I.IIl for 

the membranes with pore sizes 25 nm, 50 nm and 100 nm. The low bulk thermal 

conductivity of 0.16-0.36 W/m-K of cellulose esters can achieve a higher temperature 

gradient along the channels which enhances the flowrate of the pump. These membranes 

are flexible and robust and it is therefore easy to seal these membranes in place. 

4.3.1 Pressure differential versus pore diameter 

Knudsen pumps with different pore diameters are tested at constant power. The 

objective of this experiment is to find out how the pressure differential obtained at the 

cold end of the pump and thereby the flowrate varies with respect to the pore diameter of 

the thermal transpiration channel. A larger Knudsen number reduces the reverse pressure 

driven flow and is more favorable for achieving higher pressure ratio (PH/PC) for a given 

temperature ratio (TH/Tc). Higher Knudsen number is obtained by making the pore 

diameter smaller compared to the mean free path. In physical terms this condition will 

.. , 

to seal membrane 

Figure 49. (a) Schematic of the experimental set up to establish the effect of 
channel size on thermal transpiration, (b) actual photograph of the pump used. 
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Figure 50. Plot o/pressure drop on the cold side o/the pump versus time measured 
for different pore sized membranes at 3. 75 Watts o/heater power. The pressure drop 
increases with decrease in pore diameter. 

just have the gas molecules colliding with the channel walls and there will be minimum 

spacing for intermolecular collisions. 

The setup to test different pores has been made by constructing a Knudsen pump 

usmg a resistive heater to heat the hot side as shown in Figure 49. The cold side is 

connected to the pressure sensor and another pressure sensor measures the ambient 

pressure. A Labview data acquisition program calculates the difference between the two 

sensors. To test each pore size, the membrane is changed on the pump and all other 

experimental conditions are kept the same. 

All the membranes used in the experiment are 10 mm in diaIileter but the 

thickness of the membranes vary with their pore sizes. See Table 3. The membranes used 

are obtained from Millipore Corporation. The smallest pore sizes of 25 nm, 50 nm and 
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100 run are all 1 05 ~m thick. The larger pore size membranes are thicker than all 150 ~ 

thick. At 1200 run, the Kn is 0.05 which is near to the viscous flow regime. 

The pressure difference as a function of time is plotted in Figure 50 for all nine 

pore diameters investigated. The maximum pressure difference obtained follows 

descending order with an increase in pore size. The thicker membranes should have a 

higher temperature difference across them but due to larger back pressure flow the 

pressure difference obtained is lower than the smaller pore size membranes. So, even 

though the membranes are not of same thickness but still the experiment is able to prove 

the concept of variation of pressure ratio with respect to pore diameter. The 

measurements are done at a constant heater power of 3.75 W for which the hot side 

temperature of the membrane is 65.3 C and the cold side temperature on the sink is 49.3 

C. These temperature measurements are approximate and not precise since the 

thennocouple on the cold side does not touch the membrane rather measure the sink 

temperature. So, with a thicker membrane due to the thennal resistance of the material 

the cold side temperature will be less compared to that of a thinner membrane. The sink 

temperature is same for all measurements since the heat convection from the heater to the 

sink dominates the heat conduction through the membrane. The maximum pressure 

differential is obtained with the 25 run pore size membrane and is well explained by the 

theory. The pressure drop due to thennal transpiration at lower Knudsen numbers is 

smaller compared to those with higher Knudsen numbers as is shown in Figure 50. 

Thennal transpiration is found to be present for much larger channel diameters than 

expected. This can have important implications for MEMS devices that have temperature 

variations on them. 
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Figure 51. Plot of slope of pressure drop on the cold side of the pump versus time 
measuredfor different pore sized membranes at 3. 75 Watts of heater power. The slope 
increases with decrease in pore diameter, which means the pumping is faster with 
smaller diameter channels. 

This validates the theory that as the pore size reduces the pressure driven flow is 

more restricted and thus the net flow is dominant by thermal transpiration driven flow 

which produces a higher differential pressure. For smaller pore sizes with higher Kn there 

is a very little pressure driven flow. The slope of the pressure differential curve, which is 

proportional to the flow rate, is shown in Figure 51. This graph shows that 25 nm pore 

will produce the largest flowrate. 
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CHAPTER 5 - KNUDSEN PUMP USING PASSIVE POWER 

5.1 Pump Designs 

This Knudsen pump was designed to operate using either human body heat or 

solar heat to maintain the temperature difference along the nano channels. Without using 

any active heating element, the renewable energy from solar power or body heat is used 

to heat the hot side of the pump channel. A nanoporous channel matrix made up of 

different thermally conductive materials has been examined to determine the best 

performance for this type of operation. The design of the pump is very simplistic in 

nature. It consists of a thermal mass which acts as a heat collector for the solar powered 

pump and as a heat sink for the human powered pump. Figure 52a shows the schematic 

,k"'" Black paint 

Cold side t t t 
Ambient air 

(a) 

drop 

Nanochannels 

Gas Inlet 
~ :::::;IC:::::;;:::= 

(b) 

(Human body 
Temperature) 
Hot side 

Id side 

Figure 52. (a) Schematic of solar powered Knudsen pump, (b) schematic of human 
power Knudsen pump. 
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of the solar Knudsen pump. The sun heats up the thermal mass which develops a hot side 

of the nano channels, and gas is pumped from the cold side to the hot side, which is 

directionally away from the pump. Figure 52b represents the human powered Knudsen 

pump. On this pump body heat creates the hot side on one end of the channels and the 

heat sink keeps the other end at a lower temperature than the body temperature. The gas 

flows toward the pump with this setup. 

5.2 Types of materials used in porous membranes 

Three different types of nano channels were investigated: mixed cellulose ester 

membrane filters, silica aerogel from Aerogel Technologies, and silica colloidal crystals. 

F or an efficient Knudsen pump, a low thermal conductivity is desired. The temperature 

difference is llT = Qt/K, where Q is the heat flux, t is the thickness of the nanoporous 

material, and K is the thermal conductivity of the nanoporous material. For small 

temperature differences, the pressure and flow rate are both proportional to the 

temperature difference. Aerogel has the lowest thermal conductivity at 0.017 W/m-K 

[120], while bulk silica's thermal conductivity is about 1.4 W/m-K [122], and the mixed 

cellulose ester's thermal conductivity is about 0.16-0.36 W/m-K [121]. The aerogel is 

purchased from Aerogel Technologies, the mixed cellulose ester filter membranes from 

Millipore and the colloidal silica crystal samples are obtained from Dr. O. Sumanasekera 

at the University of Louisville. The colloidal silica crystal samples have been made by 

Zakhidov et aI, at University of Texas at Dallas. They are grown using slow 

sedimentation of monodispersed aqueous silica colloids in a glass cylinder, followed by 

sintering at 700°C - 750°C for several hours [92]. The resulting crystal consists of 

closely packed, interconnected silicon dioxide spheres arranged in a face centered cubic 
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lattice with interconnected octahedral and tetrahedral voids between spheres. The silica 

colloids used in this experiment have average sphere diameters of 300 nm and octahedral 

and tetrahedral voids of approximately 120 and 60 nm in diameter, respectively. The 

voids are interconnected by narrow regions that are 10-20 nm in diameter. These voids 

form the channels for thermal transpiration gas flow. 

The length of the nano channels is also an important consideration. The longer 

the channel, the greater is the temperature difference that can be obtained for a given heat 

flux, which creates a greater pressure difference. The cross sectional area of the 

nanoporous material used affects the flow rate of the pump, due to the increased number 

of nano channels within the area. Both aluminum and copper, which have high thermal 

conductivities, have been used as thermal masses for use as a heat sink with the human 

powered pump and as a heat collector for the solar powered pump. For the solar powered 

pumps the performance of the pump is also tested by using solar heat collecting black 

paint on the thermal mass, because the paint is believed to harness more solar radiation 

and create a greater temperature difference. The black paint Thermalox® Solar Collector 

Coating, 250 selective black is used. The paint is meant to collect heat more efficiently, 

by collecting wavelengths of light with the most heat content. 

5.3 Testing of Pumps 

The pumps are tested in both pressure and flow mode. Pressure mode testing 

method is similar to that described in Chapter 4. For the flow mode testing the velocity of 

a water droplet is monitored in the inlet of the pump. For the human powered pump the 

inlet is connected to the cold side of the pump which means the water droplet moves 

towards the pump when body heat is applied to the pump whereas for the solar powered 
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pump the inlet is connected to the hot side of the pump which means which means the 

droplet moves away from the pump when subjected to solar power. Due to fragile nature 

of aerogels the human body power test could not be carried out on them. The short 

channel length of the 105 f..1m cellulose ester membranes did not make efficient pumps 

and thus could not be tested in flow measurement mode. It is still probable that the pumps 

worked, but at a scale below the measurement minimum detection level. The results from 

pressure and flow measurements show that the silica colloidal crystal performed the best 

as both a solar and human powered pump. The maximum pressure drop obtained is 414 

Pa for the solar powered pump and 1500 Pa for the human powered pump. With flow rate 

measurements the solar powered pump measured a maximum flow of 136 f..1L1min while 

the human powered pump measured 17 f..1L1min. 
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CHAPTER 6 - THERMOELECTRIC POWERED BI-DIRECTIONAL KNUDSEN 

PUMP 

This design uses a thermoelectric material in the form of a peltier module to 

create a temperature difference between the hot and cold ends of the channel. This design 

due to symmetry eliminates the need of a heat sink for the cold side and thus makes the 

pump bi-directional in operation [15]. In many applications, such as filtration, by-pass 

medical devices, and micro total analysis systems, it is desired to have a pump that is 

bidirectional [17]. The cold side temperature of the channel could be actively controlled 

and thus a more efficient pump is made by obtaining a larger temperature difference over 

a smaller channel length. The cold end of the channel could be kept colder more than 

normal unidirectional pumps and thus the net flux of molecules moving from the cold to 

the hot side of the pump is more in this design compared to others. Two different 

geometries are demonstrated, the lateral and the radial pump. 

