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ABSTRACT: This paper aims at evaluating three selected low-cost porous materials from the point of

view of their suitability as regenerator materials ia tdesign of thermoacoustic travelling'wave engines.
The materials tested include: a cellular ceramic satestrith regular square channels; steel “sc;ourers”;
and stainless steel “wool”. Comparisons are madenagai widely used regenerator material: stainless
steel woven wire mesh screen. For meaningful coismas, the materials are selected to have similar
hydraulic radii. One set of regenerators was designed around the ‘hydraulic radius poh.208is
included the ceramic substrate, steel “scourers’nlsts steel “wool” and stacked wire screens (as a
reference). This set was complemented by steel “scgiuand stacked wire screens (as a reference) with
hydraulic radii of 12Qum. Therefore six regenerators were prohndarrmgt the testing. Initial tests

were made in a steady air flow to estimate their relative pressure drop due to viscous dissipation.
Subsequently, they were installed in a looped-tube travelling-wave thermoacoustic engine to test their
relative performance. Testing included the onset &atpre difference, the maximum pressure amplitude
generated and the acoustic power output as a-function of mean pressure between 0 anthdv@ bar a
atmospheric. It appears that the performance ofnegéors made out of “scourers” and steel “wool” is

much worse than their mesh-scr nterparts of the same hydraulialius. However cellular ceramics
may offer an alternative to tradit:&egenerator nelteto reduce the overall system costs. Detailed

discussions are provided.
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1. Introduction

o
In thermoacoustic engines, thermal energy is directly converted to an acoustic wave (mechanical energy) as a result of
heat interaction between a solid matedad adjacent gas, within the so-calléiermal penetration depth”. This is
based on a well-known thermoacoustic effect that was first explained qualitatively by ybethRa'if heat be given
to the air a'the moment of greatest camshtion, or be taken from it at the moment of greatest rarefaction, the vibration
is encouraged” [1] and is known today as “Rayleigh criteri@h’(which can also be gxessed mathematically). The
pot’ﬂtial of the thermoacoustic effect went unrecognisedRotil[3,4] established its theoretical foundations based on
the linear thermoacoustic theory. Later, Ceperley [5]gesed that when a travelling sound wave passes though a
porous material (regenerator), the heat transfer intenabitween the gas and the solid material causes the gas to
undergo a Stirling-like thermodynamic cycle. This led to construction of many prototype thersiaeogines and
refrigerators, where the main component is the so called “thermoacoustic core” comprising a poroustedt (en

stack in the standing wave devices or a regenerator inatbeling wave devices) and a pair of heat exchangers (“hot”
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and “cold”) to provide the required temperature conditionghe ends of the porous medium for the thermoacoustic

effect to take place.

A detailed theoretical analysis of standing wave systems, based on the linear acoustics model was perforifted by Sw
[6], who also provided some exampteEshe early developments at Los Alamos National Laboratory. He also provided

a detailed analysis of a practical standing-wave engirerevh000 W of thermal energy was converted to 630 W of
acoustic power [7]. Studies of a somewhat different symmetrical double-ended system havpdrehine Olsorg

Swift [8]. Zhou and Matsubara [9] studied the performance of a standing wave engine as a functionagdeyasspr
frequency, mean pressure, stack length and the hydraulicsraflithe mesh used to fabricate the stack. They also
expressed the engine performance in terms of the normalised input power, hot heat exchang\j‘er temperature and

measured pressure amplitudes. 3

Following his earlier work [5], carried out for infinite regeai®rs, Ceperley [10] provided further theoretical insights
into the workings of travelling wave engines equipped with short regenerators andsdalnd,ﬂ)at one of the key
parameters for obtaining high efficiencies is the regeémeeroustic impedance. Fﬂowing Ceperley’s ideas, a torus
(looped-tube) travelling-wave engine, with the torus lerggthal to the wavelength. of the fundamental acoustic mode
of the engine, became one of the commonfigarations for both fundaqlental ezgch and practical applications (cf.
Yazaki et al. [11] or Yu and Jaworski [12]). Backhaus and Swift. [13] deeel ! somewhat different concept of a
travelling wave engine, where a torus resonator wasemed to a ‘standing wave resonator, which defined the
operating frequency, while de Blok [14] proposed. a hdwdorid confﬁjration with a travelling wave feedback
waveguide. A more detailed review of various types avdlling wave engines has been recently given by Yu and
Jaworski [15].

Figure 1 shows a typical configurationtbk travelling wave thermoacoustic emgjigreen arrows marking the acoustic
power flow. Here, the thermoacoustic cw& as-a power amplifier. To complete the thermodynamic process in the
regenerator, the acoustic power hasto be supplied to thieranGcold) end of the regenerator with a near travelling-
wave phasing. Therefore, either art}xal acoustic source [16,17] or adback mechanism needs to be designed
[11,13,18] to feed the acoustic-powetoirthe ambient end of the regenerafbine characteristics of the regenerator
determine the perforﬁce of the tilimg-wave thermoacoustic engine indwespects. Firstly, the local acoustic
impedance at the cold end of the regenerator determines how large an acoustic power flux can be fd into th
regeneratoE‘Trt impedance values are generally deterfaynéite acoustic network which consists of the acoustic
compliance, inertance tube and the flow resistance in tfemeeator. Of course, higher impedance will result in a lower
acoustic power being fed into the regenerator. Secondiyeimegenerator, the heat contact between the gas and the
solid material determines the thermodynamic process. For the travelling wave thermoacoustic engine, a near isothermal
c})ndition i’required in the regenerator [1T$. achieve this condition, hydraulic radiug, defined as the ratio of the

total gas volume to the gas-solid interface area, should be much smallérgtibarmal penetration depth to ensure a

ver( good heat contact between the gas and the solid maldreaheat capacity of the solidaterial should also be

large enough for heat transfer betw#es gas and solid material. On the other hand, flow resistance should be as small

as possible to reduce the dissipation.

