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Abstract. The purpose of the current study is to present the potential of
using coupled thermoacoustic engine/cooler in looped-tube topotodies
incorporated into designs of cookstoves in developing countriesc@hibe
applied for storing vital medical supplies such as vaccines or agridultura
produce in remote and rural communiti&#se usage of cookstoves in two
sample rural communities of Mexico and UgaisdaresentedAdditionally,

the low-cost coupled thermoacoustic engiekigerator system is
demonstrated. The lowest temperature of -3.6°C, operating aefreyof

58.6 Hz, was achieved at the cold end of the refrigerator. Fumtinezrical
analysis of the thermoacoustic prototype is carried out to achieve a highe
cooling performanceWith the substantial adjustment, both regenerators of
engine and refrigerator operate in the travelling wave phasing regfion
high acoustic impedanceThe acoustic field in the system is also
significanty improved. This will contribute to a better cooling performance
of the system.

1 Introduction

Remote and rural communities in developing countries, especially in Afmitasia, often
face problems of no access to electrical endrpwever, often they also require access to
refrigeration capabilities for storing vital medical supplies such as vaccireggrioultural
produce In their daily life, the people in these societies cook on open fireshiothass
burning, eg. wood, charcoal, sawdust, ¢fj. This work aims at addressing the refrigeration
needs by application of thermoacoustic technologies where thermal input iinomsk
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combustion can be used to directly generate acoustic p@warthermoacoustic engiye
which in turn can be converted to cooling poviara coupled thermoacoustic refrigerator

The energy conversion between thermal and acoustic energies relies onoatioeistic
effect where the oscillation of a compressible working fluid in the ¥ycof a solid material
provides a means for designing thermodynamic cy8ash technology is considered very
attractive due to its reliability, low maintenance and environmental friesdline
Thermoacoustic devices can be classified ifgagined and “refrigeratorécoolersheat
pumps$. The thermoacoustic engine converts thermal energy into acoustic energy
Conversely, the thermoacoustic refrigerator employs an acoustic wgeseéd along the
solid material to generate the temperature grad@&ntin recent years, there has been an
increagd research on the comlad configuration of the thermoacoustic engine and
refrigerator The generated acoustic power from the engine can be supplied directly to
produce the heat pumping effect in the refrigeralbe thermoacoustic refrigerator driven
by the thermoacoustic engine also has particular advantages in usiggadbty heat source
or renewable energy, such as industrial waste heat, solar energy gasee from the
combustion processes for energy recoVérg|.

A demonstrator of a loopetibe travellingwave thermoacoustic refrigerator driven by
combustiorpowered thermoacoustic engine has been develfjett can be particularly
beneficial for residents in remote and rural communities, where large quarititiaste heat
are generated daily through biomass combustion in cookst@llesn such waste heat is
harnessed to drive a cooling cycle it can be of immense benefit to ienfgrevquality of
healthcare by immediate access to vital medicines

The purpose of the paper is téad: Firstly, to outline typical examples of cookstoves
and their usage in two rural sample communities of Mexico and Ug&adandly, to explore
the possibilities of wusing loopedbe topologies for coupled thermoacoustic
enginérefrigerator to be incorporated into such cookstove desighe prototype as
discussed in [4] used standard inexpensive parts and employed aiosplanic pressure as
working fluid. The testing showed that the lowest temperatur8.6fC was achieved at the
cold end of the refrigeratoin the desired medicine storage temperature2cdind+8°C, the
system produced a cooling load between 3 and.7SEveral aspects of the design are
intensively examined for enhancing the cooling power by impgptie phase difference
between pressure and volumetric velocity, selecting suitable regeneratars/estigjating
the optimum position of the matching stUthis is demonstrated by modelling the system in
DeltaeC programmeThe cooling performance before and after the improvement is
presented, and the changes to the acoustic field are examined

2 The usage of cookstoves in rural communities

By way of illustration, it is worth mentioning two countries where aseookstoves is
relatively widespread: Mexico and Uganda. Biomass accounts for 10% béfiieayy use
and 40% of residential energy use in Mexico. It is estimated that about 22dn mpélbple
(or near 20% of Mexican total and 90% of rural population) still usebivhod EW) for
cooking in open fires in 2010. Approximately 16.8 million peopk exclusive users, and
5.7 million uses wood in combination with LPG (mixed use) to cthair cooking and other
basic needs. Total fuelwood use reachesRBIyr or 40% of total residential sector energy
use (76FJ [7].