6.1 Lateral and radial pump designs 

In Figure 53a, a thermoelectric module is thermally coupled to a nanoporous 

material with the use of a top and a bottom copper plate. The temperature difference 

across the nanoporous material causes a gas flow due to thermal transpiration. An inlet 

and outlet are formed on either side of the nanoporous material. This design will be 

referred to as the lateral pump design. The manufacturing process is shown in Figure 

53b. In Figure 54a, a thermoelectric module in the shape of a ring is thermally coupled 
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to a nanoporous material with the use of a top and bottom plate. This design will be 

referred to as the radial pump design. The manufacturing steps are shown in Figure 54b. 

For both of the designs, when the thermoelectric is powered on, one face gets hotter and 

the other face gets colder. The plates serve as heat spreaders to transfer thermal energy 

from both faces of the thermoelectric module to either side of the nanoporous material, 

and thus control the hot and cold end temperatures of the channels. Gas is pumped from 

the cold side inlet to the hot side outlet due to thermal transpiration. For a 100 nm pore 

size channel over a temperature range of 280oK-380oK, the Kn is between 0.53 and 0.72 

while for a 50 nm pore size channel over the same range of temperature the Kn is between 

1.07 and 1.45. Thus all the experiments were conducted in the transition flow regime. 

Insulating the pump with a low thermally conductive material will help 

lower the heat losses to the environment. The radial pump design has no thermal 
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o 0 0" Reverse Direction 
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Copper plate machined for Peltier cooler 

Air gap machined to support membrane 

Thermocoupli 

Inlet attached at one face in a groove 

Set up complete with Peltier and membrane 
glued together with 2 faces 

(b) 

Figure 53. (aJ Schematic of the bidirectional Knudsen pump using the lateral design, and 
(bJ manufacturing steps of (aJ. 
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Figure 54. (aj Exploded view of the bidirectional Knudsen pump using the radial design, 
and (bj manufacturing steps of(aj. 

insulation and the lateral pump design has plastic sheets that help insulate it. Each device 

has two thermocouples (Omega Engineering, Inc- part# CHAL-005) embedded in them; 

one for the hot side and one for the cold side. Plastic tubes with ID 1/32 inches from 

Tygon Microbore Tubing, USA are used for the inlet and outlet of the pump. 

In the lateral pump design, the copper plates are 5 mm thick, the nanoporous 

material is 1 mm thick, the air gap between the nanoporous material and copper is 100 

micrometers, and there is a 500 micrometer wide ring of copper supporting the 

nanoporous material that also acts as a gas seal. The nanoporous material is Mixed 

Cellulose Ester obtained from Millipore Corporation, USA. The nanoporous material 

comes as 105 micrometer thick sheets, has a 50 nm pore size, and was cut to the desired 

shape and stacked to obtain 1 mm total thickness. The dimensions of the thermoelectric 
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module (Custom Thermoelectric, USA) is 8.4 mm on each side and 2.3 mm in height. 

The ZT value of the material used in the thermoelectric at 300K is 0.804. 

In the radial pump design, the shape of the thermoelectric module (TE 

Technology, USA) is an annular ring which encloses the nanoporous material. The 

thermoelectric module used has an outer diameter of 24 mm, an inner diameter of 9.8 

mm, and is 3.1 mm thick. The ZT value of the material used in the thermoelectric at 

300K is 0.795. The nanoporous material is Mixed Cellulose Ester obtained from 

Millipore Corporation, USA. The nanoporous material is 5/16" in diameter, 105 

micrometers thick, and has a 100 nm pore size shown in Figure 55. The maximum 

operating temperature of this polymer material is reported to be between 75°C and 130°C 

[93, 94]. The maximum operating temperature limits the maximum achievable pressure 

drop and flow rate of the pump. To simplify the machining in a machine shop, the top 

plate is flat, the bottom plate has most of the topography variation, and the top and 

bottom plates are made from W' thick aluminum sheets because aluminum is 

200 nm 

H WO - 13.4mm 
Signal A . Inlens 
Photo No. = 6053 

0 .. :28 Jul2010 
Time :12:34:13 

Figure 55. SEMimage of the 100 nm mixed cellulose ester membrane 
showing nanopores. 
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Figure 56. Photographs o/the actual pumps - (a) lateral pump design, and (b) radial 
pump design. A United States quarter (approximately 24.3 mm in diameter) is used/or 
size comparison. 

significantly easier to machine than copper. The bottom plate includes a groove to hold 

an O-ring. The O-ring creates a small air gap between the nanoporous material and the 

bottom plate. The size of the gap depends upon the tightness of the screws. The design 

depends upon the roughness of the top aluminum plate to permit gas to flow above the 

nanoporous material. Holes 1.5 mm diameter were drilled in the center of the aluminum 

plates for gas flow. Thermal grease from TE Technology, USA is used between the 

plates and the thermoelectric faces to maximize heat transfer to the plates. The two plates 
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are connected by plastic screws to seal the nanoporous material. The plastic screws 

minimize heat conduction from the hot plate to the cold plate. The photograph of lateral 

pump is shown in Figure 56a and that of radial pump in Figure 56b. 

6.2 Simulations 

Simulations of the devices were performed using CoventorWare to model the 

temperature distribution of the devices. Thermal conduction was used to simulate the 

thermal transport in the solid materials. Thermal transport due to free convection of air at 

a pressure of 105 Pa was simulated using a built-in computational fluid dynamics (CFD) 

module. The heat flow due to the gas pumping was neglected in the simulations because 

the gas flowing through the nanoporous material is in the transition flow regime, which is 

difficult to properly simulate. The boundary conditions for the simulations use a 

temperature of285°K on the cold side of the thermoelectric, 355°K on the hot side of the 

thermoelectric, and 298°K on the outer-most air boundary. The fixed temperature 

boundaries alleviate the need for accurate modeling of the thermoelectric. The thermal 

conductivities of the materials used in the simulation are listed in Table 4. 

Table 4. Values o/thermal conductivities used in the simulations. 

Material Thermal Conductivity 
(W/m·K) 

Aluminum 273 

Air 0.02 

Thermoelectric 1.2 

Nanoporous 0.15 
material 

Copper 398 

Polymer cladding in 0.12 
lateral simulations 
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6.2.1 Lateral Pump Simulation 

Figure 57 shows the simulated temperature distribution of the lateral pump 

design. The dimensions of the membranes used in the simulations match the membranes 

used in the actual devices. In Figure 58a , a large temperature change can be seen for the 

top copper plate, while the bottom copper plate remains nearly uniform in temperature. 

Also shown is the temperature distribution along the top (HH', from Figure 57) and 

bottom (CC', from Figure 57) surfaces of the nanoporous material, and the temperature 

difference at each point. The air gap between the copper and nanoporous material helps 

maintain the temperature difference by reducing the rate of heat flow through the 

nanoporous material. The dip in the temperature difference at the 1 mm and 10 mm mark 

from the thermoelectric edge is due to the copper support ring, where there is no air gap 

between the copper and nanoporous material. Where there is no air gap, the hot side 

temperature is reduced and the cold side temperature is increased resulting in a smaller 

temperature difference. The effect is more pronounced in Figure 58b since the membrane 

separating the hot and cold side plates is just 105 micrometers thick. The temperature 

difference varies by a factor of 2.5, ranging from 50 K near the thermoelectric to 20 K at 

the farthest point from the thermoelectric. In Figure 58b, the temperature distribution 

along the nanoporous material is plotted for a substantially thinner, 105 micrometer thick, 

nanoporous material. Here, the temperature difference across the nanoporous material 

ranges from 20 K to nearly zero K, with an additional temperature difference dip to 

nearly zero K at the 1 mm mark due to the copper ring. Comparing Figure 58 (a&b), it is 

clear that a thick nanoporous material is required to maintain a large temperature 

difference, and the fabricated device uses a thickness of 1 mm. 
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T.mpe~: 285 302 320 337 355 

Figure 57. Simulation outputfrom CoventorWare showing the temperature distribution 
of the lateral pump design with a 1 mm thick nanoporous material layer. The simulation 
modeled thermal conduction through the copper and nanoporous material layers, and 
used CFD to simulate convective thermal transport through the air layers. A 2D slice is 
shown from the 3D model. HH' and CC ' are the traces where the temperature has been 
extracted on the hot and cold faces respectively for the data of Figure 58. 
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Figure 58. Comparison of the temperature distribution along the top (line HH in figure 
57) and bottom (line CC infigure 57) surfaces of the nanoporous material obtained by 
simulation. In (a), a 1 mm thick nanoporous material is used, and in (b), a 105 pm thick 
nanoporous material is used. The 1 mm thick nanoporous material shows a substantially 
greater thermal difference. For the 105 pm thick nanoporous material, the temperature 
difference drops to nearly zero near the points at x = 1 mm and 10 mm where the 
nanoporous material is supported. 

6.2.2 Radial Pump Simulation 

Figure 59 shows the simulated temperature distribution of the radial pump design. 