The potential advantages of thermoadimusngines are their simplicity of construction and low cost. The costs of an

appropriate resonator are relatively low as it can be built of standard metal or plastic tubing; the most costly parts of
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such devices are the regenerators and two heat exchangen® e critical nature of the interaction between the gas

and solid material forming the regenerators, there have been a number of studies focused on the selection and
optimisation of the regenerators for travelling-wave eegi Typically, regenerators with regular geometrical
configurations, for example parallel-plate type [15], offgcellent performance: cf. ogparative studies [19,20] for
instance. However, such regenerators are too costly andiffeult to make, especially when the channel size goes

down into tens of microns range. Similarly, there seem to be very few commonly availateigals for such
regenerators. Therefore, a common ficacin thermoacoustics is to use multiple layers of mesh screer(itacked ‘
together to form a porous structure. This is not ideal because the tortuous gasgeghazge viscous losses. Similarly

the cost and the labour involved in manufacturing such regenerators are still substantial and may be prohibitive for mass
production. \

The idea behind the current easch is to identify easily accessible materiaisa potential application as regenerators,

and characterise their performance against one anottmer agiurpose-built travelling wave looped-tube engine as a
testing platform. It is envisaged that parameters such as the maximum pressure alide generated, the onset
temperature difference, the temperature gradient developed in the regenerat‘ and! the avmrsfiedpoto the

ambient end of the regenerator can serve as meaningtriacifor selection of regeretor materials for practical
applications. This paper gives an account of the selecﬁoregener@r materials for testing, fabrication of the
regenerator samples and the design of the experiméutgities, followed b)r the presentation of results and
conclusions. In particular, section 2 gives detailed inftionaabout materials used for fabricating the regenerators
tested in the current study. This section discusses gheimetrical prop;:[ies such as porosity and hydraulic radius,
summarizes the properties of six regenerator samples falorieatl studies their staticggsure drop characteristics.

Section 3 outlines the construction of experimental appsr® study the thermoacoustic behaviour of the sample
regenerators. Section 4 discusses the results obtained.from the point of view of the onset temperature difference,
acoustic pressure amplitudes generated, acoustic_powers obtained, investigates the temperahisedgrazloped

along the regenerators and discusses the&

y

%

erimental immestdrinally, section 5 presents overall conclusions from

the study.
2. Selection, prepa?’gn and.properties of regenerator materials

The low-cost regenerator matds selected for this study included threpety. cellular ceramics, steel “scourers” and
stainless steel QV(*)I", while standard shescreens were used for benchmarking purposes. The characteristics of the

regenerator materials are outlined below.

2.1. Cellular ceramic catalyst support

\

The first material (denoted as Material/Regenerator § made from Corning cellular ceramic catalyst support, which
ha&quare channels with cell density of 900 cells per smer€or 30 cells per linear inch, i.e. 25.4 mm), a hydraulic
radius,r;,, of 199 um and porosityg, of 88.7%. This type of material is typically used in catalytic converters in the
automotive industry. It was consideresv cost since a sample of 90mm diameter and 125 mm length (see Fig. 2) was
around £50 — thought to be competitive relative to standardmésh screens. Unfortunately, when using this type of
material one cannot choose the hydraulic radius with the same level of flexibility as wire mesh screens: the ceramic
catalyst support comes typically in sizasch as 300, 400, 600 or 900 CPSI. The latter was the finest pore that was

Page 3 of 25



available for this study, which meant that for meaningful comparisons all other materials had to be tested with similar

equivalent hydraulic radii of around 2.
2.2. Steel “scourers”

The second material selected for thisdgtis commonly known as steel “scourers” (cf. Figure 4b later). It is a product

with predominantly domestic applications for scrubbing aedrihg. A packet of three “hdfuls” was only arour{ J
which meant that the whole regenerator material for this study would be within £5 price range. The/structsire of thi
material can be imagined as metal “swarf” (metal cuttings from metal turning operations) with flatively uniform
rectangular cross-section (with typical dimensions 4004o®0by 20-30um), which is subsequently formed ‘into
“disks” that fit the human palm. As this is a material @frfdom structure”, to control the hydraulic radius one needs to

carefully press the material to a deditaulk density (or porosity), while takj into account thactual.average cross

v

From first principles, the hydraulic radius is defined iarthoacoustics [21] as the‘o of the total gas volume to the

section of the “rectangular wire”.

gas-solid interface area (commonly referred to as “wetted area”). Assuming that a single wire of cross-sectional area
A, perimeterP, lengthL and density,,;; is pressed into a regenerator of a knogr?\/olmtgge it is easy to show that

the desired hydraulic radius must be:

N
’/‘h — Vg as — gas — AC S Vgﬂs - ACS Vg as — ﬁ ¢ ( 1)
Awetted PL P AcsL B lezd P 1- ¢

or in other words

7
\ O B @
\ Tyt f
However porosityg, is by definition
O |
Vv - msolid
¢ = Vgas _ Vreg —Viia _ ¢ Polid _ ©)
Vreg Vreg ereg

\Y»

Of course, the volume of the regenerator is the sum of the volumes of the gas an(.s6litly,; + Vi, andmyyq is

mass of the solid material,,...; is the “wetted area” equ&lL for the wire.

