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Oscillatory flow at the end of parallel plate stacks— phenomenological and similarity analysis

Xiaoan MAO and Artur J. JAWORSK

School of Mechanical, Aerospace and Civil Engineering, The University ofhéster,
George Begg Building, Sackville Street, Manchester, M13 9PL, UK

Abstract: This paper addresses the physics of the oscillatory flow in the viciniéy sefriesof
parallel plates forming geometrically identical channels. This type of flow is partjcudevant
to thermoacoustic engines and refrigerators, where a reciprocating flow asiéde for the
desirable energy transfer, but it is also of interest to general fluid mecludirassillatory flows
past bluff bodies. In this paper the physics of an acoustically indixegast a series of-platesin
an isothermal condition is studied in detail using the data provided\byntaging. Particular
attention is given to the analysis of the wake flow during the ejection foidue dow cycle, where
either closed re-circulating vortices aiternating vortex shedding can be'observed. This is
followed by a similarity analysis of the governing Navier-Stokes equatibnsder to derive the
similarity criteria governing the wake flow behaviour. To this enahjlatity numberstincluding
two types of Reynolds number, Keulegan-Carpenter number. andnalimensional stack
configuration parameter, d/h are considered and their influence on thenpdrea discussed.

1. Introduction and background

In thermoacoustic devices, an acoustic wave interacts with internal satithses (referred to as thermoacoustic stacks
or regenerators) either to produce acoustic power;.induced by a &unpegradient on the stack (an engine), or to
obtain a temperature gradient along the stack, induced by.an impossti@eamve (a cooler). This is based on the
well-known thermoacoustic effect (Rayleigh, 1894here appropriately phased pressure and velocity oscillations
enable the compressible fluid to undergo a thermodynamic cycle in théyiofna solid body. Figure 1 shows
schematically the physics behind generating useful acoustic energyanding wave thermoacoustic engine. Detailed
analysis is provided by Swift (1988).
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Figure 1 Illustration of the oscillatory gas motion coupled with heat transfer to/from the solid.
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The main advantages of thermoacoustic devices are their simplicity of constrbaio reliability, potentially low cost
and environmental friendliness. The thermodynamic cycle takes place mviesnenentally benign oscillating gas (air,
helium, nitrogen etc) without the need for any timing mechanismdvingomoving parts Thermoacoustic devices are
an attractive alternative in certain niche applications including electricity generatispaiecraft, low cost electricity
generators for rural areas, gas liquefaction systems for remote oiloriger utilisation of industrial waste heat.
However, systems built so far suffer from a poor thermodynaniiciesicy compared to the efficiency that is
theoretically achievable (Paek et, &005). It is thought that a better understanding of the thermogftoitesses within
the internal components is important to aid the design of thermoacoustic spéteigher efficiency.

It is well known that linear thermoacoustic theory can reliably predict therpgafce at low amplitudes of acoustic
pressure (Rott1980; Swift 1988. However at high amplitudes, which are required for such systempdmte. in
practical industrial applications, nonlinear effects become significant; thesddradoustic streaming as well as vortex
shedding and turbulence generation, especially at abrupt changes of ctiossisereas such as the end of
thermoacoustic stacks. Therefore there is a need for understanding théoogdiav processes in .the vicinity of sic
internal structures, which potentially can adversely affect the achievable efficientiesnodacoustic systems.

In thermoacoustic devices, arrays of tightly spaced parallel plates are ofteas stadks or regenerators because of the
ease of manufacture and their theoretical performance (BackhauSwaftd2001) Similarly, some of the popular
thermoacoustic heat exchangers (fin-and-tube type) are essentially pdatdiedtpictures that facilitate heat input and
removal to and from stack/regenerator assemblies. Clearly, the heat/trafickemcéés achieved by thermoacoustic
heat exchangers are strongly affected by the state of the flow pdssiogHh. In the general sense, flows past these
types of internal structures can be seen as a problem of an oscifletoryith zero mean past a series of bluff bodies
(i.e. individual plates or fins), which is the background of preserdrpap

Over the last century, numerous studies of the‘flow.field behavioutodstady flows past bluff bodies have been
conducted, one of the earliest usually cited being work of von Kammarortex shedding behind a circular cylinder
(Kovasznay, 1949). However a somewhat more relevant topic to thentuvork is the oscillatory flow past bluff
bodies. Majority of such studies have been conducted for-Circular cylidderso the practical applications of wind
engineering, marine and coastal engineering, chemical engineeringatnelxohangers good examples are given by
Berger and Wille (1972Bearman et al. (1980) and Bearmaag4)

