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Abstract

It has been demonstrated that the bulk of time-averaged heat transfer between the oscillating fluid and a thermoacoustic couple is
concentrated towards the edges of the stack plate. Previous numerical studies which have considered thermoacoustic couples of finite
thickness have used a rectangular form for the plate edge. In practice however, current manufacturing practices allow for a variety of
stack edges which may improve the efficiency of heat transfer and/or reduce entropic losses. In this numerical study, the performance
of a thermoacoustic couple is investigated at selected drive ratios and using a variety of stack plate edge profiles. Results indicate that
stack profiles with enlarged and blunter shapes improve the rate of heat transfer at low drive ratios but retard the rate of heat transfer at
higher drive ratios due to increased residence time of the fluid in contact with the stack plate. The improvement in COP through min-
imisation of acoustic streaming on the inside face of the stack, and increased effective cooling power by greater retention of stack thick-
ness at the plate extremities, leads to recommendation of the Rounded edge shape profile for thermoacoustic stack plates in practical
devices.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoacoustic devices can potentially use high-ampli-
tude sound waves to serve a variety of purposes in fields
such as cryogenics, cost-effective domestic refrigeration or
electricity generation, without drawbacks such as expensive
construction or maintenance costs, high part counts or
adverse environmental impact associated with certain
refrigerators. With greater media and scientific interest in
the issues of climate change, thermoacoustics is also an
increasingly popular field of study because of its potential
advantages over conventional systems.

The thermoacoustic stack is considered to represent the
‘heart’ of practical thermoacoustic devices since it is the
location at which effective conversion of energy occurs [1,
0017-9310/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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Section 1.3.1] and is usually the starting point for system
design. The stack (or core) presents a series of small
gas channels in intimate contact with the working
fluid, and is conventionally formed as a series of parallel
plates at a fixed pitch, although other construction config-
urations are commonly used, such as the rectangular cell
sections used in ceramic substrates in automotive catalytic
converters.

‘Linear theory’, which collectively refers to quantitative
one-dimensional thermoacoustic prediction tools and for-
mulations in development over the last 30 years [1–4], has
developed to the point where effective design and optimisa-
tion of thermoacoustic devices operating at low pressure

amplitudes can be made. However, high pressure amplitude
operation of thermoacoustic devices has been shown to
deviate significantly from linear theory predictions.

The vast proportion of two-dimensional numerical stud-
ies specific to thermoacoustic devices in the literature have
modelled what Wheatley et al. [5] termed a ‘thermoacoustic
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Nomenclature

a gas sound speed, m/s
A cross-sectional area, m2

BR blockage ratio
cp gas heat capacity, J/kg K
cps plate material heat capacity, J/kg K
DR drive ratio
_E2 time-averaged acoustic power, W
f frequency, Hz
h _hhxit time-average heat flux over heat exchanger

boundary, W/m2

h _hxit time-average heat flux in the x direction, W/m2

h _hyit time-average heat flux in the y direction, W/m2

k gas wavenumber, m�1

ks plate thermal conductivity, W/mK
k0 gas thermal conductivity, W/mK
LA axial length of subdomain ‘A’, m
LB axial length of subdomain ‘B’, m
LCV axial length of control volume, m
LS stack plate length, m
nx number of mesh grid intervals along edge in x

direction
ny number of mesh grid intervals along edge in y

direction
pA pressure amplitude at pressure antinode, Pa
pm mean operating pressure, Pa
jp1j first-order acoustic pressure amplitude, Pa
Pr Prandtl number
_Q time-averaged thermal power, W
S heat exchanger surface

t time, s
ts stack plate half-thickness, m
T k gas temperature, K
T 0 initial gas temperature, K
u x component of velocity, m/s
ju1j first-order acoustic velocity amplitude, m/s
v y component of velocity, m/s
jU 1j first-order volumetric flow rate amplitude,

m3/s
x axial co-ordinate/dimension, m
x0 axial distance from centre of resonator, m
y transverse co-ordinate/dimension, m
y0 stack plate half-spacing, m