Comparing (2) and (3) it is easy to show that the required mass of the solid material is

msolid = Vregpsolid < . (4)
A, +rP
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For the “rectangular wire” (such as “scourers discussed) of the characteristic cross-sectional dimensicgsdb,

the cross-sectional area and perimetenar@nd2(a+b), respectively and equation (4) simplifies to

ab
msolid = V

o . 5
regpsolzd ab + 27’h (a + b) ( )

N

To find average values afandb, around 100 samples have been measuregbith package of scourers. The measured
averaged dimensions were approximately g¢82x 25.6um. Two hydraulic radii were investigated for gcourers: 200
um, in order to make comparisons with the ceramic material, angirh20 with the hope to shift'the optimum mean
pressure towards higher pressures and compare the performance with scourergrofi3@baulic radius. Scourers
compressed to provide = 200um are referred to as Material/Regeneréitar, while those compressed to provige=
120um are referred to as Material/Regenerator |l-b. J

<

2.3. Stainless steel “wool”

The third low-cost material studied heresiwhe so called stainless stee}‘wool". nys'also used in domestic applications
(e.g. wooden parquet scrubbing) or industrially (e.g. to clean and roughen surfaces before soldering). The grade
acquired for this investigation was S/S 434 with the cost of around £10 per 100g package, which meant that the cost of
the steel “wool” regenerator in our rig was around £15.mbm difference between “wool” and “scourers” is the wire
structure: “wool” wires are not uniform in.cross-sectional shape and size. In order tothbtdisired mass per unit

volume (for the compression process) one needs to chasadihe average propertigfs‘wool” wires first.

To this end a sample of around 300 in&lual wires were chosen in as random fashion as possible. These were
straightened and cut to a common length and subsequently aligned in one direction. An epoxateyipewas cast

around them to form a cylindsl mo& the individual wire having been placed as parallel to the cylinder axis as
possible. Subsequentlycentral sectio‘n of the cylinder was cut out im@nd surfaces polished to reveal wires’ cross-
sections for microsc imaging in order to extract theiss-sectional areas and perimeter lengths. Figure 3a shows

the wire wool material, while Fig. 3b shows the sample wires cast in a cylindrical mould. Images were taken under a
microscope, m%'ntaining a known scale at various positions of the cut plane to maximize the number of samples for
measurement. Figare 3c shows a raw ienalgtained from the microscope: whiteas are the wire cross-sections while

the grey background is the polished epoxy matrix.

MATLAB c"de was developed to extract the necessary irdtam from the images. Theaee 8-bit (0-255) greyscale

JPG images, with the size dd30 x 1300 pixels. As a first step, any wtatea (i.e. the wire-cross section) that did not

shy completely because ité position close to the edgd the image was removed manually The images were then
converted to black and white: A greyscale threshold of 175 was set so that any value less than or equal 175 was
regarded as “black” (0), and any valuggler than 175 was regarded as “whi{255). The threshold value was selected
experimentally by “trial and error”: a set of sample images was converted using varied levels of thardhible

resulting images were compared visually to the originals tlenpoint of view of consiency of shapes and sizes of
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the wire cross-sectional areas. The images obtained usirtgriéshold value of 80 seemed to produce the best black

and white representation of the original images. fEsalting black and white image is shown in Figure 3d.

Subsequently, the cross-sectional area of the wires could be calculated from the number of white pixels within each

shape, knowing the linear scaling factor (i.e. how many pixels per mm). A scale of 1 mm is gheepriginal image,

from which the scaling factor is worked out and it remains the same for all images. It is also possible to apply.suitable

filters to extract the wire circumference: when a pixel hagide and black neighbour, in either horizontal or @cal J
ted

in Fig. 3e. The topology of the white pixels is such that they form a continuous line with two types of neighbourhood:

direction, it is counted as aipb“on the circumference”, and is set to whiféae rest was set to black. This isiillus

“side-to-side” or “corner-to-corner”. The circumference icakdted by a procedure that can be descriB‘ed as a "walk”
around the circumference and summing trstatices between “visited” pixels: unity for “side-to-side” neighbours and
square root of 2 for corner-to-corner neighbours. Pphecedure was validated for a few. known shapes (circles,
rectangles, diamonds end) and a selected random shape that was magnified and.the circumference measured by a piec
of string along the edge. The discrepancies were no more than 2%. Summation of calcaéted areas and perimeters
(circumference lengths) over all samples allowed obtaining their average value\which)tmnmbe 457qum? and
249um, respectively.

- P g
In order to calculate the mass of steel wool required to buikbenerator of pred!e,fined hydraulic radius one needs to
apply the general equation (4). Only one hydraulic radius was consiggred for steelgeoerator, namely 200m.

Steel wool regenerator is referriedas Material/Regenerator IIl.
2.4. Wire Mesh Screens

For comparative studies, standard W'mesg;reens were used as regenerator material. For wire mesh screens, the

relationship between the hydraulic radigswire diameteD,,;.. and porositys (Eg. (1)) can be re-written as

iy
) ¢

r,=D,,  ————-0.
Ne L Aa-g)

For a given mesh screen, the wire dééen and the so called “mesh numberare provided by #hmanufacturer. The

(6)

@
porosity caf(thus I’e calculated as:

¢ — 1 _ wire (7)

\ i 4

Twr\/vire mesh screen materials were selectee. firfst was to match the hydraulic radius of 200. Here mesh
numbern = 30 was selected, with the wire diameter of 289 which resulted in the hydraulic radius of 196. The
second was to match the hydraulic radius of 120 Here mesh numbear= 45 was selected, with the wire diameter of
230 um, which resulted in the equivalent hydraulic radius of 12il Both wire mesh materials were purchased in the

form of 50 mm disks, which had to be subsequently stacked together to form the regenerators. Wire mesh screen
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regenerators are referred to as Material/Regenerator IV-a and IV-b, for the nominal hydraulic radii &0 12um,

respectively.
2.5.  Summary of materials used ad fabrication of regenerators

Table 1 gives a summary of all materials used to construct regenerators for the current study, whéleokig.images
of the actual regenerator assemblies for the main four types of regenerators. Insets at the bottomsare close-ups of actua+
materials.