The oscillatory flow around stacks of plates of finite thickness andregedges has received some attention both
numerically (Worlikar et al.1996 Worlikar-and Knig 1996) and experimentally, for example by Mao et al. (2005)
Mao et al. (2008), Aben et al. (2009) and most recently Shi at al. Y28@8ne important flow features such as
symmetrical concentrated vortex.pairs attached to the plate ends or the elongatedaist which break up into
“vortexstreet” type of structures. were observed (Mao et al., 2008)various experimental papers of this kind the stack
plates used have.a relatively large range of thickrfess 0.15 mm to a few millimetres and as a result, the flow
behaviour at the stack end differs dramatically from one caamtber. For examples reported by Mao et al. (2008),
flow features at the end of adémm thick stack plates resemble von Karman vortex shedding, while,rig tteasame
conditions, flow features at the end of 1.1 mm thick plates includeslozay layers that lose their stability and break up
into discrete vortices. However, the purpose of the work by Mao et 88)2@s to study the development of the flow
structures (patterpsformed around the stack end during the oscillation cycle, as a functithe dfow oscillation
amplitude (described by the drive ratio) varying within a certain rartgesthe flow behaviour was essentially studied
as a function ofhe “phase Reynolds number”, as well as the “peak Reynolds number”. In the statement of future work,

it was noted that a more comprehensive similarity analysis should be cartigdfuture and it has been hypothesised
that the appropriate similarity numbers such as Reynolds number, Ke@agaenter numbeK(C) and a geometrical
parameter such as for example stack porosity could be used for characteafdktieroscillatory flow past parallel
plate stacks.

In practical thermoacoustic devices the plate thickness is often of the ofl&rroin, while heat exchanger fins can be

significantly thicker, e.g. in the range ofddnm to ensure good heat removal propertiesg. see Hofler (1986) or
Backhaus and Swift (2001). Therefore it is practically impoti@aninderstand the flow behaviour at the stack end for a
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wide range of stack geometries, the controlling parameters and their critical t@ldissinguish the different flow
regimes. Current work explores further the ideas put forwattikiprevious work by Mao at al. (2008) in order to study
the similarity of the oscillating flow around parallel-plate stacks, and pttéonmap the flow conditions in a non-
dimensional parameter spade this paperthe common features of the oscillatory flow at the stack end are presented
first, based on the PIV measurements of velocity and vorticity fiedds parallel-plate stacks in an isothermal condition
(i.e. neglecting heat transfer effects). Then a set of non-dimensiaragters is proposed by normalising the
governing Navier-Stokes equations to describe the oscillatorydtound an array of rectangular plates, followed by
further analysis and discussion.

2. Experimental apparatusand method

The experimental apparatus used in the current study has been described iy ttaail ¢t al. (2006) while the details
of the Particle Image Velocimetry (PIV) measurement system implemented withiig were given by Mao-et al.
(2008). Therefore only the essential information will be repeated in thier.pAp illustrated in' Figure 2, the rig is
essentially a standing wave resonator made out of transparent dud¢B&itim x 136 mm cross section, operating at
13.1 Hz, and filled with air at atmospheric conditions. Within the resonator different stacks of plates (1.1 and
5.0mm thick plates with spacing between plates diamd 100 mm, respectively) werewsubjected to acoustic
excitation, which in turn creates oscillatory flow conditions in the vicinitythef stack. Several levels of acoustic
excitation, expressed in terms of the so-called drive ratiptHe ratio of the maximum acoustic pressure amplitude (as
indicated by the microphone shown in Figure 2) to the mean pressueeusest for each stack configuration. In this
way the dependence of the flow characteristics on the displacemertlacdy. amplitudes of the oscillatory flow
could be studied.

The oscillatory flow at the stack end, in the plane perpendicular to thepdtdek but along the resonator axis, was
recorded using the phase-locked PIV measurement. 20 phases iraceamdtic cycle (every 18 degrees) were
investigated. For each phase, 100 instantaneous velocity fields were oldathdtie ensemble-averaged (mean)
velocity fields were further used to obtain the vorticity fieldsused in subsequent figures.
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Figure 2 Schematic illustration of the experimental rig.