Greek symbols

c ratio of specific heats
dj thermal penetration depth, m
djm mean thermal penetration depth, m
dt viscous penetration depth, m
DT k;hx axial gas temperature difference across heat ex-

changer, K
Dx mesh interval spacing in x direction, m
Dy mesh interval spacing in y direction, m
k wavelength, m
q density, kg/m3

x angular frequency (=2pf), rad/s
l dynamic viscosity, kg/ms
qs density of the stack material, kg/m3

t kinematic viscosity, m2/s
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couple’ (TAC), which in its most abstract form is a single
infinitely wide plate in an oscillatory flow field. Presum-
ably, the thermoacoustic couple is intended to provide a
tractable means to approximate a stack consisting of many
parallel plates.

In one of the first two-dimensional numerical studies of
thermoacoustic couples, Cao et al. [6] found that the time-
averaged rate of heat transfer across the plate was concen-
trated at the edges. Mozurkewich [7] later confirmed this
result using an analytical boundary value approach, noting
that the area over which the time-averaged heat transfer is
concentrated is of similar order to the gas displacement
amplitude. The time-averaged rate of heat transfer across
the boundary of the thermoacoustic couple is of significant
interest in numerical studies, because it is an effective perfor-
mance measure which allows comparison between stack
plates of varying geometry and location in the acoustic field.

Previous studies have considered the effect of finite plate
thickness upon the rate of heat and flow transportation
pertaining to the thermoacoustic couple or stack plate
[8,9]. The stack plate was represented by a rectangular sec-
tion; however in practice, typical parallel plate or spiral
stacks do not have perfectly square leading edges, and
modern manufacturing techniques permit the design and
construction of profiled edges. With existing literature con-
sidering only rectangular or zero-thickness (1-D) plates, it
would be interesting to see if performance gains could be
achieved using non-rectangular cross sections, such as
those with rounded or elliptically shaped plate edges.

Section 2.1 presents the variants of edge shape consid-
ered in this study, and a brief discussion of the modelspace
and parameters used. The performance of each plate edge
shape variant is compared using the measures defined in
Section 2.6. Results using these performance measures
are presented in Section 3 and are discussed in Section 4.

2. Numerical model

For the sake of comparison with previous studies
[6,10,11], the numerical model employed in this study uses
similar operating conditions but an expanded solution
domain to account for physical flow disturbances. The sim-
ulation parameters and implementation of the numerical
model is otherwise consistent with these studies. The model
approximates a closed-ended, half-wavelength standing
wave resonator duct filled with helium at 10 kPa absolute



Fig. 2. Sketches of modelspaces used for modelling different stack plate
end shapes: (a) zero-thickness plates [6,10], (b) Rectangular (finite
thickness), (c) Rounded edges, (d) Bulbous edges, (e) Talon edges and
(f) Aerofoil edges. All modelspaces shown are otherwise identical to that
presented in Fig. 4. As indicated, the plate half-thickness ts in the centre of
the stack region is equal to the mean thermal penetration depth djm. The
vertical dotted lines indicate that each plate edge is located at the same
axial position in the resonator.
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pressure, with a parallel-plate stack located in one end of
the device. As the resonator length is fixed at 5.04 m and
the sound speed of the gas at ambient temperature
T 0 ¼ 300 K is a = 1008 m/s, the operating frequency of
the device is fixed to have the first natural frequency at
100 Hz.

Fig. 1 presents a computational domain in the context of
the theoretical half-wavelength resonator. The resonator is
shown as a two-dimensional representation of a smooth
duct with rigid terminations at each end. Ignoring the
effects of the resonator diameter and duct surfaces, a paral-
lel-plate stack located inside the resonator is considered to
be of infinite width and plate count for the purposes of this
study.

2.1. Modelspace

The modelspaces used to investigate the effect of differ-
ent plate end shapes were adapted from a model used for
non-zero-thickness stack plates [12] and are shown in
Fig. 2. For all shapes considered, the overall plate length
of LS ¼ 0:252 m and the plate half-thickness ts at mid-
length of 2.4 mm were kept constant, to enable comparison
with the results of previous studies [12] and to maintain
plate spacing and length scales consistent with the numer-
ical study of Ishikawa and Mee [10]. The edge shapes con-
sidered in this study are as follows:

(i) Rectangular (Fig. 2b): Stack plates which are truly
rectangular in cross section serve as a good bench-
mark especially for comparison with zero-thickness
stack plates (Fig. 2a).