_
All of the regenerators used in this study were designétketeame size: 100 mm length atidmeter to fit ihe internal
diameter of the rig: 56 mm. There was only one smidlérence introduced for practl reasons of handling the
thermocouple insertion: materials |, Il and Il were insertéd purpose designed metal cans (as seen for example in
Fig. 4b) of the internal diameter 54 mm and 1 mm walkiméss, while the wire mesh screen regenerators were built
directly inside the 56 mm pipe forming the rig. J
Fabrication of regenerator | was relativatraightforward: the ceramic material W; cut to size using a hand saw. In
addition 3 holes were drilled from thelsito introduce thermocouples:(seetisec3). Compacting random materials of
type Il and Il required a special tool (a “stamp”) to be made to control the apﬁied pressuresfABdisks (such as
seen in the inset of Fig 3c) would bmnufactured first, and these woulg.l?banuently placed inside the metal cans.
The mass of scourers to build regenerator ll-a.was.121 g, while it was 164 g for regeneratoe|IHas§hof steel
“wool” required to build regenerator Ill was 154 g. Metal cans containing the regenmiatrials would be placed
inside the rig test section as illustrated in Fig. 4c. Reg#or |\V-a was fabricated by compacting together 182 disks
50 mm diameter cut out from the wire mesh sheet. dditianal rectangular sheet was wound around the assembly to
fill in the gap between the disks and the inner pipe wall. agsembly is shown in Fig. 4d. Regenerator 1V-b was made
in the same way, except that 201 discs w}because the wire diameter is smaller.
As already mentioned, the objective, of the experiments was to investigate the performaeceegénierators while
keeping the hydraulic ius constant (200 or 120um). The particular materials and wire geometries used in the
study meant that it \I\J:Ot possible to keep porosities the same at the same time. Clearly the wire mesh screens have
porosities of about 70%, while”the scourers and wire wanlonly achieve porosities of 90.7 — 94.2%. Increasing the
mass and mckﬁg’of this material within the can could |dheporosity, but as will be clear from the static pressure
drop measurements it would render the regenerators too lossy for the engine to start. Theoretically, it could be feasible
to choose different wire sizes to try to match both the hyidreadius and the porosity to those of wire mesh screens,
but this was not achieved in the current work.

\

2.6. Viscous Losses in Regenerators

Viscous resistance plays an important role in the regemesaa travelling wave thermoacoustic engine. Higher flow
resistance leads to higher viscous losses and causes a higher local acoustic imp#uameganerator, which reduce

the acoustic power feedback [15]. The flow resistance of fenegator can be tested in either oscillatory flow [22,23]
or steady flow [19,24]. In this rearch, before the actual experiments agnat characterising the thermoacoustic

performance of regenerators, they wdtesuabjected to a static pressure drop test under steady flow conditions, in order
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to obtain some estimates of their viscous dissipation [19§hiSend, a simple rig was constructed whose main part is a

2.2 m long PVC tube with the outside diameter of 60.3 mm, and inside diameter of 56 mm (see Fig. 5). The tube is
equipped with purpose made fittings to accommodate thexeegter cans. Static pressure ports allow measuring the
pressure drop across the regenerator (micro-manometer 1) while a Pitot-static tube provides simultaneous velocity
measurements (micro-manometer 2). Theetis attached to a 20kW centrifugphdwer. This arrangement had no speed
control, but the use was made of very long turn-down times of the selected centrifugal fan (of tloé midetes)

which allowed quasi-steady measurements. The fan wadsedstr its maximum power, which yielded the mium
values of the air speed and the corresponding pressure drop across the regenerator. Themashteifaed off and

video recording of the measurement readouts of the two instruments was made. The data pantplyerrtracted

from the video recordings. Three runs were made for each regenerator and average values of pressure atibp vs. vel
are plotted in Fig. 6. As the fan takes a long time to slow down, the manometer and the connectirguutmithgw

the transients. The results shown in Fig. 6 are quite simitarthose shown in Refs [19] and [24]. It.can be found that

the flow resistance depends on porosity, regularity or the porous material, and the nature of packing of the solid materal:
the lower the porosity the higher theul resistance. A higher flow resistaraed a nonlinear relgﬁ&nship between the

pressure drop and velocity were observed when materials are more random. \
3. Experimental setup — design and construction dhe looped-tube engine for regenerator testing
A

The experimental apparatus to test the performance of regnﬁalascribsg in section Il is shown in Fig. 7. Figure 7a
outlines the basic concept: the rig is essentially a tragelvave looped tube engine with the thermoacoustic core
installed in a selected location along the loop. Air is used as the working gas; the design frequency is 110 Hz. As shown
in Fig 7b, the system is made of stainless steel piping tivthotal length of 306 crmd an internal diameter of 56
mm. All flanges are ASME grade 316Ldanlass 300. The resonator has a constant cross-sectional area throughout. The
system was designed to handle a mean pressure of up to 1.2MPa and a maximum temperatureénofthesbé@est

o&e of the flanges indicates the lodatlom feeater — cf. Fig. 7b). The

regenerator and the hot and cold heat exchangers are shown schematically in Fig. 7a, while Figs. 7fwoanth&d s

zone of the tube (brown discolouration
images of the actual hot and cold heat exchanger assemblies.