Figures 1(a) and 1(b) illustrate two designs of cookstoves with elyirstacks where a
significant amount of waste heat is discharged without making any useafiently there
are more than 100 stove manufacturers in Mexico, ranging from-sozddl regional
enterprises, to large-scale international manufacturers. Improved cookstdwegido all
come with a chimney and a flat pan to cook tortillas. They can be madetalf or local
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materials such as brick, cement and mud. There is therefore a lot of poteiniialrporate
cooler/refrigeration or electricity generation facilities (or both) as either aitétraiisting
designs or within the design of new stoves marketed in Mexico, formeanithin the
governmen “top-down give-stoves-for-free approdchdopted by Mexican government

within its Improved CookStove (ICS) programmes for rural communities

The Ugandan energy sector is dominated by biomass, accounti®®2ffoof the energy
use, followed by petroleum (6%) and electricity (2%) [8]. Biomass copsomcomes from
firewood, charcoal and crop residues. It provides all the basic needs famgaoki water
heating in rural areas and for most urban households. The NatmmahRon and Housing
Census 2014 [9] shows that biomass (wood and charcoal) aresstlllas main sources of
energy for cooking by the vast majority of Ugandan househ8i¥%). Use of electricity
(2%) and gas (1%) is still very low, while about 3% of households useaiterfuel source
(biogas, cow dung, etc.) for cooking. Rural communities mainly wsevdod (85%),
followed by charcoal (12%), while urban communities show the oppositeczi§68%) as
major energy source, followed by firewood (31%).

Ugandan manufacturers mainly rely on artisanal production metivbds, though
cheap, negatively affect product consistency and quality. Theeerarmber of industrially
produced cookstoves on the market, but they are all imported and atea iigle level.
Highly advanced cooking solutions are available, though their penetratios rateently
quite low. However, the adoption by specific market segments of thedern cookstoves,
that provide a combination of cooking, lighting and charging of maleiléces, may offer a
good entry point for thermoacoustic devices in Uganda. Figure 1(c) illusirabestitutional
stove at a prison facility in Uganda with a chimney stack where large quanttiteste heat
are disposed to the atmosphere.

Fig. 1. Examples of cookstoves with chimney stacks: (a) and (b) rural dwellingsitt (c)
institutional stove at a prison’s facility in Uganda

3 The coupled thermoacoustic enginelrefrigerator

A prototype of loopedube travelling wave thermoacoustic refrigerator driven by
combustiorpowered thermoacoustic engine [4] was developée system was designed
with the requirements of a simple structure and-¢mst deviceThe important design issues
including type of the device, operating presswerking fluid, material ad configuration of
each component are considered under those constrains

To meet the simplicity and lowost point of view, air at atmospheric pressure was
selected as working fluid because of its availabitpne-wavelength loopetilibe travelling



wave structure was designed because of providing relatively efficientyecengersion
Such a relatively simple arrangement could be implemented as a practical sdfution
addition, an extra phase tuning component narfetpatching stubwas introduedinto the
system to improve the impedance matching o€@upled enginérefrigerator systemThe
matching stub is to shunt part of the velocity away from the resotmimympensate the
acoustic impedance increase caused by the existence of the refrigeratcha$idg [10]
The schematic diagram of the system is presented ir2Fithere are two subsystems
the engine and the refrigerator, located in the same loop of a travelliegtypeT he engine
is powered by flue gasek comprises of cold heat exchang@HXe), regenerato(REG,),
hot heat exchangéHHX.), thermal buffer tub€TBT) and secondary cold heat exchanger
(2"CHX). The refrigerator is located opposite to the engine and consists of an ahgzien
exchangefAHX;,), regeneratofREG) and cold heat exchang@HX;). In addition, the side
branch matching stub is used while the feedback pipes complete theThmopotal loop
length is 4969 m corresponding to an operating frequesfd®B.6 Hz Subscripts‘e” and“r”
refer to the engine and refrigerator, respectivEhe coordinate x describing the distribution
of components within the loop for modelling starts from tHd beat exchanger of the engine
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In the thermoacoustic engine, the CHXmade from a round aluminium block which is
90 mm long and has 110 mm diamefine porosity of the CHXis about B%. The REG
is made out of stainless screen disks with the diameter of 110 mtheamdre diameter of
0.16 mm The length of the REGs 23 mm The porosity and hydraulic radius of the REG
are 82 and 196um, respectivelyTwo TypeK thermocouples are installed at the two ends
of the REG to monitor the temperature differencEhe HHX. has a shelandtube
configuration and has a length of 160 minis heated by the combustion proceBsree
TypeK thermocouples are placed in the HHX monitor the solid temperature of the tube
wall. The TBTsare located between the HelXnd 29CHX to suppress the heat leaks. The
2"9CHX is added to remove the excess heat from hofdimatching stubis connected to
the loop through a -Junction to improve the acoustic impedance matching between the
engine and the refrigeratorhe stub length is much less than a quarter of the wavelength