(ii) Rounded edges (Fig. 2c): Fillets with radius equal to
the plate half-thickness ts are applied to the rectangu-
lar stack shape. The elimination of the right-angled
edges is anticipated to reduce the flow impedance
and flow recirculation near the plate extremities.
Rounded edge stack plates could potentially be man-
ufactured using abrasive techniques.

(iii) Bulbous edges (Fig. 2d): Semi-circular sections with
radius equal to twice the plate half-thickness ts are
centred 2ts inside each end of the plate. The increased
Fig. 1. Locus of the computational domain within the basic theoretical
model of a half-wavelength resonator tube with parallel-plate stack.
Acoustic source not shown.
flow impedance at the plate extremities might
improve the performance of the stack by ‘constrain-
ing’ fluid parcels within the stack region. In practice
a bulbous section could potentially be manufactured
by dipping a stack into an adhesive or molten mate-
rial which would then be allowed to harden into the
bulbous edge shape.

(iv) Talon edges (Fig. 2e): Circular quadrants with radius
2ts are centred 2ts inside each end of the plate and
located such that the chord of each quadrant faces
outward from the stack interior. Between the two
quadrants is a plate of thickness ts. This edge shape
design was considered as a means to further constrain
fluid within the stack region. Larger stacks could
potentially incorporate this plate edge shape by
attaching suitably shaped tips.
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(v) Aerofoil edges (Fig. 2f): Aerofoil tips with a foil chord
length arbitrarily set to 5ts (i.e. an aspect ratio of 5)
are added to each end of the plate stack. The edge
is implemented in the modelspace using the chord
of a circle 22ts in diameter. Minimising the flow
impedance presented may result in increased move-
ment of the fluid parcels and transfer of heat down
the length of the stack. Aerofoil stack plates for lar-
ger thermoacoustic systems could potentially be man-
ufactured with minimal effort using die-forming or
injection-moulding systems.

The modelspace used for the current work is divided
into six subdomains which together can facilitate changes
to the fundamental characteristics of the thermoacoustic
environment, such as the variation of plate thickness or
duct length. Fig. 3 shows a sketch of the modelspace used
in this study.

The plate and thermal reservoir comprises subdomains
‘P’ and ‘H’, respectively. Subdomain ‘S’ is the region
encompassed by the plate axially within the stack. The
length y0 is the half-spacing between plate centrelines. Sub-
domains ‘A’ and ‘B’ enable consideration of flow structures
which may develop outside the stack region due to non-
zero plate thickness, and are of sufficient lengths LA and
LB such that the pressure changes can be considered adia-
batic. Subdomain ‘C’ links subdomain ‘B’ to the hard
walled end of the duct located at the right edge of subdo-
main ‘C’. Symmetric boundary conditions have been
imposed on all lateral fluid boundaries, and an oscillatory
boundary condition on the left side of subdomain ‘A’ has
been used to represent an acoustic standing wave.

The inclusion of subdomain ‘H’ allows plates of zero
thickness with finite heat capacity and thermal conductivity
to be modelled, and although no plates of zero thickness
are modelled in this study, this enables comparison with
previous work. The thickness and hence influence of sub-
domain ‘H’ is intended to be minimal compared to that
of subdomain ‘P’. In following Piccolo and Pistone [11],
the top and sides of subdomain ‘H’ are thermally insulated,
forcing any excess heat entering regions ‘H’ and ‘P’ to
return back through the boundaries between subdomain
‘P’ and subdomains ‘A’, ‘S’ and ‘B’. The thermal properties
Fig. 3. Annotated sketch of the basic thermoacoustic couple modelspace. Shad
The half-thickness of the plate is modelled using finite ts, and appropriate selecti
nyP .
of the stack are important because unsteady temperature
distributions are allowed to form within the stack region.
The shape of region ‘P’ is modified in the current study
to model variants of stack plate edges.

