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Abstract

This study focuses on the design, construction and experimental evaluation of a
thermoacoustic electricity generator prototype with a gughlinear dternator. The
pushpull couplingoffers a solution to run the loopé¢gbe thermoacoustic engine at
high acoustic impedance using one alternator. The novel configuration of the engine
consists of two identical halflavelength stages with an alternator certed between
them. A simulationwas carried out using the DeltaEC programme. The modelling
started by investigating the required acoustic field for the alternator. The engine
modelling has been done as half of the engine which istage, because the lBEC
shooting method showed that it was unable to run two identical stdgeengine is
16.02 m long and run at 55.1 Hze simulation showed that it is possible to produce
more than 133 W of electricity at a therrtalelectric efficiency of 23% whilesing
helium pressurized at 28 baém.practice the engine failed to seditart After exciting

it to run by an external pulse, atectric power of 48.6 Wvas generatedvith a
thermaito-electric efficiency of 2.7%. The high heat leak deteeted reduced by
installing an insulating gaskéetween the ambient heat exchanger and regenerator
holder, which encouraged thaectricity generationo increase. The engine became
selfstarting when the regenerator thickness was reduced fraomv® 71.8 mm

The maximum generated electric power was 73.3 W at 3.33% thaekctric
efficiency at a heating power of 2200 W, and a maximum efficiency of 3.6% was
achieved at 71.WV electric power at a heating power of 2000 W. The success of the
two-stage engingith a pushpull linear alternator encouraged modelling and design
of a fourstage engine with two pugdull linear alternators able to generate up to 269

W of electricity theoretically
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Chapter 1

Introduction

1.1 Introduction to Thermoacoustics

Day by day, the demand fenergyrises all over the world. In recent years a lot of
environmental impacts have been discovered and proven as being caused by power
generation technologies. These impacts range from local environmental impacts to
changes in the who lreatesEhoughtful@sproach towards e . T
clean and environmentally friendly technologies. Thermoacoustic power generation
technology could be considered as one such techndBmynd waves in fluids are
normally regarded as coupled oscillations of pressure@odity; however these are

also associated with temperature oscillations. These temperature changes are too
small to be noticed in the typical sound propagation processes in air at atmospheric
pressure. However, in highly pressurised gases (e.g. atifgesd the order of 360

bar) and at high acoustic intensity the temperature changes become significant. The
intensity is typically represented by a
mean pressure. It is not unusual for thermoacoustimt#dogies to use drive ratios in

the range of 10%.

The above temperature effects can be utilised for energy conversion processes when
the acoustic wave propagates next to the solid body. Using a sound source, a
temperature gradient can be built up insbéd. Imposing a temperature gradient on

the solid may lead to the generation of acoustic power. These processes form-the back
bone of thermoacoustic technologies (Baal, 2006). Thus, thermoacoustics is the
interaction between thermodynamics and atios in the fluid medium inside a
special solid configuration withimcousticresonance conditions. Thermoacoustic
technologies have two main applications: engines and refrigerators. Engines, or prime
movers, convert thermal energy to sound, and refrigesar heat pumps convert
sound to thermal energy. The sound oscillations take place in the gases trapped inside
the thermoacoustic device. Thermoacoustic technology can be recognized as clean
and environmental friendly because it can use noble/iners dasg helium, argon,

nitrogen, etc.) as thermodynamic media. Their loss from the system does not lead to



environmental releases of toxic, ozone depleting or environmentally harmful
substances. Studies conducted in this field also demonstrated thethimslogy has

other advantages as the devices could be built with no moving parts, using gas as the
working fluid, and hence no maintenance is required. The simplicity of configuration

with no need for sliding parts potentially makes the construction i@atssely low.
1.2 Motivation for the Study

Internal combustion engines are heat engines that combust fuel with an oxidizer inside
the engine. The combustion process will cause an increase in gas temperature, make
it expand and produce direct forces on tigtgms. Their movement in the engine is
converted into useful work. The thermal energy released by burning the fuel will leave
the engine as thermal energy rejected by the cooling water, exhaust gases,
miscellaneous losses or as brake power. Taymaz (2806ited results for the heat
balance of a standard four stroke diesel engine with a capacity bit€&.0The heat
rejected to the exhaust system ranged from 24% to 29% of the total energy released

from the fuel depending on the engine load (shown inréiy 1).

Brake
Power

Exzrla;st Brake ‘
® Power Exh
309 xhaust ==
23% 29%" £

Coolant
49% 36% 27%

Low load Medium Load High Load

Figure 1-1 Energy balance in different loads (Taymaz, 2006)

The availability of this large amount of waste energy gives the potential to harvest
waste heat and convert it to useful work. Johnson (2002) outlined the technologies to
generate cooling power from waste heat from exhaust gases. Thermoacoustic
technologyhas been listed as one of the four vital technologies besides metal hydride
cooling, absorption heat pumps and zeolite heat pumps. Johnson presented the
advantages of using thermoacoustic technology in vehicle cooling as the system is
elegant, reliable, b cost, environmentally safe and has no moving parts. The
2



disadvantages were low efficiency and power density in comparison with the vapour
compression refrigeration, typically large size of the system and sensitivity to shocks
and vibration.Later on, Jadao and Thombare (2013) highlighted thermoacoustic
technology as a direct electricigeneratorin their review of internal combustion

engine exhaust gas heat recovery.

In this research, a thermoacoustic engine that is able to recover part of the exhaust
gases waste heat and use it to generate electricity will be modelled, designed,
constructed and tested. The conceptoaligurationof the engine is shown in Figure

1.2. The engine uses the exhaust gases as the heat(Soyraed an ambient cooling
sydem as heat sink0 ) to maintain the temperature gradient across the porous
medium and hence generate acoustic po@grThe linear alternator converts some

of the acoustic power to electricity and the rest will be delivered back to the engine
by a feedback loop.

Generated Electricity

Qo iy |

| E : ‘. E
La.

Ambient Sink

Feedback

Figure 1-2: Function diagram of the proposed thermoacoustic engine.

1.3 Aim and Objective of the Study

The previously mentioned advantages of thermoacoustic engines, and their potential
use torecover the waste heat from exhaust gases, have encouraged research for a
conceptual design. The main aohthis study is tanodel, design, build and test a

thermoacoustic engine generating electricity by running a-pubtinear alternator.
3



Apart from that, it is aimed at comparing the predicted and experimental results,
understanding the thermodynamic and acoustic networks to give development

recommendations and publish the wafterwards

In order to achieve these aims, the current wordresbed the following specific

objectives:

1) To model a twestage thermoacoustic engine generating electricity by running a
pushpull linear alternator using exhaust gases as the heat sourcBelfaEeC
(Design Environment for Lovamplitude ThermoAcousticriergy Conversion) is
the code to predict the performance of the engine. From an efficiency point of
view, the engine will be designed to operate with helium as the working gas at a

mean pressure of 28 bar.

2) To design and construct the engine at the modelisgénsions from selected
materials capable of holding a high mean pressure. The design should supply a
heat source and heat sink to maintain a temperature gradient across the

regenerator.
3) To test the engine and validate the predicted data.

4) To investigatehe effect of mean pressure, resistive load and heat input on the

performance of the engiraad alternator system
5) To optimize the design based on the experimental results.

6) To investigateheoreticallythe development opportunity from tvatage to four

stage engine.
1.4 Thesis Structure

The overall structure of the thesis takes the form of eight chapters, including this

introductory chapter.

Chapter 2 starts with abrief review of the early history of thermoacoustichie
principles of the thermoacoustic effect and thermoacoustic technology classification
are outlined. Explanatiofocuseson the differences between the standing wave and

4



travelling wave devices. Thea,review of the linear thermoacoustic theory anel th
acoustic streaming that can occur in thermoacoustic deidgcgiven A literature
review of the relevant works related to the design and experimental evaluation of

thermoacoustitraveling wave engindevicess presented at the end of this chapter.

Chapter 3 presents theDeltaEC simulationof the twostage thermoacoustic
electricity generator with pughull linear alternator.The coupling effect on the
performance of the linear alternateith bothpushpull and conventional compliance
housingis studied andliscussed firstParts selection andptmization graphsre
presented for most parts of the engifigelast section of this chapter is thienulation
resultsanddiscusson. The work presented in this Chapter covers the objectivef(

this study presented in section 1.3.

Chapter 4 describes the design and construction of the-dtege thermoacoustic
engine.Part by part deagn and material selection for both thermodynamic and
acoustic section are detaileMleasurement techniques used in this research are
located in this chapter, showing the sensors and locafibieswork presented in this
Chapter covers the objectiv@) (of this study.

Chapter 5 presentghe experimental results and discussion for the prpéengine.

The experiments were carried out in order to evaluate the performance and measure
the acoustic power generated from the engine. In practice, the engine failed to self
start. An excitatiorio run the engineethod is explained in this chaptBerformance
obstacls are listed in this chaptero@parisons are made between the simulation and
experimental results whenever conveniditte effect of the mean pressure, heating
power and load resistance on the performance of the engine is presented and
discussedThe work presented in this Chapter covers the objextBjend (4)of this

study.

Chapter 6 illustrates the experimental optimizatiar the engine. It starts with
installing an insulating gasket to reduce the heat Baged on the trend dieresults

the effect of increase the heating poweas experimentally investigatedThe
regenerator thickness as a solution to-sklft issue is proposed and its effect on the

engine performance discussed. The chaptes @mdresenting the experimental



results of placing an elastic membranestppresstreaming along the engine. The

work presented in this Chapter covers the objective (5) of this.study

Chapter 7 presents a further design work, based on DeltaEC simuladiores at
developng the twostage engine to fotstage engine. The design and optimisation
lead to the design of a compact device generating more digcffice work presented

in this chapter fulfils objective (6) of this study.

Chapter 8 presents theanclusions drawn from this work and recommendations for
future work. In particular, it focuses on the summary of achievements of this project

versus the set objectives as presentegeitionl.3.



Chapter 2
Background and Literature Survey

2.1 Thermoacoustics

The common definition of thermoacoustics is the area of acoustics dealing with the
interactions between heat and soumatd importantly the interaction between
temperature, density and pressure variations of an acoustic wave. A sound wave which
propagates irma gas medium is considered as consisting of coupled pressure and
displacement/motion oscillations, however temperature oscillations are always
present as well. When a sound wave oscillates in a small channel, heat flows to or

from the channel walls.

The sudy of thermoacoustics has a rich and interesting history. In 1777, Byron
Higgins presented acoustic oscillations in a large pipe excited by a hydrogen flame
inside it, known as a singing flanfeutnam and Dennis, 1956jigure 2.1a shows a
simple illustraion of the experiment. Placing a flame in a certain location inside a
glass tube produces acoustic oscillations. Higgins noticed that the acoustic oscillations
generated depended on the position of the flame and the dimensions of the tube. He
tried tubesf different diameters, small diameter tubes tended to extinguish the flame.
As he tried bigger and bigger tubes, he witnessed several tones according to the width,
length and thickness of the tube. In relatively large diameter tubes, the sound became

wealer and disappeared.

The Rijke tube, named aftexperiments presented by RijkeliB59 as reported by

Feldman (1968aj)s an experimental sep of a tube and heater producing sound out

of heat. He used a tube which had gauze placed in the lower r&tiip\as in Figure

2.1b. As he heated the wire gauze, the tube generated a strong sound. Sound
oscillations were stronger when the wire gauze was placed at one fourth of the tube
length from the lower end. An explanation of this phenomena was publishelyiater
Rayleigh (1877), (1878), where he statecf
of greatest condensation, or taken from it at the moment of greatest rarefaction, the

vi bration is encouragedo. This statement
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Figure 2-1: a) The singing Flame apparat(Rutnam and Dennis, 195&) Rijke
tube(Feldman, 1968a)

The first conceptual thermoacoustic endias been proposed by Sondhausk3i0

as reported by Feldman (1968bJhis research presented the thermoacoustic
oscillations in a modern way. The hegnerated soundasstudied experimentally

using a glasklower by blowing a hot bulb connected to a cold tube. Figure 2.2 shows
the experimatal setup which Sondhauss used. He presented that by supplying a
steady heat to the bulb, the air in the tube oscillates producing sound. He noticed that
the sound intensity depended on the tube and bulb geometries and on the flame
temperature. Lord Ragigh gave an extensive explanation of the Sondhauss tube in
1896. Carter et al. (1962), improved the performance of the Sondhauss tube by
applying parallel plates in the tube. This was considered to be a step towards a certain
performance improvement bydreasing the work out by increasing the heat input.
These plates are positioned right next to the heat source on the side closest to the open
end, and serve three specific purposes. First, they provide a small contribution to the
system by acting as a paromedium. Also, the plates operate as an insulator between
the hot and cold regions of the tube. This creates a steeper temperature gradient,
thereby improving the systembs efficien
impedance, creating a phase sfifhportance will be explained in chapter three and
chapter four).
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Figure 2-2: Sondhauss tube (Feldman, 1968b)

Many experiments and effonteredevoted over the intervening decades towards the
understanding of thermoacoustics. However, the main breakthrough in
thermoacoustics has been made by the pioneering work of Rott in 1969. He explained
the thermoacoustic oscillations and developed a suoatebsear theory of
thermoacoustics, this wokkaspublished in several papers (1969, 1973, 1975, 1976
and 1985). His expressions of the linear theory linked the motion and pressure
amplitude and acoustic oscillation with the temperature gradient. Nosatiey

thermoacoustics devices are designed and investigated based on this linear theory.

2.2 Key Parameters

It is important to define some of the length scale parameters before going into more
detailed thermoacoustics. The explanation of these three g@m@nwill help in
understanding the operation of thermoacoustic devices. The three parameters are:

wavelengththermal penetration depth and viscous penetration depth.

Thewavelengtha; of awaveis the distance from any point on omaveto the same
point on the nextvavealong.The relationship between the wavelength and frequency

in the wave propagation direction is:

wherea s the speed of sound ahid the oscillating frequency. Theavelengths the
main ceterminant of the thermoacoustic device length. At resonance behaviour the
length of the thermoacoustic device is one half or quaréeelength The speed of

sound for ideal gases can be expressed as follows:
9
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whereais the specific heat ratio of the working gasjs mean pressureg,is density,
Ris the gas constant afids temperature.

The other parameters namely: thermal and viscous penetration depth, are in a direction
perpendicular to thevavelength The thermal penetration dept,pis roughly the
distance that heat can diffuse through the medium during the time interval related to
the period,Time = 1 / frequencyof the acoustic oscillation. The thermal penetration

depth is given by:

wherek is the thermal conductivity of gas,is the angular frequencys is the mean
ofgasdensitygpi s t he i sobaric heat capacity of
diffusivity of the gas. As th thermoacoustic engine is a heat engine, this parameter

will determine the heat transfer efficiency between the gas and solid.

The viscous penetration depth, is approximately the distance over which viscous
shear forces diffusm a time ( / frequeng). The viscous penetration depth is given

by:

wheree and 3 are the dynamic and kinematic viscosities, respectively. Within a
boundary layer ofi, thickness, the dissipation of acoustic power by a resistive viscous
shear forces occurs.

2.3 Thermoacoustic Technology

Thermoacoustic devices are generally considered as acoustic resonators filled with a
gas and containing a porous medium (stack or regenerator) with heat source and heat
sink (i.e. heat exchangers) adjacenit (Swift, 2002) The gas inside the resonance

tube (within the porous medium limits) will undergo a thermodynamic cycle

10



somewhat similar to the Stirling cyc{&wift, 2002) the cycle will be explained in
Sectior2.4.1

There are two main ways tdassify thermoacoustic devices: firstly, with respect to
their function as engines or refrigerators; secondly, with respect to the properties of

the sound wave as standing or travelling wave devices.

The function of the thermoacoustic engine or prime mavdo produce acoustic
power out of thermal power while the refrigerator or heat pump is to remove heat at

low temperature using acoustic power

In a thermoacoustic engine, the working gas absorbs Rdatfrom the high
temperature sideTn of the porousmedium and rejects he&@k, to the low
temperature sid&o while producing workoy the means of acoustic poweras an
output. In a refrigerator, working gas removes i@gtfrom the low sideat Tc and
supplesa heat quantitk to the surroundingst @ high temperaturéo with the aid

of excited sound oscillationk, Bs input mechanical work (Figure 2.3).

Ty To
Q'H@ ﬁ Oo
e ) ¢ = )
0o ﬁgc
To Ic
(a) (b)

Figure 2-3: Work principles of (a) engine and (b) refrigerator.

The laws of thermodynamiastroduced the efficiency of the thermoacoustic devices.

At steady state, the First Law impligguantities in equations are not per unit time)

for the engine,

11



and:

~

O v . é. 2.6

C

for therefrigerator

The Second Law at steady state, which means no change in entropy, the engine
equations can be combined to give:

and for therefrigerator

Combining equatiosn 2.5 and 2.a&nd eliminatingd) hproduces an expression for the

efficiency which is the generated acoustic po@eivided by the heat input :

The temperature expression to the right expresses the Carnot efficiency, which limits
the actual efficiencyf any heat engine. Similarly for the refrigerator, #ificiency
is the heat rejected at the cold side dividgdhe input acoustic power, which could

be written by eliminating from equatios 2.6 and 2.8

2.4 Standing Wave and Travelling Wave Thermoacoustic Engine

Thermoacoustic devices can be categorized depending on whether the sound wave is
travelling orstanding The standing wave device and the travelling wave deviite

be explained in details iBectiors 2.4.1 and 2.4.29r an engine only.

It is essentialdr the thermoacoustic engine to generate or amplify acoustic pBaver
the temperature gradient across the porous mediust behigher than the critical

temperature gradient. The critical temperature gradient is the achieved by adiabatic

12



compression andxpansion(as will be explained in details i8ectiors 2.4.1 and
2.4.2)

A standing wave has a unique form with certain points which hawesadation
located at the centre of the points of maximum vibration. It results from a combination
of two waves traelling in opposite directions both having the same frequency and
amplitude, so it is generated whenever a wave is confined within boundaries.
Travelling waves are observed when a wave is not confined to a given space along
the wave propagation directioAll the points along the wave propagation direction
gradually vibrate from positive maximum amplitude to negative minimum, see Figure
2.4.

4 ; l;

\1/\//\ A N DA A A Ao
\VAR VAR VAV \VARA VAN VAR v/
41, >t 4,>1, %
41>t | >,
AAPAA AAAA T

SR VAR VAR v/
(a) (b)

Figure 2-4: Wave propagation of a (a) standing wave and (b) travelling wave.