3. Physics of the oscillatory flow: linear theory ver sus experimental observations

3.1. Linear theory approximation

When the flow inside a channel formed by parallel plates is not affected bferttrence effect” caused by the
discontinuity of the solid boundary condition at the plate end, and thktwaepof the flow oscillation is sufficiently

small for the flow to remain laminar, the profile of the longitudivelbcity component, u, across the channel can be
well described by the following equation written in complex notation (A@ftl, Swift 2001):
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u(x,y,t)= pAsin(kx){l_ costi+i)y/s, ] }ei‘”‘ "

doc costil+i)y,/, ]

with the continuity of the volume flow rate consideriedthe stack. Sbscript ‘1’ indicates that the velocity is an
acoustic variable that has the frequency of the acoustic oscillation; the pestcapmssure amplitude,,js measured
at the nearest pressure antinode; x is the location of the stack @stimator relative to the pressure antinode,¢aisd
the porosity of the stack, defined as the ratio of the void cross seddi@maabf the stack to its total-areais the
distance from the centreline of the channel of width @f agds, = (2v/w)"? is the viscous penetration depthe ulp
being the kinematic viscosity; ¢ is the speed of sound. It caedre thathe time dependent velocity is defined. by the
product of three terms. The first termy $in &x)/¢pc, which can also be denoted fy ), is defined as an amplitude of
the cross-sectional average velocity (oveofithe flow in the stack. It can be calculated from the linear acdieltddan

a resonatqras if the stack was absent, however the porosity in the denominatorgsréivédcorrect scaling to account
for the stack presence”e= cosfr) + isin(w?) indicates the time dependence of the velogity. The term in the square
bracket defines the spatial distribution of the velocity in the parallel charmreied by the plates, introduced by the
viscous effects.

The viscous effects are normally limited to a thin boundary layer clabe folate surface. In the flow channels formed
between parallel plates, this boundary layer limit is approached at about figejfifream the solid body. Therefore, for

a flow channel with 2y> 1®,, the flow in the central region of the channel is practically uniffeby the boundary
conditions, which means that the velocity profiles are relatively flat ircengral region. In this case, the presence of
neighbouring plates has negligible effects on the velocity profilagmdrthe plate under consideration, except that it
does change the average velocity amplitude in the stack of. plates due to tttomediithe cross-sectional area
(compared to an empty resonator).

It should also be noted thai the boundary layer the velocity profiles often exhibit an "annular effect” which is a
common feature of oscillatory flows: with the increasing.distanue fihe wall, the velocity values often increase to
reach a local maximum, before they decrease further away from theTwelname follows the terminology first
introduced in studies of the oscillatory flow in pipediere it was more appropriat€he “annular effect” essentially
promotes a double shear layer structure on each side of the platéniddn® shear layer (closer to the plate surface),
however, seems always dominant because of the larger strain tlvehibear layer further away from the plate surface
is weaker, although still discernibl€he “inner” shear layer is essentially limited to a region of about® from the plate
surface.

Stack plates -~ Resonator
— -
{ -. Flow
;

Figure 3 Schematic of velocity profilesin the resonator and inside the stack channels, in the half cycle when the
flow direction isfrom left to right. Only parts of three plates are shown.

Figure 3 shows schematically the velocity profiles in two locationsnvthe flow is generally from left to right: one

inside the stack and the other outside the stack, both being sufficemsiydy from the stack end not to be affected by
one another. In the stack channel the velocity profile affected by theusiséfects extends from the plate surface.
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Within the resonator the viscous effects are only limited to a relatitiely distance from the resonator walthe flow
in most of the cross sectional area of the resonator behaves as an pluigdidw with a flat velocity profile.

3.2. Experimental observations at the end of stack

Of course, in practical systems the description provided by the linear théovglid close to the abrupt changes in the
resonator cross section, where the velocity profilesl to “adjust” themselves to the discontinuities. Figure 4 is a
representative illustration of the velocity field (black arrows), superimposettieomorticity field (colour contours)
related to the flow induced at the end of 1.1 mm thick plate, at 0.3% for phases ®1 to ®8. The arrows on the
streamlines indicate the flow in this part of the acoustic cycle is fefinto right. The position of each phase in the
acoustic cycle is represented on the plot of acoustic velocity versus tingerighthbottom corner of Figure 4.
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Figure 4 Mean velocity field (black arrows) superimposed on vorticity field (colour contour) in phases @1 to @8,
for Dr = 0.3%. The streamlinesindicate the flow isfrom left to right. Plate thicknessis 1.1mm and plate spacing
is5.0 mm. The positions of the phases corresponding to the acoustic cycle are shown in the bottom right corner.