Because the air gap between the nanoporous material and the aluminum plates is set by 
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the compression of an O-ring and is therefore unknown, an air gap of 1 J..lm was used in 

the simulation. The air gap set by the material roughness was simulated by assuming 

contact is made everywhere. The temperature is fairly uniform except at the center, where 

the holes are drilled. Figure 60 shows the temperature distribution along the top (HH' , 

from Figure 59) and bottom (CC', from Figure 59 surfaces of the nanoporous material. 

The temperature difference is greater than 60 K for the entire nanoporous material, except 

where the holes are drilled in the aluminum, where the temperature difference drops to 

zero. The radial thermoelectric dimension used in the simulation is less than that used in 

the actual device to reduce memory consumption during simulation as the lateral 

thermoelectric dimensions do not significantly influence the outcome of the simulation. 

Overall, the radial pump design supports a higher temperature difference across 

the nanoporous material than the lateral pump design, even with a much thinner 

nanoporous material (105 micrometers versus 1 mm). The temperature uniformity of the 

1 C~R 

~. Imm 
Temperature: 285 302 320 337 355 

K 

Figure 59. Simulation out put from CoventorWare showing the temperature distribution of 
the radial pump design with a 105 micrometer thick nanoporous material layer. The 
simulation modeled thermal conduction through the copper and nanoporous material 
layers, and used CFD to simulate convective thermal transport through the air layers. A 2-
d slice is shown from the 3-d model. HH' and CC' are the traces where the temperature 
has been extracted on the hot and cold faces respectively for the data of Figure 60. 
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Figure 60. The simulated temperature distribution along the top (line HH' in Figure 
59) and bottom (line CC ' in Figure 59) surfaces of the nanoporous material for the 
radial design is plotted as a function of the radial distance from the center of the 
nanoporous material. The temperature difference is also shown. This plot shows a 
fairly uniform temperature difference except at the center where a hole is drilled in 
the aluminum heat spreading plates. 

radial pump design is also significantly better. A larger temperature difference will result 

in a larger temperature ratio, which will result in a larger pressure difference, as shown 

by equation (3.2). The larger temperature difference and thinner· nanoporous material 

(smaller L) will result in a larger mass flow rate, as shown in equation (3.41). Also, the 

nanoporous material in the radial pump design does not suffer from sidewall convection 

and radiation heat loss to the environment since the nanoporous material is guarded on all 

sides by the thermoelectric device, which may be contrasted with the lateral design in 

which only one of four sides of the nanoporous material is protected from convection and 

radiation losses. Thus the radial pump design is expected to perform better than the 

lateral pump design. 
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6.3 Results 

6.3.1 Pressure mode testing 

To measure the pressure difference that may be obtained with the pump, a digital 

pressure sensor from Mensor, Inc., with a dead volume of 0.8 cc, is connected to the cold 

side of the pump using tubing, and the hot side of the pump was left open to the ambient 

air. An identical pressure sensor is used to monitor the room pressure. The difference in 

the pressure readings provides the pressure difference generated by the pump. Figure 61 

(a & b), shows the pressure difference as a function of time when subjected to the 

sequence of input powers provided in Tables (5&6) for lateral and radial design pumps 

respectively. The power to the pump is incremented in steps and the pressure difference 

is recorded using a custom Labview program. The pressure is permitted to stabilize, 

meaning that the flow rate becomes zero, before incrementing the power level to a new 

constant value. The maximum pressure difference obtained is 1.686 kPa using the radial 

pump design. Tables (5&6) provide the input power values corresponding to each 

pressure step in Figure 61a and Figure 61b, respectively. Thermocouples attached to 

metal plates are used to measure the temperature of the hot and cold sides as a function of 

thermoelectric power. The thermocouples are located within the aluminum in the radial 
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(a) (b) . 
Figure 61. Pressure differential obtained at the cold end with (a) the lateral pump design, 
and (b) the radial pump design. For each value of input power the pump was allowed to 
stabilize before the power was increased to the next higher value. 
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Table 5. For the lateral pump design, this 
table shows the measured pressure 

difference obtained as a function 0/ the input 
power. Each line o/the table corresponds to 

a step in the pressure curve shown in Figure 
9(a). 

Power (Watts) Pressure 
Difference (Pa) 

0.18 96.53 

0.04 137.9 

0.70 172.4 

1.1 213.7 

1.5 273.0 

2.0 315.8 

2.5 369.6 

3.1 428.2 

3.8 482.6 

4.5 539.9 

Table 6. For the radial pump design, this 
table shows the measured pressure difference 

obtained as afunction o/the input power. 

Each line o/the table corresponds to a step 
in the pressure curve shown in Figure 9(b). 

Power (Watts) Pressure 
Difference (Pa) 

0.23 250.2 

1.9 510.2 

1.9 786.7 

3.3 1076 

4.7 1334 

6.6 1544 

8.5 1686 

design and do not touch the nanoporous material, so the actual temperature difference 

across the nanoporous material is expected to be smaller. In the lateral design although 

the thermocouples are in the air gap between the membrane and the plates, still they are 

not touching the actual membrane sides firmly rather they are glued on the plates, so the 

actual temperature difference is expected to be smaller than that measured due to air gap 

resistances. Based on equation (3.2), the temperature ratio of the hot side to the cold side 

as a function of input power may be obtained, but the actual hot and cold temperatures 

cannot be calculated. The calculated temperature ratios across the nanoporous material 

are thus smaller than the temperature ratios obtained from the thermocouples. The hot 

side of the membrane is expected to be at a lower temperature and the cold side is 

expected to be at a higher temperature from the observed thermocouple readings. At high 
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pump power, the cold temperature increases above room temperature even while 

providing a larger temperature difference. 

6.3.2 Flow mode testing 

The flow rate is measured by recording the velocity of a water drop inside the 

inlet pipe for both the forward and reverse modes of operation. When the droplet is in the 

pipe connected to the cold face of the pump it was pulled towards the pump and with the 

change in voltage polarity when the same face of the pump turns hot, the droplet is 

pushed away from the pump. Capillary action does not influence the speed of the droplet, 

as there are symmetric capillary forces on either side of the droplet. The droplet velocity 

was measured with a ruler and a stopwatch. The flow rate was normalized with respect 

to the nanoporous material cross-sectional area so that the two pump designs may be 

compared. The normalized flow rate as a function of pump power is shown in Figure 62. 

The maximum normalized flow rate for the lateral pump design is 0.03 cm3/min/cm2
, and 

the maximum normalized flow rate for the radial pump design is 2.3 cm3/min/cm2
, which 

is a flow rate of 0.74 cm3/min. The maximum input power permitted is different for the 
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Figure 62. Graph showing the measured flow rate normalized to nanoporous material 
area as a function of the pump power consumption, for forward and reverse flow 
directions. (a) Lateral pump design, (b) Radial pump design. 

102 



two devices because there are different specifications for the thermoelectric modules. In 

addition, the criteria for maximum power input to these devices depend upon the thermal 

load of the thermoelectric device and the melting temperature of the nanoporous material. 

When both devices are operated at a power of 3.4 Watts, the radial pump design 

produced a normalized flow rate that is 50 times greater than the lateral pump design. 

The reverse flow rate for the radial pump design is expected to differ from the forward 

flow rate because of the asymmetry of the design. The top of the nanoporous material is 

more closely coupled to the thermoelectric than the bottom of the nanoporous material. 

6. 5 Pressure-flow characteristics 

At constant power pressure differential is measured for a range of flow rate values 

to generate the pump pressure head versus flowrate curve. By constant power it is 

implied that the hot and cold side temperatures of the pump are constant which means the 

temperature difference along the pump channel is maintained the same for all the 

measurements. 

6.5.1 Experimental analysis 

The experimental setup uses a syringe pump in conjunction with the Knudsen 

pump connected by a T joint shown in Figure 63. The syringe pump is used to supply 

various flowrates and the corresponding pressure drop on the cold side of the Knudsen 

pump is measured using the pressure sensor for one particular pore size and a particular 

input power to the pump. Both the flows from the syringe pump and Knudsen pump 

balance each other at equilibrium. At equilibrium the rate at which the syringe pump 

pumps air into the system, the Knudsen pump pumps the air out of the system at the same 
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rate. As per the setup the steady state pressure drop is obtained where the syringe pump is 

flowing gas in to the pump and the Knudsen pump is pumping gas out. These rates 

become equal and constant at steady state. 

The data points for different flowrates with corresponding pressure drops at the 

cold side is a linear fit and the slope of the straight line is proportional to the power 

applied to the pump shown in Figure 64a for the radial design thermoelectric pump. 

Figure 64b is for the resistive heater pump whose active pump area is 10 times that of the 

radial thermoelectric pump. Both the pumps have been tested with a 25 nm pore diameter 

polymer membrane made of mixed cellulose ester. At a power of 4.18 Watts the 

maximum flowrate obtained by the thermoelectric pump is 204 mLlmin. This is the no 

load case. So, the experimentally determined flowrates with the droplet velocity in 

section 6.3.2 is in a way under reported from the actual maximum flowrate achievable by 

the pump because with the droplet the flowrate suffers due to viscous forces in the water 

droplet and adhesion forces against the wall of the pipe. The datapoint of flowrate and 

pressure for this particular power of 4.18 Watts with the droplet velocity measurement 

technique should satisfy the equation of the line in Figure 64a. This graph in Figure 64a 

is compared to the Figure 27 from Chapter 3, which has been derived from the theoretical 

model. 

