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ABSTRACT

Thermoacoustics is suitable technology for recovewagte heat and generating electricity. In thisepag
novel thermoacoustic electricity generator usinguah-pull linear alternator is proposed. It is ainted
recover part of the internal combustion engine aghavaste heat and produce useful electricityottsists

of two half wave length identical stages and adiraternator connected in between them. The phl)sica
identical stages produce identical wave halves wabustic pressure out of phase. The availabilitjwof
points having the same pressure amplitude out ofeplpmovides the opportunity to connect the linear
alternator to two points in each stage to the alternator in a "push and pull" mode. The pregaangine is
able to produce more than 138.4W of electricitthatmalto-electrical efficiency of 25.1% equivalent to a
fraction of Carnot efficiency of 45.1% while usihglium pressurized at 40 bar.

1. INTRODUCTION

Day by day, power demand rises all over the wandhe last decades, a lot of environmental imphatse
been found and proven as caused by the power gemetachnologies. This creates a thinking approach
towards clean and environmentally friendly techg@e. Thermoacoustic power generation technology
could be considered as one of such technologies.

The working principle of thermoacoustic devicssbased on a thermoacoustic effect which enables
producing sound waves from thermal ene@yvice-versa. Thermoacoustic devices are genettaltgribed

as acoustic resonators filled with a gas as a wgrktuid and containing a porous medium (regeneyatith

heat source and heat sink (heat exchangers) atjecén The gas inside the resonance tube (withe t
porous medium limits) will undergo a thermodynamigle somewhat similar to the Stirling cycle. In
thermoacoustic engine, the working gas absorbsft@athigh temperature side of the porous medium and
rejects heat to the low temperature side while yrody work in the form of sound oscillations asoaput.

Looped tube thermoacoustic engine is one of thelesnfraveling wave configurations and consistkng
resonator (one or more wave lengths) which contéies regenerator unit and the Linear Alternator.
Investigations of a looped tube thermoacousticesgshave been done by Sakamoto et al. (2006, 2012)
These investigations have been done on a combimethdacoustic engine and refrigerator. Using aia as
working gas, the system gave a cooling power atlirmpoefficiency of about 0.15 W and 0.13%,
respectively. They subsequently improved performatoceeach 0.8 W of cooling power and 1.5% of
cooling efficiency, by using a mixture of heliumdaargon (50:50) instead of air.

The looped engine configuration has also been us&CORE project. Thermoacoustic engine was found to
be able to convert waste heat from the cookingesttuv electricity. The engine has been made of
commercially available materials and air at atmesighpressure has been used as working fluid (Yal. et
2012). The simulated efficiencies of thermal to &tioy acoustic to electric and thermal to electric
conversion were 4.6%, 53% and 2.4%, respectivadglyring electricity of 8 W. Abdoulla et al. (2013)
subsequently improved the performance of émgine by adding a resonance tube as a brandmni@ct the
alternator to the loop. The efficiencies have begproved to be 23%, 59.7% and 3.5% (thermal to aimpust
acoustic to electricity, and thermal to electricitgspectively). The generated electricity has beemreased

to reach 13V.
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Abduljalil et al. (2009) constructed a looped td¥e engine that has a ceramic regenerator with fingse
channels instead of the conventional stainless stesh core. The maximum measured acoustic power was
about 26 W. Abduljalil et al. (2009) continued theiork with some improvements and the acoustic powe
reached 34N.

The multi-stage thermoacoustic engines were praptsegroduce more power whenever there is enough
supply of heat to be used. It was also found thanthlti-stage TA engines are a solution to providewa
onset temperature (Che@012). Multi-stage enginebave been pioneered bye Blok (2010, 2012).
Basically, they have low acoustic loss because wétacoustic dissipation in the resonance and fedb
loop. The identical multiple stages have been ptedens feasible from the construction point of view
because of having identicamponents per stage. The name “self-matching” indicates that each stage has an
independent power extractor. From the losses miintew, it is better to design a self-matching ieegn
order to avoid high power spots and minimize lasBesir novel TA four-stage engines have been predent
by de Blok (2010). All the engines Yafour power extraction points with productivity ging from several
watts to 1.64 kW at heat to electricity efficienay more than 8.2%.