2.4.1 Principles of a standingvave thermoacoustic engine

As a thermoacoustic device, the standing wave engine consists of a resonance tube
with a length of a quartehalf or afull waveleryth of the sound wave travelling and
reflecting inside the tube. Bot#ndsof the tube should be closed (one left open in a

special case) to allow the wave to reflect and form the standing wave form.

The perfect standing wave has a pressure out of phiiséhe velocity and in phase
with the displacement, as shown in Figurea2The porous medium used in this kind

of engine should be fabricated with small channels having dimensions which will
produce imperfect thermal contact between the oscillatinga@yaels and the porous
medium. The porous medium with such a configuration is usually named a stack
Figure 2.5b shows an example of stddkat exchangers add to the sides of the stack
to supply and extract heat to and from the stack to maintain a tlemggerature

difference across the stack.

13
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Figure 2-5: a) Acoustic pressure and velocity as a function of the position in a
resonator having both sides closbylexample o& stack Bhansali (2009)

Following a gas parcel oscillating between the stack plates the displacement and
pressure are in phase. Figure 2.6 shows the four stage working principles of the
standing wave engine. To simplify the explanation, the movement at the far end of the
oscillaion will be neglected. At first, the parcel will move from the hot side towards

the cold side (AYB) which has | ower | oca
cool down. When the parcel reaches the |
lowest bcal pressure and the stack wall temperature is lower than that of the parcel.

The temperature difference will lead to heat being transferred from the gas parcel to

the stackd . After that, the gas parcel moves to the left to the higher local pressure
aea (CYD), which c¢aus eupofdhe gas papcel.&isadly, on a
when the gas is in the | eftmost positior
than the parcel; the temperature difference will lead to heat being transferred from the

stck wallstothe gasparcél. Then the cycle will start

14
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Figure 2-6: Simplified thermoacoustic effect in a standing wave thermoacoustic
engine showing the schematic diagram anctfodic thermodynamics of the gas
parcel inside the stack.

The temperature location is shown in Figure 2.7a. It summarizes the information of
the temperature of the gas parcel and links it to the stack wall temperature. This graph
illustrates the importancef weak/imperfect thermal contact between the gas parcel
and the stack walls. The main reason is that high thermal contact will lead to high heat
transfer and the gas parcel will tkabe stack wall temperature and this will shift the
expansion and coraction time phasing. At such phasing, the relation between the
pressure and the volume, shown in Figure 2.7b, lmdtomelinear instead ofin
ellipse which leads to no work gaith On the other hand, if the thermal contact is too
weak, very low heawvill betransferred between the stack walls and the gas parcel
when the parcel reverses directidme thermal contact between the gas parcel and
the stack channel walls must be imperfect. The way to achieve that is to apply a plate
15



spacing which serves to addoo weak or too strong a thermal contact. The successful

plate spacing is a few .

e | Do&s.
g & A\
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(@) (b)

Figure 2-7: Standing wave engine processes showing a parcel of gas oscillating
inside a stack channel: (a) Temperaiposition diagram (b) Pressuvelume
diagram (Swift, 2002).

The above issues illustrate the amplification of the sound wave in the standing wave
thermoacoustic engine. There will be some gas parcels that are not in perfect contact
with the stack wallsind arasolated from the heat transfer process, therefore, the gas
parcel will not transfer heat instantaneously. The gradual/delayed heat transfer will
lead to the oval shaped relation between the pressure and temperature shown in Figure
2.7. In other wads, the additional heating of the gas parcel which happens in the
process DYA in Figure 2.6 will force th
cooling after the expansion stage BYC w
maintain the oscillation abe additional heating and the expansion will send the gas
parcel to the cold side and the additional cooling and the compression will send it back
to the hot side. The imperfect thermal contact between the gas parcel and the stack
walls leads to heat trafer over finite temperature differences and this is considered
to be an irreversible process. This irreversible process leads to limiting the conversion

efficiency of thermal to acoustic power.

2.4.2 Principles of travellingwave thermoacoustic engine

Unlike standing wave thermoacoustic engines, travelling wave thermoacoustic
engines act as an amplifier; this requires that some acoustic power has to be fed to the
porous medium to be amplified there by temperature difference.
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The main components of the teddng wave engine are the same as those of the
standing wave engirexcept for theesonance tube configuration. The resonance tube

of the travelling wave engine should be looped unlike the closed tube of the standing
wave engingto allow the wave to treel through it.The prous mediunfor this kind

of enginehas a very high thermal contact with the gas and is catlegenerator. This

high thermal contachiftsthe phase between the pressuaeeand velocitywave so

asto be zergroducing gure traelling wave. The high thermal contact will also lead

to anidentical temperature distribution of the oscillatory gas and regenerator wall
temperature as shown in Figure 2.8. This means that the heat transfer between the gas
and regenerator walls is a resible processand hence it has a higher efficiency than

the standing wave engine which has some irreversibility.

(b)

Pressure

Temperature

Location of the parcel Volume of the parcel

Figure 2-8: Travelling wave engine processes showing a parcel of gas oscillating

inside a regenerator channel: (a) Tempergbastion diagram (b) Pressuvelume
diagram(Swift, 2002)

The high thermal contact of the regenerator is maintained by using a higly densit
porous materialwith high porosity. Swift (2002) has illustrated that the thermal
penetration depth and the viscous penetration depthof a gas parcel oscillation
within the regenerator should bégherthan the hydraulic radius . The hydradut
radius is the ratio of the crosgctional area of a regenerator channel to its perimeter

and also could be thought of as the ratio of gas volume to theofildscontact area.

Yu et.al (2005), showed that the ratio of %he i can be controlled byhe

regenerator porosity selection anagshewedhat travelling wave engisean achieve

their best performance when this ratio is withiid.4
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Figure 2-9: The simplified thermoacoustic effect irtravelling wave
thermoacoustic engine showing the schematic diagram and the cyclic
thermodynamics of the gas parcel inside the stack.

Ceperley (1979) was the first to realize that the phasing between the pressure and
velocity of the travelling wave is trsame as the phasing of the Stirling engine. Since
then travelling wave engines have been known as the Stirling thermoacoustic engine.
A qualitative understanding of a travelling wave engine can be obtained by following

a gas parcel oscillating through therous medium, as presented previously for the
standing waveengine Figure 2.9 shows the gas parcel oscillating witthe
regenerator and links it to the Stirling cycle. The cycle started when the gas parcel
was compressed at a uniform temperafifgl Y 2 ) . Then the gas
towards the higher local pressure from the cold Sfde the hot sidéY at a constant

volume absorbing head ( 2 Y3) . Then the gas parcel

1
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temperature after (3Y4). Finally, t he
releasingthehedt at a constant volume (4Y1).

2.5 Linear Thermoacoustic Theory

The linear thermoacoustic theamasdeveloped by Rott (1969, 1973, 1975, 1976 and
1985. It is valid for both engines and refrigerators, the only difference is the
temperature gradient across the porous medium. Aetatt. (1991) reviewed and
presented simplified expressions for temperature, density, particle velocity, heat flow
and workflow, within the porous medium, heat exchangers and fine tubes having non
uniform crosssectional geometry. He developed a paramé&temhich is a function

of frequency, pore geometry, and gas properties.

There are some assumptions to be consideredsnhéory. Firstly, the working gas
oscillating inside the porous medium of the thermoacoustic core is considered to be
within a single pore or channel. This pore is, by definition, narrow and has infinite
length. The gas oscillates longitudinally withinstipore which will be considered as

the xdirection. The other directions which are theand z directions follow the
Cartesian caprdination notations. The porous medium channel wall temperature is a
function of x and the channel wall has high thermal a@ly to maintain its
temperature. Finally, all temperature gradient variables are functionanaf all the

acoustic variables are in harmony with the frequency.

Starting from Arnotet al.(1991) expressions of pressure, velocity, temperature,

entropy ad density:

nad 1/ [ oQ é . . 2. 11
O afrhd 0 a0 ol Q é. . 2.12
Yohuhod Y o Y ahuha Q é. . 2.13
i ool | o 0 b Q é. . 2. 14
"o T o 7 aud Q é . . 2.15
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The subscript® and1 indicate the mean and amplitude values. The compopents
and 0 in velocity expression represent the transverse and longitudinal edocit
respectively. As the local temperature is a function of position, the
temperaturalependent parameters density, viscosity, thermal conductivity, speed of

sound and the coefficient of thermal expansion are functions of position.

Arnott et al. (1991) ued these expressions to expand and reduce the order of the

momentum equation, continuity equation and energy equation. He started from:

" — B0 np ‘n O é.. 2.16
— 18”0 m é. . 2.17
— — " ng8” h— Q  on'y 68 6. . 2.18

And the results showed as:

Qo — ‘10 é.. 2.19
qQr — "0 "n O ™ €. . 2.20
oY e — QY ony é.. 2.21
where the operators andn aren —w —atandn — — | and the

thermal expansion coefficientfis — —

To identify the transverse velocity profile in a pore, the x component of the velocity

in Equation (2.19) is taken to be:

0 ——"Ouhn é. . 2.22

Here_ ¢i —and Fis a boundary condition which is zero at the walls. At any

point far from the wall within a few thermal penetration depths, F must satisfy:
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"Ouhon. — nodhoh. p é. . 2.

An algebraic rearrangement and thermodynamic rela@wasappliedto Equation

23

(2.21) to present a transverse temperature profile in a pore. Substituting Equation

(2.22) irto Equation (2.21) andsing— ——, wher¢ is the specific heat ratio

and a is the speed of sound, result

= xj
¢

Y — nvy i — 6..2.24

Assume that the temperature profi¥ecan be written as

~

"Y Oc¢oh —1f ™Odaih hh ——— é. . 2 .

here_ isthe thermal disturbance number, ¢i ——
Equation 2.25 can be split into:

0 — n'o p 6. . 2.

"0 — n'0 Ocdfifn é . . 2 .

The boundargondition of Ti= 0 implies that G= 0 = G, on the pore wall. Equation
(2.26) could be solved to be:

'O "Ouhgh_ é . . 2 .
And Equation (2.27)auld be solved to be:

“ hh hh ,
O e . . 2.

where, is the Prandtl number of the gas. The temperature profile could be written as:

Y —0dfoh 1 hf AL i— 6. . 2.3
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Starting from the time average total energy flow equation:

Ow Lw Ow U W é. . 2. 31

All components of this equation are time averaged, wherd ieeghe heat flow and

theOis the acoustic power.

The time averaged heat flaivcould be written as:

0 —YQ. "QLY "0/ QOQ® é . . 2.32
The time averaged acoustic pov@could be written as:

O —YQ uNQwQw e . . 2.33
andthe time average conductive heat flowdes0

0 O0Y O 6 0"Y é . . 2. 34

whereA represents the total porous medium cresstional aredo is the solidcross

sectional are& is the thermal conductivity of the solid aK¢lis the gas conductivity.

Substituting Equations 2.22 & 2.3Garthework and heat flow equations will produce

dimensionless equations:

0O —— O4———n _ —04—— é . . 2. 35
and
O —04———q é . . 2. 36

Arnott et al. (1991) and Swift (2002) suggted many expressions for the function F

for many pore geometries.

2.6 Mass Streaming in Thermoacoustic Devices

The term fistreamingo is widely used in t
flux velocity in one direction. This is usually expredses a second order oscillation
22



superimposed on the main fuastder oscillating acoustic ma#isix velocity. The gas
parcels in oscillatory flow with streaming do not travel the same distance in oscillation
direction. A weltknown mechanism for the origiof streaming in thermoacoustic
devices is the effect of the viscosity and friction. A gas parcel oscillating at a distance
of a thermal penetration depth from the wall will be oscillating at varying temperatures
because of the thermal contact with thelveald phasing between the oscillatory
pressure and motion. This means that the gas parcel will experience various amounts
of viscous drag as the viscosity depends on the temperature. In the presence of

streaming, a gas parcel in oscillatory flow does gtirn to its initial starting point.

Generally, there are four known types of undesirable streaming as presented by Swift
(2002), see Figure 2.10. Figure 2.10a and b show the time averaged toroidal streaming
which takes place inside thehermal Buffer Tube (TBT). The first one is called

ARayl eigh streamingod which is caused by
i s -didiexen streamingod which is caused by
end on thehermal buffer tube (TBT), shown in figei2.10 Figures 2.10c and dhow

the streaming driven by the regenerator
averaged streaming with the oscillating direction happening in annular travelling
wave devices, and Ai nt softhepdrousnediBhese ngo W

four types will be explained in the next sections.

(a) (b) (c) (d)
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Figure 2-10: Sketches of streaming: (a) Rayleigh streaming (bjideén streaming
(c) Gedeorstreaming (d) streaming within the regenerator or stack (Swift, 2002)

Streaming could be desirable and have an advantage if it is employed in a way which
improves heat transfeStreamingcould be achieved by applying a steady flow

parallel or perpendical to the direction of oscillation, as shown in Figure 2.1® Th
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flow can transfer heat in a second oremnerand hence could be treatedaa®rm

of streaming.

I

N\ ==

v W

Figure 2-11: Desirable mass streaming: (a) flow parallel to the oscillating flow (b)
flow perpendicular to the oscillatory flow, (Swift, 2002).

2.6.1 Gedeon streaming

This type of streaming can exist in toroidal devices only. The reason is that it
encourages a steaflpw to circulate along a toroidal tube. In ntoroidal devices,

there is no Gedeon streaming as it would lead to accumulation/depletion on one side
unlike the toroidal devices where there is a chance of steady flow. Gedeon (1997)
explained it as mass floin the Stirling engine and pulse tube coaolers with a
closed loop which leads to tiraveraged convection enthalpy flux from the hot to the
cold side. This phenomenon wastes heat in a thermoacoustic engine by removing heat
from the hot side to the dment without generating acoustic power. In a
thermoacoustic refrigerator, it adds cooling load to the cold side by transferring heat
from the ambient side. The devices suffering from azeno mass flow through the
porous medium will show a neimiform temperature distribution within the porous

medium.

Many researchers (Wilcox, 2014, Swift 2003, Tijani 2012) summarized that this kind
of streaming can be suppressed either by placing a latex membrane or applying a flow
resistance by use of a jet pump. Taek or elastic membrane will be transparent to

the acoustic power whilé is not to thesecond order mass flow, am@ncewill
eliminate the steady mass flow rate. A jet pump is the other effective way to suppress

Gedeon streaming, see Figure 2.12. fili@és a flow resistance in one flow direction
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more than the other by applying a small pressure drop, as presented by Backhaus and
Swift, 2000; Backhaus and Swift, 2003. This amount of pressure drop will create a
backpressure in the loop eliminating theeonreated within the regenerator limit.
Despite the above mentioned techniques being able to eliminate the streaming as heat

wasting phenomae, it wasreported that they dissipate acoustic power.
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Figure 2-12: Schematic diagram of a jet pump (Backhaus and Swift, 2000).

2.6.2 Rayleigh streaming

The thermal buffer tube acts as a thermal insulator. It insulates the hot heat exchanger
in the engine and the cold heat exchanger in the refrigerator from the tést of
system. Theoretically, gas in the TBT acts as an insulator by transmitting the pressure
and velocity oscillations from one end to the other. In fact, convection may carry some
heat load to or from the heat exchanger. This may waste heat from theatot h
exchanger in an engine or add a heat load to the cold heat exchanger in the refrigerator.
Rayleigh streaming can be encouraged by the forced convection in the TBT driven by
the viscous and thermal boundary layer at the side walls of the TBT (Swig).200
Poor flow straightening at either end of the TBT may encouragealayen streaming

which will enforce the Rayleigh streaming.

Swift (2002) presented an effective way to imagine this phenomgnfollowing an
oscillating gas parcel as shown in Figw2.13. Figure 2.13a shows a gas parcel
oscillating up and down near the wall of a uniform cresstion TBT at a distance
smaller than viscous penetration depth. The oscillating gas parcel temperature during
the downward motion is different to that okthpward motion, due to the imperfect

thermal contact between the parcel and the wall. As a result, the gas parcel will
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experience a different amount of viscous drag and hence it will fail to travel the same

distance back to the original position.

It is expressed that tapering the TBT will eliminate the Rayleigh streaming. In the
tapered TBT, the gas parcel will undergo the same procedure mentioned above, as can
be seen in Figure 2.13lm general, a gas parcel close to the wall will be farther from

the wal during, say, its upward motion than during its downward motion. Hence, the
moving parcel will experience amount of viscous drag during its upward and
downward motion, and so the parcel will fail to return to its starting point after a full
cycle. The corhination of the Rayleigh streaming and tapering the TBT lead to equal

motion upward and downward.

(b)

Osm]latnry motion

%T Net

«—5, —»

Figure 2-13: The net draft near the wall which causes Rayleigh streaming: (a)
near a vertical wall (b) inatied wall, (Swift, 2002).

2.6.3 Jetdriven streaming

Jet driven streaming is a tiraeraged convection which occurs when a viscous fluid
oscillates through a crosection change or small channels. Figure 2.14 shows an
example of jet driven streaming as@all channel or an orifice. As the ratio of the
crosssection of the space to the cregstion of the orifice is high, the orifice is
considered to be connected to an infinite open space. In oscillatory flow, the gas
experiences ejection and suction.the ejection period, the viscous gas leaves the
orifice in straight jet streamlines, and hence the fluid will lose a share of its kinetic
energy due to downstream turbulence. The turbulence is causegtlbgnition from

high speed regio through the chanel to the low speed channel through the open
space. In contrast, the gas flows smoothly inside the orifice in the suction period from

all directions. This will add some flow resistance caused by the edges of the orifice
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entrance. Therefore, rounding tbefice edge by increasing the edge radius will

decrease the section flow resistance (Swift, 2002).

Figure 2-14: Oscillatory flow at a small orifice to an open space: (a) ejection (b)
suction, (Swift, 2002)

2.6.4 Streaming within a regenerator or stack

So et al (2006) clarified a streaming which happens within the regenerator in travelling
wave refrigeratordgp whicht he engi neds regenerators ar
is made out of stacking woveneshes of circular wires, this produces a-hoear

flow resistance which makes the oscillatory flow interact with the steady flow. The
value of the flow resistance depends on the local temperature. The mean temperature
across the regenerator has a sumtigturbance, and hence the regenerator has different
flow resistance which leads to streaming flows in different regions of the regenerators,
as shown in Figur@.15. The streaming solution assumeédegion (A) has a local
temperature hotter than it shdube and another regiolVj at a transverse distance
which is cooler than it should be. Heat will be moved from region A to region B
through some consequences of conduction and total energy flow. All the studied cases
showed that the steady mass flovaiways directed from alto Tw. In engines, the

heat flows from region A to regiow/ which eliminates the temperature disturbance

and leads to stability of the engines for this type of streaming. In contrast, the
refrigerators suffer from this streamingtae heat flows from region A to regioi

and hence the temperature disturbance will be reinforced by the natural heat flux.
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Figure 2-15: Schematic drawing of an internal streaming flow in a regenerator (So
et al, 2006).