Using the commercial code FLUENT, a two-dimen-
sional, segregated and second-order implicit numerical
model was developed which solves equations for continuity
of mass, momentum and energy. The investigation utilises
second order, double-precision discretisation of state vari-
ables and a laminar viscous model which relies on good
near-wall resolution for effective modelling of the heat
transfer rate.

2.2. Boundary conditions

Fig. 4a and b indicate the boundary types and various
length scales used in this study. The conditions imposed
upon the boundaries shown in Fig. 4a and b are described
by Eqs. (1)–(5) with u and v the components of velocity in
the x and y directions, and x0 being the axial distance from
the centre of the duct.

u ¼ 0

v ¼ 0
dT
dy ¼ 0

9>=
>; on axial ‘WALL’ boundaries; ð1Þ

u ¼ 0

v ¼ 0
dT
dx ¼ 0

9>=
>; on transverse ‘WALL’ boundaries; ð2Þ

u ¼ 0

v ¼ 0

�
on ‘HX’ boundaries; ð3Þ

v ¼ 0
dT
dy ¼ 0

)
on ‘SYM’ boundaries; and ð4Þ

p ¼ pm þ Re jp1jejðxtþkx0�p
2Þ

h io
on ‘INLET’ boundaries: ð5Þ

The axial length of subdomains ‘A’ and ‘B’ were set equal
to LA ¼ LB ¼ 0:15 m. The axial length of the computa-
tional domain, LCV, was set to 1.476 m. As shown in
Fig. 1, the origin of the computational domain is located
1.194 m axially from the centre of the duct, i.e. x0 ¼ xþ
1:194 m.
ed areas are regions of solid material and unshaded areas are fluid regions.
on of the number of mesh intervals in the x and y directions, nxP ð¼ nxS) and



Fig. 4. Computational domains used in this study showing boundary
conditions and selected geometry; (b) provides a closer view of the stack
region shown in (a).
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Fig. 4 indicates the boundary conditions used in each
simulation. Stack periodicity is assumed in the transverse
direction and the model extends to a rigid end wall.

For each run, a sinusoidal pressure input applied to the
inlet boundary shown in Fig. 4(a) with frequency f ¼
100 Hz and amplitude jp1j as listed in Table 1. In transient
or unsteady thermoacoustics, a key term used is the ‘limit
state’ or ‘limit cycle’, which refers to the state of operation
or operating conditions in which the phase and magnitude
of state variables such as p, U and T at each phase in the
cycle do not vary from one oscillation to the next. In the
context of numerical modelling thermoacoustic couples,
the ‘limit state’ is not equivalent to an experimental sense,
where the limit state is usually observed from stabilisation
of measured temperature differences (with orders-of-mag-
nitude larger time constants). Here, the simulation is
advanced in time until pressure, velocity and performance
measures such as DT k;hx and h _hhxit stabilise to within com-
putational error on a cycle to cycle basis.

To ensure each simulation achieved limit state opera-
tion, two thousand time steps (20 oscillations) were calcu-
lated to initialise each model. An additional 100 time
steps (1 full cycle) was then simulated with statistical aver-
aging employed to determine properties such as the time-
averaged heat flux distribution or flow parameter.
2.3. Operating conditions

Table 1 presents the operating conditions for each run
considered in this study. To investigate the influence of
Table 1
Run number for stack plate edge shape and drive ratio

Edge shape (Fig. 2) jp1j=pmð%Þ
1.7 3.4 5.1 6.8

Rectangular 1 6 11 16
Rounded 2 7 12 17
Bulbous 3 8 13 18
Talon 4 9 14 19
Aerofoil 5 10 15 20

For all runs, ts ¼ djm ¼ 0:024 m, BR ¼ 0:7 at plate mid-length.
stack plate edge shape, each of the modelspaces shown in
Fig. 2 are compared for identical global operating condi-
tions and increasing drive ratio DR. Runs 11–20 use a drive
ratio above 3% to provoke a siginificant increase in non-
linear effects associated with the flow impedance of each
edge shape. For all runs, ts ¼ djm ¼ 0:024 m in the plate
midsection which leads to a blockage ratio BR ð¼ 1�
ts=y0Þ of 0.7.