Some efforts towards a two-stage engine with ameali alternator have been undertaken as an outgodwt
SCORE project. Abdoulla et al. (2012) used Delta&@umerically design a two stage TA engine working
as an electricity generator. The model gave encmgagsults of 6% thermal to electricity efficieneynd
generating 130 W of electric power. Chen et al12Muilt two engines: one driven by propane buaret

the other by wood burner. The propane driven TA engenerated 19/ of electricity and the wood burner
one produced 22.7 W. Both have used a low effigiealternator. Kang et al. (2015) experimentally
generated 204 W using a two-stage thermoacousipetbengine with two loudspeakers. The engine found
to be able to run with thermal to electric efficigrup to 3.43%.

This paper presents a design model of a waste-heahdhermoacoustic electricity generator in tewhs
system design, parts specifications and predictdbimance. The engine model has been done using
DeltaEC modelling tool. The thermoacoustic enginsigieed has two stages with a Linear Alternator
connected in between at two points having equal duiit of phase acoustic pressure amplitudes. The
connection of Linear Alternator in this configuratiallows it to be run by the effect of acousticsstee on
both sides and work in a"push-pull" mode.

2. SYSTEM CONFIGURATION

The current system is a one wave length thermoacamsgjine. The configuration consists of two idertica
stages each having power extraction point. The tveep extraction points help to avoid high powertspo
and allow the stages to act as self-matching. THermsdkhing stages Wa the same identical acoustic
pressure and volume flow rate amplitudes but whiehaaut of phase. It means that each of two identica
points on the two stages have the same acousssyseeand volumetric flow velocity amplitude buitftsid
180° in phase. This configuration allows connectimg linear alternator to two points having the same
amplitudes acting out of phase. This connectionemses the system efficiency by increasing the power
output and decreases the acoustic losses.

This enhancement could be interpreted using the pgeseration formula. The amount of acoustic power
generated or dissipated by the linear alternatdiréxtly proportional to the acoustic pressure léogbe|p, |,
volumetric flow velocity|U; |, and the phase angle between thyy.

1
E = 5 Ip:IUs] cos dpy

where E is the acoustic power gl| is the acoustic pressure difference on the sitig®dinear alternator
The method of linear alternator connected to twagsohaving out of phase amplitudes will increase th
acoustic pressure difference on the sides of trealti alternator and hence enhance the performdrite o
engine.
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3. MODELLING

To verify the idea explained in the previous segtipmodel has been done constructed using DeltaB€.
DeltaEC shooting method showed that it was unableutotwo identical stages as expected. The two
identical stages when each has a power extracitdm ghould have the same thermal and acoustical
performance and this is what the shooting methiedféo follow. The modelling has been done as bélf
the engine which is one stage and the other s@agbden represented as a self-excited dicilve other side

of the linear alternator.

Each thermoacoustic engine stage consista thfermoacoustic core followed by a branch to thedin

alternator and finally there is a long feedbacketulihe total length of the engine is one wave leiagid
each stage is exdygthalf wave length as shown in Fig.1.

Figure 1 lllustration of the thermoacoustic engine.

The engine loop is 16 m long and uses heliudOdiar as working gas. The thermoacoustic core cansist
ambient heat exchangers AHX, regenerator, hot érethanger HHX, thermal buffer tube TBT and the
second ambient heat exchang®ARIX. The core has a diameter of d®, reduced to 7.5 cm at the end of
the TBT and the YAXH. The core layout is shown in Fig. 2. The core is ayearvertically; the AHX at the
top and the PAHX at the bottom. This has been experimentally fieeti to enhance the temperature
distribution in the regenerator and the TBT and redhe onset temperature (Liu et. al. 2002, Abdukal

al. 2009.