2.7 Development Review of TravellingNVave Thermoacoustics

Engines
Over the past three decades, the interest in thermoacoustic engines has encouraged
lots of researches globally to investigate further. In this review, only travelling wave
thermoacoustic engines will be presented as it is the area of interest of this research.
These engines could be classified as per the resonator configuration: torus and looped
tube engine. The looped tube could be classified as a singular andstaggi
themoacoustic engine. The detailed literature reviews will follow on the torus
thermoacoustic engineSéction2.7.1), looped tube thermoacoustic engirgecion
2.7.2) and the mukstage thermoacoustic engirge€tion2.7.3).

Inthis review, the performance of the engines will be evaluated based on the generated
electricity and three efficiencies; thermaielectric, thermato-acoustic and fraction

to Carnot efficiency. The therm#d-electric or total energy is the ratio ofeth
generated electricity and supplied heat. Some engines dé&saquatstic power bgn
acousticload, and hence, the total efficiency is the ratio of the acoustic power
dissipated to the supplied heat. The thertoacoustic or acoustic efficiency is the

ratio of the generated acoustic power to the supplied heat. Finally, the fraction to
Carnotefficiencyis the ratio of the acoustic efficiency to the Carnot efficiefitye

Carnot efficiency is calculated by using the hot and ambient side temperatuges usin

the formula € zpmmp
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2.7.1 Torus thermoacoustic engines

The torus configuration of a thermoacoustic engine conaikiep (containing the
thermodynamic section and the acoustic network) andtthehtresonator. Altthe
thermoacoustic engingarts are shown in Figure 2.16. The thermodynamic section
consists of the regenerator, three heat exatrarand a thermal buffer tubehie the
acoustic network consists of the feedback inertance and compliance. The oscillating
wavein these two sections is in travelling wave mode. The total length of these two
sections is a fraction ofmavelengthand hence they are connected to a long standing
wave resonatorto set the acoustic oscillating frequency. The resonator which is
normally a quartetwavelengthis connected to the loop to form the engine.

The first successful attempt to build a travellimgve torus thermoacoustic engine
was made by Backhaus and Swift (1999, 2000). The main task of this engine was to
generate acoustic powesut of heat. The engine was designed to have the
thermoacoustic core placed in a loop tube which is connected to a guarédength
resonator pipe, as shown in Figure 2.16. The thermoacoustic core retained all the
components of the travelling wave coamd the working gas was helium at 30 bar.

At the highest efficiency run, the engine delivered 710 W of acoustic power to the
resonator at an efficiency of 0.3 which is equivalent to 41% of the Carnot efficiency.
The generated acoustic power was dissip#teaugh the resonator and a variable
acoustic load connected to the resonator. The maximum acoustic gelvered to

the resonatoof 890 W achieved at an efficiency of 0.22. Thias achieved by
applying some improvements. The torus loop which contaamghermoacoustic core
madethe loopmuch shorter thrmonewavelength. The shorter loop led to a relatively

low surface area, and hence low losses due to viscous drag and thermal hysteresis at
the walls. The design of the feedback loop of the acoudiionie served to maintain

the travelling wave phase difference between the pressure and velocity, by using an
inertancecompliancesectionprior to the thermoacoustic core. Gedeon streaming was
supressed by applying a jet pump placed prior to the ambignéxehanger as shown

in Figure 2.16, Rayleigh streamimgassupressed by tapering the thermal buffer tube,
and a flow straightenavasplaced at the end of the thermal buffer tube to reduce jet

streaming.
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Figure 2-16: Scale drawing of the thermoacoustic engine showing all the parts,
(Swift, 2000)

Backhauset al. (2004) continuedmatching a thermoacoustic engine tolinear
alternator to generate electricity out of the acoustic power produced. He presented his
electricity generator to be used aboard a spacecraft. This engine retained the same
configuration, however, the mean pressure increased to 55H®engine ra at a
frequency 120 HzAt the most efficient run, the engine generated 39 W of electricity
at a total efficiency (generated electricity W/heating power W) of 18%. The maximum

generated power of 58 Wasrecorded at a total efficiency of 15%.

Meanwhile,a thermoacoustic engiveasdeveloped at Nagoya University in Japan.
A Pyrex enginavasfabricated (shown in Figure 2.17) to study travelling wave device
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characteristics and the possibility of combining a thermoacoustic cooler core with the
engine core ine loop and generate coolidgrun at 41 Hz frequencyedaet al.

(2002) summarized that the engine achieved higher efficiency at a phase difference
between the velocity and pressure of the acoustic wave at the regenerafbOag
rather than thetr&v/l | i ng wave phasing of O0e recomt
(2000). Biwaet al. (2002) developed a torus engine with ceramic stack as a porous
medium. This engine produced 70 mW of acoustic pawer frequency of 274 Hz

however, the main achievement whe success in the transition from the standing

wave to travelling wave mode. Uedtal. (2004) continued and improved this work

to generate higher acoustic power and to generate cooling by placing another
thermoacoustic core (regenerator based) as apuap to dissipate the acoustic

power. The heat pump cowasplaced in the engine loop. The heat pump reaehed
25eC and a cooling power of 11 Wtaht 0eC
(2010) continued to work in another Japanese university (Tobolkeersity) on a

very similar deviceTheystudied the critical temperature ratio across the regenerator

(hot side (K)/cold side (K))at an oscillation frequency of 31 Hzheyconcluded that

installing more regenerators in the loop will reduce thecalitiemperature ratio, as

They managed to reduce the ratio from 1.76 (one regenerator) to 1.19 by installing

five regenerators.

Looped tube

...................

Heat exchanger T
(a) / Tank Regeneratogr K
Heat exchanger Ty

Opén end Res:Enator Resonator junction

(x=-1.04 m) (x=0, 1.18 m)

Figure 2-17: A schematic diagram of Ueda et al. (2002) thermoacoustic engine.

In the Chinese Academy of Sciences, there was a potential interest in thermoacoustic

torus engines. Luetal.( 2005 and 2006) developed Bac
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thermoacoustic engine by changing the resonator shape. The previous resonator had
a uniformcrosssection, while the improved one was tapered. Figure 2.18a shows a
simplified schematic drawing of Lumt @006 and 2006) enginehich oscillates

at a frequency of 87 HFor the same loop running at the same frequency, the engine
generated higher acoustic power at higher efficiency. To measure and dissipate the
generated acoustic power, aroustidoadwasconnected close to the loopsonator

tee. Theacoustic R-C, resistancecomplience)load consisted of a needle and
reservoir. Using pressurized helium3& baras a working pressure, the engine with

a tapered resonator generated 200 W of acoustic power as compared to 160 W
generated with a uniform croesection resoator. The tapered resonator helped to
reduce the nofinear dissipation losses compdrto the uniform crossection
resonator. Later, Luet al. (2008) replaced thacoustidoad with a linear alternator,

as shown in Figure 2.18b. The importance of thasphdifference (velocity and
pressure) at the linear alternateas highlighted in addition to its value at the
regenerator. The engine was filled with helium at 2.5 MPA. It was found that the
engine was capable of generating 100 W of electricity out 5® 28 heat input. Wu

et al.(2011) improved this work to increase the power output and identify the coupling
law of the linear alternator by means of acoustic impedanceaiA of linear
alternatorswere connected in opposite directions at the tee (the exion point
between the loop and resonator). The working fluid was helium at 3.54aviedhe
working frequency was 74 HA maximum thermal to electrical efficiency of 15.03%

was measured at a 450.9 W generated electricity, and the maximum electricity

produced was 481.0V at 12.65% thermal to electrical efficiency.
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Leo et al. (2008)
Wu et al. (2014a) pushed the electricity generation to reach one kilowatt. A new
enginewasbuilt retaining the same configuration, but with slightly larger dimensions,
more powerful linear alternators and the helium mean pressure was 4.0TM@a.
working frequery was decreased in the experiments fronHZ4to 64Hz. The
highest recorded electricity of 1043 Wasgenerated at 17.7% thermal to electrical
efficiency and the highest efficiency was 19.8% at 970 W of electricity. All the
engines described above usddctrical heaters as a heat source, unlike atval.
(2012). In this work, a solar dish collectwasused to heat the hot heat exchanger as
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shown in Figure 29. The newly built engine followed the same configuration and
used the resonator (4.3 m) a®agd carrier, as shown in Figure 2.The interesting
solar dish collector consists of 144 mirror units andnatsacking unit. The total solar
collector area is 13 frand it focuses the reflectimnto al5 cn? area. A pocboiler

type heat receivavasused at the heat receiver to maintain a uniform temperature at
the hot heat exchanger, which utilizes sodium as an intermediate heat transfer fluid.
Two fancoil unitswereused for the cooling of the ambient heat exchanger coolant.
As was the case witlhé¢ previous engines, heliwvasused as the working mediym
pressurized at 3.5 MPa. The engwas tested first using electrical heaters, it
generated 481 W of electricity at 15.0% thenrtaatlectrical efficiency. However, it
generated 200 W due to sotailector issues.

Figure 2-19: Photograph of the solgmowered engine of Wet al. (2012).

Another contribution from this group is their efforts in thermoacoustichilyen
refrigerators. Unlike the previously presented device of léedh(2003) who placed

the refrigerator core inside the engine loop, lea@l. (2006) and Yuwet al. (2011)

placed the refrigerator core in a branch near the tee (between the loop and the
resonator). Both devices used heliun3@tbaras the working gas. Luet al. (2006)
attached a full loop to the branch. He expressed his coupling strategy by following

gas parcel through an ideal PV diagraaa shown in figure 2.2Firstly, the whole
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system could be understood as a series of gas parcels acting as pistons delivering
power to one another, and the PV diagram could be understood in the same way as
the Sirling cycle. The PV diagram of the engine/prime mover is a clockwise closed
area, which means heat is converted to mechanical work, in other words, it is
generating acoustic power. The PV diagram of the refrigerator/cooler forms a eounter
clockwise closedrea, which means that it is consuming work and hence dissipating
acoustic power. The experimental investigations showed that a combined system at
this configuration generated cooling at
cool i ng poWeVNuehal (2011) itngrovdd this work by replacing the
refrigerator loop with a caxial one with some advanced design features. The
compactness of the refrigerator has been served by rounding the thermal buffer tube
(which is a group of ten tubes) arauthe core to reduce the dead volume and the
inertance is imbedded into the compliance cavity. The Gedeon streaming in the
refrigerator was successfully suppressed by a loaded memAtanrequency of 57

Hz,he highest cool i ng optaavmefficientof periohansea s 4 6
of 0.216 and itdroppedto340W-#0e C | eaving the total <co
at 0.16.
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Figure 2-20: PV diagram of the thermoacoustically driven refrigerétao et al.,
2006)

Not so far from the previous group, there were some researchers working on
developing a torus travelling wave thermoacoustic engine in Zhejiang University in
China. Qiuet al. (2003) and Suret al. (2005) presented their nitrogditied torus

travelling wave engine which aimed to drive a pulse tube refrigerator. Their torus

thermoacoustic engine is very similar to the engines built by Backhaus and Swift
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(2000). Thestartonset and damping behaviouerestudied. The experiments showed

the effect of the filling pressure and heating power on the drive satibthe heating
temperature at 12armean pressurand the operation frequency was steady at 25 Hz
Sun et al. (2013) theoretically studied theowpling mechanism between the
thermoacoustic engine and the linear alternator by means of mechanical and electrical
resonance and their effect on electricity generation and total efficiency. The travelling
wave engine of the previous research evolved higlmay a pair of linear alternators
with a variableacousticload and using helium at 3@ar as the working gas. The
theoretical and experimental results confirmed that the mechanical and electrical
resonance is crucial for productivity and efficiencylw €ngine and linear alternator.

At the most efficient run of the engine it generated 321.8 W of electricity at 12.33%
thermalto-electrical efficiency, and the highest generated electricity was 345.3 W at
9.34% efficiency. Wangt al. (2015) built their ew engine which was matched to a
pair of linear alternators with a larger swept volume and appropriate acoustic
impedance whicklvasstudied in depth. Detailed study reswesrepresented atalues

of many operational parameters.

A remarkable guantitativetudy of the acoustic lossegs presented as shown in
Figure 2.21. It shows that the greatest share of losses occurred in the resonator and
this sharencreased directly with the pressure amplitude. Using pressurized helium at
24.8 bar as the working gaghe engine generated 473.6 W of electricity at 14.5%
heatto-electric efficiency. Comparing the two 500 W class thermoacoustic engines
of Wanget al.(2015) and Wt al.(2011), the two are very similar in configuration,
andworking temperatures, and hobhaveused helium as the working gdmwever,
Wanget al.(2015) enginé gn at a higher efficiency despite the mean predsing

30% lower.
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Figure 2-21: Dissipation distributions at variable loegsistance when the heating
temperature is 650 C at 2.48 MPa, (Wanhgl, 2015)

Recently, Wanget al. (2016a) presented a matching focused research. This research
targeted better matching by optimizing/modulating the acoustic impedance of the
engine andhe alternators. The maximum electric power of 750.4 W was achieved at
16.3% thermato-electric efficiency. Wanget al. (2016b) continued his matching
focused work and studied connecting the linear alternators to the loop instead of the
resonator. As themaginary part of load acoustic impedance should be close to zero
in any location, it was found that the real part of the load acoustic impedance is higher
at the resonator and hence it can generate higher electricity. The electric power and
the thermato-electrical efficiencywerereduced to 506.4 W and 14.6%, respectively,

when the linear alternatoveere connected to the loop.

In The Netherlands, Tijareit al.studied the acoustic field in torus configuration. Their
thermoacoustic engine was connected to an acoustic load to dissipate the generated
acoustic power. Tijanet al. (2008) presented the design and some performance
measurements of the studyne engie issimilar to the Backhaut al.(2004) engine.
It uses cartridge heaters as heat source and helium at 40 bar as the working gas. It
generated 190 W of acoustic power at a thettimalcoustic efficiency of 22.5%. The
fraction to Carnot efficiency (acotis efficiency divided by the Carnot efficiency)
wascalculated to be 36%. Tijani and Spoelstra (2011) developed a new engine (which
is similar to Backhaus and Swift, 2000) aiming to achieve higher efficiency.
Compared to the previous engine, the heluas at a higher mean pressure of 40 bar
at working frequency of 150 Hand some design improvemehtedbeen made. The
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heat exchangers provide higher thermal contact area to the working gas and the
regenerator ltha smaller hydraulic radius, providingetter thermal contact. The
acoustic networkvasdesigned carefully to provide an appropriate phasing condition

in the generator. In addition to the elastic membrane (supressing Gedeon streaming),
flow straightenersvereplaced in the thermal buffer tube $appress jestreaming.

This engine ran at the highest recorded
knowledge) of 49%. At the most efficient point, it generated 280 W of acoustic power

at a thermato-acoustic efficiency of 32%. Tijani and Spstea (2012) combined a

heat pumpwith the engine to generate high temperature cooling out of the produced
acoustic power. A step towards a better presentation of a thermoacoustic device, this
deviceoperatedising hot air instead of electrical heaterse &irwas blown by an air

gun and heated by electrical heaters to simulate the flue gases of a gas burner. The
heat pump ugkthe acoustic power generated by the engine to lift heat from a low
temperature source at 10eC toor a8 OkeiCg h Tth
thermoacoustic engine and heat pungoe coupled by the resonator. At a fraction to
Carnot efficiency of 40%, the heat pump genetateoolingpowerof 250W at 6|
hot side temperature and 200 W orfon,cool i
Tijani and Spoelstra (2013) tested the engine separately using hot air as the heat source
instead of electrical heaters. The hot pieces; regenerator holder, hot heat exchanger
and thermal buffer tubwvere manufactured out of a single high temperatsiee|

block to avoidgasleaks at high temperature. A fifin crossflow hot heat exchanger
wasdesigned to exchange 2 kW of heat from the hot air to the helium at a minimal
pressure drop. Comparing to Tijani and Spoelstra (2012) who used electriced,heate

this engine showed a drop in fraction to Carnot efficiebmy#1% when generating

300 W of acoustic poweat a working frequency of 120 Hz

2.7.2 Looped tube thermoacoustic engines

The first looped tube thermoacoustic engives presented by Yazalkit al. (1998).