Close to the end of the sharp-edged plate, the flow separation occurs at thege édgjis, during the phases when the
flow is out of the stack into the open area of the resonator. When gigua® of the flow velocity oscillation is small,
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a distinct symmetric closed near-wake (i.e. a recirculation region) is foamaliistrated by the streamlines in Figure
4. This flow field around the stack end could be divided into several ¢bdstic regions as schematically shown in
Figure 5, based on the observation of the results of measurememtshédr layers originating from the stack channel
extend downstream and join each other forming a shear layer whkepdsition nearest to the plate end, the shear
layers meet at the end of the near-wake at a confluence point, wheregibgdioal velocity component is zero.
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Figure 6 Distribution of the longitudinal velocity, u, along the plate centreline for eight phases (a); Illustration of
theregionsin the wake (b); Data for stack with d=1.1 mm and h =5.0 mm, at Dr = 0.3%.
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The closed near-wake normally consists of two counter-rotating eddiese lateral distance is normally limited by
the plate thickness. The longitudinal size of the closed near-wake, from the plete tee confluence point, can be
estimated from the velocity distribution along the centreline of the stack pla¢evelocity profiles along the plate
centreline are shown in Figure 6a for phases betwdeand®8. From phas@1 to ®5, the flow in the stack channel
and the “free-stream” outside of the stack is in an acceleration stage and the velocity of the flokgases
monotonically with the distance from the plate end, except for the clesedanake. In phas®l, the flow velocity at
about 2.2 mm downstream from the plate end is about 0.28 misiarmbnstant further downstream for there is little
effect from the flow separation at the plate end. At this phase, thedahesir-wake around the plate end is not formed
yet, because there is no reversing flow of a negative velocity. In pfrased?2 to @5, the velocity of the flow outside
the stack increases. The closed near-wake gradually forms and dutéinelsdownstream; at the same time a reversing
flow begins to appear.

From phasab6, the flow starts to decelerate (due to the decreasing mean flow velattitig) the direction of the flow
remains from left to right. It is interesting to see that the closed neke-aontinues to extend and this can also be
clearly observed in ®6 — ®8 in Figure 4, judging from the size of the vortex structure. The maximum velocity of the re-
circulating flow is comparable to that of the “free stream” in the deceleration phase ®7 and®8: The confluence point is
located where the velocity is zero as illustrated by Figure 6b. It is ab&utrBrbaway from the. plate end in phase,

i.e. about half of the plate thickness. The shear layer wake region &xtendthe confluence point to the location
where the longitudinal velocity on the plate centreline is comparable to “free stream”; in the example shown in Figure

6b — about 4 times the plate thickness. By looking at phases &rbrio @4, it is clear that the size of the shear layer
wake also increases with time (see the vorticity contour in Figureid)uhcertain from this plot, however, whether the
development of the shear layer wake would continue in the decelerating stage.

12 [ /
10 f
B =0=—Dr=0.3%

8 —0—Dr=0.6% /
[ ——Dr=1.0% / /
[ P

o

7

Length of recirculating region [mm]
(=2]

0 1 2 3 4 5 6 7 8 9 10
Phase in the cycle

Figure 7 Variation of recirculation region length with consecutive phasesin an acoustic cycle, for stack of plates
of 1.1 mm thickness.

The longitudinal size of the closed near-wake (the recirculation region)sviirs phase in the acoustic cycle is plotted
for D, =0.3% in Figure 7, together with analogous plots for=D.6%, when the shear layer wake remains
symmetrical, and P= 1.0% when the shear layers eventually break up and fornuarsagjof vortices in the wake. For
drive ratios 0.3% and 0.6%, the length of the recirculation region incresestonically with time, the growth being
faster for higher drive ratios. However, this behaviour changes for D0% after phas@5. The increase of the
recirculation region length is interrupted by the instability of the shgar l@ake, as seen in Figure 8. The wake made
up of a pair of free shear layers is no longer symmetrical after dgdeut becomes unstable and a lateral oscillation
commences at the confluence point, as illustrated by the decrease of the recircedgbio length in Figure 7.
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®4to ®8at D, = 1.0%. The streamlinesindicate the flow i left to right. Stack platesare 1.1 mm thick with
5.0 mm gap between plates. Resultsin t t column obtained with a higher spatial resolution, whilethe
right column has a lower ial resolution but a larger investigated area.
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Figure 9 Mean velocity field (black arrows) superimposed on the vorticity field (colour contours) for phase ®7 at
(@) D, =0.3% (acloseview) and (b) D, = 1.5% (a zoom-out view). Stack platesare 5.0 mm thick with 10.0 mm
gap between plates.
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For the case of 5 mm thick plates, the evolution of coherent structnmasmd due to the separation processes is
somewhat different in qualitative terms from the case of 1.1 mm fhatks. At relatively small acoustic excitation
levels (e.g. P=0.3%, as shown in Figure 9a), the vortex structures formedeatrith of each plate are a pair of
concentrated eddies that are symmetrical about the centreline of the plate. The lathgife afymmetrical vortex
structures at the plate end is quite short compared to the plate thicknessthellegy elongated vortex structures
around the thin plates of 1.1 mm thickness. When the oscillation ad®glifuthe flow around the plate stack increases
(e.g. D = 1.0%, as shown in Figure 9b), the shear layers start to roltaugistrete vortices in an alternate fashion, as
soon as the symmetric wake is no longer maintained. The elongated stoutetxres characteristic for the thin plates,
and their further breakingp into a “vortex street” is not observed here — see for example Mao et al. (2008). These
distinct flow features, occurring as a consequence of having ththiek.plates or low vs. high drive ratios; should be
reflected in the non-dimensional parameter space, as long as the right sipdlaaityeters can be found. The following
section will focus on defining suitable similarity numbers to charactermsg/pes of flow discussed here.