2.4. Material properties

Table 2 lists the physical properties used in each simula-
tion. For comparison with results obtained in previous
studies, consistent material properties and acoustic condi-
tions are retained. Use of helium at �10% atmospheric
pressure as the working fluid also enables comparison with
the results of Ishikawa and Mee [10], albeit for the zero-
thickness stack plate used in their work. The temperature
dependence of gas thermal conductivity k0 and dynamic
viscosity l are modelled using a linear piecewise approxi-
mation based upon published values according to temper-
ature [14].

The density of the solid material is set lower than that
expected in practical devices, to exaggerate any internal
temperature differentials obtained in the study, whilst
maintaining a thermal capacity significantly higher than
that of the oscillating gas.

2.5. Numerical implementation

The meshes used in this study are summarised in Table
3. The circular and curved elements present in many of the
modelspaces was achieved by applying triangular and
quadrilateral mesh elements using default ‘PAVE’ settings
within the GAMBIT (v2.3.16) environment. Consistent
mesh spacings along subdomain boundaries were retained
for all models considered in this study.

Non-rectangular quad elements were used to model
curved plate edges and nodes were concentrated to the
plate edges and heat exchange surfaces. A ratio of
dj=Dy ¼ 60 achieved for the Rectangular model is at least
matched or exceeded for the other models studied.

2.6. Performance measures

The influence of the stack plate edge shape will be
assessed using the performance metrics discussed in the fol-
lowing subsections.

2.6.1. Heat transfer

The distribution of time-averaged heat flux density over
an oscillatory cycle at a fluid–solid boundary, _h, is a useful
performance measure that has been used in the majority of
past studies of thermoacoustic couples. In previous studies
which considered a stack plate of zero thickness [6,10,11],
this quantity was also referred to as a time-average heat
flux in the transverse or y-direction, which is here



Table 2
Flow conditions and material properties used for all runs

Property Value Units

Operating frequency, f 100 Hz
Ambient temperature, T 0 300 K
Mean pressure, pm 10 kPa
Gas properties

Prandtl number, Pr 0.69
Heat capacity, cp 5,193 J/kg K
Thermal conductivity, k0 Piece-wise linear approx. [14, Table A-7]
Dynamic viscosity, l Piece-wise linear approx. [14, Table A-7]
Ratio of specific heats, c 1.665
Plate material properties

Thermal conductivity, ks 10 W/m K
Heat capacity, cps 400 J/kg K
Density, qs 400 kg/m3

Table 3
Grid mesh data for each modelspace used in this study

Edge Profile Node count nxS ny Typ. dj=Dy exA, exB

Rectangular 159,418 } 504 200 P60 1.0
Rounded 131,217
Bulbous 151,579
Talon 150,780
Aerofoil 139,643

Here, dj=Dy is the minimum ratio of thermal penetration depth to grid
mesh spacing normal to and within dj of the heat exchanger surface. n

represents the number of grid intervals in specified direction and subdo-
main. e is the exponential ratio used within GAMBIT [13] to grade the
mesh along each subdomain boundary.
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represented by h _hyit. The term h _hhxit will refer to the time-
average heat flux through all fluid–solid boundaries of
the stack plate and includes heat transfer in the axial direc-
tion, h _hxit.

In this study, where the heat exchanging surfaces of the
stack plate are not orthogonal, it is important to define the
heat flux through the plate surface using vectors normal to
the heat exchanger surface S as shown in Fig. 5.

The integral of heat flux _h through the plate surface S is
therefore defined by

_hhx ¼ _hS ¼
Z

S

_h � ndA ð6Þ

and represents the magnitude of heat flux via the plate sur-
face. However, this value can be misleading as it combines
Fig. 5. Example normal vector n to the heat exchanger surface S.
negative heat flux (i.e. cooling of the plate) as well as posi-
tive heat flux. Conservation of energy requires that for a
domain of constant temperature that is fully insulated
and/or enclosed by surface S, the sum of heat flux ð _hÞ over
the surface S is zero. In practice though, the internal tem-
perature of the stack plate varies within the plate despite all
surfaces at solid–fluid boundaries being fixed at 300 K.
Entropic losses are also included in the model and are ex-
pected to create minor additional heat flux which is in-
cluded in the integral of Eq. (6).