The theoretical model predicts much higher flowrate of 14 mLlmin because the 

theoretical model of Section 3.4 assumes the following conditions: a) No imperfections in 

channels and they are all straight channel pores, b) negligible contact resistance between 

the porous membrane and the metal plates, c) the surfaces of the membrane on both sides 

are at a uniform temperature. 
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In actual experiments with the membranes used from Millipore the number of 

pores is unknown. In the theoretical model the number of pores is estimated based on the 

porosity of the membrane as per the specifications of the company. This as described 

above assumes no leakage and straight cylindrical pores which is not the case with 

practical experiments. There would be leaks and bigger pores due to manufacturing 

tolerances and also the SEM image of the membrane in Figure 55 shows a sponge like 

structure which means the pores are not cylindrical all the way from one side to another. 

The membrane's pore orientation is like random interconnected paths. Also, the 

thermocouples measure the temperature on the heat spreaders not on the actual 

membranes. The temperatures on the heat spreaders are different than those on the actual 

membrane templates. These, two above reasons form the main criterion for discrepancy 

in theoretical and experimental results. 

M 

res sure 
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Vary flowrate I 
M2 
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Figure 63. Schematic of the experimental set 
~~~~T h up used to measure pressure difference as a 

(unction of flowrate at a constant power. 

105 



1.6 

ca- •• . 
a. 1.4 " •• 4.18 W 
~ 
CII 1.2 "C 
'iii ' .. iI-. 
"C . 

·. ~.42 W "0 1.0 
u 
c ' .. 0 ••• CII 0.8 
u 

" • • 2.12 W c e 0.6 
~ II'. 
:0 ' .. 
CII 0.4 · " ~ .02 W ... 
::J 
III 

' .. III 
0.2 e ' • . 0.27 W 

a. .. 
0.0 

... 
0 50 

0.4 

-~ 
' .. £l. 

~ 0.3 -
~ ·• · .. ~.61 W ;; 
c:: ..•. 
Q) 
~ 

~ 0.2 
"0 .... 
Q) ·· .. .. ~.725 W ~ 

:::s 
III 
III .... ' .. 
~ 0.1 ." £l. ' . 

.. ·· .. 0.975 W 
". 

...... 

0.0 
0 100 200 

•• 

" . 

• 4.18 W 
, - - • y = -0.0075x + 1.53 

• 3.42W 
--_. y=-0.0068x+ 1.19 

• 2.12 W 
- - - • y = -0.0064x + 0.88 

• 1.02 W 
- - - . y = ·0.0076x + 0.55 

• 0.27W .... ......... Y = ·0.0125x + 0.25 

. 
li '. 

' .. 
' .. '., -- . 
100 150 200 

Flowrate (~Llmin) 

(a) 

• 3.61 W 
....... y=0.34 - 0.00051 x 

• 1.725 W 
....... y=0.20 - 0.00044x 

• 0.975 W 
. ... ... y=0.12 - 0.00038x 

' R 

". .. .. 
•• .... ." ' .. • ' 11 .... '. 

300 400 500 600 

Flowrate (~Umin) 

(b) 

700 

Figure 64. Pressure flow characteristics of (a) thermoelectric Knudsen pump, (b) 
Knudsen pump made out of a resistive heater. Both the pumps use 25 nm pore size 
membranes. The active pump area used in the resistive heater pump is lOX the active 
pump area of the thermoelectric pump. 
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Figure 65. Pump efficiency as a function of hot and cold side temperature ratios. The 
comparison shows that the thermoelectric pump has a better performance. 

6. 7 Efficiency of the pump 

The theoretical efficiency of the pump is calculated by the experiment in section 

6.5.1. The output power delivered by the pump is the area under the pressure - flow 

graph. The point on the pressure-flow graph corresponding to maximum pressure 

difference is IIp /2 and maximum flowrate is M /2. Thus, the output power delivered by 

the pump is ~ llpM. The input electrical power to the pump is the power consumption by 

the thermoelectric or the resistive heater which is VI. 

b 
output power llpM 

So, efficiency 'rl' ecomes = -
input power 4VI 

~p* M 
1] = 4*V *I (6.1) 

The efficiency versus absolute temperature ratio for both the thermoelectric and 

resistive heater pump are obtained in Figure 65 The pump output is calculated by using 

the average IIp and average flowrate obtained from the pressure-flowrate experiment in 
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Figure 64. The slope of the pressure-flowrate curves is higher for the thermoelectric 

pump compared to the resistive heater pump. The flowrate will depend on the number of 

pores or rather the cross sectional area of the porous membrane which is 10 times more in 

the resistive heater pump. At the same temperature ratio although the active pump area is 

an order of magnitude less for the thermoelectric pump its efficiency is higher compared 

to the resistive heater pump shown in Figure 65, which proves that thermoelectric helps 

to increase efficiency of these pumps. In the future using a different thermoelectric design 

the efficiency could be further increased. 

The different approaches would include having a smaller thermoelectric and thus 

increasing the active pump area in the same pump packaging as from the present design 

of radial thermoelectric pump, the thermoelectric could be made nanoporous to cut down 

on the heat losses and the pore sizes of the pump material could be engineered to reduce 

reverse pressure flow. 

Another method of categorizing pump efficiency is called thermomolecular 

pressure difference (TMPD). Thermomolecular pressure difference is defined as the 

maximum normalized steady-state pressure difference that can be produced to that of the 

normalized temperature difference applied to a channel permitting thermal transpiration 

[49]. 

dPmax 

T M P D = --E.!:uL dTmax (6.2) 
Ta11 
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Figure 66. TMP D comparison of the thermoelectric radial design pump for channel 
size of 25 nm and 100 nm against working pressure. 

Here, ~Pmax is the maximum pressure difference when the flowrate is zero, Pay is 

the average operating pressure of the pump, ~ T max is the maximum temperature at which 

the maximum pressure difference is obtained and T av is the average of the hot and cold 

side temperatures of the pump's channel. 

The gas Knudsen number and the accommodation coefficient of the channel's 

wall are the primary parameters which determine the TMPD. As the capillary radius 

becomes on the order of several nanometers the mean temperature of the tube also 

becomes important. The maximum pressure difference is obtained at zero flowrate and 

thus if the flowrate equation (3.41) is set to zero, the TMPD becomes proportional to the 

ratio of the flow coefficients which for a particular Knudsen number could be found from 

Figure 67. 

LlPmax 

TMPD = Pavg = QT 
LlTmax Qp 
T avg 
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Figure 67. Ratio of flow coefficients plotted against a range of Knudsen 
numbers. (figure taken from [49]) 

The TMPD values are 0.126 for the 25 nm and 0.096 for the 100 nm pore 

diameter membrane respectively. The theoretical TMPD values for 25 nm pore diameter 

is 0.25 and for 100 nm pore diameter is 0.15 which are higher than the values obtained 

from the experiments in Figure 66. 

Along with the reverse pressure flow, incorrect temperature measurements on the 

surfaces of the membrane are possible likely causes of the discrepancy in the TMPD 

values. The pump design makes it difficult to measure the temperatures accurately on 

either side of the porous membrane. Improper thermal contact of the thermocouples also 

adds to the problem of accurate temperature measurements. The theory of TMPD does 

not account for the convective loss through the gas flow. 
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CHAPTER 7 - CURRENT PROGRESS USING NANOPOROUS 

THERMOELECTRIC AS KNUDSEN PUMP 

7.1 Nanoporous Thermoelectric 

As discussed in Chapter 3, the optimal way to increase the efficiency of this 

Knudsen pump is to implement a thermoelectric to control both hot and cold end 

temperatures of the channel in an active manner. The pump channel also needs a lower 

conductance which is achieved by multiple c~annels in the form of pores to improve the 

fiowrate. 

7. 2 Merits of using nanoporous thermoelectric 

The successful pump made out of a thermoelectric does not efficiently couple the 

Heat loss to the surrounding 
reduces the HOT si temperature 

A
: . ta ng air at 
Ir gap resls nee room temp prevents the 

COLD side temp drop 

Temp profile:T1>T2>T3>T4 

Figure 68. Diagram illustrating thermal losses in the thermoelectric pump. 
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temperatures of the heat spreader and the ends of the channel material due to the air gaps, 

which is reducing the efficiency of the pump. There are also thermal losses to the 

environment from the surfaces of the heat spreaders. Figure 68 shows the air gap 

resistances between the pump channels and the heat spreaders which drastically reduce 

the temperature gradient across the pump channel ends. This is also evident from the 

simulations in Chapter 6. As shown in Figure 68, the temperature on the hot side plate is 

TJ, and the temperature on the cold side plate is T4, where TJ > T4. If there were no air 

gaps the temperature difference across the pump channels would have been \TJ-T4\. But in 

actual practice, due to the air gaps the hot side temperature reaching the channel material 

is T2, where T2 < TJ and the cold side temperature reaching the channel material is T3, 

where T3 > T4. Thus, \T2-T3\ < \TJ-T4\' So, overall temperature difference along the 

channels gets reduced. The problem of heat loss to the surroundings from the hot plate 

and heat gain from the surroundings to the cold plate could be minimized by proper 

insulation but still cannot be totally eliminated and thus having no heat spreader to 

Gas in 
Cold side) / 

Thermoelectric II-
t . I /"'""./""'./"'. /"'"".r--. -ma erla ~' .,' ,.' ,,' ,If 

Gas out 

, " " ' , ' L\T , ,',' ,,',',' , 

Figure 69. Schematic showing the working of a nanoporous thermoelectric Knudsen 
pump. 
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transfer the energy is the best design. 

Using a porous thermoelectric has tremendous potential for making a better 

Knudsen pump to compensate for the drawbacks identified above. If successfully 

designed and fabricated this nanoporous thermoelectric in itself will be a pump as well as 

a highly efficient thermoelectric, thus killing two birds with one stone. The nano pores of 

this thermoelectric will form the channels for thermal transpiration which will give a high 

flowrate and the nanoporous thermoelectric when used as a thermoelectric cooler will 

make one side hot and the other side cold thus setting up the temperature difference 

required for the operation of the pump. In this model there will be no air gaps existing 

between the pump channel and the thermoelectric since the channels are essentially 

forming the thermoelectric too and will utilize the maximum energy generated. There are 

no heat spreaders which will make a compact pump and reduce thermal losses to the 

atmosphere and the entire thermoelectric energy will be used up to create the temperature 