4. Non-dimensional parameters controlling oscillatory flows at stack end

For a typical oscillatory fluid flow induced by a one-dimensional pkemistic wave around a stack of evenly spaced
parallel plates discussed in this paper, there are three groups of paranattéetermine the flow.behaviour. The first
one includes the properties of the fluid, such as densiéyd dynamic viscosity;. The second includes the geometry
of the stack of parallel plates: the plate length, I, the plate thickness] the channel height between plates, h. The
span-wise dimension of the stack of plates is not considered if theaflound it is treated as a two-dimensional
problem. The third group should include the operating conditions-addbestic. wave such as its angular frequency,
w (=2xf), and the local longitudinal velocity amplitude of the flow, However there are only three independent
fundamental physical quantities that describe the seven parameters listed above; these are “length”, “time” and “mass”.
Therefore, according to the Buckingham-Pi theorem, four indem¢ndon-dimensional parameter groups could
determine the characteristics of the oscillatory flow around the plates. Howevstack length, |, is eliminated in the
discussions to follow to simplify the analysis, on the basis Heafltiid displacement is usually much smaller than the
stack length and thus the number of non-dimensional parametgrsgicops to three. Of course it is well known that
the selection of non-dimensional parameters is non-unique and tlgsispaesented below will show two alternative
“sets of three”. A more general analysis, including for.example the stack length, as well as other alternative sets of three
non-dimensional parameters are possible based on the analogous procettioses described.

41. Normalisation

It is assumed that the fluid'is incompressible (which is valid onlynwihe amplitude of the acoustic pressure
oscillation is small) and that.it has a constant viscogityf;,he viscous force due to the fluid expansion can be ignored.
The motion of a Newtonian fluid-can be described by the NaStekes equations, which in a simplified differential
form can be written as

ou, du, 2 1op_ufdu Fu
ot ox oy pox ploxt oy?

(@)

when the body forces (e.g. gravity) on unit mass of fluid @andglected.

As mentioned above, the plate lengths lassumed large enough for the flow disturbance caused by doé e plate

not to have an effect on the flow at the other end of the plateamipétude of the velocity oscillation at the stack
position in an empty resonator,, the plate thickness,, @nd the inverse of the angular frequency of the acoustic
oscillation, 1& are chosen as the characteristic scales of velocity, length and time respestiyely.chosen as the
characteristic scale of pressype being the characteristic impedance of the fluid and ¢ the speedraf. Sthe non-
dimensional variables can then be written accordingly as
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.U .V \
u, ud/h’

,y=%af=d,ﬁ=JL 3)

The superscript * denotes a non-dimensional variable. Of course, theasbitirary choices of characteristic scales;
other alternative approaches are possible.

The “thermalynamic” pressure p in Eq. (2) can be considered as a sum of three parts: the static@i@esshe mean
pressure), the acoustic pressure originating from the propagatiba atoustic oscillation, and the dynamic pressure.
The mean pressure in a thermoacoustic system is not dependent on eitiién the resonator, so its spatial gradient is
zero. The acoustic pressure is much larger than the dynamic pressutgpical acoustic field where the particle
velocity is much smaller than the sound spegdfuc). Thereforepcu, is chosen as the pressure reference scale in this
case.

Substituting Eq. (3) into Eqg. (2), the normalized momentum equatiobeavritten as follows

ou’ (u*au* d *a_u*}ﬂa_p*_azu* Pu

Re,— +Rey —+—V — =+
at & h oy ) Maox oxZ_ oy

Rew%+Red[u*Zv d *avJ Re, hop @V

PV
+ —

T Maday. o2 oy @

*

—+—V —
X h oy

In the above equations, four non-dimensional parameter groupefitedd Re = wd?/v is defined as the kimestic
Reynolds numberfollowing Worlikar and Knio (1996). It is also sometimes referred tothas Valensi number
(Richardson, 1963 and Choi et al., 2004), or the non-dimendictalency parameter (Berger and Wille, 1972). In
thermoacoustics, the viscous penetration defths often used as an alternative indication of the acoustic oscillation
frequency. Therefore, the kinematic Reynolds number can be revertteg = 2(d/9,)% a ratio of the plate thickness to
the viscous penetration depth. The camional Reynolds number, Re ud/v is simply defined based on the amplitude
of velocity oscillation u,, and the plate thickness, d.