The heat exchangers used in the model are partatel peat exchangers haviaglate spacing of 1 mm and
65% blockage ratio. The proposed heat exchangetssoproject are all to be fabricated using wirétiog.
The wire cutting is to form tiny channels throughlack of metal to form cross-flow heat exchangers Th
channels are 1 mm wide leaving 0.5 mm fins in betwas shown in Fig..3n the experimental work to
follow the hot air will be used to simulate the ambt gases to maintain helium at the HHX side @¢@@nd
the water will be used as the cooling liquid at X and 2°AHX to maintain helium at 25°C.
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The AHX is of30 mm length and fabricated out of Copper. It is pthat the top of the thermoacoustic core.
It consists of seven channels on the helium sidk eght on the cooling water side. The regenerator i
located below the AHX. It consists of 75 mm thit&ck of woven wire stainless steel screen puncloéteh
with a diameter of 10lmm. The diameter of the screen wire is 71um. The calculated volume porosity and
hydraulic radius are 75.85% and 57.5um respectively. The HHX is to be fabricated out of low carbon stétel.
is 40 mm long and follows the regenerator. It hixe channels on the helium side and ten channelbeon
hot air side.

The HHX has two collars having inner and outer diameter identical to 4” pipe of schedule 40. These collars
are to prevent damaging the tiny channel from damgaly the welding heat as it will be welded toipep
and reducers as shown in Fig.The thermal buffer tube TBT located between the HHX #re 29AHX
consists of three parts: 4 diameter pipe, 4”-3” reducer, and 3” diameter pipe. The two pipes are 30 mm long.
The reducer of the TBT will help to supress the Raplestreaming. The"$AHX is similar in shape and
material to the AHX but it is 2éhm long and 3” diameter. It has five channels on the helium side and six
channels on the cooling water side.

AHX 2ndAHX

Figure 3 Heat exchangers
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There is a 100 mm long pipe connecting the AHX ®oTkbranchThe T-branch is leading to a branch and
trunk. The branch is the link between the loop dml linear alternator. The trunk is 7.3 m long feekba
loop. The feedback loop consists7ad5 m long pipe having a diameterlof” and 0.25 m long pipkaving

a diameter ot ”.

The linear alternator should have two pistons todse/enient to be used in this system. The two péstat
be accommodated at the end of the branch of eagh @ne will be subjected to positive acoustic gres
and the other to negative acoustic pressure asaime time. The positive pressure produces a pusgieto
piston while the negative pressure produces abaih to the same direction and hence the combifiedte
is a push-pull.

Two different linear alternators are proposed toubed in this experiment. A Q-Drive linear altermato
(Model 1S132M) and one fabricated by a partnenatUniversity of Manchester. These two alternatoth b
have one piston only. A design model has been nmaaevay that the engine will be able to run anyhefse
linear alternators efficiently. First the Q-Drivadar alternator will be used to test the thermaatio engine
till the amendment of the adding a second pistahedocally fabricated one completed.

4. NUMERICAL RESULTS

The DeltaEC run results of a configuration explaiaédve for both linear alternators will be presdrite
this section. The results of the Q-Drive linear ral&ors will be presented and the results of tloallp
manufactured linear alternator will be given in gaenmary by the end of this section.

The numerical results showed that the engine ruasfi@quency of 56Hz. The engine was found to be abl
to produce 138.4 W of electricity through the linalernator out of 551.2 W of heat. The heat isdtgd to

the system through the HHXs of the two stages @tlae of 275.6Wat each stage. The thermoacoustic
engine efficiency is determined as the output gred by electricity gain over the input represgity the
heat transferred to the engine. The engine effigien25.1%. This efficiency could be considerednasraw
efficiency and divided by the Carnot efficiency ebtain the relative Carnot efficiency. The Carnot
efficiency could be calculated using temperatunesired the regenerators which are the temperatures o
AHX and HHX. The relative Carnot efficiency of therent system is 45%.