The hot heat exchan&s made in the form of an ele@at=hthat was purpose made to supply a uniform heat flux to

one end of the regenerator. It was made from Nickel-Chromium resistance wire whisbwasaround ceramic tubes

that serve as s@pprts. Electrical power is supplied tbah&er at a maximum voltage of 30V and a maximum current

of 20A from a DC power supply via a special feed-through to maintain a good pressure seal. The cold heat exchanger is
made using a set of 6 stainless steel tubes (O/D 6 mm) protruding through the main enginel duat padsing

through a car radiator matrix fitted on the inside. A gdbdffthe tubes within the car radiator matrix allows a good

h\eat transf!r by conduction between the matrix and the tubes.

Th&angine is instrumented with seven type-K thermdesu@@ C-Direct model 408-119), which are used to measure
the gas temperature along the centre of the regenerator (numbered 1 through to 5 — seadrigiffén the two heat
exchangers (thermocouples numbered 0 and 6, for hibtcald heat exchangers, respectively). TC-Direct fittings
(model 875-446) were used to feed the thermocouple wires through the tube wall, to ermmdgressure seal. The

thermocouples were spread evenly along the regenerators, except T2 (cf. Fig 7a), which was placed 33 mm from the hot
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end of the regenerator (instead of the expected 25 mm). This was because of the particular flange arrarnigement wit

the rig.

A pair of high pressure microphones (PCB PIEZOTRONICS, INC., USA; model 2)2i& used to measure the
oscillating pressure amplitudes as well as the phase aeteeen the two received saa from the transducers.
Symbols P-A and P-B in Fig.7a mark the locations of the two microphones. Starting from toeteadcold heat
exchanger and counting along the centreline of the acoustic duct (see coordinate x in Fig. 7a) the positior&sensors A
and B are 38 and 147.5 cm, respectively. The sensitivity of the sensors is 100mV/psi.

_J
4. Experimental results and discussion \
Performance of the engine equipped with six regenerators described in section |l was testedvaystwoirstly,
starting from the situation when the rig was at roomdans, the engine onset temperature was established by
exciting the hot heat exchanger (by supplying 435 W of ritattenergy into the resiste@ wireg»&nd observing the
temperature difference between the hot and cold end oéglemerator required for e‘abing the acoustic excitation.
This procedure was repeated for a range of mean gas pressures (between 0 and 150 psi gauge, typically in 5 or 10 psi
steps). After each experiment the engine’s temperaturérvaght down@ the room temmture to allow comparable
conditions for the next experiment. It should be noted that the electrical pow& input was rampece upaxirttum
value instantaneously at the start of eanket temperature experiment (andinoteased gradually). Usually, this will
cause a nonlinear temperature profile along the regeneriiamever, settﬁg the input power directly to the required
power rate is more practical because a quick engineugtas favourable for any pracal thermoacoustic engines.
Figure 8 illustrates the readings from thermocouples 1. + Régenerator |, at meangssure of 4.4 bar obtained

during the engine start-up.

Secondly, the pressure amplitude achiev&by the engine in a steady state was used as a measure ofsregenerator’
performance. As the research in this paper is still a prediy investigation, no acoustic load is connected to the
engine to extract acoustic power oui,f%m the engine. Howigvenyell-known that in the absence of the acoustic load,

all of the acoustic power-will be dissipated on the intesnalaces of the resonator. Furthermore, the acoustic power

flow in the resonatorﬁoportional to the square of thespire amplitude. In this respect, it is possible to just use the
pressure amplitude as a simple performance indicator. Bssye amplitude was obtainasl a function of the mean
pressure oytheow rking !gas. Finally, for each steadg stamdition, acoustic power at the point half-way between
sensors P-A‘and P-B'was measliusing a standard two-microphone method [25]. In addition to the above engine
performance indicators, temperature gradient along the regenerator was investigated to abethirthe acoustic
power production was uniform within the regenerator (i.e. whether the whole of the regersrgtiorcbntributed

e‘qually to ‘e acoustic power generation).
4.1.' Onset temperature difference studies

Onset temperature difference, understasdhe minimum difference between theperatures of the hot and cold ends
of the regenerator necessary to induce the engine’s sél&tisas, is one of the basic parameters for thermoacoustic
engines [11]. The onset temperature can be plotted as a function of the mean pressurerkintpgasy which is the

classic stability curve for the thermoacoustic engines [26,27hisrway, the optimal mean pressure corresponding to
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the lowest onset temperature differences can be found mqueally. In practice, a low onset temperature difference is
advantageous, especially for engines driven by low temperature heat sources. Figure 9 shows the experimental data

obtained for all regenerators tested.

From Figure 9 it can be seen that Regenetatas the minimum onset temperature different®,,.;, of about 350 K,
within pressure range of 2.5-4.5 bar; the stability curve having two distinct branches. For the convenience.of further ‘
discussions the mean pressure corresponding to the minifiym will be denotedP,,,,.. For the left branch he
minimum onset temperature difference curve, the regenevpaates in the near-isothal zone [11,27]. The mean
pressure is relatively low, and the thermal penetration depttuch higher than the hydraulic radius. Hq’Wever, for the
right branch, the mean pressure is relatively high andhéenal penetration depth relatively small. The. regenerator
works in the near adiabatic region [11,27]. For Regeneratothisdrend is repeated only partially. There seems to be a
local minimum47,,., for around 3—-3.5 bar. However the right branch, experiencing a slight-rise at first, drops down for
pressures higher than 5 bar (this would apparently indicate an easier start-up). However, for pressuitesnhadioert t
6.5 bar it is not possible to start the engine at all.