The third non-dimensional parameter, d/h, the ratio of the plate thictonélss channel height, takes into account the
effect of the existence of neighbouring plates in the stack. Tdmnehheight has an effect on the flow in two respects.
Firstly, the blockage effect of the plates on the flow in the resonator has to dideced when the plate thickness is
comparable with the channel'height. The velocity amplitudes inside the stizeksidjhificantly from the velocity in the
empty resonator,udue to the blockage effect. d/h is equivalent #11/¢ being the porosity of the stack that is defined
as ¢ = h/(h+d) when’/the plates are arranged evenly. Secondly, the flow behavéide wach channel has to be
considered when the channel height, h is comparable to the thickndss viscous boundary layer. It is clearly
demonstrated that the escillatory flow in a circular pipe remains lanfittea internal diameter of the pipe is less than
approximately ten times the viscous penetration depth until the Reynotdsen based on the internal diameter is over
1000 (@hmi and Iguchi, 1982).

Although. it may appear form equation (4) that the acoustic Mactb@u@a = yw/c) defined as the ratio of the local
acoustic velocity amplitude to the sound speed is a fourth non-donehparameter, in realitylzeing constant and the
flow being assumed incompressible, it has merely a meaning of velogitituata. It is often much smaller than unity
intan- acoustic field encountered in thermoacoustic applications. With thenatgsn of an incompressible flow, the
ratio Rg/Ma is in effect a constant.

The amplitude of the acoustic oscillation may also be indicated by the displacement amplitude, &, = W/w. The
Keulegan-Carpenter numbdfC (= &,/d), defined as the ratio of the acoustic displacement amplitude tplate
thickness, can be introduced to indicate the flow oscillation amplitiides often used to describe the flow
characteristics, drag/lift force or pressure distribution in the problemdufifdondies at rest in oscillatory flow, or
oscillating bluff bodies in quiescent fluid (Bearman and Grahfg80 Guilmineau and Queute3002, where KC is
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defined as ufd, a ratio of the flow orbit to a body characteristic length, witkih the frequency of flow oscillation.
For a circular cylinder in an oscillating flow, the oscillating flow can be clasdiiieddifferent flow regimes, such as
the flow that remains attached and symmetrical, the separating flow whieimsesymmetricalasymmetric shedding
of vortices and so forth, depending mainly on KC and weakltherReynolds number RéGuilmineau and Queutey,
2002).

It is worth noting that another non-dimension number, the Strowmaber (St = fd/y) could be used, in the place of
KC, to describe the oscillating flow characteristics (this is effectivelynberse of KC)It should be noted that f is‘the
frequency of the acoustic oscillation (i.e. oscillatory flow forcing), not teguency of the vortex shedding often
investigated in steady flows past bluff bodies. THi@cing” Strouhal number has already been used such as'in. the
study of the oscillatory flow around a circular cylinder (Badr et 8B5).

The Reynolds number, Rean then be expressed as the product of KC number and tmeakiné&eynolds number,
Re; = KC - Re,. Accordingly, equation (dcan be re-writtes

ou’ .ou d.ou) KCop 1 (Pu AU

—FtKC U —+—V — |+ ———=——| 5+

ot ox h oy Maox Re,|ox° oy

8\/* KC| u’ 8\/* +dy 8v* +§Dai*:—1 62\*/2 + 62\!2 (5)
at X h oy ) Madoy Re ox2 oy

It is clear that out of the three non-dimensional numberg, R& and KC; only two are independent, one of which
could include the frequency and the other the amplitude of the acoustic oscillation, either §. Equations (4) and
(5) reveal that for a given non-dimensional oscillation amplitude ofldle(Re; or KC), the relative importance of the
unsteady acceleration term and the viscous term in an oscillatory flow, coutbdely described by the kimetic
Reynolds number, Re Similarly, for a given kinematic Reynolds number,,Réhe Reynolds number, Rdescribes
the relative importance of the contributions from the convective acceleration terrtherviscous term, and the
Keulegan-Carpenter number, KC describes the relative importance of the comtslutio the unsteady acceleration
term, compared with the convective acceleration‘'term. The four force ierBts (4) or (5) clearly indicate that an
individual non-dimensional number could not fully describe the equilibfinthe forces. In general, if Be>1,
meaning the unsteady acceleration term<is much larger than the viscoughtergffect of the viscosity on the
oscillatory flow will be limited to a thinner viscous boundary layer adotive solid. This is also indicated by the
definition of Re, as2(d/d;)?= for a.given plate thickness dJarger Re gives smallep,, the viscous penetration depth
For a flow having a large R€>>1), the convective acceleration term become larger than the viscousvtécimcould
indicate that the flow being unsteady may undergo a transition to tuckulE, considered as the ratio of the flow
displacement amplitude to the characteristic length scale (e.g. the plate thickoekkglso be considered agad.
For KC>>1+the flow displacement amplitude is much greater than the platedbsckn other words, the flow velocity
amplitude is much greater or the frequency of the flow oscillatioruish smaller for a given plate thickness. The effect
of‘having KC.>> 1 is to make the unsteady acceleration term much smatighéhaonvective acceleration term, and
the behaviour of the oscillatory flow around thefbloodies becomes less affected by the unsteady acceleration and in
any instant/of the oscillation the oscillatory flow acts more like a unidirectistealdy flow (as if the unsteady
acceleration term asdropped).