In the thermoacoustic refrigerator, the AHX also made out of an aluminium block
which is 110 mm in diameter and 60 mm lofbe porosity of the AHXis 3246. The REG
is a stack of stainless steel mesh screens with mesh number 34 avicktiameter @54
mm. The disks form a 30 mm long regenerator with a diameter ofrtd.OThe porosity and
hydraulic radius are 731% and 1744 um, respectivelyThree TypeK thermocouples are
mounted at the two ends and in the middle of the R®Gobserve the temperature
distribution The NiCr resistance wire is situated at the cold side of the R&@ct as a
cooling load The electrical power is supplied to the heater wires by a DC power s@uay
Type-K thermocouple is fixed at the position of the heating wire to monitochihages of
temperature as the cooling load chang€&bere are six pressure transduc¢PCB
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PIEZOTRONICS model 122A22placed around the loofmarked P1 to P6 in Fi@) to
measure the pressure amplitude, phase angle and freqUédmcyeedback pipéFBP) is
made of standard-iach PVC pipe and 90° bends instead of a metal pipe to reduce cost

In the experiments, the resonance frequency of the couplessigs8.6 Hz The lowest
temperature 0f3.6°C can be achieved at the cold end of the refrigerator with zero cooling
load In the desired temperature 62 and+8°C for storing vital medicines , the system is
capable of producing the cooling load between 3 and @Wgrall, the prototype would able
to produce small amount of cooling capacity for storing the vital icmeds [11]
Furthermore, the simulation also reported that the KRip@rates in the region of -54<%<-
61.7, and the impedance phase of RESGNn the region of -30%5¢<-16.0°. Theoretically,
the regenerator must be located within the region of travelling phadibigr¢<+45°) [12].
This can imply thathe coupled system is non-ideal travelling wave condition to operate.
This will of course affect the thernto-acoustic conversion or vice versa &nhancehe
system performance, there are a number of issues that would riEedrtplementedviore
specifically, these include tuning the acoustic network to improve theepdifference,
selecting suitable regenerators, and investigating the optimum posifitims i@frigerator
and matching stubThese issueare demonstrated by modelling the coupled system in the
DeltaEC programmeThe acoustic field along the devigealsoexamined The obtained
results from the present model are compared to those from the prstidyfgs].

4 DeltaEC simulation

In order to improve the cooling performance of the system, thenisption process is
performed using a specialized design tool namely DelfdEL Its calculation capabilities
and precision in modelling thermoacoustic devices have been widely validatad).
DeltaEC solves the ordimensional wave equation based on the usualdmplitude
acoustic approximatiorA solution is found for each segment, with pressures and volume
flow rates matched at the junctions between segmiartse regenerators, the wave equation
is solved simultaneously with the enesfigw equation in order to find the temperature
profile as well as the acoustic fielthe energy flowing through the regenerator is determined
by temperatures arar heat flows at adjacent heat exchangers

In the current work, DeltaEC is used to simulate the acoustic field and triagower
flowing in the systemThe phase angle between the acoustic pressure and véddcited
to achieve the travelling wave phasifidhese issues are exanegd numerically i.e. better
matched regenerators, position and length of the stub, positionreftilgerator, etcA block
diagram of the segments in DeltaEC simulation is shown i8 f&d. Fig. 2). The simulation
for the thermoacoustic device is from the origin along the established cterdimough
each segment, with pressures and volumetric velocities matched at the junctieesnbet
segments

Thermoacoustic Engine

[ FBP-II

Thermoacoustic Refrigerator

|Hard End|—{ Stub S

Fig. 3. The block diagram of the segments in DeltaEC simulation

The calculations are carried out under the conditions as follinis applied as working
gas, the mean pressure is 1 bar, the hot end temperature of the engimgaged at 700 K



205 and the cooling load is zerbhe temperatures of alHX s are kept at 297 K he total length
206  of the present model remains the same as the previous study at aroufldesaptimisation
207  process is subsequently executed to achieve the lowest cooling tempefrttenefrigerator
208  whilst the travelling wave phasing in both RE@saccomplished The procedure of
209 optimisation is performed based on the multivariael@rch method by varying the values of
210 the parameters in eacomponent.