gradient between the openings of the nanochannels. 

The Figure 69 shows a schematic of the nanoporous thermoelectric as a pump. 

The bulk thermoelectric material will be made nanoporous either in the form of straight 

channel pores or a cluster of ordered zig-zag pores which open at both ends. The faces of 

the thermoelectric except the front and rear will be sealed for gas leakage. The front and 

rear faces of the thermoelectric will have electrical contacts for current flow. When 

excited by a voltage source the charge carriers will propagate and carry the heat with 

them which will make one face hot and the other face cold. Since these faces are opened 

to the atmosphere the gas will start flowing from the cold face to the hot face due to 

thermal transpiration. For measurement purposes the cold face will be connected to a gas 
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inlet which will be either used for pressure measurement or flow measurement similar to 

earlier pumps. 

7. 3 Nanoporous thermoelectric materials 

Nanoporous Bismuth has been shown to have a thermal conductivity as much as 

lOx lower than bulk Bismuth [95, 96], and theoretical work has shown that the ZT could 

be greater than 4 [97, 98]. Although there are many promising thermoelectric materials 

to consider, the low melting temperature of Bismuth makes it an easy material to work 

with. Nanoporous silicon has been shown to have a 100 times improvement in the ZT 

compared to bulk [99, 100], making it an attractive candidate for this research. Other 

important promising thermoelectric materials which could be made nanoporous for the 

pump are tellurium and bismuth telluride. The drawback of using these materials is their 

higher melting point compared to bismuth which makes fabrication difficult. Tellurium 

has a higher thermo power than bismuth but a lower electrical conductivity on the other 

hand. Bismuth telluride which is an alloy of both bismuth and tellurium is supposed to 

give the maximum ZT at room temperature since it has a higher electrical conductivity 

and low thermal conductivity compared to both bismuth and tellurium. 

7. 4 Methods to make nanoporous thermoelectric 

7. 4.1 Porous Si as a Pump 

Making the well-known thermoelectric materials like Bi, Te, Se into synthetic 

nanostructured materials for improved ZT is highly attractive but on the other hand it's 

expensive too. Si is the widely used material in the semiconductor industry and has low 

process cost and high yield capabilities. Si in its bulk form is a bad thermoelectric due to 
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a high thermal conductivity but recent advances have shown a tremendous increase in its 

thermoelectric property in the form of silicon nanowires [56]. For the Knudsen pump it is 

difficult to integrate the nanowires into a pump but it's complement nanoporous silicon 

can make a highly efficient Knudsen pump. A theoretical paper on porous silicon 

mentions that porous silicon can be a very effective thermoelectric material for future 

[61]. Porous silicon initially became popular due to its photoluminescence properties 

[101] but it also showed an extremely low thermal conductivity [102, 103] and has been 

used as thermal isolation in MEMS sensors. Thus, porous silicon holds a good promise 

for a good thermoelectric material due to its low thermal conductivity. The thermal 

conductivity of porous silicon has been reported to be 0.6 W/mK, a reduction in three 

orders of magnitude compared to bulk silicon [104]. 

7.4.1.1 Formation ofporous silicon 

Porous silicon can be formed by anodic etching of silicon substrate, dry etching of 

patterned bulk silicon, stain etching and other newer methods depending on the 

applications[105, 106]. Anodic etching is one of the most common techniques and is 

followed in our experiments. Anodization of mono crystalline silicon wafer in presence 

of aqueous HF results in the formation of porous silicon. Evolution of hydrogen takes 

place during the formation of porous silicon. 

The following chemical reaction illustrates the mechanism [107]: 

(7.1) 
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Figure 70. Band diagram at the interface of the silicon and the electrolyte showing 
different energy levels that lead to the concept of formation of porous silicon. (figure 
from PhD. dissertation " Porous Siliconfor Thin Solar Cell Fabrication ", by Osama 
Tobail) 

To clearly understand the porous silicon formation based on the reaction at the 

interface of the semiconductor and the electrolyte a simplified band diagram is depicted 

in Figure 70. Analogous to the Fermi level Er, in semiconductors, the energy level of 

electrons in the electrolytes are characterized by the redox potential Eredox. The redox 

potential determines the tendency of the species in the electrolytes to give up or accept 

electrons. The redox potential is the mathematical mean of the 'energy of the oxidized 

species Eox and that of the reduced species Ered. The density of empty states has a 

Gaussian distribution around the energy level of the oxidized species Eox and the density 

of occupied states has a Gaussian distribution around the energy level of the reduced 

species E red. When a semiconductor and an electrolyte comes in contact there is a 

thermodynamic equilibrium EFEredox at the interface due to charge transfer. In case of n 

type silicon electrons flow from silicon to the electrolyte and for p type the electrons 

move from the electrolyte to the silicon. The anodic current involves an electron transfer 
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from the electrolyte to the semiconductor. Electron transfer from the electrolyte to the 

valence band of the semiconductor depends on the availability of holes at the 

semiconductor surface. 

Different models have been proposed on the mechanism of porous silicon 

formation [108, 109]. The research by Lehman and Goesele in the early 1990s postulated 

quantum confinement theory in porous Si to be responsible for the formation of 

micropores in heavily doped p type Si. The quantum confinement occurs from the 

increased band gap caused by quantum porous structure. The quantum confinement 

prevents the charge carriers from entering the walls of the pores and thus only the pore 

tips dissolve leading to the pore depth. 

Table 7. Porous silicon can be classified based on the pore diameter[IUPAC 
classification of pore size)[llO): 

Type of porous Si Pore size dp [nm] 

Microporous silicon dp:S 2 

Mesoporous silicon 2 < dp:S 50 

Macroporous silicon dp> 50 

7.4.1.2 Pore Morphology 

Porous silicon exhibits various pore morphologies depending on doping type, 

concentration of doping, current density of the electrochemical etching process, 

electrolyte concentration and illumination [110]. 

The morphology of pores formed on n type silicon depends on illumination -

frequency, intensity and direction (front and back). Back side illumination produces 

straight pores while front side produces random interconnected pores [111]. In n type 
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silicon holes are minority carrier. Electrochemical dissolution requires holes. Light 

assisted etching is helpful in n type silicon since it helps generate electron-hole pairs. For 

a n-type silicon the diameter of pore decreases with doping concentration of the sample 

and for a p-type silicon the diameter of pore increases with increase in sample doping. 

The pore diameter increases with an increase in current density and an increase in 

potential. The pore diameter decreases with increase in HF concentration. 

7.4.1.3 Porous Silicon membrane fabrication 

The following process outlines the experiment performed to obtain porous silicon 

membranes. P type etching is preferred since it does not need any illumination and it's 

easier to maintain a dark atmosphere during etching. The p type wafers have resistivity of 

0.1 ohm-cm. Aluminum is being used as the metal contact layer. The current density is 

reduced towards the end of the etching so as to get more uniform pores and prevent 

forming of pores with large diameters which will lead to cracking. The porous silicon 

formation has been carried conducted in a Teflon container with a gold mesh as the 

cathode and the silicon as the anode shown in Figure 71. The etching time for moderately 

doped p type silicon based in 1: 1 HF:C2HsOH concentration has been estimated to be 

around 30 min for a 50 micrometer depth based on the following formula [112]: 

r = 10[O.89*logJ-l.2] (7.2) 

where r is the rate of porous silicon etching(micrometer/min) and J is the current 

density(mAlcm2). 
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The fabrication of the complete porous silicon chip has been outlined in Figure 

72. A setup shown in Figure 71 is' used for the anodic etching of silicon. Teflon is used as 

the material to make the etching cell. The oxidized silicon wafer is patterned and then 

etched in TMAH to thin it down to 50 !lm. Aluminum is sputtered on the backside of the 

wafer and then annealed to make proper ohmic contacts during etching. A gold coated 

metallic mesh is used as the cathode and the silicon sample to be etched is used as the 

anode. The dicing lines on the wafer are also thinned down in the TMAH etching process 

and thus the samples could be easily detached from the whole wafer. Aluminum foil is 

used as the backside contact which is pressed with a rubber O-ring against the back side 

of the sample for proper contact with the sputtered aluminum. The O-ring also prevents 

leaking of the electrolyte. After the etching of pores and stripping off the metal contact 

layer, the pores have to be opened for them to be through from one side of the wafer to 

another. This is done by the DRIE, a recipe which has mostly SF6 gas to etch silicon, a . 

Teflon cell 
top part having 
the electrolyte --

o 

(-) 

TMAH etched region 

AI foil for 

Electrolytic cell used to etch porous Si 

Figure 71. Schematic of the set up with electrical connections and the silicon chip 
which is made porous by anodic etching. 
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little oxygen and no passivation. The reason for this step is that in porous etching the 

sides of the sample or the periphery of the silicon bordered by the O-ring etches more 

than that of the center at any given time. Once, the sides etch completely or when the 

electrolyte seeps in through those side pores to the other side there is no more etching as 

the current conducts through the electrolyte to make the circuit rather than through the 

wafer as it has a least resistive path. 

Now, after the formation of porous silicon for thermoelectric effect proper contact 

has to be made. Electron beam evaporation is used along with shadow masking to deposit 

thin film of aluminum in the form of a serpentine structure so as to cover the porous 

silicon uniformly on both sides and also leaving half of the pores opened for gas flow as 