The new configuration of travelling wave engine was a one wavelength loop which

contained the thermoacoustic core at a specific location, as shown in Figure 2.22.
Yazakiet al.(1998) designed and built their air filled engine to study the spontaneous

gas oscillations of a travelling wave. The experimental results showed that the

travelling waveengineacts as an acoustic amplifier and it outperformed the standing
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wave enginestdhe same frequency amévelength The other main observation was

that the onset temperature of the travelling wave engines is lower than that of the
standing wave engiseA stackwasused as a porous medium in this engine, however,

it wasproposed to se a regenerator in travelling wave engines to enhance the heat
transfer between the gas parcel and porous medium. The low efficiency of this engine
was discovered to be caused by low acoustic impedance. Yarzali (2002
continued this work and combitighe engine with a thermoacoustic cooler. The
working gaswas changed to helium. The position and length of the shaded
refrigerator coravasinvestigated experimentally aiming for the lowest refrigerating
temperature. The combined devigastested aivarious mean pressures using helium
and a mixture of Helium and Argonas working gas. lwas concluded that the
combined device performed better at lower mean pressure and with a mixture of
helium and argon, as these two can provide better heat tranttierthermoacoustic

core of large pores used in this device. The lowest cooling temperature achieved was

-2 7 ea€240 Hz working frequency
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Figure 2-22. Schematic of experimental looped tube thermoacoustic engine, Yazaki
et al.(1998)

The encouraging results of Yazakial.(1998,2002 attracted the interest of Japanese
researchers from Doshisha University. Sakaneital. (2004) and Sakamoto and

Watanale (2004) built a combined device (engine and refrigerator as shown in Figure
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2.23) having a loop longer than Yazaki (1999), and hence it ran at a lower frequency.
They noticed thiathe oscillation startip time of a mixture of air and helium as
working medum was half that for air. The effect of the heating powevas
investigated to study the effect of the heating power on the cooling effect. The heating
power was found to directly affect the cooling power and the cooling onset time. The
results failed to reet the success of Yazaki (1999) as the lower temperature was about
6. 5eC at a temperatur e rthedmalotrefrigeratiorn f 16
efficiency of this device was 0.13% when air was used as the working medium, and
1.5% with helium. Sakamotet al. (2004) continued the study by investigating the
effect of some design and operational parameters on the resonance frequency. The
experiments confirmed that increasing the tube length dectdhe resonance
frequency. The inner mean pressure does show a significant effect on the
resonance frequency. Was concluded that the thickness of the boundary layer is
smaller than the stack channel radius, to prevent viscosity from obstructing the energy

conversion and sound amplification.
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Figure 2-23: Schematic drawing of the combined thermoacoustic device of
Sakamotcet al.(2004)

Kitadani et al. (2010) investigated the electricity generation from a looped tube
engine. A loudspeakavas connectedithin the loopto convert the acoustic power

to electricity andwas placed at the end of a branch optimised to be a quarter
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wavelength. The branch teeslocated at a high sound pressure locatrarmally

call ed the dApr essur efsaumdamplificdtiencon theTphase d e p «
difference between the acoustic pressure and velwehighlighted here, andwas

clarified that there are not many controlling parameters to adjust the phase difference.
The engine generatel.1 W of electricity oubf only 330 W input heat, leaving the
thermaito-electrical efficiency to be 0.3%. The idea of the brawalsadopted and

tested in the cooler again. Comgato the location of Sakamotti al.(2004) shown

in Figure 2.3, the cooling corevasplaced in éranch and at a position in the loop

after the branch. Placing the cooler in the branch increased the temperature reduction
to 25eC.

Sakamoto et al. (2012) and Sakamoto et al. (2008) proposed a phase adjuster
mechanism to improve the thermtatacoustic onversion. The proposed phase
adjustment is a thick tube inserted to reduce the internal diameter of the loop tube at
a certain locationThe phase adjuster is a sudden reduction of the inner diameter of
the tube.The experiments showed an improvementh@ ¢€nergy conversion from

heat to acoustigpower. In Sakamote@t al.(2008) a three phase adjuster inner diameter
wasstudied and the change in sound pressure, velocity, and phase difference between
sound pressure and patrticle velocity, as it led to higher acoustic intensity. Sakamoto
and Watanabe (2011, 2013) tested the looped tube combined system to act as heater
instead of cooler. The difference between thermoacoustically driven cooler and heater
is the location of the reference temperature section at the heat pump being reversed.
In this experiment, an electric heatesisused to amplify acoustic power through the
sydem which converts back through the second stack to heat. In experiments, a
t hermoacoustic heatwastegcheade mper ature of 1C

In the United Kingdom there is group of researchers supervised by Professor Artur
Jaworski who have constructed looped tuleeices and presented a remarkable
contribution in this ared.hey have startettheir work at the University of Manchester

and then they moved to the University of Leicester and ith@veto the University

of Leeds.Yu et al.(2009, 2010a) proposed tlfeped tube thermoacoustic electricity
generator for remote and rural areas. The engasxonstructed from commercially
available materials targeting a lesost product, as shown in Figure 2.2 low-cost
loudspeakewasconnected along the loop to conviiie acoustic power to electricity.
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Electrical heatersvereinstalledin the hot heat exchangty simulate the heat of a
burner. A bl i n dvasinmodueed tdlaeleng@edoo@tactias a phdse
adjuster to help in tuning the impedancetchang between the alternator and
thermoacoustic engine, shown in Figure52.Zhe working frequency was 75 Hz.

The experimental results were lower than expected, the engine generated electricity
of 5.17 W at a thermdb-electrical efficiency of 0.65%.dter on, Yuet al. (2010b)

applied some dimensional optimization to the previous design for a better matching
between the engine and the loudspeaker. The electricity generated doubled to 11.58
W at a thermato-electrical efficiency of 1.65%. Ywet al. (2012) detailed the
guidelines for developing ultreompliant alternators (like loudspeakers) dhdir
application in thermoacoustic power generation. The summarized specifications
discussion of this work helps to select/build the correct loudspeakedoitrpliant
alternator for low acoustic impedance engines. Yu and Jaworski (2012) took a step
towards demonstrating the practicality of this engine and its suitability to be driven
by burning gases. The electrical heateese replaced with a shell and tubedt
exchanger. A propane burner and ventilation chimmese introduced as shown in
Figure 2.2a. The oscillating gas flowed inside the parallel pipes while the propane
burner gases passed through the heat exchanger tubes. The results confirmed that it is
suitable and ready to use as it has generated 8 W of electricity at a regenerator
temperature diff euleetae20I8f aim2dtd Daease theA b d
generated electricity of this sep, therefore, the linear alternator matching
arrangement oKitadani et al. (2010) has been adopted. The linear alternats

placed at the end of a side branch (resonance tube) connected close the antinode of
the sound pressure, as shown in Figurd®.Zhe current configuration increased the
generated electriciy t o 13 W from a higher t emp e
(compared to the previous configuration). Connecting the linear alternator in the tube
line (as shown in Figure 52 has proven to damp/limit the sound amplification,
however, it has the advantagé suppressing the Gedeon streaming as the linear
alternator actas a membrane. Saechatral. (2013) investigated the opportunity to
generate cooling by converting this engine to a combined sy$t&mmoacoustic
enginerefrigerator) as shown in Figure.24b. The aim was to present a laost
combined thermoacoustic system that can be driven by burning gases. A

thermoacousticregenerator was placed a half wavelength away from the
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thermoacoustic engine core to generate cooling. The rig retained all thefptre
enginebébs thermoacoustic core, feedback
For matching purposes, the feedback loop leng#ls increased, and hence the
combined system ran at lower frequency. The lowest cooling temperature achieved
was - 3. 6eC. Lat er et aln(2012)A frapased! ddding a second
thermoacoustic engine core to this configuration. The numerical design considered
the use of air at 2 bar as working medium in a loop of about 2.8 m long. The simulation
showed that thergine can generate 130 W of electricity at 6% thenoalectrical

efficiency.
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Figure 2-24: (a) labelled photograph of a thermoacoustic electricity generator
(Abdullaet al.,2013); (b) labelled photograph of a thermoacoustic combined
system (Saechaat al.,2013).
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Figure 2-25: (a) photograph of a thermoacoustic electricity generator (b) schematic
drawing of the proposed engine, Yu and Jaworski (2012)
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Abduljalil et al. (2009) built a travelling wave thermoacoustic engine to study the
regenerator characterization. Abduljailal. (2009, 2011a) presented the design and
construction of a table tapavelling wave engine, shown in Figure 2.26a. This engine

is proposed to be developed to use solar energy instead of the electrical heaters as the
heat source. The working medium was pressurised air at 1@idrthe working
frequency was 110 HZThe reg@nerator was made from Corning Cellular Ceramic
Catalyst Support, which has square channels of about 900 channels per square inch,
shown in Figure 2.26b. Firstly, the engine performamastested in three different
orientations: horizontal, inclined at 45 and vertical. At t he
operational parameters; the natural convection helped the vertical orientation to run

at the highest regenerator temperature difference among the threearabdise

vertical orientatiorhad the shortest onset tiniEhe onset regenerator temperature
differencewasstudied against the mean pressure from® bar. ltwasfound that the

lowest onset temperatuig at a mean pressure between 24 bar and increass

directly with mean pressure between 4 and 9 bar.ulddd et al.(2009b, 2009c and

2011b) investigated the suitability of selected Jowst porous materials as
regenerator material for a travelling wave engine. The vertical orientation of the
thermoacoustic enginevas adopted in this study. In addition tine ceramic
regenerator, three kinds of materielsret e st ed, namel y; st eel (
steel 6o6wool 0 and wire me7sHavigaweeesh, al
screen regenerator, the engine has a lower onset temperature and higher pressure
amplitude as compared with scourers and steel wool regenerators of the same
hydraulic radius (excegor the steel wool regenerator at high mean pressiire

low flow resistance and high porosity are the possible reasons for the very low
performance of the scourer regenerator. At a range of low pressures, the ceramic
regenerator offers reasonable performance compared to the wire mesh screens. The
steel wml performed quite well in comparison with the wire mesh screens. However,

to achieve a similar hydraulic radius the porosity of the steel wool will be low and this

will increase the flow resistance.
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(Abduljalil et al.,2009); (b) general and closg views of the ceramic
regenerator (Abduljaliét al.,2011)

Figure 2-27: Photographs of regenerator- : n ps of materials(a)
ceramic catalyst support; (b) steel &
(d) wire mesh screens (Abduljadit al. (2011b).

The main target of the studies presented by the Univeo$ityottingham is to
demonstrate a lowost thermoacoustic generator operating by waste heat from a
cooking stove. Cheat al.(2012) presented a leaost thermoacoustic engine which
had a loudspeaker as the linear alternator, able to convert the wadterheawood
burner cooking stove to useful electricity. The enguasconstructed to be driven by

a propane burner or wood burner. The engine driven by a propane aser
fabricated first as shown in Figure &,2which consisted of two identical half

wavelength stages. After testing this engine, the design teageip-dated to achieve
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a lower onset temperature and a further reduction in the fabrication costs, as shown in
Figure 2.8. These goalsverefulfilled by changing the identical stage lengtb a
guarter and three quarter length stages and combining the two stages, respattively.
80 Hz working frequencyexperiments showed that teagine driven by @ropane

burner can generate 15 W of electricity, whileen driven by avood burneiit was

able to generate 12.6 W and 22.7 W at atmospheric and 2 bar mean pressure,
respectively. More detailed study and cost analysis of the Abaoterhaspresented

by Chenet al.(2013). The unit was found to cost less than £150. Estsain(2015a)
modified e woodburner engine to a keroseharner to enable evaluations to take
place in three regions of Bangladesh. The engine was acceptable at limited field trials
as it could generate electricity using air at atmospheric pressure as the working gas.
The powe generation was lower than expected as it generated 3.5 W of electricity
only. Ehsaret al.(2015b) doubled the engine generated electricity by increasing the
mean pressure to 1.4 bar. Recently, Hosstial. (2016) studied a step towards a
compactesign to reduethe engine size. More bendsreintroduced and the straight

PVC pipeswerereplaced by corrugated flexible PVC pipes. This method led to a
massive reduction in spatial volume occupied by the engine, and the generated

electricitywaslimited to 4 W.

Kang et al. (2015) constructed a twstage looped tube engine using two linear
alternators in different configurations; within the loop line and in a branch, as shown
in Figure 2.29. This engine used loudspeakers as linear alternators in & siaiiae

to the previous twatage engines, however, pressurized helium (18 bar) was used as
the working gas. The coupling mechanism of the two loudspeakers was studied
numerically and experimentally. The idea was to put a thermoacoustic core in each of
the two high impedance zones and a loudspeaker in each of the two low impedance
zones, to avoid acoustic losses. The loudspeaker connected within the loop line will
suppress the Gedeon streaming and the branch of the other alternator will help to tune
and ®t the acoustic phasing difference (velocity and pressure). Between tubes 5 and
6, see figure 2.29, a Ball Valve (BV) was introduced as an acoustic load to correct the
acoustic field. At 171 Hz working frequency, the maximum generated electric power
was 2@ Watts at 3.41% therm#d-electric efficiency and a maximum efficiency of
3.43% was obtained at 188 electric power.
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generator; (bphotograph opropaneburner driven engine; (@hotograph of
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Figure 2-29: Schematic of the twgtage thermoacoustic generator prototype, Kang
et al.(2015).

2.73 Multi -stage thermoacoustic engines

The thermoacoustic engine could have more than one regenerator unit in the same
engine. However, all attempts to put more ttvam regenerator units in the torus tube

with a standing wave resonator have failed. Such an arrangement seems very difficult
to build (de Blok, 2010)(Swift, 2001). The looped tube TA engine was found to be
more convenient to useith multiple regeneratornits. The multistage engine is
simply a looped configuration working at one or maavelengtls which has many
regenerator units, as shown in Figure 2.30. The initial idea behind-stage TA
engines was that they could be built whenever there is adweate of kilowatt$o be

used. Laterit was found that the mulStage TA engine is a solution for a low onset
temperature tadChenet al. (2012).
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Multi-stageenginesverepioneered by de Blok (2010, 2012). Four novel engivess

built with four idenical selfmatching stages. Basically, they have low acoustic loss
because of lower acoustic dissipation in the resonance and feedback loop. The
identical four stagewerepresented as feasible from the construction point of view
because of having identicd o mponent s per s t-matec h i hige
indicates that each stage has an independent power extractor. On other hand, if the
engine has a single alternator, the cross section of the regenerator should be increased
with the wave direction (Backhaus&Swift, 2002) (de Blok, 2010). From loss point

of view, it is better to design a seifatching engine in order to avoid high power spots
and minimize losses. Four novel TA four stage engimexe presented by de Blok
(2010), each of which was setfatchng. The first rig was designed to use air at
atmospheric pressure as working gas anddeadstidoads instead of alternatoiass

shown in figure 2.30At temperature differences across the regenerator of 132°C, the
engine could deliver an electric powar18 W to the loads out of 64 W of acoustic
power circulating in the loop. The input power was 88®&f which 449 W was lost
through the regenerator in the form of static heat flow. The thermal efficiency,
excluding the amount of heat lost in static hélaty was 8%. Another atmospheric
pressure enginavas constructed to operate as a cooking device for developing
countries. The aim was to generate electric power besides the main function of
cooking. The low efficiency of alternators used led to generdedrical power of

5.4 W out of 34 W of acoustic loop power. A more powerful engine was constructed
and introduced in the European THATEA project (THermoacoustic Technology for
Energy Applications) as a solution to recover low temperature waste heangime
wastested using Argon and Helium as working gas¢®95 Hz working frequency

The onset oscillation temperature difference across the regenerator for argon was
found to be lower than 30°C, while for helium it was about 42°C. The engine working
with helium could generate up to 250 W of electricity while the atggsed engine
geneated 140 W at the same temperature difference. The fourth engine seemed to be
the largest multstage engine in this group. It is named ThermoAcoustic Power
(TAP). The design and construction details and the resaltspresented by de Blok
(2012). This agine generated 1.64 kW of electricity using available waste heat of 20
kW, at working frequency of 40 Hz
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Figure 2-30: Four stage thermoacoustic engine scheme (Blok, 2010).

The interesting four identical stages attracted two groups from China and Japan in the
last four years. The facts highlighted in de Blok (2012, 2012) and &ah(2010)

that the multistage configuration has a lower onset temperature than the singular,
encouraged researchers to build a four stage thermoacoustic device at Tokai
University in Japan. Hasegawaal. (2013) presented a numerical model for a three
stage cascade engine loop (the cores are in series) driving a refrigerator loop. Despite
beingdesigned to run using air at atmospheric pressure as working gas, the multistage
configurationstartedat a | ow onset t e ahighCambteelatee of 1
efficiency of 21%. Senga and Hasegawa (2016) built adtage engine similar to

the deBlok (2010) configuration, using air at atmospheric pressure as working
medium. The main difference is that it has one load and hence the cross aeszion

of the regenerators increased with the acoustic power flow direction after the load.
The acoustigpower generated did not reach 1 W on this rig. Xiaoging Zhang from
Huazhong University of Science and Technology in China studied the-stage
configuration theoretically. Zhang and Chang (2015) numerically studied the onset
temperature, mean pressun@rking gas, hydraulic radius and the number of stages

of a fourstage engine similar to the de Blok (2010) configuration. The resates
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used to develop another numerical study replaoimg of the engine stages with a
refrigerator, by Zhang (2016). The simulation results showed that it can reach a
relative Carnot coefficient of performance of 28.5% at a refrigeration temperature of
5eC.

As in the torus thermoacoustic engine, the impvessontribution in the mukstage
enginewascarried out by the Chinese Academy of Science. They have innovated the
threestage thermoacoustic devices that have a high performance capacity. Yang et al.
(2014) presented the first numerical model for aeistage thermoacoustic heat

pump. The aim of the heat pump is to increase the temperature of a waste heat source
to a higher useful grade. Unlike the previous looped tube and-stadfe engines,

there is no need to construct the engine to a full one wag#i. The reason behind

is the use of a lineanotor having dualoppo®d pistons in between each of the two
stages (as shown in Figure P.,3which shiftt he v ol umetric fl ow r
phase shifting was previously achieved by use of a long resoifdts will reduce

the system size and acoustic load. The limeator acts as a compressor at the start

of each heat pump and as an expander at the end of it. With this arrangement, around
30% of the acoustic power produced on the compression sidassmed by the
regenerator, and the system can use a low grade heat source to obtain heat energy at a
much higher temperature. The system was designed to run using helium at 50 bar as
working medium. The numerical results showed that each ptage1038.7W of

heatat a coefficient of performance of 2.99 with 56.5% relative to Carnot efficiency

by absorbing 713.4 W of heat and consuming 347.1 W of acoustic power.
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Figure 2-31: Schematic of the travellinggavethermoacoustic heat pump (Yaet

al., 2014).