Each stage produces an acoustic power of 113.4 8\thas the engine produces 226.8W of acoustic power
The acoustic efficiency is defined as the acoustiggr generated to the heat transferred to the engjime
acoustic efficiency of the engine is 41.6%. The othgortant efficiency to mention is the lineareaftator
efficiency. The linear alternator efficiency is thatio to the electricity produced to the acoustawer
consumed by the linear alternator. The linear a@min this configuration producing 138.4W of etesity

out of 172.5W of acoustic power fed through botthesi of it (86.2 W each side). The linear alternator
efficiency is 80.2. Fig.4 shows the acoustic power distribution altrgengine. It shows th&@6% of the
generated acoustic power is consumed by the ladeanator and 15.1% is dissipated in the feedbzuk
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Figure 4 The distribution of acoustic power along the labe, reference is the HHX of the first loop
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The acoustic pressure and volumetric flow rate atdbe engine is shown in Fig.5. It shows that thaice

of the position of the regenerator is correct (BBGand 8.3m). This position is at the acousticqunesanti-
node and volumetric velocity node to maintain hégloustic impedance in the regenerator and henck sma
acoustic loss due to velocity.
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Figure 5 The distribution of acoustic pressure and volurodoiw rate along the loop, the reference is the
HHX of the first loop

The equation of the acoustic power generated oipdissl by the linear alternator explained beforéhés
same equation of acoustic power flowing in the pedtion in any segment. The preferred phase angle
between the phases of acoustic pressure and vdlameate is near the traveling wave phasing which
zero. This is very important to be achieved espigdialthe regenerator because it produces moressicou
power at this phasing. In the looped type thermostio engine, there is no control on the phasinghé
current configuration it is about 53.8° in the néddf the regenerator. Fig.6 shows the phase drfifar
along the engine. It shows that the phasing is teetlire standing wave phasing in the feedback pipes
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Figure 6 The phase difference in the loop, the referentieeisiHX of the first loop

A compact thermoacoustic engine configuration hasnbexamined to set a correct phasing inside the
regenerator and to reduce the length of the endgihe. compact design was based on increasing the
thermoacoustic core cross section and replacingeb@back pipes with small diameter pipe to act like
acoustic inertace and a large diameter pipe (latigen the thermoacoustic core diameter) to act like
compliance. This configuration found able to satadling phasing in the regenerator and reducernbgee
length to 8.5m. However it was found that the tp@ler flow starts to flow in reverse and mosthef heat
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transferred to the system through the HHX is rejgdty the AHX. This limits the performance of the
thermoacoustic engine at the heat to electriciigiehcy of no more than 9.5%.

The theoretical results of the fabricated lineaeratitor are lower than these of the Q-Drive. Thenmai
reasons of lower performance is that the Q-Drinedr alternator has lower mechanical resistancéeitelr
electricity conversion characteristics. All theulés are summarized in Table 1.

Table 1 Thermoacoustic simulated results using the fatitand the Q-Drive linear alternego

Parameter Fabricated Linear Alternato| Q-Drive Linear Alternator
Generated Electricity 119.6W 138.4W
Heat/electrical efficiency 20.7% 25.1%
Heat/acoustic efficiency 43.9% 41.2%

Linear alternator efficiency 66.7% 80.2%
Fraction to Carnot efficiency 37.1% 45.1%

5. CONCLUSION

This work introduces a novel two-stage thermoacoustgine generating electricity by running a push-pu
linear alternator. Compared to the traditional éfang wave thermoacoustic engines, it potentialis h
advantages of generating power from two pointshenltop to reduce the power losses and increase the
generated electricity. A numerical simulation ha&erb performed to obtain the optimum design for the
engine. The distribution of acoustic power, pressumplitude, volumetric flow rate and phase diffeenc
have been presented to understand the characeridtihe system. The results skalihat it is able to
generate 138.4 W of electricity at a heat to elgttrefficiency of 25.1 out of a temperature diface of
375°C of the hot and cold sides of the regenerator.
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