In.summary, for the oscillatory flow induced by a one-dimensiptahe acoustic wave around a stack of parallel
plates, it involves density, and dynamic viscosity; of the fluid, the geometry of the stack described,loy &nd h and
the operating conditigru, and the frequency. When the fluid is considered incompressibleglis@hand having a
constant viscosity, the similarity of the fluid mechanics arouneri@s of parallel plates in an acoustic field could be
evaluated by the non-dimensional parameters groups Bgand d/h) or (Rg KC and d/h), when the plate length is
considered to be large enough.
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4.2.  Illustration of non-dimensional parameters concept through experimental results

Following the choice of the non-dimensional parameters to describe the betaviba oscillatory flow around the
end of the stack of plates, the operating conditions of the oscillatory fildlaepresent study are shown using (Re
versusRey) and (Rg versus KC) planes, as illustrated in Figure 10. Also shown are the dats gullected from the
work conducted numerically by Worlikar and Knio (1996) and experimgrtgliShi et al. (2009). The porosity,of
the stacks studied is between 0.5 and 0.8, and d/h is betweeand.25%.

By visually inspecting the available data related to the development of the vakarbund the end of the stack;. in
particular with regard to the flow features presented and discussed in prseitions, it is possible to divide either of

the two spaces, (Reand Reg) or (Re, and KC), into several characteristic regions. This is illustrated by the dashed lines

drawn in Figure 10. These separate regions are characterised by diffeeandtebf the wake flow as discussed later
in this section. Both the oblique and vertical dashed lines are simple stigéghin the log-log (Revs. Rg) and-(Rg

vs. KC) planes. The oblique line can be expressed as B4.0Re’**in (Re, vs. Rg) plane and KC = 44.0R&**®in
(Re, vs. KC) planeThe vertical line corresponds to JRe 8, when the plate thickness is equivalentdp Blowever,
clearly the dashed lines indicating the “transitions” of the flow patterns between these regions can only be sketched
approximately (similar procedures are well known in defining “transitions” in multiphase flows).

10000 ¢
F | =Presentwork o
X Worlikar and Knio (1996) Fig.9b
A Shietal (2009)
i 3 Fig.9a
1000 | i § ot
r i X
g i A X
"
o . B x
o 3 | e X
1’ e
100 | o W x —
E g /‘___—” g (Fig.8 ) " % % X
_a-- [
; \ o X
A Fig4 )
10 L L L A IR T | L L L R T .|
1 10 100 1000
Re,
1000 ¢
100 | § i T
i 3 . é Fig.ob
= = ig.9b
& i-i-ﬁ__‘ § g /Fig.93_1
gy A0 fp A |
¥ f (Fig8 A ﬁ"uﬁh__
. & N
1F x X
r X
X X
¥ x
X
0 1 1 L i T 1 1 1 N T 1 1 1 BT |
1 10 100 1000
Re

Figure 10 Operating conditions of oscillatory flow around stack of plates in non-dimensional parameter groups
(Re, vs. Rey) and (Re, vs. KC)
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In general, the state of the flow below the dashed oblique line is often $ymafmut the plate centreline, even though
the symmetric vortex structure may have a larger longitudinal length compdhethe plate thickness when Rées
smaller than 8, while the vortex structure often takes the form of cwudentrated eddies when Re larger than 8.
On the other hand, the flow behind the end of the plates in the regive #is line is often asymmetric. Complicated
flow patterns, such as the shear layers in the wake breaking up into “vortex street” type structure or the shear layers
rolling up into vortices and shedding in an alternate fashion, may stgrpéar.