Li et al. (2014) adopted the threstage configuration and built a thrsage

thermoacoustic engine to study the heat to acoustic power conversion. As an engine,

the compression alternator provides acoustic power. The regenerator amplifies the

acoustic power in #ndirection of positive temperature gradient. This acoustic power

will be dissipated by the expansion alternator to generate electricity. At this

configuration, the acoustic impedance of the expansion alternator can be used to adjust

the acoustic phasingnditions. At a mean pressure of 40 bar of helium, each stage

of the engine generated 1080 W of acoustic power at 36% total efficiencgt &l/u

(2014b) developed the system aimed at generating useful electricity. The mean

pressurewas increased to 50 baand 86Hz working frequency.At hot side

temperature to 650eC, t he

engine

pr oduc

alternators at thermab-electric efficiency of 16.8%. Bi et al. (2015) improved the

engine and pushed the power generation to the gensrated recorded to date. Not
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only havethe linear alternators been changed, the acoustic network has also been
adapted. The feedback tubesrereplaced by narrow tubes. The mean pressae

to 60 barand the working frequency was 70.Hthe maximungenerated electricity

was 4.69 kW at 15.6% of thermtak-electric efficiency and the highest efficiency was
18.4% at generated electricity of 3.46 kW.
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Figure 2-32: Schematic of a thregtage combined systeXu et al. (2015)

The success of the high acoustic power generation of the-dtage engine
encouraged the combination of a refrigerator instead of the linear alternator as a
combined thermoacoustic system. Firstly, the coupling method and positien
numerically studied by Xwet al. (2015a). The refrigerator coresgere placed in
branches as it has proven to perform better than the&a coupling. The coupling
locationwasstudied experimentally in the inlet, middle and outlet of the resonance
tube.There are no linear alternators in this configuration, therefore, a phase adjuster
of the inertancereservoirtypewasattached after each refrigerator unit, as shown in
Figure 2.2. The outlet coupling location was found to be the most efficient, tae inl

54



was 10% less and the outlet was the worst. The inlet locatischosen for further

studies. Xtet al.(2015b) numerically optimized the combined system. The optimised

design is promising to generaeooling power of 7.75 W at a very low temperature
of - 1 9 6 gn€frequency of 300 HZhanget al. (2015) and Xuwet al. (2016) built

and tested the combined system. Using pressurized helium at 70 bar, the system

generated 0.88 kW of coolingall 6 3 ¢ C

and-114.322 Ck W Rasticab nt | vy ,

(2016) numacally up-graded the system into a festage combined system. The

inertancereservoirwasreplaced with dual linear alternators in the proposed design to

adjust the phasing of the acoustic field and to generate useful electricity, as shown in

Figure 2.3. The simulation results showed that this configuration can achieve a

cooling power of 463.1 W atl63C while generating useful electricity of 553.7 W.
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Figure 2-33: Schematic drawing of the fostage combined system (&i al. 2016).

2.7.4 Concluding remarks

The literature survey shathat the performance of the torus engsigigher than the

looped tube thermoacoustic engifie main reason is that the looptloé torus is a

fraction of a wavelength, unlikihe full wavelength of the looped tultberefore it

can run at a high acoustrapedanceThe proposed solution for thattsee multistage

configurationwhich can run at a high acoustic impedanikinly there are two
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problems with multistage engines; they are complex and expemsidesquire many

linear alternators.

The presentesearch offers an alternative solution to runrthati-stagelooped tube

with one linear alternatorThe novel cafiguration of the engine consists of two
identical halfwavelength stages with a linear alternator connected between them. The
identical stagethatgenerate acoustic power have the same identical acoustic pressure
and volume flow rate amplitudes but aré8 Oug of phase. The out of phase acoustic
power enables thenear alternator to be operatedposhpull mode In fact, the
acoustic intensity value will not reach the values ofttras engine. Howevethe

linear alternatqrif isolated from the aasstic networkcan generate the same power

at halfthe acousticimpedanceasactive acoustic powes beneficially appliedrom

two sides.
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Chapter 3

Modelling and Optimization of a Two-Stage Thermoacoustic Engine

Coupled to a PushPull Linear Alternator

In this chapter, the modelling and numerical results of adt@ge thermoacoustic
engine coupled to a pugtull linear alternator are presented. The conceptual design
is introduced at the beginning of the chapt8edtion3.1). The linear alternator
coupling anddesign description and optimization procedures using the DeltaEC
programme are discussed $ection 3.2. Lastly inSection 3.3, the results of the

simulations are presented.
3.1.Conceptual Design

As presented isectionl.2, a third of the energy released frtme burnt fuel ofan
internal combustion engine fgpically released to the exhaust system. That amount
of heathasattracted researchers to study the opportunity to recover power
generabn. Johnson (2002) listed thermoacoustic technology aglaochéo generate
cooling from thewaste heat oéxhaust gases. Later on, Jadhao and Thombare (2013)
highlighted the suitability of thermoacoustic technology for direct electricity
generation. The looped tube thermoacoustic engine configuratienhosenn the
present workto study electrical power generation from internal combusgingine
exhaust gases. There are two main reagomthis. First the acoustic wave of the
looped tube engine is in traveling wave mode which offers potentiallyefffigiency.
Second the onewavelengthconfiguration allows the engine be designed itwo
identical stages, each having a power extraction point. This tfigeopportunity for

the second target of this study which is to connect one linear alternatar pwints

to runit as a pustpull alternator.

The configuration consists of two identical stages each having a power extraction
point and the linear alternator connecting these two points as shown in Figure 3.1. The
two power extraction points help te@d high power spots and allow the stages to

sel-match The sematching stages have the same identical acoustic pressure and

volume flow rate amplitudes but are out of phlasg 1 Thi6 reeans that each of the

57



two identical points of the two stages/bahe same acoustic pressure and volumetric
flow velocity but shifted 180° in phase. Thusnfiguration allows the connection of
the linear alternator to two points having the same amplitudes acting out of fiase.
idea behindt is to increag the sysem efficiency by increasing the power outpatta

specific acoustic impedance

15T Thermoacoustic

stage

Ez\
Feedback

Linear
E, alternator
Feedback

2"4 Thermoacoustic

stage

Figure 3-1: Conceptual drawing of the proposed tatage engine

As the engine waidesigned to use exhaust gases faamternal combustion engine,
it was considered to simulate the exhaust gases heat quantity and daaldy
Caterpillar 6.6L engine. Allis Chalmer (2009) shemvthat the exhaust gas
temperature rarggb et weennd 00@Ce @ depenThehogheabn t h.
exchanger temperatuveasl i mi t ed t o 4 OforevGreasong-irshthes pr o]
temperature of low loadlasconsidered. Second, the temperature of the exhaust gases
leaving the engine cools down beforaaking the exhaust system, therefore, the high
limit of the exhaust gases temperature was avoid¢elium was chosen to be the
working gasbecausét has low Prandtl number and low viscosity which leads to low
viscous dissipation. Also, helium has a higgund speethecauset is a light gas
which leads to high power density (Swift, 2002). Adtb that helium has relatively
high thermal penetration depth caused by the high thermal conductivity (direct
relationship of Equation 2.3Yhisis preferredasit allows arelatively large channel
width to be used and eagdabrication. The mean pressure of the thermoacoustic
engines is proportional to the power density, and hence, the mean pressure needs to
be as high as possible (Swift988. High power densityeads to high power
generation and efficiency. However, there is a ta@ifidetween the thermoacoustic
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power density and the fabrication as high pressure requires a lot of fabrication
considerationsThese consideratisrareassociated wittme presure galing and heat
exchangechannels widthAdding to these considerations is the fact that the hot parts

of the engine wild.l reach 400e¢eC, and her
pressure endurance. Therefore, the mean pressure used in thisvpasjeuited to

28 bar. The linear alternator available for this projecta@sDrive Model 1S132M,

which has a optimumfrequency of 60 Hz. The linear alternator frequency and the
working gas defined the length of tkagine. The engine was desigriedoea one
wavelength looped tube, andgi®wnin Equation 2.1 the wavelength is traio of

sound speed to frequency. The relatively high sound speed of the helium and the

limited frequency of the linear alternat@sults inalong wavelength.
3.2.DeltaEC Modelling

In the current work, DeltaEC was used to simulate the acoustic field in the
thermoacoustic device. It is software created by the Los Alamos National Laboratory.
The acronym DELTAEC is the abbreviation of Design Environment for Low
Amplitude ThermoAcostic Energy Conversioi.he softwargerformscalculations

by integrating the ondimensional wave equatidor a predefined geometryset of
thermalconditionsand working fluid. Itdoes thisghrough each of the usdefined
elements, called "segmentsiych as dust heat exchangers, compliancpsrous
medium, etc., and ensures that the pressure and volumetric flow rates, both real and
imaginary, are matched the boundaries of the sequent segments. The integration
solves a series of equatiahstthe acoustic pressurg {§, volumetricflow rate("Y),

thegas meatemperature”l ) and the total powei@, of the acoustic field through

the predefined series of segments Watdal. (2012). Wardet al. (2012) presented

the equations as follows:

— —Y 3.1

—  —p — 0 Y 3.2
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The generation or dissipation of the astic power can be represented by (Swift,
2002):

— 2AY— n/§ — 3.5

Hereo is the crosssectioral area of the channgl.is the frequency(is the imaginary

unit. Re, Im and superscript ~ indicate the real, imaginary parts and conjugation of a
complex componentQfiQare thermal and viscous functions.is theratio of gas to

solid heat capacitiesthow h'h"Yh” F hr b, are the speed of sound, isobaric
specific heat capacity, thermal conductivity, mean temperature, mean density, gas

expansion coefficient, specific heat ratio and Prandtl number of the working gas.

The first stepin modelling the thermal and acoustietwork isto determinethe
required acoustic field at the linear alternator to generate electricity efficiently. A
simulation was undertakerfor this purpose to investigate the linear alternator
performance for both the pugull and compliance housing qaling at various
acoustic impedanseand phase differensg(between volume flow ratand the
pressure) at a specific frequency and stroke. The performasrepresented by the
electricity generated and the acoudtieelectrical efficiency. The linear ternator
specifications listed in Table 3vtereused as input values to a DeltaEC simulation
model. The simulatiowas undertakerat 56Hz which was predefined by the
manufacturer to be the best working frequefarythis linear alternator. Ae piston
strokewas assumed to be 12 mm. Figure 3.2 shows the coupling configuration of the

pushpull and compliance coupling. In the pugshll coupling, acoustic power flows

60



from each side of the housing acting out of phase on the linear alternator piston, while
there is an active acoustic power fragide and a dead volume acting as an acoustic

compliance from the other side in compliance coupling.

[

L e=>

[

Figure 3-2: Linear alternator coupling configurations (a) pyshl (b) compliance
housing

Alternator
Alternator

@F; E}=>’

(a) (b)

Table 3-1 Linear alternator specificatisrfQ-Drive 1S132M)

Parameter Value
Core impedance 2 ohm DC, (18 @ 60 Hz)
Stator inductance 46 mH

Rated operating voltage/currg 110 VAC rms@ 60 Hz/4.0 A rms

Peakto-peak sroke limit 14 mm

Nominal BL product 47 N/Ampere (approximate)
Intrinsic Stiffness 6 kKN/m (approximate)
Damping, Rm 7.0 N's/m (approximate)
Moving mass 0.721kg

Swift (2002) defined the acoustic impedance agdkie of pressure to volume flow
rate £ = p/U1). As we have already considered that frequency and piston stroke are
the same for all the cases studidnil means that the volumetric flomateis constant

as:
Y 1 0, 3.6

where] is the angular frequency, A is the piston cfesstion and is the piston
displacement. This means that the simulation considers the change in the acoustic
impedance was caused by the change in pressure amplihaeuskpull coupling

is expected tagenerate double the electricity as compared with the compliance
housing couplingtaspecificlocal acoustic impedance and a phase differeas¢he

acoustic power is:
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where is the phase angle between the volume flow @tase and the pressure

phase.

Normally, the performance study of the linear alternator is based on the acoustic
impedance across the alternator and the phase diffefleetvecen the pressure and
volume flow rate phases)he acoustic impedance acrtissalternatoris the ratio of

the pressure difference before and after the alternator to the volumetric flow rate
(& Y0j"Y). The phase difference is thEessure phase difference across the

alternator Ph(Px)) and the volumetric flow rate phadeh(u)).

In the current study different approach is followed. To highlight the impact of the
coupling method on the required local acoustic impedance, the alternator performance
study is based on the local acoustic impedance acting on the alternator pistah instea
of the pressure difference across the alterndtoe. puskpull model considers equal

and out of phase acoustic impedance acting on the piston from bothT$idesfore,

the simulation result graphs will show the local acoustic impedance value otlene si
assuming the same value acting on the other side. The compliance housatgsmod
based on local acoustic impedance acting from one side and there is a compliance
from the other sideepresenting the gas volume between the alternator body and the
housng. As the study focuses on the local acoustic impedaheg)hiase difference

is the difference between volumetric flow phase and pressure [rasgPhP)).

The simulation results shown in Figure 3.3 confirm that the -pusihconfiguration

can generi@ approximately double the electricity at the saloeal acoustic
impedance as compared with the compliance coupling. Comparing the linear
alternator performance at an amountlaxfal acoustic impedance at the pyshll
configuration to the linear alternator performance at doubleldbal acoustic
impedance for the compliance housing configuration, the compliance configuration
was able to generate electricity higher than the jpushconfiguration by 2- 4%.

This increment was caused by the linear alternator as it ran at a higher efficiency at

higherlocal acoustic impedance. The graphs below can be used to decide the acoustic
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impedance and phase difference at the linear alternatodaitiding the performance

level of the engine.

These graphs are useful designng the thermoacoustic network artkcide a
coupling location.Firstly, they canbe used to define the required local acoustic
impedance and phase difference required at the coupling locktiora specific
electricity generation and efficiency, a range of acoustic impedaraie selected.
The selection of the local phase diffecercan determine the exact amount of local
acoustic impedance. Alternativelthe graphs came used during the modelling
optimization Optimizing any part of the acoustic network will have an influence on
the acoustic impedance and phase difference dlengngine. These graphs help to

track the influence on the performance of the alternator.
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Figure 3-3: Linear alternator behaviour at various acoustic impedances and phase
differencesat the pistor{a) pushpull coupling and (b) compliance housing
coupling.
The shooting method (Waed al, 2012) was used in this code to find the guess values
consistent with the target results. As a first step, the boundary conditions were set up
and the geometriexf each component were defined. The solutions were then guessed
in order to meet the targets by solving the set of linear thermoacoustic equEti®ns.

DeltaEC shooting metho#Vardet al.(2012), showed that it was not possible to run
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two identical stage as expected. The two identical stages, when each has a power
extraction point, should have the same thermal and acoustical performance and this is
what the shooting method failed to follow. The modellngs done as half of the
engine which is one stagend the other stageas represented as a seikcited
hypotheticalflow. There are two sekéxcited hypothetical flows in this engine, each

has a specific flow characterisation based onahe t h undedstaniohg of the
identical stages and puglull conne&tion. The first selfexcited hypothetical flow is

the flow entering the first stage which represents the flow at the end of the second
stage. The characterisation of this flaxssuggested based on the wave behaviour

at two identicalstages.To apply this behaviour the following boundary conditions
weremade. The pressure amplitude, volumetric flow rate and total poasset to

be equal at the beginning and the end of the simulated stage, as they are expected to
repeat themselvesver thetwo identical stages. In contrast, thbbase between
pressure and velocitwas set to be shiftedy 1 8 0 ¢ a t of thehstagewith d
reference to the beginningo the wave phases will repedthe six boundary
conditions shown in equations 3813, weresd as targets at x=28/

3.5, relatingk =a/ 2 t o x=0.

o 3.8
o 3.9

I 7o 3.10

™ 311
— 1 3.12
L) 3.13

Where T is temperatureP is pressure amplitudeRPh(P) is pressure phasé] is

volumetric flow, Ph(U) volumetric flow phase anH is the total power.

64



The second sekxcited hypothetical flow is applied to the other side of the linear
alternator. Based on the pughll run character@tion, the pressure amplitude,
volumetric flow and velocity phaseasset to be equal on both sides of the alternator
piston. While, only the pressure phasasset be out of phase (phase difference of
180¢) , and this will appusgpull. Ehé threetbbuadarpt h e r
conditions shown in equations 3:341L6, were set as targets at locations 1 and 2

shown in figure 3.5.

- P 3.14
' 3.15
— 5 3.16

The modelling procedure congslof two steps. Firstly, the main layout parameters
weredefined. Secondly, an optimizatirasmade of every detail of the engine parts.
There are several parameters which should be considered in the optimization, local
acoustic impedance, oscillation peakpeak displacement, generated electricity,
thermalto-electrical efficiency and therm&b-acaustic efficiency as will be
presented in this chapter.

The parameters defining the layout of the engine are: total length,serctésnal area

ratio, regenerator location and linear alternator location. The total leagttefined

by the working gas andhe working frequency. Equation 2.1 showed that the
wavelength is the ratio of the speed of sound of the working gas to the working
frequency. The crossectional area ratio is thatio of the regenerator to the feedback
loop crosssectional area. Thistia is preferred to be higher than one to reduce the
local oscillation velocity at the regenerator. This will help to reduce the viscous
dissipation of acoustic power in the regenerator. Figure 3.4 shows the effect of the
crosssectional area ratio on theve main parameters. Obviously, high acoustic
impedance is more favourable to generate higher electricity as presented previously.
However, a ratio higher than six will damp the oscillation and hence reduce both the
generated electricity and the thermadelectric efficiency. The presented acoustic

impedance and oscillation displacement are in the regenerator. Based on these results,
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a crosssectional area ratio d has been chosen. The thermoacoustic ewe
selected to be 10 cm diameter for the eddeeat exchanger fabrication, leaving the
feedback loop to beraund 4 cm diameter tubeThe uniform crossection tube

feedback loop coulle replaced by a complianagertance to reduce the total length.
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Figure 3-4: The effect of the crossectional area ratio on various parameters.

For the same aim of reducing the viscous dissipation of acoustic power at the
regenerator, the regenerator should be located at the pressure antinod¢hehere
acoustic inpedance is significantly highahan } a /(3wift, 2002). The linear
alternator branch should be as close as possible to the regenerator to be at a high
acoustic impedance to generate higher electricity. The branch needs to be fatker be

or after the regenerator ftar the regenerator is favoured as the acoustic power will

be higher thaatthe end of the feedback loop. The acoustic power is lower at the end
of the feedback loop because of the acoustic power losses through the feedback loo
A block diagram of the segments in the DeltaEC simulation showing the main layout and

parts is shown in Figure 3.5.

X=0
Begin with F _________ Themoscoustic Core
flow identical |: - ;
to the softend 15| AHX |5 Reg. o[ HHX [ 78T |y[20darix]:
tosimulate |\ ———— . 1
the 2™ core
1 2

Imaginary flow to simulate LA
the flow from the 2" core

2
Softend || Feedback

Figure 3-5: Block diagram of the segments in the Deltagt@ulation: ambient heat
exchanger (AHX), regenerator (Reg), hot heat exchanger (HHX), thermal buffer
tube (TBT), secondary cold heat exchang8¥RX), feedback pipe (Feedback),

linear alternator (LA).
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The parts optimizatiorprocessstarts from theheart of the engine which is the
regenerator as it amplifies the acoustic power. The temperature mustenicreagh

the regenerator in the direction of the acoustic power flow to generate acoustic power
(Swift, 2002). The regenerator is defined by tigdraulic radiugs and the volumetric
porosity. The hydraulic radius is the ratio of gas volume tesgd contact area and

can be thought of as the distance from a typical gas parcel to the nearest solid surface.
Swift (2002) summarizes the relationshipetween the hydraulic radius and the
thermal and viscous penetration degiththe regeneratas] | i and | 1 .Yu

et al. (2005) concluded that the optimum ratio of the hydraulic ragliaghe thermal
penetration depthi for travelling waveengines is between 4 and 7. Figures 3.6 and
3.7 show the optimization curves of the regenefatd@ and its lengthrersus the
performance parameterEhe optimization is a tradeff between the increasing and
decreasing parameters. Based on thesehads, the 7i should be between 4 and

6 and the length between 65 mm and 80 mm, in order to gain ehgitricity
efficiently while maintaining relatively high oscillation displacement. Figure 3.8
shows the effect of regenerator porosity on the paametersfrom which it can be
deducted that it should #% and 85%. The final selection of theand porosity

will be made based on thresults of theoptimization processas well ason the

available materials on the market.
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Figure 3-7: The effect of the regenerator length on various parameters
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Figure 3-8: The effect of the regenerator porosity on various parameters.