<
Regenerator ll-b exhibits a similar behaviour to Il-a: a local minimum at 3 bar, followed by a rise aw rfahn
pressure increases. Subsequently, the curve is discontinued after-reaching the pressure of 8.arbamp(possible).
However, most importantly the required temperature differeto start the engine is substantially higher than for
regenerators | and ll-a: namely in the range 720-790 Kingat an unlikely candidate to apply in realistic systems.
The second drop of the onset temperature difference aéienéfan pressure reached 6 inalicates that the stability
curves of Scourers Regenerators ll-a and |I-b have diffefemacteristics compared ttose made out of mesh screens
or ceramic material. Such a comparison is also true whapaxing these results with the ones reported in Refs [11]
and [28]. The shape of the stability curves*for Regeneritarand Il-b may indicate that the properties such as the
hydraulic radius and porosity in these tgegenerators are somewhat inhomogeneoush Ahibosigourers are
compressed into the can carefully,/the nature of this matenadry random and non-unifa material distribution is
likely. In addition it is possible that for.random materials a ephof a “single” hydraulic radius is not reasonable: pore
sizes have inevitably a continuous ‘distribution and various length-scales may become dominaeteat diffan

pressures, resulting iwal minima.or maxima of the stability curves.

Regenerator lll/(as far as can'be ascertained from the data points available) also exhibits a classic withawiou
branches oj‘he‘st‘bility CUrve,, ., is relatively high: around 9 bar. The left branch of the curve begins at pressure of
about 2:5 bar (below 2.5 bar no start-up is possible) with relativelyAfigh, (around 770 K), but subsequently drops
rapidly, so that reasonable levels 4f,,., are assumed for pressures above 5 or 6 bar. It looks as though the right
ranch of the curve begins 18y, ,,; around 9 bar, but unfortunately the experiments cannot be continued beyond 11.5
bar due to aee pressure rating limitations of the experimental rig.
Compared to the low-cost materials, the benchmark RegfendV-a seems to follow the classic stability curve (left
and right branches), with a somewhat ill-definRgl,,;, between 4 and 5 bar. However, it is clear that the onset
temperature difference is the lowest tfraaterials tested, up to around 9 bReyond 9 bar, the performance of steel

wool (Material Ill) seems to be better, as is gerformance of the other benchmark material 1V-b.
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Regenerator IV-b seems to only have the “left” brancthefonset temperature differenogrve. This means that the
hydraulic radius is relatively small compared to its optimeatue, within the tested pressure range. As a result, the
regenerator works in the near isothermal region for the whole tested pressures. It needs a higher mear pressure t
approach the minimum onset temperature difference and the near adiabatic region, which is euisditfi¢al

pressure range of the engine. Furthermore, within most of the pressureABngdor Regenerator IV-b is larger than

that of Regenerator IV-a (except in the range 9-11.5 bar). However, Regeneratperfdrms better than any of the

low-cost materials, as far aetbnset temperature is concerned.
4.2. Pressure amplitude comparisons -

Figure 10 shows the measured pressumplitudes for each regenerator in thetéd mean pressure range. Here, the
pressure amplitude is defined as half of the peak-to-peak pressure oscillation. From“Fig. 10-it can be found that the
amplitude curves for Regenerators ll-a, Il-b, IV-a and \dré very similar in charactefhey start at low amplitudes
for low mean pressures, increase almost monotonically pvghsure, until they reach a local ngimum, after which
point their performance drops abruptix¢ept Regenerator IV-a, for which the cur\ is monotonic until the end of the
pressure measurement range). Out of these four Regenerators the highest amplitudes are generated fovéd-a, foll
by VI-b, II-b and Il-a, respectively. Ithe same sequence, the offtpressure after which the amplitude drops abruptly
is getting lower (not identifiable for IV-a, 10 bfar 1V-b, 8 bar for II-b and 5.5 bar{)r lI-a).

-
In essence, the working condition in the regenerator caadpested by-varying the ean pressure. A higher mean
pressure leads to a thinner thermal penetration dépthAs a result, the ratig,/r, can be controlled in the regenerator.
The previous researches showed thattthvelling wave thermoacoustic engine ezhieve the best performance when
odr, = 4 — 7 [29]. Therefore, either verywoor very high mean pressure will cauké, to fall far away from the
optimal region and lead to a lower pressure amplitude@snsim Fig. 10. However, for Regenerator | and 1V-a, there

is only one branch obtained and this'is like hesed by the tested pressure range not being wide enough.

As shown in Table 1, the regenerators discussed abovealmust the same hydraulic radius, however their porosities
are quite different (“scourers” having significantly higher gittes). Comparing Fig. 9 with Fig. 10, one can find that

the regions of decrea&g( pressamplitude correspond toetmear-adiabatic region. Generally, the heat relaxation loss
dominates in these near-adiabatic regions. It can be inferred that the porosity is too high, which leads to very low mass
of the solid}laﬂriil, as well as the heapacity in the regenerator. A very Idwwat capacity of the solid material will

cause high heat relaxation loss and a decrease in perfiendowever, it needs to bawmembered that there are very

many other parameters potentially responsible for the large performance differences observed; aray st be

possible to pinpoint a single reason.