An improved method is to treat the stack region as com-
prising only two surface groups: a ‘cold’ surface in which the
time-averaged heat flux is negative, and a ‘hot’ surface for
which the time-averaged heat flux is positive. A point on
the surface S at which the time-averaged heat flux at limit
state is zero is used to divide the stack plate into ‘cold’
and ‘hot’ ends or regions. Fig. (6) illustrates this method
for an arbitrary thermoacoustic couple plate surface. As
indicated in this figure, the ‘cold end’ corresponds to the sec-
tion of plate for which h _hit < 0 at the solid–fluid boundary,
and its axial length is denoted by LS;cold. Similarly for
h _hit > 0 on S at the ‘hot end’ spanning LS;hot where Ls ¼
LS;cold þ LS;hot. The surfaces on S for which h _hit < 0 and
h _hit > 0 are denoted by Scold and Shot, respectively. For more
complex surfaces, Scold and Shot may not be continuous, as
will be shown for the Talon edge model in Section 3.1.

As shown in Fig. 6, this approach sets the boundary
between the ‘cold’ and ‘hot’ ends of the plate as being
straight and perpendicular to the predominant flow vector.
In practice, this boundary may be distorted from a straight
line.

The performance measure considered here is therefore
the total time averaged thermal power transferred from
the cold section of the plate per unit width, or

_QS;cold ¼
Z

Scold

_h � ndA: ð7Þ
2.6.2. Temperature differentials

A measure of the time-average difference in area-
weighted average gas temperature at x ¼ 0 and x ¼ 0:252
m is given by DT k;hx, and can be considered the axial gas
temperature difference across the heat exchanging surface,
hence the subscript ‘hx’, where

DT k;hx ¼ hðjT kjx¼0:252 m � jT kjx¼0Þit: ð8Þ

Experimental studies of thermoacoustic couples often cite
the ‘edge-to-edge’ temperature difference as a performance
metric [5] and DT k;hx is here considered to be its numerical
equivalent.

2.6.3. Acoustic power input to the system

The scaling of performance measures such as DT k;hx and
_QS;cold is normalised by the time-averaged acoustic power
_E2 input to the system.

Considering that all solid external boundaries to the
thermoacoustic couple model are thermally insulated, it



Fig. 6. Diagram of a thermoacoustic couple with arbitrarily shaped heat exchanger surface S.
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follows that the time-averaged net acoustic power absorbed
by the system is equal to _E2 on the inlet boundary. In this
study This single inlet to the domain comprises 100 face
elements and is of sufficient proximity to the stack region
for the velocity field to contain significant transverse veloc-
ity components.

On the inlet boundary shown in Fig. 7, the pressure is set
to

pjINLET ¼ jp1j sinðkx0Þ sinðxtÞ ð9Þ
and 1-D volume velocity response at limit state is therefore

U jINLET ¼ jU 1j cosðxt þ /pUÞ; ð10Þ

where x0 is the distance to the centre of the model, as shown
in Fig. 1, such that the term sin ðkx0Þ is used to achieve jp1j
at the resonator terminations. /pU represents the phase an-
gle between pressure and volume velocity.

With this information, _E2 is defined by [1, Eq. (5.3)]

_E2 ¼
1

2
Refp1U �1g ¼

1

2
Refp�1U 1g; ð11Þ

where the asterisk ð�Þ indicates complex conjugate, or [1,
Eq. (5.4)]

_E2 ¼
1

2
jp1jjU 1j cos /pU : ð12Þ

However, pressure and velocity data is real within the
FLUENT environment and it is therefore difficult to esti-
mate _E2 based upon Eqs. (11) or (12). Applying Eq. (10)
using curve-fitting techniques to determine the phase angle
/pU are difficult with transverse velocity components on
INLET. However, by assuming the time-average axial po-
sition of fluid along the boundary to coincide with the
boundary itself, the acoustic power is estimated using [1,
Eq. (5.6)]
Fig. 7. Sketch describing the determination of acoustic power _E2 within
the FLUENT CFD environment, using pressure pi and volume velocity Ui

obtained at the ith segment of boundary ‘INLET’.
_E2 ¼
x
2p

I
pU dt ð13Þ

or with fixed time step size and Dy on the inlet boundary,

_E2 ¼ f
Z Z

INLET

pU dy dt; ð14Þ

which can be obtained from the FLUENT environment
using a custom field function.