The hot heat exchangers selected are dtogsparallel plate heat exchangers. The
optimization of the heat exchangers includes the plaeisg and the blockage ratio.
These two parametergere studied for all the three heat exchangers; however, the
results of the hot heat exchanger will be presented here. Figure 3.9 shows the effect
of the ratio of the plate spacing to the thermal penetratepth. Clearly, a ratio of

less than onwiill reducethe oscillation displacement and hence the heat transfer and
any value between 1 and 4 is acceptable (preferably close to one). The effect of the
blockage ratio which is the ratio of the solid aredhe gas area is shown in Figure
3.10. As expected, the lower the blockage ratio the better the performance will be.
The length of the heat exchanger in the oscillation direction should be equal to the
peakto-peakgas displacemernh that local region (Swift, 2002). The final values

wereselected after surveying the manufacturing facilities.
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Figure 3-10: The effect of the heat exchanger blockage ratio on various parameters.

The thermal buffer tube reduces the area by 50%ppress Rayleigh streaming, as
recommended by (Swif2000). Figure 3.1 shows the optimization of the length. It
shows that the electricity generated and the thetoelectrical efficiency reached

the maximum at TBT lengths between 150 mnd&00mm.

Acoustic Impedance Generated Electricity
— — =Oscillation Displacement . — —Total Elfﬁclcpcly
E 3 = 150 ---- Acoustic Efficiency 50
Eff 2.5 4.5 = Z 125 T S N —— -~
2 2 -7 4 2| Z | 0 g
< -7 g | 2100 30 7
B 1S5 _- 352 | 3 75 =
= ~ =9 L Y e — 3
E - 3 2 = ~ 20 2
2 TRl g Y =
Z 05 255 | E 25 10
=} = ]
g =
2 0 2 3 3 0 0
0 50 100 150 200 250 300 ) 0 50 100 150 200 250 300
TBT length (mm) TBT length (mm)

Figure 3-11: Effect of the length of the thermal buffer tube on various parameters.
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The last parameter is the crasectional area/diameter of the feedback loop. The
feedback loop crossectional arewasoptimized with the regenerator cressctional

area previously. The feedback loop diameter was found tovieey sensitive as it
changes the electricity generation from nil to its maxinwith a 3mm change only,

as shown in Figure 3.12. Decreasing thedback loop diameter leads to an increase

in the acoustic impedance along the engine. However, it shifts the phase difference to
the far left end of Figure 3a3which reducsthe linear alternator efficiency and hence

the power generation. The optimuoop lengthwas found to be between 40 mm and

41 mm. The model of a uniform cressction feedback loop was unable to generate
electricity as the phase difference at the linear altervedsrat the far left end of
Figure 3.2 For the purpose of adjustiniget phase, the last 275 mm of the feedback
loopwasreduced to a diameter of 26 mm. This tuned the phase difference at the linear

alternatorto be4 5 e .
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Figure 3-12: Effect of the feedback loop diameterarious parameters.

3.3.Simulation Results

Following the concept and optimization discussed before, the simulation modelling
continued considering several operational and performance parameters. After several
tradeoff optimization processes, a final modethich has dimensions based on the
dimensions of parts available in the matedwed that this configuration can convert

the thermal power to electricity efficiently.

Figure 3.13a shows the calculated pressure amplitude distribution along the engine
loop. There are two peaks, both are near the regenerators of the two stages. There is a
major pressure drop at the regenerator and a minor drop at the linear alternator. The

majordrop iscaused by the flow resistance at the regenerator and the anopois
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dueto power extraction at the linear alternator. Figure 3.13b shows the distribution of
volumetric velocity along the thermoacoustic engine. The engasedesigned to

have the lowest volumetric flow rate at the regenerator. The small volumetric flow
velocity at the regenerator is essential to minimize viscous dissipation. The effect of
the temperature difference across the regenerator is seen in the volumetric flow rate
profile as it increasewith the regenerator limits from the cold end towards the hot
end There is a volumetric flow rate drop at the linear alternator branch caused by the

power extraction at the linear alternator.

Figure 3.13c is the acoustic impedance profile along the engine. It can be seen that
the acoustic impedance is nearly maximunthat regenerators which is one of the
design strategies. The acoustic impedance drop within the regeneaatsed by the
pressure drop and velocity amplification. The impedance drops until the middle of the
feedback loop and increases again as perubtutition of the pressure and volumetric

flow rate amplitudes.

Figure 3.13d shows the phase difference between the velocity and pressure
oscillatiors along the engine. This graph illustrates that the regensragve placed

at near travellingvave locatios. It is clear that the engine needs to be modified to

have a mechanism of phase adjetin the feedback loop. This figure shows that

the engine feedback loop mainly has standing wave phase differ@oceo f 9 0e o
-9 Q &his effect occuran loopedtube travelling wave devices #se operatings

neither pure travelling wave mode nor pure standing wave mode. The thermoacoustic
effect is a combination of standing and travelling wave. Figure 3h8ws the

acoustic power distribution along the engitiés shown that th@10.1W is fed into

the ambient end of the regenerator and it is amplifi&Bth4W at the hot end.

The numerical results showed that the engine runs at a frequency of 55.1 Hz. The
engine was found to be able to produce 133.2 W of electricity through the linear
alternator out of 577.6 W of heat. The heat is injected to the system through the HHXs
of thetwo stages at a value of 293.25 W at each stage. Each stage generates an acoustic
power of 124.2 W. The thermoacoustic engine thetmalectrical efficiency is
23.06%, while the hedb-acoustic efficiency is 43.02%. The Carnot efficiency could

be calcuhted using the temperatures at the ends of the regenerators. The hot side
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temperatur e
is 55.7%. The fraction to Carnot efficiency is theatto-acousticefficiency divided

by the Carnogefficiency and it is calculated to b&.26. Each stage delivered an
acoustic power of 85.3 W to the linear alternator, leaving the linear alternator
efficiency to be 78.57%Appendix two give the full DeltaEC model with all the
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Figure 3-13: Simulation results (a) pressure amplitude, (b) voluméte, (c)
acoustic impedance, (d) phase differenagl@and (e) acoustic power flow, the
schematic drawing at the bottom and top of the figiie@vs a simplified layout of

the engine.
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3.4 Concluding Remarks

A modelwasbuilt using DeltaEGprogramme. It has been started by investigating the
performance behaviour of the linear alternator under both-puisland compliance
coupling. A conceptual desigmaspresented and stdyy-step optimization showed
how the final configuratiomasreachedThe model showed that the linear alternator
could be connected to two identical stages gaderate electricity by extracting
acoustic power from both sidehe numerical results showed that the engine runs at
a frequency of 55.1 Hz. The engine was fua be able to produce 133.2 W of
electricity through the linear alternator out of 577.6 W of heat.
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Chapter 4

Experimental Setup

In this chapter, the design and fabrication of the experimentas pgesented in
Sectiord.1. The measurement technigaesexplained irSectiond.2 and finally, the

heating and cooling systerasediscussed itsectior4.3.
4.1 Experimental Apparatus

The experimental apparatushown in figure 4.1consists of two sections: the
thermodynamic section and the acoustic sectibe.tfiermodynamic section is where
heat is transferred to or from the working gas, while the acoustic section is the tubing

network transmgthe acoustic power from one place to another.

There are some common issues in both sections which will be disdusse@he
design, materials and parts selection criteviere based on the availability and
durability for the working pressure, pressure sealing of the working gas and moderate
cost. Figure 4.1 is a photograph of the experimental rig, the tubes argsfitsed in

this rig are schedwé0 stainless steel welded pipes. Piyge selection was based on

the pressure durability and the internal diameter ,omatching the modelling
diameter as there was no concern about the weight at this stage of theche$ea

the two tubes and reducer of the thermodynamic section, the pressure rating at
elevated temperatur@gmsconsidered as well as the material supplier pressure rating
tables.

The rig was constructed so as to have pieces of moderate weight for éase o
transportation. The separate piepae assembled and secured using 300 |b class
flanges. The flangéo-flange and flangéo-heat exchanger jointgeresealed with ©
rings. Considering the working gas is helium at 28 bar, FKM Vitenn@s were
selectedThe Oring properties are: 75 hardness shoré®hartensile strength, 210%
elongation and a temperature range2f2 0 0 e -ing gr@vesnveremachined in

the flanges following the supplier recommended dimensions, an example afram O
accommodied by a grooveshown in Figure 4.4c. Various feedthrough fittivgsre

74



used in this rig. BSPT and NPT socketere welded directly to the tubes to

accommodate these feedthrough fittings.

The acousticectionconsists of the tubes
9

‘ 2N\

Thermodynamic Sectio
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4.1.1Thermodynamic section

This section consists of an ambient heat exchanger, regenerator, hot heat exchanger,
thermal buffer tube and secondary amblesdt exchanger. Figure 4.2 shows a cross
sectional view of this section. The regenerator and the adjacent heat exchangers are
102 mm (4 inch) in diameterThe section diametethen reduce towardsthe
secondary ambient heat exchanger to 77.5 mm (3 incbyigh the thermal buffer

tube.

To reducegas leakage problems which might appear at elevated temperatures in
sealing the hot parts, the regenerator holder, hot heat exchanger and the thermal buffer
tubewerefabricated as one piece. The hot section comgitneregenerator, hot heat
exchanger and thermal buffer tubasthermally insulated to reduce the heat losses

to the surroundings. hvas wrapped with two layers of 12 mm thick flex wrap
insulation blanket, GLOWING EBBERS model 125/15d.

RegHolder

AHX

Reg.

HHX

TBT

2"MAHX

Figure 4-2: Crosssection of the thermodynamic section, ambient heat exchanger
(AHX), regenerator (Reg), hot heat exchanger (HHX), thermal buffer tube

(TBT), secondary cold heat exchangefAHX).
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The ambient heat exchanger is a cross flow heat exchanger. The helium oscillates in
the smallchamels of the circulaface (101.75mm diameter) shown in Figure 4.3a.

The circular sidévas 1 mm protruding out of the block for ease of alignment with the
regenerator holder from one side and the reducer from the other side. Water at ambient
temperature flows in theross flowchannelsThe AHXwasmade out of a block of
copper to ensure good heat transfer from the helium to the cooling water. The block
sides & 142 138 and 30 mm. On both the water and oscillatory helium sides,
continuous channelgerecut out using EDM (Electrical Discharge Machining). The
continuous cut of the EDM in a square wave form cuts the material to leave fins in a
comb pattern. Thetaggered finsare each adjacent to a cooling water channel, as
shown in Figure 4.3c. The fins are 0.5 mm in width, on the helium side the fins are 9
mm long,and6 mm long on thevater side The channels between the fins are 1 mm
wide. At this configuratin, the contact area between the helium and the heat
exchanger channel walls is 0.1317, mnd 0.1054 mbetween the cooling water and
channel wallsThe AHX wasdesigned to have a higher contact area from the helium
side as the helium has lower heat transfer coefficierand as well to reduce the
blockage ratio on the helium side. These @mveaswere used inthe conduction
convection heat transfer calculations. The results showed that this configuration of
heat exchanger can transfer more th@@ @ of heat from the helium to the water
side at a temperature differenc-wopaak 4¢eC
displacement is roughly a quarter of the heat exchanger length. A more detailed
drawing is shown in Appendi, FigureA3.1. The blockage ratio of the ambient heat
exchanger is 68.8%eaving the porosity to be 31.2%he heat exchanger desigas

tested for pressure endurance using SolidWorks. The simulation showed that the
minimum factor of safety i9.9 located at the inner edgin between the middle
channels and the water channel. More details o$tifess analysis results and factor

of safety of thesimulation is shown in Appendikiree, figures A3.2 and A3.3
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Figure 4-3: (a) ambient and secondary ambient heat exchangers; (b) hot heat
exchanger; (c) a channel of ambient heat exchanger; (d) a channel of hot heat
exchanger.

Below the main ambient heat exchanger is the regengsatmwn in Figure 4,2nade

from a 7.3cm tall piece of 445 stainless steel mesh screen. The diameter of the
regenerator is 102 mm. The diameter of
180 em. The number of stacked mesh scree
number. The stacking procedure started with slipping the screens into the regenerator
holder, shown in figure 4.)ne at a time. To ensure that the regenerator has a uniform
number of screens per unit length, a uniform amount of feasapplied by a cylindr

after each pair of screenBigure 4.4 shows the stacking stages of the regenerator.
Starting from 4.4a to 4.4c, Figure 4.4a shows a single screen on a coarse mesh, 4.4b
shows a halffilled regenerator and the tight clearance can be seen here andaiwéc s

a full regenerator and some screens and the spacer coarse mesh floating out of the
holder. The floating out mesh screemsrepressed by the ambient heat exchanger at

the assembly stag@n each end of the regenerator, there is a coarse diamond mesh
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of 1.3mm thickness, which act as spacers. These spacers allow the gas leaving the
heat exchangers to mix and spread over the entire regenerator cross section. The
regenerator hydraulic radius and the volume poraséyecalculated using the wire
diameter,aperture and the amount of packed mesh per unit volume. The hydraulic
radius is 60.5 em and the vol umewapor osi
machined to have an inner diameter of 5d8m. The small clearance between the

holder and regenerator screens is to avoid bridges of oscillations around the
regenerator. These bridges may encourage streaming and transfer heat without

generating acoustic power.

Figure 4-4: Regenerator stacking stages (a) one screen; (b) half filled; (c) full
regenerator.

The hot heat exchangeras manufactured from a low carbon steel. The choice of
materialis atradeoff between the thermal conductivity and thaterial mechanical
properties at high temperature. It has a 102.2 mm (4 inch) circular face diameter and
40 mm length in the direction of oscillation. At first, the hot heat exchangsr
designed to be cross flowetails could be found irppendixthree figure A3.4 Later
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on, the heating sourc&assimulated by electrical heatex. A photograph of théot

heat echanger is shown in Figure 4.3khe hot air channeiserereplaced by 6 pairs

of cartridge heaters. The heaters are 100 W each. The accommyduaigswere
prepared very carefully to have a tight clearance of 0.175 mm, to maintain good
thermal contact between the heater and heat exchanger block. The detailed design can
be seen in Appendithree, figure A%, showing that the hole depths varieithathe
location. The upper and lower paifsholesare 68mm deep and the heaters are placed

in the first 50 mnof the holeand the rest is only an extended length to ensure that the

heaters heat around the fins only.

On the helium side, a comimscut using Electrical Discharge MachiningEDM) to

form channels of 1 mm widtland finsof 7 mm in length and 0.5 mm in width (the
channel shown in Figure 4.3d). The total contact area between the fins and the gas is
0.149 nt which allowed the heat exchangerttansfer more than 850 W of heat to
the helium. The blockage ratio of the hot heat exchansdess than the ambient heat
exchanger as it had one flow side only, the blockage ratio was 65.5%. dd¢diga
amplitude, the peato-peak displacement is robly a quarter that of the heat
exchanger length. The heat exchanger desagtested for pressure endurance using
SolidWorks. The simulation showed that the minimum factor of safetyl&v&5 at

4 0 0 gn@at5 0 O theCfactor of safety i5.3 (note that the rig is aimed to run at
400eC) . Mor stress antlysis ressilts anfl fadtoh of safety ofitnelation

are shown in Appendix threBigures A3.6 and A37. The hot heat exchanger had two
circular sleevegrotruding30 mm in lengtifrom each side. The regenerator holder
and the thermal buffer tula@ewelded to these two sleeves to ensure that the thermal
stresses caused by the welding would never bend the fins.

The thermal buffer tube consisted of three regions, the first andrth@alveuniform
crosssections while the middleegionis a 43 inch reducer. Thsize of thetwo
uniform sectionsvas determined ithe manufacturing design process. The fegion
which is 102.2 mm (4inch) diameter is a heat exchanger sleevehdsecond one

is 77.9 mm (3 inch)n diameter ands an extension for the reducer as the reducer
cannot fit for welding inside a shpn flange. Both sections are 30 mm long. The

reducemwasselected from the available standard reducers. The length ofdineere
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is 102 mm. The total length of the thermal buffer tube is 162 mm which is within the

optimum length as shown by the simulation in the previous chapter.

The last part of the thermodynamic section is the secondary ambient heat exchanger.
The circular gle protrudes 1 mm out of the block for ease of aligning with the thermal
buffer tubeon oneside andhereduceronthe other side. As the aim of this part was

to avoid heat leaks beyond the thermodynamic sectiowastdesigned to have
relatively long fns and low blockage ratio in comparison with the main ambient heat
exchanger. The heat exchanges manufactured out of a copper block which is
120*116*20 mm. It has similar fins to the ambient heat exchanger with a length of 9
mm. At this configuratiorthe contact area between the helium and the heat exchanger
channel walls is 0.056 fnand 0.018 rbetween the cooling water and channel walls.
The calculations showed that this heat exchanger can transfer more than 400 W of
heat from the helium to the wae r a't a temperature diffe
designamplitude, the peato-peak displacement is roughly one third of the heat
exchanger length. A more detailed drawing is shown in Appehde,FigureA3.8.

The blockage ratio of the ambient heatchanger is 62%. The simulation of the
pressure endurance using SolidWorks showed that the minimum factor of safety was
12 3. More details of thatress analysis results and factor of safety ostimeilation

are given in Appendithree, figures A3.9 and3.10.
4.1.2Acoustic section

The acoustic sectiocomprisesall the tubes connecting the thermoacoustic cores to
the linear alternator which connects them together. The main target of the feedback
loop is to deliver an acoustic power from the end of gesta the beginning of the

other at a convenient acoustic phasing. In this stage of the research, no phase control
was used. Therefore, the acoustic feedback is a straight tube. All the tubes of the
acoustic sections are standard 1% inch tubes which haweer diameter 40.94 mm.