\

Interestingly, steel “wool” (l1l) follows a similar trend in tisbape of the curve. It stards the worst regenerator, but

abcﬁe 6 bar becomes better than IV-b, and after 9 bar becomes the best regenerator from the point ofeview of th

produced pressure amplitude. This seems to mienyr well its onset temperature characteristics.

The behaviour of Regenerator | is somewhat different than the rest. The curve is relatively ftad, febant 7 kPa at
1.5 bar, raising to 9 kPa for 5 bar, and dropping down to 8 kPa, by the timeefiseire reaches 9 bar. It is worth

pointing out that this is the only “regular geometry” regenerator used in this study, with a relatively small pressure drop,
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hence it is possible that it operates relatively well across a wadge of pressures (albeit not being the best across the

whole range of regenerators.
4.3. Comparisons of acoustic power

Further analysis of the regenerators’ performances is based on investigating the acoustiopomenihg through
the resonator. This acoustic power flow is known as loop-power [14]. As mentioned aboy@essure sensors (as
indicated by P-A and P-B in Fig. 7a) have been used to measure the pressures along resonator sTdfatsge
sensors are recorded by the data acquisition card simuliyegiving both their amplitudes and relative phase shift.
Using the known distance between the two pressure sensors, the acoustic power passing throﬁlgh the middle.point
between P-A and P-B can be estimated using the two-microphone measurement method [25] (the wiktelilsaod

omitted here). The estimated acoustic power fertéisted cases is shown in Fig. 11.

Results in Fig. 11 can be interpreted on an approximaéd s the acoustic power fed backﬂthe cold end of the
regenerator. As mentioned in the introduction, the magnitude of the power f‘dbacle dachplerature gradient
through the regenerator determines the power output eofregenerator.’In this respect, it can also reflect the
performance of the regenerator. From Fig. 11, it can be idféned the b&haviour of four Regenerators: ll-a, II-b, IV-a
and IV-b is again somewhat similaram overall character: The curves/staroat p'(essure with relatively low power
levels, but grow rapidly and subsequently level off. This “plateau” is disrupted byldersudrop at pressures
corresponding to amplitude drops in Fig. 10. Of.course the powgr‘levels for theefrmmerators are different,
Regenerator IV-a being best, followed by IV-b, with ll-a and ll-b producing only fraofithe power of the other two.
Regenerator Il does not follow the above trend exactly: the rise in power is rglatigrbtonic, and by the time the
pressure of 9 bar is reach the this regenerator outperforimsbut is somewhat worse than 1V-a. Similarly as before
(cf. Figs. 9 and 10), Regenerator | follows a totally diffetegrid: it starts with high powen low pressure range. The

Kdmum (3.5 bar), followed by a local maximum (5 bmubseglently
drops monotonically until a twoff pres&re of'9 bar.

power drops quickly and reaches a‘local

The acoustic power feedback is proportional to the pressure amplitude and inversely progortienaimplitude of

the local acoustic im&ance at the cold end of the regendthigber flow resistance ahe regenerator leads to a
smaller acoustic-velocity through the regenerator, and aslf leads to a higher acoustimpedance at the cold end of

the regenegltob Tfuerefore, a regenerator with a smaller flow resistance and higher pressure amplitadeigiives
acoustic- power feedback. Figure 11 can be understeadnly in mind this mechanism. The ceramic regenerator
(Regenerator-1) has a very small flovgistance (see Fig. 6) and medium presamplitude (see Fig. 10). As shown in

Fig. 11, it has relatively high acoustic power feedback. Another example is Regenerator |I-thaghactelatively high

f|¥)W resist%ce (see Fig. 6), and small pressure amplitude (see Fig. 10). Therefore, it can be found that it has very small
acoustic power feedback.

y’

4.4. Regenerator temperature profiles

Further analysis of the regenerators’ performances is based on investigating the temperature profileg along th
regenerator length in the steady state. The temperaturergratbng the centreline of the regenerator was plotted for

three selected mean pressures: 84 5.08 bar and 9.16 bar. These are shown in Figs. 12 a—c, respectively.
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It can be seen that for these three cases of different preasures, the temperature profiles for different regenerators
are apparently different. The different temperature profiles along these regenerators cauteddtirmany individual
reasons or the combination of them. Thesasons include regenerator porosity, material properties, flow resistance, the
orientation of the rig, the acoustic streaming, and eteréfbre, the mechanisms behitiebse different temperature

profiles can be quite complicated.

However, here, an attempt is made to investigate how theexger porosity, mean pressaed flow resistance *:t
the temperature profiles. From Fig. 12, it can be foundtiteatemperature distribution along the Regenerator | tends to
be more linear compared to other regenerators. This kind of behaviour of the temperature distrét;uﬁérreiated to
the porosity of the regenerator and the flow resistance. rithis mounted vertically, i.e. the heater is below the
regenerator. Furthermore, there is no membrane to stogtegaming. In fact, temperature.also changes due to the
existence of acoustic streamifi30]. The natural convection will be considdeatin fact, in this rig it is helpful to
transfer heat from the heater the hot end of the regenerator. As Regenerator | has the hi@h@st porosity and the lowest
flow resistance, the natural convectieffects can propagate much deeper im\regenerator. As a result, the
temperature profile is more linear.