The region above the dashed oblique line can be further separated into tvegisunlk-by the vertical dashed line.' The

flow in the conditions that fall into the left region can often develop intelamgated shear layer structuresin the end
of the plate. Then this elongated shear layer becomes asymmetricypdasilib the instability of the shear layers, and
eventually breaks up into discrete vortices. On the right hand sitie ekttical dashed line, the flow at the end of the
plate often exhibits vortex shedding before the elongated shear layer stremtube formed, and leads to a pattern
similar to the von Karman vortex street. However, admittedly the flow tin temions could develop into much more

complicated flow patterns when Rer KC increase further, as shown by Shi et al. (2009);

The flow conditions of the four cases discussed in Section 3 are indipathd arrows in.Figure 10. The flow pattern
of each of these two cases below the oblique line (i.e. Fig.4 andFaearly represents the state of the flow behind
the plate stack. It is interesting to see that the flow conditions that all tfalthe same region as that for Fig.9a are
cadlected from the numerical work by Worlikar and Knio (1996), whopaeld similar geometrical configurations of
plate stacks to that used by Atchley et al. (1990) in an experimental $tacyustically generated temperature gradient
due to thermoacoustic effect. The behaviour of the flow in‘each subiralgave the oblique line can be illustrated by
Fig.8 and Fig.9b when the values ofsRed KC are not too far from the line.

The presence of the neighbouring plates around the plate ‘studied. could havectiorethe gradient of the velocity
profile in the shear layer wake and thus the ability,of the wake flomert@in symmetric. However, it is still rather
difficult at this stage to identify the effect of the channel width on litne based on the available experimental and
numerical data. Therefore the effect of the non-dimensional-number; tia porosity g , on the flow behaviour is not
distinguishable in these graphs.

5. Discussion and conclusion

This paper investigates the behaviour of the oscillatory flow past a staekadiepplates when the fluid moves out of
the stack (s@alled “ejection stage” of the cycle). It can be seen that during this part of the acoustic cycle the flow
exhibits some similarities'to the wake flow of a unidirectional steady flowephlstff body such asa circular cylinder
(zdravkovich 1997) Essentially, the wake flow is made up of two shear layerswaitlicity of opposite signs that are
fed from the stack channel. There may be a recirculation region forex¢danthe plate end, and surrounded by the
shear layers. The size of therecirculation region increases while the Bedsap in the initial stage of the “ejection”;
then continues to /grow even in the deceleratibises of the “ejectirg” flow. The flow in the recirculation region
finally joins with the flow that reverses its direction and starts teemiato the stack.

The oscillating flow at the end of plate also shows interesting behaviour tivaerelocity amplitude varies. At small
amplitudes-the shear layers in the wake may remain symmetric and patthcteed symmetrical vortex structures.
However for larger velocity amplitudes the flow may lose its symmetry tafdity, resulting in such flow patterns as
“break-up” of the shear layers and alternate vortex shedding. It is shown that the break-up of the sheans layay
undergo a transition to the alternate shedding, however the alternate shedglia¢so start in the first place without
such a transition taking place. It seems plausible that both the laterahgitddeal dimensions of the shear layers in
the wake define the flow patterns and their development.

From the normalization of the governing equations of the oscillatory flotlomaround a parallel plate, groups of non-

dimensional parameters are proposed. Each set of non-dimensicamalepers essentially consists ¢ff one kinematic
parameter, i.e. the kingtic Reynolds number Re(ii) one dynamic parameter, i.e. the Reynolds numbgoRKC, or
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more indirectly the drive ratid)r, and {ii) a stack configuration parameter, d/h, or the poragit4lternatively, the
Womersley number (Womersley 1955), Wo 3, ldould be used as the stack configuration parameter, isimply
equivalent to h/d(Rg2KC)"2 As indicated in Eq. (1), Wo number could be used to describe the interattibe
viscous boundary layers on the neighbouring plates. Therefore, th@imensional parameters groups (RBeg and
Wo) or (Re,, KC and Wo) could be used in place of the non-dimensional parargeterss (Rg, Re; and d/h) or (Re
KC and d/.

An additional parameter the non-dimensional stack length, i.e. the aspect rationkdg need to be considered when
the displacement amplitude of the fluid oscillation is comparable to the stack $entjtat the assumption that the flow
disturbance at one end of the stack has no effect on the flow at the athafrtka stack is no longer valid,/ Figure 10
demonstrates how the data collected from the current study and the datattissnstudies that can be found in the
existing literature can be gathered in a single plot and divided into regidistin€t flow behaviour- in‘a similar way
as known flow regime maps in other areas of fluid mechanics.

In order to further understand the relationship between the ncemdiomal governing” parameters and the flow
behaviour, experimental data from much more diverse experimental contligonghese obtained as part of the current
study will be required. In particular, the critical values of the non-dsimeal parameters, which correspond to the
transition from symmetric to asymmetric wake flows, need to be studieda®jthe effects of the channel width on
the flow pattern should be investigated.
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