An approximate roughness factor of the tubes internal surface was provided by the

material supplier and used in the DeltaEC modelling.

The acoustic network starts with at@ 1% inch standard reducer connecting the

secondary ambnt heat exchanger to the 1% inch pgtgown in Appendix 8 Figure
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A8.1. Because of the large volume of the linear alternator housing and the width of
the 3 inch flange, a 100 mm lotgpe 1% inch inouter diameters welded after the
reducer. The shortube is welded to an equal tee junction connecting the main
feedback branch to a trunk connected to the linear alternator housing. Following the
branch, a 1%z inch tube was welded to the tee at a total length of 6880 mmwa$his
divided into five pieces carected by long radius elbows. The total volume consumed

by the rig is not a concern at this stage of the research; therefore, the tubes were left
straight. The rigbs final di mensions ar e
inch feedback tube isoanected to a standard reducer tt/4 inch, followed by a
standard 1 inch tube of 2m, shown in Appendix 8 Figure A8.Zhe last piece of

the feedback branch is aetl inch standard reducer connecting the 1 inch tube to the
ambient heat exchanger.

2k

A\

1300

1400

Figure 4-5: The acoustic network layout of the experimental rig.
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The linear alternator housing was placed between the two branches of the two stages.
The total lengthof the alternator housingas 575.6 mm. & mentioned previously,

the linear alternator used in this research isdai@ linear alternator model 1S132M.

This alternator has one piston from one side, while the research requires an alternator
having two backo-back pistons each extracting acougtower from a branch side.

To overcome/eliminate the effect of the use of this alternator, two design decisions
weremade. First, it is aimed to position the piston of the linear alternator in the middle
of this trunk in between the two branches. Theopisif the alternator needs to be in

the middle to ensure an out of phase acoustic power is applied to the sides of the
piston. Second, a plastic insert shown in Figure %ésplaced in the cavity shown

in Figure 4.6a to reduce the effect of gas voluftee plastic insert is a machined

PVC pieces to fill the cavity between the housing and the linear altermamigas
volume in the linear alternator housing acts as an acoustic compliance, which leads to
a change in the pressure amplitude and phase. Besadrough estimation of the
volume of the linear alternator body, the plastic insert shown in Figurewh6b
fabricated to fill the cavity between the alternator and the housing, leaving an
approximate volume equivalent to the 1% inch tube. The lineamator housing is

a standard 6 inch pipe of 175 mm length.

Linear Mass Sight
Alternator = Shaft Glass

Piston

(b)

Figure 4-6: (a) linear alternator housing cressctional view; (b) the plastic insert.

In summary, Table 4.1 shows a |t the parts of the thermodynamic and

acoustic sections.
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Table 4-1: Dimensions and Materials Summary

Component Length  Inside Diameter Porosit Material
(mm) (mm) y

AHX 30 102.2 31.2% Copper
Regenerator 73 102.0 75.8% Stainless Steel
HHX 40 102.2 34.5% Mild Steel
TBT-1% part 30 102.2 Stainless Steel
TBT-2" part 102.5 102.277.9 Stainless Steel
TBT-3" part 30 77.9 Stainless Steel
2dAHX 20 77.9 38% Copper
Reducer 89 40.9 Stainless Steel
Tube 100 40.9 Stainless Steel
T-branch 114 40.9 Stainless Steel
FeedbacKiS'part 6880 40.9 Stainless Steel
Reducer 64 40.826.5 Stainless Steel
Feedback"part 275 26.5 Stainless Steel
Enlargement 166 26.5102.2 Stainless Steel
LA Branches 200,120 40.8 Stainless Steel
LA Holder 175 154.1 Stainless Steel

4.2 Measurements

In the experiments, the measured quantities are temperatures and oscillating pressure
amplitudesat selected locations along the system and linear alternator piston

displacemenand generated electrical power.

Twenty oneTypek thermocouples, TDirect models 40910 and 40911, were

used to monitor the helium temperature at different locations along the engine loop.
Six thermocouples at each stage and one to monitor the liteawator temperature

were distributed, as shown in Figure 4r¥each stage, thesas a thermocouple in

the middle of each heat exchanger channel and at the middle and each end of the
regenerator. The regeneragm s t h e r meraplacedoat tlee spacers. To pass

the thermocouples to the middle of the regenerator, half of the regenerator screens
werepunched with a 1 mm diamethlolesand eightwereline cut in the middle, as
shown in Figures 4.4a and 4.4b. A multiple feedthrougarably, TGDirect model
941-339, were used topassthe thermocoupldead to the engineThis assembly
isolatedat the reducers above (TC feedthrough 1) and below the thermoacoustic cores;

two fed from above and four from below (TC feedthrough 2). The liakamator
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temperaturavere measured by a thermocou@#achedo its body. There are eight
thermocouples installed in the cooling system; one at the cooling water inlet and the
other at the outlet of each heat exchanger. All these thermocouples agetedrio a

data acquisition card, OMEGA OMBaq Temp Model 7, which is connected to an

in-house designed LabVIEW program allowing recording of their values.

The linear alternator piston displacememremeasured for two reasons; to calculate

the volumetre flow velocity and to ensure thatdtd not reach its maximum stroke.

As shown in Equation 3.6, the volumetric velocity is equal to the multiplication of the
angular velocity, the piston area and the displacement amplitude. In this research, the
piston dsplacement amplitudevas measured by a laser displacement sensor,
KEYENCE model LKkG152. The measudethe displacement by applying a laser
beam to its surface at a distanceipftol 50 mm bet ween t he sens:
surface. A high pressure sighiass window, VISILUME toughened line glass type

64, wasinstalled facing the back of the mass shaft of the linear alternator which is

part of the moving mass and hence moves with the piston, as shown in Figure 4.6.

TC Feedthrough 1

TC1
TC2

TC3
TC4

TCS

TC6

v
- !

TC Feedthrough 2

Figure 4-7: Thermodynamic crossectional view showing the thermocouple (TC)
locations.
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Seven pressure sensors, PCB PIEZOTRONICS model 112A22, were installed at
different positions along the loop to monitor the distribution of the pressure amplitude.
Nineteen accommodation holegere prepared for these transducers, as shown in
Figure 4.8. Allpressure transducers have a resolution of ,7aRd wereused to
measure the pressure amplitude, phase angle and frequency. During the experiments,
the sensorgreremoved to different holes to get a reading at each location then they
wereplaced in permant locations. These locations are 1, 2, 7, 8, 9, 10 and 17, as
shown in Figure 4.8. The pressure transducers are connected to the same data
acquisition card and LabVIEW program, which allowed recording of the pressure
amplitude and the phase difference bee en any t wo sensors at
A signal conditioner, PCB PIEZOTRONICS model 480B&sconnected between

the sensors and the data acquisition card. The pressure amplitude and the phase
difference of each pair of sensors could be appligtigaeliable method known as

t he -mitavoophone met hodoetal€l892)rta daleuthte they Fu s
acoustic power flowing at the mybint between them. The acoustic power is:

w vy~ oann p —p = P
n n n
Here 04n n nn OFT 4.2

wherer] andr) are the pressure amplitudes at the two specific locatihis the
distance between the two sensors in the oscillation direttirthe phase difference
between the sensors,is the angular frequency, is the gas densityy sSpexific

heat mtio, Pi@iandtl numberlnd| is the viscous penetration depth. The phase
difference between the pressure sensor at locafioand the piston needs to be
recorded to calculate the acoustic power at the piston by the general acoustic power
Equation 3.7First, the volumetric flow rate was calculated by Equation 3.6 using the
measured value of the piston displacement and the frequency. Then the acoustic power
was calculated by pressure amplitude at location 17, the calculated volume flow rate
and the phasalifference recorded between the pressure sensor and the piston
displacement. It is important to note the phase difference recorded by the data

acquisition card is the phase difference between the pressure amplitude and the piston
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velocity, while the phasdifference of Equation 3.7 is the difference between the
pressure amplitude and volumetric velocity. Therefore, the phase difference value
should be shifted by 90e which is the ph

the volumetric velocity.

Using Equations 4.1 and 3.7, the acoustic power entering eaclvasoalculated at

the midpoint of 67 and9-10. The acoustic power at the pisteascalculated by the

piston measurement and the pressure at 16 and 17, the power entering the feedback
loop catulated at the mighoint of 2 and 910. The net generated acoustic power is
considered to be the power at the piston plus the power entering the feedback loop
minus the power entering the core. Clearly, the calculated net power is less than the
real vale as the power entering the thermoacoustic comegsurecabout 2.5 m

before the core and the power entering the feedback lomgasuredabout 1.2 m

after the core, and there is an acoustic power loss iulies and fittingsandlosses

in the teeconnectiorand the linear alternator housing and connectors.

The linear alternator generated poweas calculated by multiplying the measured
voltage and current of the generated electricity. The voltage and cuvesst
measured by digital muitneters Huke 28lldigital mult-meter (current accuracy
+0.2%, voltage accuracy +0.1%) glassto-metal wire feedthrouglshown in Figure

4.6a,wasused to pass traternatomwiresthrough the linear alternator housing vessel.

4.3 Heating and Cooling Systems

The heating and cooling systems are essentials for the thermoacoustic engine to

maintain the temperature difference across the regenerator.

4.3.1 Heating system

As explained in the hot heat exchanger part of Section 4.1.1, the heating was achieved
using 100 Welectrical heaters, WATLOW model C2B110. At first, each heat
exchanger was supplied with 12 heaters which were then increased to 18 heaters. As
shown in Figure 4.3b and Appendix three, figure A3.5, there are slots machined into
the two sides of the hbeat exchanger and there are 4 holes in each slot. These heaters

are connected to an electrical autotransformer to control the heating power of the heat
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exchanger by controlling the voltage. The electricity consumed by the heaters was
measured by an inlingower meter, Fluke 28digital multi-meter (current accuracy
+0.2%, voltage accuracy +0.1%), and was considered to be the heating power of these
heaters.

PT14
PT15
25

e~

LY

§
PT6 | [™PI5

PTY
FT13

PT11

PT1

FT17

F1%
FT158 PT1S

Figure 4-8: A schematic drawing of the rig showitite locations of the pressure
transducers (PT).

4.3.2Cooling system

The cooling system uses water to maintain the temperature at the two ambient
exchangersear airambient temperature. The cooling system consists of a 91 litre (20
gallon) water tank, high pressure diaphragm pump, hoses and cooling coils. The idea
is to circulate the tank water into all the heat exchangers. The heat capacity of water
and the naturalanvection and radiation help to maintain the waténatemperature.
However, the watemeeds to be changed or cooled down when running the engine for

more than three hours. To simplify the system, all the four heat exchamgess
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connected in series thi cooling coils in between. The benefits are the system needs
one pump for all the four exchangers to ensure the same flow rate in all the heat
exchangers. The cooling coils are copper tube, WICKES model 420700, coiled and
immersed in the water tank. Theat transfer calculations showed that each noéter
immersed pipece an drop the water temperature up
L/min. The water leaving the pump is split into two lines each has a valve, one is
feeding the water back to the tank @he other supplies the cooling line. The control

of these two valves can tune the flow rate of the cooling line, wiasiset at 1 L/min.

The cooling line enters a main ambient heat exchanger and thandbnnected to 4
meter coiled copper to cool tigater down before entering the other main ambient
heat exchanger. There are two other cooling coils at 4 and 2 meters connected
afterwards.

4.4 Concluding Remarks

The rigwasconstructed from materials available in the market. The design, materials
and parts selection criteria was based on the availability and durability for the working
pressure, pressure sealing of the working gas and moderate cost. The experimental
apparatusconsists of two sections: the thermodynamic section and the acoustic
section. The thermodynamic section is where heat is transferred to or from the
working gas, while the acoustic section is the tubing network transmitting the acoustic
power from one plae to anotherin the experiments, the measured quantities are
temperatures and oscillating pressure amplitudes at selected locations along the

system and linear alternator piston displacement and generated electrical power.
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Chapter 5

Experimental Results and Discssion

In this chapter, the system stag issue is discussed@ection5.1. The experimental
resultsare presented and discussed3ection5.2. SubSection5.2.1 illustrates the
effect of the load resistance on thefpemance of the engine h€ effectof the mean
pressure and the heating powegdiscussed ilsectiors 5.2.2 and 5.2.3, respectively.

Section5.2.4 shows the results of the full performance tests of all the parameters.
5.1 Startup and SystemDebugging

The first step in engine preparatisrto charge the engine with helium at 28 bar. The
procedure staed with evacuatingthe systemto - 0.9 bar (gauge pressurdéhen

charging with helium to 3 batwice, to eliminate any traces of air inside the engine,
thenevacuating@nd chargngto 28 bar. After turning the cooling pump on, the heating
process starts. The heating procedure st
avoid thermal stresses at the métaimetal contact between the hot heat exchanger

and the heaters, then flléating powers applied.

It was expected that the engine excites weak acoustic oscifafibra steep
temperaturaistributionacross the regeneratadhen the acoustic power is amplified

in the regeneratasver a period o few seconds or minutes. Ttime taken to start

is based on the heat flux that is able to maintain and increase the temperature
difference, as the hot side temperature decreases when oscillation starts.

The weak oscillation started when the helium at the regenerator hot side raached
temperature of approximately 230eC and t
Unfortunately, the regenerator failed to amplify the acoustic power to an intense level
enabling it to drive the linear alternator. The hope was that the measured pressure
amplitudes at sixteen locations along the engine Yeayd agree withhe calculated
predictions however, the calculated pressure was approximately 200 times the

experimentalaluesas shown in Figure 5.1.
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Figure 5-1: The preliminary experimental pressure amplitude measurements against
the theoretical vaksalong the engine logphe schematic drawing at the
bottom of the figure shows a simplified layout of the engine.

The conclusion o& debugging process investigating how to run the engine was that
the engine requires an external excitation to start the amplification of the weak
oscillation. The most successful way to excite the engine is to drive the linear
alternator as an acoustidwer at a specific frequency. In practice, a few pulses of the
acoustic driver piston by a function generator and amplifier at a frequency of 50.8 Hz
was enough to excite the intense oscillation. The problem encountered with this
method is that once thatense excitation starts, the linear alternator behaves as an
opencircuit/noload and hence the piston exceeds the stroke limit. A continuous
knocking of the piston may damage the linear alternator in a few seconds. The piston
stroke could be controlledybconnecting an external load resistance to the linear
alternator. This load resistance will control the piston stroke as well as dissipating the
generated electricity. At first, the switching between the function generator and the
load resistancevasdonemanually once the piston started knocking. The tiaken

for the switchingto occur, if too longwas a serious danger to the alternator. An
electrical control boxvasdesigned to protect the alternator and facilitate starting the
engine. The control boswitches the connection of the linear alternator in three ways:
function generator, load resistance and a short circuit, based on piston displacement
measured by the laser displacement sensor. The sensor voltage represents the RMS
value of the piston peakisplacement. The control box connects the linear alternator

to the function generator for sensor voltage ranges from 0 to 1.414 V which is

equivalent to 0 to 2 mm piston peak displacement. Usually a piston recipnadhtes
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2 mm peak strokds able to egite the engine to start the intense oscillation. At a
sensor voltage range of 1.414 to 4.242 V, which is equivalesat giston peak
displacement of 2 to 6 mm, the control box connects the linear alternator to the load
resistance to control the pistonglscement and dissipate the generated electricity. If
the voltage exceeds 4.242 V, the switch box connects the alternator to a short circuit
connection to stop the alternator from reaching the maximum stroke limit. Figure 5.2

shows a schematic diagram thle connection between the control box and other

equipment.
Function Laser <:> Linear
Generator Displacement Alternator
Sensor
Resistance
Load
Box
Short O | O | O O] O
Circuit
Switch Contol Box

Figure 5-2: The connection arrangement of the control box and etipgipment
5.2 ExperimentalResults

The preliminary tests of the rig showed promising results. A single set ofsdata
discussechere and more details apeesented in the next sectior&ections 5.2:1

5.2.4 After exciting the engine using the control box, the engine starts to drive the
linear alternator to generate electricity. The experimental oscillation frequency was
found to be less than the simulation frequency. In the experiments, the engine ran at
a frequency 0b54.7Hz, which is less than the modelled value of 55.19 Hz. This result
may be explained by the relation between the frequency and speed of sound shown in
Equation (2.1). The model considers the gas temperature beyond the ambient and
secondary ambient heat exchangers i s at

insulated therefore, the tube and helium were at room temperature, mostly below
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20eC. The gas had higher density at | owe
the speed of sound akownEquation (2.2), which decreases the frequency as per
Equation (2.1). Applying the gas tempera
in the frequency dropping to 54.69 Hz.

The settling time of the engineas identified for both thermal and acoustical
measurements. It is considered that the settling time is the time it takes to get within
1% of the final value, or to 99% of the final value and, most importantly, stay within
that 1%. Knowing the settling times crucial and interesting fax system thahas

heat transfer and oscillationenablingan isolated and accurate study of both the
performance andperatingparametrs The settling time of the current study was
influenced by several factors, including pastentsand degreeof any change
implemerted A possibleexampleis the large mass of the hot heat exchanger
assembly, explained in section 4.1.1, which &dsghthermal capacitanc&ue to

this capacitance the systeequires a longer settling tinvdth a coldstartthanfrom
following runs.Another exampleit requiresalonger settling time when varying the
heating power thawhen making small changes lvad resistance. In general, the
settling time of thdirst run was found to be between 35 to 40 minutes, thereafter, a

change in a singlegpameter requires a settling time of20 minutes only.

In the present study, the measuremerdsetaken with great care and careful thought
wasgiven to every step of the measurements procedure. Nevertheless, the measured
values failed to produce smoathrves and the tests failed torepeatableThere are,

however, possible explanatiofa the norrepeatability The main explanation for

the experiments having some inconstant parameters is that the past experiment carried
out on the same day may haue effect on the heat stored in the bulk metal around

the hot heat exchanger, the cooling water temperature which varied between 25 and
40eC, the quality of helium and the trac
and the rom temperature. Generalljnanyexperimentsvererepeated and trspread

of resultswasalwaysbeen within2.5%.