shown in Figure 75b. Shadow masking was preferred because of the fragile structure of 

the porous silicon since any further wet etching may damage the porous membrane. 

Electron beam evaporation has a larger line of sight than sputtering and thus was 

preferred since with the shadow mask there will be significant distance to cover before 

the deposition actually falls on the target porous membrane. The same shadow mask was 

used twice: once on each side after breaking the vacuum in the electron beam evaporator. 

The metal used was aluminum and the thickness was around 0.5 micron. 
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Silicon - Oxide • Aluminum - Porous Si 

Figure 72. Process flow for making porous silicon membranes. Contacts are made 
thereafter using shadow mask evaporation. 

7.4.1.4 Results 

The scanmng mIcroscope Images of the porous silicon etched membranes 

obtained shows pores on both sides of the membrane which indicated that channels have 

been formed in the silicon chip. Figure 73a shows pores on the front face of silicon 

where the etching began and Figure 73b shows the pores on the back face of the silicon 

which propagated through the anodic etching from the front face. For the same current 
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density of 40 mAlcm2
, the pores on the back side are larger in diameter which measure 

around 80 run as compared to those on the front face which measure around 20 run. The 

reason is attributed to the reduction in concentration of the etchants over the etching 

period. Figure 74a shows the cross sectional view of silicon sample which has been 

etched in a double cell from both sides. The method of etching from both sides was tried 

to reduce pore size variation from top to bottom face since double side etching takes less 

time compared to single cell etching. In double cell etching there are two electrodes in 

each chamber of the cell. The current completes the circuit through the silicon and in the 

process the anodic etching takes place. This method eliminates the metal deposition step 

on the sample since wired electrical connection is not made to the silicon during etching. 

Figure 74b shows the cross sectional view of the silicon sample etched from one side in a 

single cell etching bath. The image is taken on a sample which is not completely porous 

since a fully etched porous sample is difficult to profile in the SEM. 

(a) (b) 

Figure 73. (a) SEM image showing pore distribution and diameter on the front side 
where of the nanoporous silicon (b) pore distribution and diameter on the back side. 
Etching was done at 40 mA/cm2 in 1: 1: : HF:C2H50H 
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Figure 74. (a) Cross section of silicon wafer etched in double cell etching bath at 60 
mA/cm2 in 1:1:1: :HF:H20:C2H50Hfor 30 minutes each side, (b) cross section of wafer 
etched in single cell etch bath using conditions of Figure 73. 

The porous silicon experiment as a whole was partly successful in just making the porous 

silicon membranes. The porous silicon templates were integrated as Knudsen pumps and 

supplied with current (see Figure 75a). No pumping was observed in either direction. 

Possible reasons could that by making the silicon porous the electrical conductivity was 

Top contact 
(a) 

Cu plate 

Bond pad 

Shadow evaporated metal contact 
on porous silicon 

(b) 

Figure 75. Fabricated pump out of porous silicon with electrical connections shown in 
(a) , optical microscope image of one side of the membrane showing metal contact made 
by ebeam evaporation shown in (b). 
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degraded since during the test the contact resistance across bond pads from the top to 

bottom side measured very high resistances. Also, the porous membrane was surrounded 

by bulk silicon which may have nullified the thermoelectric effect. 

7. 4. 2 Hot pressing to make nanoporous Bismuth 

In this the material of interest is melted by heating them to a temperature over 

their melting point and then by using external pressure the molten material is forced into 

a nanoporous host material [113, 114]. The hot press schematic is shown in Figure 76a 

and the equipment is shown in Figure 76b. The external pressure is required since most 

thermoelectric materials have a higher surface energy compared to the host materials. 

Porous host 
Material structure 

~ ~eat .. 

Material_~j 
melted 

Pressure 

Porous host 
filled with material 
after solidification 

• Inverse replica of porous host 
structure formed with material 

(a) (b) 

Figure 76. (a) Schematic o/the hot press method. (b) The hot press equipment 
setup along with temperature controller. 
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The molten thermoelectric material will occupy all the voids of the host nanoporous 

material and then it will be cooled below its solidification temperature to solidify in those 

voids. Etching or removal of the host material without destroying the thermoelectric 

material will make an inverse replica of the host material with a thermoelectric material. 

The host material should have interconi1ected voids so that the electrical continuity is 

maintained in the synthesized nanoporous material. The removal of the host material will 

lower the thermal conductivity and also form the channels automatically required for 

thermal transpiration gas flow. 

The samples are formed by melt injection of bismuth into silica colloidal crystals. 

The colloidal crystals are obtained from Dr. G. Sumanasekera in the Department of 

Physics at the University of Louisville. They are grown using slow sedimentation of 

monodispersed aqueous silica colloids in a glass cylinder, followed by sintering at 700-

750°C for several hours [92]. The resulting crystal (Figure 77b) consists of closely 

packed, interconnected silicon dioxide spheres arranged in a fcc lattice (Figure 77a) with 

(a) 

Figure 77. (a) Schematic of arrangement of the spheres of silicon dioxide in the 
silica crystal, showing octagonal and tetrahedral voids and the interconnect between 
the voids as 0 [92J,(b) SEMimage of the colloidal silica crystal showing the actual 
arrangement of spheres. 
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(a) (b) 

Figure 78. (a) Photograph of nanoporous bismuth obtainedfrom hot pressing after 
the silica has been etched, (b) SEM image of the nanoporous bismuth showing the 
voids 

interconnected octahedral and tetrahedral voids between the spheres. 

The silica colloids used in this investigation have average sphere diameters of 300 

run and octahedral and tetrahedral voids of approximately 120 and 60 run in diameter, 

respectively. The voids are interconnected by narrow regions 8 that are 10-20 run in 

diameter. The voids are filled with bismuth using the melt injection method. A silica 

colloidal crystal approximately (5 x5 x 4) mm3 in size is combined with 99.999% pure 

100 mesh bismuth powder in a stainless steel capsule. The infiltration is done by applying 

a load of 13 - 15 klbs (8- 10 kbars) on the capsule at a temperature of approximately 400 

°C for several hours. The bismuth infiltrated colloidal sample is then removed from the 

capsule by grinding off the stainless steel capsule. Next, the bismuth! silica mixture is 

mechanically polished to remove the excess uninfiltrated bismuth. Finally, a bismuth 

inverse replica of the colloidal crystal is obtained by etching out the silica spheres using a 

pure HF acid solution shown in Figure 78a. Figure 77b shows the silica colloidal crystals 

before filling with bismuth and Figure 78b after bismuth infiltration without silica. 
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7.4.3 MOCVD to make nanoporous Tellurium 

MOCVD - Metal Organic Chemical Vapor Deposition is a vapor phase process 

mainly used for producing epitaxial film semiconductors. MOCVD processes were 

developed by reacting group III organic compounds with group V hydrides under 

appropriate temperature and pressure to produce molecules of the required material 

which deposit on the substrate. The organometallic compounds containing the 

thermodynamic elements are placed in the reactor along with the nanoporous host 

material which is the substrate in this case (Figure 79). After the CVD of the 

thermoelectric elements on the host structure, the latter is etched away or removed and a 

nanoporous thermoelectric structure is obtained. 

The key difference in both these methods is that while hot pressing is a volumetric 

template MOCVD is a surface template. Samples obtained by hot pressing are more 

nsor to monitor 
pressure in tube 

After CVD 

~ 

- ---

~ 

Porous sample 
with organometallic 
powder in tube sealed 
under low pressure 

_. - Sealed tube with 
c;;:~~.ail--·sample in the 

furnace 

-
After MOCVD the tube is 
broken to obtain the sample 

Figure 79. Experimental set up used/or MOCVD. The tube reactor being shown in 
detailed view after the deposition. The actual MOCVD process takes place in the tube 
inside the furnace. 
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(a) (b) 

Figure 80. SEM image of a MOCVD tellurium sample (a) with silica, (b) after 
removing the silica. After the silica has been etched, the porosity is found to be 
non- uniform, showing a non- uniform deposition. 

robust due to the volumetric template compared to those obtained by MOCVD. The 

advantage of the MOCVD process over hot pressing is that samples will have more 

porosity. 

The sequence of steps leading to the formation of nanoporous thermoelectric 

follows. First, the opal was impregnated with TeBr2 in ethanol solution. The sample was 

dried and the impregnated TeBr2 was chemically reduced at 400°C in flowing ArIH2 to 

produce an elemental Te layer. After this pretreatment, the next step was to deposit by 

MOCVD significantly larger amounts of Te from the vapor phase. This was 

accomplished as follows. The pretreated opal was sealed in a pyrex glass tube together 

with diphenyl ditelluride and evacuated to a low pressure. The tube was then sealed by a 

hot flame using an oxy-acetylene torch. The sealed tube was then placed in a tube furnace 

and heated to 375C for several hours. At these temperatures, the organometallic 

compound thermally decomposes to Te and is deposited on the hot opal surfaces, coating 

the same with tellurium but not completely filling the voids [115]. Then the furnace is 
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cooled down and the sample is obtained by breaking the tube carefully. The sample is 

then polished to remove any debris blocking the pores on the surface and finally the silica 

crystal is etched away in HF. 

The tellurium coated silica sample is shown in Figure 80a and after etching away 

the silica the sample is shown in Figure 80b. It is seen that the non-uniform deposition 

has left big open voids in the sample which is not suitable to operate a Knudsen pump. 