211 5 Results and discussion

212  The simulation results discussed in this sectioa based on the optimised valugge
213  comparison results between the current model and the previoug4laghighlighted in
214 Table 11t can be seen that the pressure amplityjgi® énd volumetric velocity amplitude
215 (Ju4)) are improved significantly after further modification. Therefore, thmustic power
216 flowing in the system is also elevated. $kéncreased outcomes are influenced by the
217 improved acoustic impedance phases of both REGs. As can be sediabie 1, the average
218 phase angles in both REGs, which are>aitd 5.8 in the REG and REG respectively, are
219 close to the ideal travelling wave phage 0°). This corresponds to the increase of thermo-
220 to-acoustic efficiency of the engine, as well as the lower cooling temperatuttee of
221  refrigerator.

222 Table 1. The simulation results
Parameters Theprototypein ref. [4] | Resultsfrom current study

Length of GiXe 9cm 6cm
Position of REG x=0.104 m x=0.076 m
Length of REG 23 cm 3cm
rh of REG 1152 ym 196 um
Position of the stub x=1215m x=12486 m
Position of REG X=27025m X=24105m
Length of REG 3cm 2cm
rn of REG 100 um 120 um
Pressure amplitudgs| 3.23 kPa 3.62 kPa
Velocity amplitudgUs] 0.018 nils 0.025 nils
Impedance phase of REG -54.P<p<-61.7 -17.97° < ¢ <3.90°
Impedance phase of REG -30.5<¢<-16.0° -1.42° < ¢ <1247
Efficiency of engine AE/Qin) 5.46% 5.66%
Tmin Of the refrigerator 269 K 256 K

223 Fig. 4 presents the phase differences between pressure and velocity ngdltatig the

224  system In the present study, the RE@orks in the region 0f17.97° < ¢ <3.90° and the
225 REG also operates in the range-b#2° < ¢ <1247° both of which are in the ideal travelling
226  wave phase conditiotunder the substantial adjustmerte phase differences in both REG
227  and REGare improvd significanty.

228 The distributions of pressure and volumetric velocity amplitudes alongystens are

229 presented in Figb. It can be seen that the system performs aswanelength modeThe

230 REGs are situated near the maxima of pressure amplitude or miniomaewgc velocity

231 amplitude in both modelsThe high acoustic impedance (ratio of acoustic pressure to
232  velocity)is preferred in the REG to avoid high viscous dissipafidwe sharp pressure drops
233 at the REGand REGare observed due to the flow resistance of the stacked mesh. screen
234  The present model can giadigher pressure amplitudehich is up to 32 kPa.
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Fig. 5. The distribution of the acoustic field along the syst@nthe pressure amplitude, atig) the
volumetric velocity amplitude

Fig. 6 illustrates the acoustic power flowing along the systarthe present model, the
acoustic power distributed in the systenhigher Initially at x=0, aboutL0.4 W of acoustic
power is fed into the engine, and then amplified to arour®\d6 Therefore, the engine can
produce a net acoustic power of about 6 W at an input heat poweé o¥,1corresponding
to a thermao-acoustic conversion efficiency oft®%.

The HHX,, TBT and 29CHX dissipate around 1 W of acoustic poviEre acoustic power
of 0.3 W is dissipated in the stub, which is mdebs than that of the previous model. The
reason might be that the change of cross-sectional area of stub ireWieugrmodel is
eliminated. Consequently, the acoustic power of\®.% consumed by the refrigerattm
pump heat from the cold-end to the ambient-end of the,RE® lowest temperature of
2507 K can be achieved at no-load condition.
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6 Conclusions

The“coupled configuration of the thermoacoustic engine and refrigerator in a leibed

is studied in this worKT his prototype has a high potential to be impleredfdr the cooling
application in remote and rural ardane system is developed to be a lowst and simple
device Formerly, the prototype was constructed and testeé lowest cooling temperature

of -3.6 °C was produced he experimental results indicate that this system is able to produce
enough cooling power for storing small quantities of vital medicines inteeand rural areas

of developing countriesHowever, various parameters the prototyperequire further
optimisation in order to obtain a higher cooling performantkeerefore, this study
demonstratefurther improvements of this prototypg modelling the coupled system in the
DeltaEC programmeThe numerical results show that after adjustment both regenerators of
engine and refrigerator operate in the travelling wave phasing region glhahbustic
impedanceThe acoustic field in the system is also signifigaimproved This contributes

to a better cooling performance of the syst&urther experimental investigations on the
modified systenare needed in order to validate the simulation results from this.study
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