Two main problems have been noticed during the experiments; heat leakage and phase
difference shifting. Once the oscillation startbdat leakage was detected whereby

t he heater s coul d not mai nt ai n t he hot
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simulation results showed that it requires only 288.8 W to maintain a temperature of
400eC, however, a heating power of 900
practice. Thisedd to areduction ofall the performance parameters of the engine in

both the acoustical and electrical generation. A possible extparfor the heat leak

is dueto heat conductioalongthe walls and regenerator and minimally by convection

to the environmet through the insulationt®aming is another source of heat leak as

it pushes the hot gas beyond the ambient heat exchanger, which will be cooled by the
feedback loop as explainedtime followingSections.

As explained inSection4.2, there is no measuremewgre obtained fovelocity in

this research apart from that of the alternator piston. The phase difference between the
volumetric flow rate and the pressure could be measurte giiston of the linear
alternator The simulation phase difference 4 5. 25 e, whi |l e t he
experimental diff erf7e nZkhasephajelffersncdndicaten 1 5. 5
a serious change in the acoustic field along the engine loopnisgaessible that the

shifting is due to the use of an improper linear alternator. The difference between the
theoretical and experimental may have influenced the phase difference at the

regenerator which affects the power amplification.

The pressure amplitle was measured in all the sixteen locations. The distribution
shown in Figure 5.3 illustrates the match between the experimental the theoretical (in
the optimized desigmgsults In this test, the heat input was 900 W at each stage (1800
W for both stags), the mean pressure was 28 bar and the external load resistance was
30 q. Contrary to expectation, the pres:
after the thermoacoustic cores, i.e., at the beginning and the middle of the chart of
Figure 5.3, a not equal. Comparing all threBlS point to those of the RHS as shown

in Figure 5.3, it is clear that the all the LHS psihive higher amplitudes than the
RHS. It can thus be suggested that the linear alternator extracts power from the RHS
more thanfrom the LHS and henche RHShas lower pressure amplitudes. This is
suggested as the RHS is facing the piston of the linear alternator while the LHS is
facing the back of the linear alternator which has a less active area subjected to

pressure.
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Figure 5-3: Pressure waveform difieoretical vexperimental at 28 bar mean
pressure, 1800 W heating power andB2p) e x t e r, theasthenhatic @rdwing at
the bottom of the figure shows a simplified layout ofe¢hgine.

The pressure amplitudes and the phase diffeeemeasured between two adjacent
pressure measuremgrdintswereused to calculate the acoustic power flowing at the
middle point between them using Equation (4.1). Figure 5.4 compares the
experimenth acoustic power to the simulation results. The results show a big
difference between the theoretical and the experimemlstic powerhowever,
there is a good match with the trend. Again, the optimal theoretical resuksown

The experimentakeaults shown in Figure 5.4 confirm that therehigheracoustic
power around the LHS higher than the RHS.
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Figure 5-4: Acoustic power distribution of experimental vs theoretiealltsat 28
bar mearpressure, 1800 W heating power and82p) e x t e r, theasthentatica d
drawing at the bottom of the figure shows a simplified layout of the engine.
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The difference in the pressure amplitadéfected the temperature distribution in the
thermoacoustic coreas well, as shown in Figure 5.5. The higher pressure amplitudes
of the LHS lead to higher heat being transferred from the hot to the ambient heat
exchanger by the oscillatory flow. As they have the same heating power, the LHS hot

heat exchanger has a temgteare lower than that of the RHS.
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Figure 5-5: Temperature distribution at the two thermoacoustic cores at 28 bar
mean pressure, 1800 W heating power an@0 e xt er n a | | oad

The lack of symmetry discussatiove led to more investigation of the symmetry of

the performance of the two stages. Figure 5.6 shows the experimental phase
differences betweermairs of pressure measuremeotations. Theoretically, thehase

di fference shoul d DboéthelaBoQsécally &pmmetsoear , t he
alternatormay have changed the phase difference asitwept t o 194e¢ ar o
middle of the feedback loop.
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Figure 5-6: Pressure phase difference betweenithentical points othe stage loop
at 28 bar mean pressure, 1800 W heating power aBdi30e x t er n a | I o
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5.2.1 TheEffect of External Load Resistance

The load resistance value affects the acodst&lectric energy conversion, which

will affect the acousc field, which in turn can affecthe thermato-acoustic
conversion. Yuet al. (2011) studied the application of the loud speaker as a linear
alternator from the viewpoint of a parametric and general performance. The study
concluded that the linear alternator extracts maximum power from the acoustic field
at a load resistance valegual to the alternator corhpedancelt wasassumed that

the same piston displacement and acoustic impedance was applied to the alternator at
all the load resistances. In the current research, the alternatdrhasq a't 60
Therefore, it is expectetthat the alternator would generate the maxinpaowerat a

load resistancaroundl 8 (.

The experiments showed a different optimum load resistance to what had been
expected based on Yet al. (2011) conclusions, as the volumetric flow rate and
pressure amfilde of the acoustic field are dependent on the load resistance. At a
mean pressure of 28 bar and heating power of 1800 W (900 W at each stage), the
maximum electricity generateglas48.6W at a | oad resi stance
in Figure 5.7. In Figur&.7, the circles are the measured generated electricity while
the solid line shows the predicted results using the DeltaEC model after applying three
measured boundary conditions: load resistance, pressure amplitude at the linear
alternator and the temure difference across the regenerator. Each expenmasnt
repeated at least four. The circles represent the average of the experiments and the
error bar represents the repeatability of the test. The total effioreasalculated by
dividing the genettad electricity by the heating power (1800 W). Figure 5.8 provides

the effect of the load resistance on the total efficiency. As shown in Figure 5.8, the

maxi mum total efficiency is 2.7% at a |
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Figure 5-7: Theperformance of the engine as a function ofltiael resistance at 28
bar mean pressure and 1800 W heating power
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Figure 5-8: Total efficiency for differentoad resistaces at 28 bar mean pressure
and 1800 W heating power

The alternator efficiency is the ratio of the generated electricity to the consumed
acoustic power from both sides of the alternator piston. The acoustic paser
calculated using the measured piston displacement, pressure amplitude close to the
piston and the phase difference between the piston displacement and pressure
amplitude, as explained before. The relagiip between the load resistance and the
alternatofacoustieto-electric efficiency, shown in Figure 5.8howsthere is a clear

trend of decreasing alternator efficiency by increasing the load resistdueceircles

are the measured efficiency while the solid line shows the predicted results using the
DeltaEC model. There are several possible explanations for this variance between the

experimental and simulated values. Firstly, theassanmetic linear alternatohas a
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flow resistanceon one sidewhich extracs acousticmore power than the otheside
value Secondly, theincorrect experimental phase difference coragato the

theoreticalvalue as explaineth Section5.2.
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Figure 5-9: The effect of load resistance on the linear alternator efficiency la&r28
mean pressure and 1800 W heating power

The mismatch between the alternator and the load resistance at load values higher than
308q reduces the extract ecdcncouagseaore intense t h e
acoustic field along the engine. The thelMmaacoustic conversion increased by
increasing the load resistance, which led to a higher theéoazaloustic efficiency as

shown in Figure 5.10Increasing the load resistance will decrease the extracted
acoustic power by the alternator which will inese the acoustic power circulating in

the loop and hence the therrtedacoustic efficiency increasebhe effect of the load
resistance on the volumetric flow rate could be measured at a single point on the
engine loop which is at the linear alternator vas have measured the piston
displacement. In this research, the change of piston peak displacement will be used as
an indicator of the change in the volumetric flow rate along the engine. The measured
piston peak displacement was found to be increasettiBsasing the load resistance,

as shown in Figure 5.1fhe solid line shows the predicted results using the DeltaEC
model The increase of the volumetric flow rate was coupled with an increase in the
pressure amplitude across the engine loop. The pesasylitude was presented by
means of the drive ratio which is the ratio of the pressure amplitude to the mean
pressure. Figure 5.12 shows the drive ratio at the linear alternator versus the load

resistance.
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Figure 5-10: Therelation betweetoad resistancandmeasuredcoustic efficiency
at 28 bar mean pressure and 1800 W heating power
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Figure 5-11: The alternator piston displacememtsis load resistancat 28 bar
mean pressure and 1800 W heating power
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Figure 5-12: Measuredlrive ratioversus load resistane¢ 28 bar mean pressure
and 1800 W heating power
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The intense oscillation at higher load resistance affected the regenerator temperature
difference, as shown in Figure 5.13. The higher volumetric velocity of the intense
oscillation at higher load resistance decreased the regenerator temperature difference
The temperature distribution along the thermodynamic section at various load
resistances, shown in Figure 5.14, shows that all temperatures reduced at the hot heat
exchanger, hot side and at the centre of the regenerator at higher load resistance. The
non-linear temperature distribution graph confirms that there is Gedeon streaming,
compared to the linear distribution at no oscillation run. The experiments showed that
the Gedeon streaming wdswer at lower acoustic intensity whernower load

resistance waapplied, as the regenerator temperature distribution is closer to linear
at lower load resistance.
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Figure 5-13: The effect of load resistance on thheasuredegenerator temperature
difference at 28 banean pressure and 1800 W heating power
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Figure 5-14: Core temperature distribution of different load resistance at 28 bar
mean pressure and 1800 W heating power
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The fraction of the acoustic efficiency the Carnot efficiency is a very popular
measure to evaluate the efficiency of a thermal application with reference to an
efficient standard cycle. As the heat generates acoustic power in this application, the
fraction to Carnot will be considered as tlaio of the acoustic efficiency to the

Carnot efficiency. The Carnot efficiency is the fraction of the temperature difference

4

across the regenerator to the hot side temperature in Kélvin

p 1 T)PAt the optimum load resistanoef 3 0. 8 q, the fraction
16.8%. The maximum fraction to Carnot efficiency of 27.9% achieved at @2.5
where the alternator extracts the minimum acoustic power and leave the rest to
circulate in the loopis shown in Figure 5.15. THeaction to Carnotatio data retain

the same trendsthe acoustic efficienciput with asteeper trend. The reason for the
steepesslopeis that the Carnot efficiency, which is the denominator of the fraction,
reduces at higher load resistance vitie decreag in the regenerator temperature
difference as shown in Figure 5.13.
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Figure 5-15: Fractionto Carnot efficiencyfor various load resistansat 28 bar
mean pressure and 1800 W heating power

As explained irBections.2, theocal phase differencatthe linear alternatasbtained

in the experiment was different from the modagure 5.16 shows the theoretical and
experimentalocal phase difference at the alternator piston at various lo&daeses.

The phase differenas different fromthe moddd y 58 . 3 e &ay6 12.68 3e (a te
9 2 . STwagpossible reasorfsr this effectare the unknown value of inner surface

roughness on the pipes and the usl@symmetric alternator.
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Figure 5-16: Experimental and theoretical phase differemersus load resistane¢
the alternator piston

5.2.2 TheEffect Of Mean Pressure

In order to investigate the effect of the mgmassure in the system, the pressure of
helium is varied in the range betweehdnd 28 bar at a heating power of 1800 W.

The change in the mean pressure changes the thermodynamic properties of the gas,
e.g. density and thermal and viscous penetratiorhdephich influence the energy
conversion process of the thermoacoustic system. 8wdt. (2002) explained the

effect of the mean pressure lasing due tachangesn the power density factor of

N @ O The other very important effect of the mgaeassure is that it has a direct effect

on the acoustic impedance, therefore, it affects both themraaloustic and acoustic

to-electrical conversions.

The mean pressure influenced the oscillation frequency. The engine oscillated at
54.7Hz for a mean mssure range of 28 bar and at a frequency 52.4 Hz for

mean pressures between 20 and 14 bar. This inconsistency is due to the effect of the
mean pressure on the helium density. Reducing the mean pressure decreases the
density which leads to a decreasdhe speed of sound as per Equation (2.2). The
drop in the speed of sound leads to a decrease in the oscillation frequency as per
Equation (2.1). At mean pressure lower than 14 bar, the engine oscillates at a non

harmonic oscillation which failed to nrdain itself and quickly damped.

The experiments confirmed that the system generates higher electricitynaaichr

higherthermalto-electrical efficiency at elevated mean pressure. Figure 5.17 shows
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the experimental and theoretical values of electrigéyerated at various mean
pressures. The error bar represents the repeatability of the experiments and the point
is the average of the repeated experimértte. solid line of Figure 5.17 shows the
predicted results using the DeltaEC model after applyinget measured boundary
conditions: load resistance, pressure amplitude at the linear alternator and the
temperature difference across the regenerator. There is a cleavftmecreasing the
generated electricity with ineasing the mean pressure frome fo 28 bar.
Surprisingly, the electricity generatedso increased when the mean pressure went
below 16 bar. The main reason is that at 14 bar mean pressure, the-tbeaomalstic
efficiency goes higher at an approximately stable acotms#tectrical coversion as

will be shown in the following paragraphis.is clear that difference between the
theoretical and experimental values of generated electricity is lower at lower mean
pressure. This may be explainedtbg fact that the rig presergnacousticconditions

closer to the modeht lower mean pressure, as the phase differemcess the
alternatorobtained in experiment is closer to the theoretical value at lower mean
pressure than the elevated mean pressartact the reduction oélternatorpha®

di fference between 28 and 14 bar is 3. 2c¢
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Figure 5-17: Theoretical and experimenta¢rformance of the engine as a function
of the load resistana 1800 W heatingpowernd 3 0q | oad r esi

The study of the effect of the mean pressusswidened to various load resistances.
Figure 5.18 shows the effect of mean pressure on the generated electricity at various
load resistances. The mean pressure had the same effect on the power generation at
al the studied load resistances. Dividing the generated electricity by the heating
power, 1800V, resulting in the total efficiency which is presented in Figure 5.19. The
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generated electricity and the total efficiency reduced by dropping the mean pressure
to 16 bar, then they increased again. A maximum of 48.6 W of electweisy

generated at a total/therralelectric efficiency of 2.7%.
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Figure 5-18: The performance of the engine versus mean prefswarious load
resistanceat 1800 W heating power
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Figure 5-19: Total efficiencyversusmean pressur®r various load resistansat
1800 W heating power

The acoustic efficiency and the fraction to Carnot efficiency showed the same trend
in the generated electricity, decreasing with decreasing the mean pressure from 28 to
16 bar and increasing to 14 bar as shown in Figures 5.20 and 5.21. As explained
before the engine ran at a higher acoustic efficiency and fraction to Carnot at higher
load resistance#it the optimum load resistance, the thertwahcoustic efficiency is

8.8%% and fraction to Carnot (£9.24%. While thetess recorded a higher maximum

of fraction to Carnot of 28.72% and heatacoustic efficiency of 12.43% at 28 bar

mean pressur e andAs/kiplaiBed hefofeahe dlternatosextmdtsa n ¢ e
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less acoustic power at higher load resistance which leaves the acoustic power to
circulaie along the engine loop. The decrease of thetbeatoustic and fraction to

Carnot efficiency at lower mean pressure can be explagnecereducing the mean
pressure decreasd¢he power density factor which reduces the acoustic power
generation at a ggific heat inputThe alternator efficiency showed a different trend

at various mean pressures, as shown in Figure 5.22. The mean pressure does not show
a significant effect on the alternator efficiency in all the five load resistances studied.
This trendis likely to be related to the acoustic conditiairsce the alternatgrhase
differencedoesnot changevith pressureAs mentioned before the reductionpbiase

di fference between the 28 and 14 bar i s
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Figure 5-20: The relation betweemean pressurand acoustic efficiencipr
various load resistansat 1800 W heating power
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Figure 5-21: Fraction to Carnot efficiencyersusmean presurefor various load
resistanceat 1800 W heating power
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Figure 5-22: The effect of mean pressure on the linear alternator efficiency for
various load resistance at 1800 W heating power

The drive ratiovas increasing by decreasing the mean pressure, as shown in Figure
5.23. The fact is that the pressure amplitude was decreasing with the mean pressure,
however, at a lower fraction and hence the ratio increased. A significant increase in
drive ratio occured at 14 bar as the pressure amplitude increased in spite of decreasing
the mean pressure, which led to a higher ratio. The highest drive ratio recorded was

4. 5% at 14 bar mean pressure and 71.9 q

Drive Ratio (%)
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Figure 5-23: Measured drive ratio versasean pressur®r various load resistanse
at 1800 W heating power

The measured piston displacement decreased with decreasing mean pressure until 16

bar when it started to increase, as shown in Figure 5.24. The piston displatement

an indicatorof the volume flow rate along the engine including the regeneatdr,

explains the effect of mean pressure on the regenerator temperature difference shown

in Figure 5.25. At lower mean pressure, there was a lower oscillation volumetric flow
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rate which lead to lower heat transfer and, hence, the temperature difference across

theregenerator increased. Except at 14 bar, the piston displacement increase indicated

a higher oscillation volumetric flow rate which lead to lower temperature difference.
Figure 5.26 shows a detailed temperature distribution across the thermodynamic
1800

sectiona t

across all the three hot locations of the thermodynamic section was higher at lower

W heat.i

ng

power

and

30.

8

mean pressure. The highest hot heat exchanger tempevasnecorded at 16 bar.
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Figure 5-24: The effect of mean pressure on the piston displacement for various

load resistanceat 1800 W heating power
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Figure 5-25: The effect of mean pressure the regenerator temperature difference

for various load resistansat 1800 W heating power
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Figure 5-26: Core temperature distribution of different mean pressure at 1800 W
heatingpowerand3®q | oad resi stance

5.2.3 TheEffect of Heating Power

The heating power is one of the two main parameters affecting the regenerator hot
side temperature besides the amplitude displacement. However, it is the only
dominant parameterwith the ability to mairdin high temperature difference
regardless of the peak displacement value. The regenerator temperature difference is
one of the main operational parameters defining the acoustic power generation. The
heating power in the following graphs represents thasation of the heating power

of the two stages. The heating power was always kept equal in the two stages,
therefore, the heating power of each stage is half of the summation value. The heating
powerwas variedrom the minimum power that is able to maintéie oscillation of

700 W, to a maximum of 900 W, which is the maximum electrical power of the
variable transformer. Figure 5.27 shows the effect of the heating power on the
generated electricity for both experimental and simulation results. The arairthe
experimental is the repeatability of the test, while the solid line igréticted results

from the DeltaEC model after applying the experimental boundary conditions of load
resistance, pressure amplitude at the linear alternator and the temgditierence

across the regenerator. The simulation results showed a linear trend while the
experimental was a curve. This inconsistent trend in the results may be due to the heat
leakagewhich is happening in practice and cannot be considered amntioéagon.

The curvel behaviour of the practical results of Figure 5.27 illustrates that the heat
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