7.5 Resultsfrom Hot press and MOCVD methods 

Following table summarizes the results obtained from the hot pressing and MOCVD 

methods: 

Table 8. Nanoporous thermoelectric experimental results. 

Process Thermoelectric Thermopower Temperature 

material (J.lV/K) difference (Oe) 

Hot pressing Bismuth -69.1 0.4 

MOCVD Tellurium 357 Not measured 

MOCVD Tellurium coated 343 Joule heating 

silica 
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Figure 81. Illustration showing thermopower measurement set up. 

For thermopower measurements, the sample is thermally anchored to an 

integrated circuit IC chip package consisting of two copper plates separated by an air gap. 

A ceramic heater is mounted on one of the copper plates whose temperature was 

maintained at 302K. The gap between the copper plates ensures that the heat pulse travels 

through the sample and not the chip package. Wires are attached to the sample using 

silver paste: two gold-chromel wires on opposite edges of the sample act as 

thermocouples/current contacts. This thermopower measurement consists of heating the 

sample using a voltage pulse (of varying amplitude of 0 - 10 V) and measuring the 

temperature gradient across the two thermocouples, as shown in Figure 81. The 

thermopower is then calculated using a simple analog subtraction circuit containing three 

instrumentation amplifiers [116]. 

The samples are tested to see how efficient they are as a peltier cooler first before 

testing for the actual pump. Electrical contacts are made using silver paint to the 

tellurium sample obtained by MOCVD, which produced a lot of joule heating. The 

heating of the sample did not reverse side with change in polarity of supply voltage and 

also cold side temperature never went below room temperature. When electrical contacts 
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are made using a solder to the bismuth sample a temperature difference is obtained 

between the two opposite faces which has the contacts. Thus, solder makes a good 

electrical contact to Bismuth. Tin and Bismuth forms a eutectic at 1400 e so it is easy to 

solder on bismuth. Just with contacts and no heat sink: a temperature difference of O.4°e 

is obtained on the hot pressed bismuth sample when a current of 0.078 A is passed 

through it. The hot side is 0.2°e above room temperature and the cold side is 0.2°e 

below the room temperature. The resistance measured across the terminals of the sample 

is 0.61 ohms. The terminals are separated by 6 mm. The cross-sectional area of the 

terminal faces is 0.000018 m2
• The room temperature is 297°K. With the voltage 

polarities reversed, the same temperature difference is obtained with the hot and cold 

sides reversed, thus successfully demonstrating a thermoelectric effect. When one side is 

affixed to a copper plate as a heat sink:, the cold side temperature does not go below room 

temperature since the room temperature is quickly conducted by the copper plate which 

has a high thermal conductivity. 

The MoeVD samples without the silica are very fragile to be tested as a peltier 

cooler as the sample would break while soldering electrical connections. The MoeVD of 

tellurium samples with the silica are difficult to solder since the silica surface formed the 

major surface area where solder would not stick. So, for both of these tellurium samples 

only thermopower was measured. The thermopower for only porous tellurium is 357 

J..l V IK and for porous tellurium coated on silica is 343 J..l V IK. The difference in 

thermopower values for the tellurium samples was because of the heat conduction 

through the silica negating the thermoelectric effect. 
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7.5 Sintering of doped Bismuth Telluride 

With the above methods of nanoporous thermoelectric not falling in place due to 

various reasons, like high temperature of melting point of bismuth makes it impossible to 

melt inject the same into porous voids, nonuniform deposition and thus a fragile structure 

of thermoelectric in MOCVD process and high contact resistance of porous silicon, 

sintering appears to be an attractive alternative. 

Sintering does not need a temperature over the melting point of the substance and 

neither does it need the pressure high enough to overcome the high surface tension forces 

present at the nanoscale. Sintering is the term used to describe the process of combining 

grains of a substance by bonding them using heat and pressure. Mobility increases with 

temperature. Higher temperature causes the atoms to move faster in response to the 

applied sintering stress. It also allows transport by viscous and plastic flow. Sintering is 

faster at higher temperature due to more active atoms and available sites. If N is the 

number of available sites and No is the total number of atoms, they are related by the 

Arrhenius equation: 

N _.!L 
-= e RT 
No 

(7.3) 

where Q is the activation energy, R is the gas constant and T is the absolute temperature. 

If the nanoparticulate grains of the thermoelectric material could be fused by 

applying the right temperature and pressure in such a way so as to fuse them with each 

other and simultaneously make sure that they do not coalesce completely then a 

nanoporous network could be obtained. This could serve as the nano channels for thermal 

transpiration and with these nanopores made in the thermoelectric material could provide 

us with the Knudsen pump which will be driven by thermoelectric power. Pores are 
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present in the powder compact as inter-particle voids. During sintering the pores can be 

formed by uneven phase distribution, unbalanced diffusion events, reactions with the 

atmosphere and capillary spreading of a molten liquid. 

The advantages of sintering are: 

v' A wide range of thermoelectric materials with high melting point that are difficult 

to make nanoporous by conventional methods could be easily manufactured by 

this process. 

v' It requires minimum number of process steps and is thus cost effective. 

v' It is robust. Cracks and leaks will be minimized in the porous thermoelectric 

which is an important feature in successful operation of the Knudsen pump. 

v' The pore size could be easily controlled by adjusting the pressure of compaction 

and temperature and the grain size. Pore size increases at lower sintering 

temperature but the overall porosity decreases. 

v' Different geometries could be designed for the pump since the process is no 

longer dependent on a host material like hot pressing and MOCVD method, and 

thickness limited the porous silicon method. 

The major drawback of this method is the repeatability and controllability of the 

porosity of the sample. Also, the number of pores per unit volume will be smaller 

than the above methods since the channels may not be opened all the way through 

from one end to the other due to grains collapsing during sintering process. 
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Figure 82. Schematic showing densification of stages in sintering process. 
The densification intermediate stages determine the porous nature of the 
sample. (figure adapted from [117]) 

To make highly porous material densification has to be avoided [117]. Surface 

diffusion and evaporation-condensation helps in neck growth without densification. Pores 

with well grown necks have higher fluid permeability and more spherical pore shape. The 

densification in the sintering process is illustrated in Figure 82. 
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CHAPTER 8 - CONCLUSION AND FUTURE WORK 

8.1 Conclusion 

The research summarizes methods to increase the pump efficiency by using novel 

designs and materials. It also highlights the potential for future applications of the pump 

in the field of bio engineering and energy scavenging by using the improved pump. 

For a lateral Knudsen pump two approaches are discussed with regards to 

choosing the pump material for a higher performance. Silicon was used as the first 

starting material which has a high thermal conductivity. FEA simulations and 

experiments in Chapter 3 proved that silicon is not the right material for making a 

Knudsen pump. It is difficult to obtain significant temperature gradient for successful 

operation of the pump within a short channel length. If the channel length is made longer 

to attain higher temperature gradient then the flowrate is sacrificed. Glass with an order 

of magnitude lower thermal conductivity and with fabrication ease similar to silicon was 

also tried. The results are better than that of silicon and with glass widely used in 

microfluidic devices this pump could potentially be integrated with Lab On A Chip for 

microfluidic applications. But microfabricated straight single channel pumps in silicon 

and glass have low flow rates which are not always adequate for potential applications. 

To improve the flowrate by making the channel conductance higher nanoporous 

materials are investigated. With similar thermal conductivity as that of glass silica 

colloidal crystal samples have been made into Knudsen pumps in Chapter 4. The crystals 
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are made by sintering of silica beads and their robust nature is ideal for this pump. The 

interconnected beads are in a hexagonal closed packing with tetragonal and orthogonal 

voids formed in the arrangement of the silica spheres. These voids serve as the channels 

for thermal transpiration. The samples could be formed in any size which determines the 

flowrate and pressure difference obtained by the pump. This porous silica pump has been 

successfully tested for human and solar powered Knudsen pumps. Although silica 

aerogels were also tried for the same purpose, their delicate nature decreases the yield 

and operational ease of these types of pumps. The solar and human powered pumps 

perform nicely without any active input power. Thus, it opens up the possibility of using 

these pumps in remote places for drug delivery in humans by using the body temperature 

powered pump and it also finds use in running the pump using waste heat recovery. The 

flowrates (0.017 mLimin - 0.136 mLimin) achieved by these passive pumps are on the 

level of some of the micro pumps pumps used in modern drug delivery devices. 

After the success with the passive pumps the need was still there to find even 

lower thermally conducting nanoporous membranes for which a 1 05 ~m cellulose ester 

porous filter membrane is used for gas pumping. These polymer membranes have an 

order of magnitude lower thermal conductivity value compared to that of silica colloidal 

crystal. Thus, they are able to maintain a higher temperature gradient for the same input 

power within a shorter channel length which dramatically improves the flowrate and thus 

the overall efficiency of the pump. However, with only active heating and passive 