B ? 4
In most cases of random materials, the hot end temperat@r@4abar seems hidﬁer thrat for higher pressure of
5.08 bar. This can be explained by the effect of the relatively higher. pressure amplitude at tipseswmae, which
influences the heat transfer from the heater to the -hot end and throua the regeneramotler hand, they have a
very high flow resistance, which leads dovery low acoustic velocity in thegenerator. As a result, heat transport
along the axis of the regenerator due to'the natural cbomeand the forced convection by the acoustic displacement
cannot reach very deep into the regetwerarherefore, the /temperature distiion has a strongly nonlinear shape.
Similarly, the increase of thmean pressure tends to change the temperature gradient towards a more linear shape as the
mean pressure increases. Actually; thatet&sfer from the heater to the regenerator is also improved due to the
increase of the density of working ‘gas. This can explain the fact that higher mean pressuie reswdsin a more

linear temperature profile. .
4.5. Comments on é\eriment Uncertainty

A rigorous groﬂar’alysis in'a complex system such as deddnlikis paper is relatively difficult. Of course individual
errors of-each type of‘measurement are known (thermocouples, pressure transducers etc.) howeveaatheagpect

of the experiments is whether the observed thermoacoustic processes are fully repeatableafoe theperimental
conditions. A more useful measure of the experimentakmtainty is therefore its peatability, which gives some
iﬁdication ﬁ the compounded value of measurement error. As a demonstration of the principte LFighows the
values of pressure amplitude measured in an unsteady process (somewhere half way from the enginevatai$-ap to
steﬁy state condition) for three independent experiments carrieah three different dates. It can be seen that the
spread of the results is within around 1% the pressatges. Similar values of repeatability/uncertainty can be
associated with the power maasments in Figure 11 and teerpture gradient measuremeint$-igure 12. In the latter
case it is not the thermocouple “accuracyéttts decisive (0.1 K) but the regtability of the independent experiments

that indeed give the spread of temperature values within 1% range.
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5. Conclusions

The motivation behind the current research is to iderttify low cost regenerators with a possible comparable
performance to those widely used in the thermoacoustic practice. Six different regenerators have been built and tested to
compare the random wire regenerator with the mesh scrgenerators, as well as the regular geometry of the ceramic
regenerator. The scourers and steel wool regenerators tested indicate a much worse performance in tertns.of bot
onset temperature difference and the pressure amplitude compared with their wire-mesh screen counterp of the same
hydraulic radius. An exception here is a good performance of wire “wool” regenerator at elevatedgrieéssuralso
be seen that the ceramic regenerator offers a reasonalneerée (compared to wire screens), especially in the range
of lower pressures (e.g. up to 5 — 6 bar). \
However, when using alternative materials it is not always Iplestsi keep all parameters the same = here it is clear that
one of the parameters that could not be kept constant is the regenerator porosity. The measuredtrézatitthéi
porosity and the flow resistance alsoeaffthe performance of the tested regenerators. The:very high porosity of the
scourers regenerators causes higher thermal relaxatior-tosthe scourers regené‘tor, both the flow resistance and
high porosity are the possible reasdeading to a very low performance. Tafare, it is clear that any future
comparisons must not focus on the hydraulic radius alone, but_possibly on other properties includitg grafosi
physical properties of the regenerator material itself. 4

s
Furthermore, the investigation in this work also shows that the commercially available steel wool is usually quite fine in
terms of equivalent wire diameter. Tchave a similar hydraulic radius, the patp®f the regenerator is usually quite
high. However, the flow resistance increaguickly, when:more steel woolpsessed into the can to get a relatively
low porosity. Therefore, there should be a“balance bettfeetow flow resistance and sufficient material for heat
transfer. More experimental work is required to better understand the relativemaerfe of various regenerator
materials. It would also be useful to control\e wire sizes in a more systematic manngayQaechieve this may be

to use machining “swarf” of controllt%ﬂvire sizes by controlling the machining processes itself.

It should also be noted:that one. of the motivations of this work is to compare the regenerators made awnof diffe
materials, with differJgiometrical configurations and different pore structure experimetitaligver, as described

in this paper, each regenerator has a different resismmddience the timing between velocity and pressure cannot be
kept constant in ’1e regenerators. The question arisdhe itiming (phase shift) between pressure and velocity
oscillations cannot be constant, to what extent, the experimental comparisons indicate the real difference in
perfermance. On the other hand, it would also be interesting to find out how to contrdiatte gy additional
components in the acoustic network in order to kbepegenerators operating conditions comparable.

\
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Figure 3  Characterisation of steel Woo‘é;mpl‘& sample as purchased; (800 random wires cast in epoxy mould; (c) a
sample microscope image; (d) black ar@image obtained by threshold techniqus; (e) transformed image for estimating

L
P

wire perimeters.

steel “scourers” (type Il); (c) stainless steel “wool” (type IlI) and (d) wire mesh screens (type 1V)
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Figure 12 Temperature profiles inside the regenerators for $ected mean pressures: (a3.04 bar; (b) 5.08 bar;

(c) 9.16 bar (note at 9.16 bar not all engines would start — only 4 curves can be drawn).
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Figure 13 lllustration of the experimental uncertainty thrdugh repeatability test results.Pressure amplitude for

is measured in an unsteady engine statp process. Ceramic regenerator; 5.76 bar
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Table 1 Summary of materials used foconstructing all six regenerators

Material Specifications . .
. Porosity, | Hydraulic
Symbol | Type of material used o radius. um
Mesh number Duires UM ° ¥
I Ceramic substrate Corning cellular ceramic catalyst support 88.7 199
ll-a Steel “scourers” Rectangular wire: 432 ym x 25.6 ym 94.2 200 (
ll-b Steel “scourers” Rectangular wire: 432 ym x 25.6 ym 90.7 1‘20
Irregular wire
1] Stainless steel “wool” ) 91.6 200
average A = 4570 um®; average P = 249 ym .
IV-a Wire mesh screens 30 280 727 196
IV-b Wire mesh screens 45 230 67.M 121
52N 7
p 4
-
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