cooling the pump performance is limited. Thus, when a thermoelectric is employed to 

actively heat and cool each end simultaneously, the heat sink is eliminated, the pump 

becomes bidirectional and the net molecular flux from cold to hot side is increased by 
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attaining much lower temperatures at the cold end that could not have been possible with 

only active heating of the hot side. The normalized flowrate (1.5 sccm/cm2) reported is to 

date the highest achieved by any Knudsen pump with the radial pump design using a 

thermoelectric. The radial design has better uniformity in heat distribution across the 

entire membrane and the thermal resistances due to air gap also could be optimized as 

compared to that of the lateral pump with the thermoelectric. 

The polymer based pump has also been characterized for optimum pore size and 

efficiency. The pore size characterization experiment throws light into the fact that a 

better pump is obtained when the channel size has a higher Knudsen number. On the 

other hand it also shows that practically it is possible to get thermal transpiration effect 

close to viscous flow regime. The pressure-flow curve characteristics show that at no load 

much higher flowrates could be achieved by the pump. The overall efficiency of a 

thermoelectric pump with smaller active pump area has been found to be higher 

compared to a conventional Knudsen pump whose active pump area is 10 times larger 

than the former. 

There is still room for improvement with the thermoelectric design as any amount 

of air gap will reduce the temperature across the nanoporous material. Also, the heat 

spreaders contribute to significant thermal losses to the environment. To eliminate these 

shortcomings it is desired to make the nano channels out of the thermoelectric material 

itself. This approach necessitates the use of a nano-porous thermoelectric. The 

nanoporous thermoelectric is expected to make the pump compact, reduce power 

consumption, and reduce energy losses. Also, the thermoelectric material may achieve a 

higher figure of merit compared to its bulk counterpart due to the nano pores which by 
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quantum confinement reduces the thermal conductivity of the material and thus enhances 

the figure of merit. 

In Chapter 7 several approaches have been tried to fabricate leak free porous 

thermoelectric material. Also, different thermoelectric materials have been experimented 

with to get a better Peltier cooling. The technique of hot pressing worked for bismuth but 

not for bismuth telluride. Bismuth telluride has a higher figure of merit so is a better 

thermoelectric than bismuth but also has a higher melting point than bismuth which 

makes hot pressing difficult. The porous silicon membranes showed high contact 

resistance which indicated the reduction of electrical conductivity during porous silicon 

formation. The MOCVD of tellurium on the porous host structure was non-uniform 

which left wider channels in the sample after etching away the silica and thus had leakage 

paths and was very fragile to integrate the pump. In the next section the present work in 

progress on making a nanoporous thermoelectric is briefly described with the results 

obtained so far. 

8.2 Future work 

Abderrazzak Faiz, a PhD candidate in Mechanical Engineering at the University 

of Louisville, is continuing this research project. He has demonstrated that the 

nanoporous thermoelectric concept, discussed in Chapter 7, is feasible by using the 

sintering process. 

8.2.1 Sintering process 

The process flowchart in Figure 83 describes the process of sintering. As smaller 

particle size is required to form nanopores the grain size of the thermoelectric material 

has to be really small in the order of the pore size. To make such finer grains ball milling 
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is employed. The powder is obtained by milling the pellets of the thermoelectric obtained 

from Align Sourcing LLC. These are both n and p type doped bismuth telluride pellets 

used to obtain a high Z thermoelectric material so as to get the maximum temperature 

difference which is essential for an efficient Knudsen pump. 

The powder is pressed in the die and then the die is heated slowly to the required 

sintering temperature then left at that condition for some time. Then the temperature is 

brought back to room temperature and the pressure released. The sintered sample is 

tapped out from the die. 

8.2.2 Sintered bismuth telluride porous pump 

The sintered sample is tested for its thermoelectric properties as well as pore formation. 

The thermoelectric properties are tested by measuring the thermopower of the sample. 

I I II Doped Bi2 Te3 pellets 
I I 

Ballmillin~ 
Bi2 Te3 granular 

powder 

Powder compacted by "
applying pressure and ~ 
then heated at a certain 
temperature for the 
required time 

Sintered porous 
Bi2 Te3 sample 

Figure 83. Sintering process flow. 
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The pores on the surface of the sample are imaged using a scanning electron microscope. 

Then electrical connections are made on either side of the porous sample depending on 

which length the temperature difference is to be obtained. Thereafter, the sample with the 

electrical connection on one side is mounted on a metallic base and glued with vacuum 

epoxy. The metallic base acts as a fixture for the connection of the inlet from the sensor 

to the sample and also serves as a heat sink. The fabricated pump is shown in Figure 84. 

Figure 84. Sintered nano porous thermoelectric pump with inlet and power 
connectors. 
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Figure 85. Pressure sensor connected to the pump measured the change in pressure 
at the cold side of the pump as against the ambient pressure in both modes of 
operation. The net difference in pump pressure is plotted in both forward and 
reverse pumping modes. 

8.2.3 Results for the sintered pump 

The pump has so far been only tested in the pressure mode in both forward and 

reverse directions. The testing procedure is the same as that in the earlier chapters. 

Figure 85 shows the graph for the pressure mode testing. It is clearly seen that pumping 

has taken place due to Peltier effect from the thermoelectric and the direction of pumping 

reverses with the change in polarity of the supply voltage to the thermoelectric. The 

pressure difference when measured at the end of the porous thermoelectric which is at a 

lower temperature drops down and then the pump is powered OFF. The graph goes back 

up to catch up with the ambient pressure when there is no more pumping. Then with the 

voltage polarity to the thermoelectric reversed the previously cold end of the porous 

thermoelectric now becomes the hotter side and pumping takes place in the reverse 

direction which is evident from the graph since it rises above the ambient pressure. Again 

with the pump OFF the graph comes back to the normal ambient pressure mark. The 
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pressure drop magnitude is asymmetric due to the fact that on one side of the porous 

thermoelectric a heat sink is used to hold the pump to the sensor attachment. So, when the 

thermoelectric side attached to that plate is cooling the heat sink facilitates the cooling 

but when the side is heating the mass of the heat sink results in temperature loss and thus 

the magnitude of temperature difference is not the same in both modes of pumping and. 

This is a preliminary result to just prove the concept and it has tremendous scope 

of improvement in future. Thereafter the porous thermoelectric pump could be used for 

potential applications like generation of pneumatic power for microfluidic devices and it 

could also be used for generating electrical power by supplying heat energy. Work is in 

progress to tailor the channel size, increase porosity, develop better electrical contacts 

and doping of materials for making a better pump. 

Table 9 below summarizes the major Knudsen pumps and compressors built to 

date and highlights the results of their pumping characteristics: 
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~ 
OJ 

Pump Maker - Year Type of Knudsen Max. Ftowrate Max.L\P Input Directionality Footprint Fabri-
Pump (mLlmin) (kPa) Power (W) (mm2

) cation 

Young et at @ USC- Porous aerogel 0.24 1.07 0.065 /cm2 Unidirectional -- Easy 
20051271 

McNamara et al @ UMich Microfabricated IO-() 54.7 0.08 Unidirectional 1.5 x 2 Complex 
- 2005 [29] lateral design 

Gupta et al @ UMich - Porous zeolite 0.12 1 5.35 Unidirectional 55x55 Easy 
2008[30] 

Gupta et al @ UMich - Porous ceramic - 9 0.0037 12 3.4 Unidirectional 25x25 Moderate 
2009(31) stages 

Gupta et al @ UMich - Porous polymer 0.4 0.33 1.4 Unidirectional 14xl4 Easy 
2010[118] 

Pharas et al @ UofL - Porous multiple 0.125 0.483 3.65 Bidirectional 29x29 Easy 
2010(119] polymer membranes 

with thermoelectric 

Pharas et al @ UofL - Porous single 0.74 1.69 8.5 Bidirectional 37x37 Easy 
2010(15) polymer membrane 

with thermoelectric 

Bell et al Colloidal silica - 0.136 0.414 0 Unidirectional 22.5x22.5 Easy 
(a) UofL - 2011 solar powered 

Bell et al Colloidal silica - 0.017 1.5 0 Unidirectional llx II Easy 
@ UofL-2011 human powered 

Abderazzak et al Doped porous Not measured 0.15 0.3 Bidirectional -- Moderate 
(in progress) (a) UofL bismuth telluride yet 

Table: 9. Table summarizing the major Knudsen pumps made to date highlighting their pumping characteristics. 

Efficiency 

--

2.8SE-09 

9.3SE-08 

S.44E-08 

3.93E-07 : 

6.89E-08 

6.13E-07 

--

--

--
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APPENDIX A 

Deep reactive Ion etching (DRIE) recipe for SCREAM like process:-

a) Bosch process: 
Etch time - 9.5 sec 

Pass time - 6 sec 
Process time - 40 cycles 

Etch 
Line Gas name Flow(sccm) Tol(%) 
1 C4FS 0 5 
2 SF6 160 50 
3 O2 13 50 
4 Ar 0 5 

Power (W)- Etch 
Coil 550 
Platen 19 

b) Passivation process: 

Process time - 3 min 

Line Gas name Flow(sccm) Tol(%) 
1 C4Fs 100 50 
2 SF6 0 5 
3 02 0 5 
4 Ar 0 5 
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Passivate 
Flow (sccm) Tol(%) 
75 50 
0 5 
0 5 
0 5 

Power (W) - Passivate 
500 
0 



c) Bosch process with higher platen power: 

Line 
1 
2 
3 
4 

Coil 
Platen 

Etch time - 9.5 sec 

Pass time - 6 sec 

Process time - 24 cycles 

Etch 
Gas name Flow(sccm) 
C4Fg 0 
SF6 160 
02 13 
Ar 0 

Tol(%) 
5 
50 
50 
5 

Power (W) - Etch 
550 
28 

Passivate 
Flow (sccm) Tol(%) 
75 50 
0 5 
0 5 
0 5 

Power (W) - Passivate 
500 
0 

d) Isotropic etch: 

Line 
1 
2 
3 
4 

Process time - 6 min (after this go on observing after each minute for like 5 

minutes and stop process as soon as heaters start losing linewidths) 

Gas name Flow(sccm) Tol(%) 
C4Fg 0 5 
SF6 160 15 
02 0 5 
Ar 0 5 

Power (W) 
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