Although the pressure amplitude and hence drive ratio is
set equal in each model, the difference in acoustic velocity
fields will require that _E2 be used to normalise the results
obtained.

2.6.4. Coefficient of performance

The coefficient of performance of the thermoacoustic
couple is defined here as

COP ¼
_QS;cold

_E2

ð15Þ

with _E2 representing the time-average acoustic power input
to the system, as calculated using Eq. (14).

3. Results

In the following subsections each edge shape will be
compared on the basis of effective heat transfer, cooling
power, temperature distribution and overall efficiency.

3.1. Heat transportation

Fig. 8 presents the integral of the time averaged heat flux
normalised by the result obtained using the Rectangular
edge shape, versus the ratio of acoustic power input _E2,
normalised by the result of Run 1. At a drive ratio of
1.7%, where _E2= _E2jRun 1 � 1, all four alternative stack plate
edge shapes achieve a higher rate of heat transfer in com-
parison to the rectangular shape section. However, at a
drive ratio of 6.8%, the Talon, Bulbous and Aerofoil edge
shapes underperform despite higher acoustic power inputs.

The rounded edge shape performs noticeably differently
from the other edge shapes considered in that it is more
effective than the Rectangular edge shape for all drive
ratios modelled. It was expected that this result would also
be achieved using the Aerofoil edge shape, since both the



Fig. 9. Distribution of time-averaged heat flux across the heat exchanger
surface h _hit with normalised axial position x=LS for a drive ratio of 1.7%
(Runs 1–5).

Fig. 10. Distribution of time-averaged heat flux across the heat exchanger
surface h _hi with normalised axial position x=LS for a drive ratio of 6.8%
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Aerofoil and Rounded edge shapes present curved edges to
reduce flow impedance. However, Fig. 8 suggests that this
is only true for a low pressure amplitude, with the Aerofoil
edge shape result deviating from the Rounded edge shape
result at drive ratios of 5.1% and 6.8%.

The time-averaged heat flux is plotted using drive ratios
of 1.7% and 6.8% for all stack plate edge shapes considered
in Figs. 9 and 10, respectively, which reveal a dramatic dif-
ference in h _hhxit obtained using the Bulbous and Talon
edged shapes with vertical ‘spikes’ in the time-averaged
heat flux inside the stack region. The corner intersection
or crevice on the inside of the stack region is a location
of poor effective heat transfer, and when considered over
a full period, its impact is counter-productive to the ther-
moacoustic effect desired. This effect demonstrated using
the Bulbous edge shape is exaggerated by the Talon edge
shape. Figs. 11 and 12 show this in closer detail of the left
(‘cold’) end of the stack plate. Despite this effect occurring
at all the drive ratios simulated, the overall value of h _hhxit is
shown in Fig. 8 to be highest for the Talon and Bulbous
edge shapes at a DR of 1.7%.

Whilst Fig. 8 shows the Bulbous and Talon edge shapes
to be more effective in increasing the total rate of effective
heat transfer at a DR of 1.7%, Figs. 9–12 show ineffective
or adverse performance (marked with *) near the ‘crevice’
of the edge feature inside the stack region. At a drive ratio
of 1.7%, the Bulbous and Talon edge shapes are shown in
Fig. 11 to result in a smaller magnitude of h _hhxit over the
inside 3–10% of stack length. This deficiency is larger at
higher drive ratios, as shown in Figs. 10 and 12, although
the stack length over which this deficiency is evident is sig-
nificantly larger on the cold side of the stack than on the
hot side.

Figs. 9 and 11 show that over each outer 10% of the
stack plate length, the Rounded and Aerofoil edge shapes
are shown to induce greater h _hit than the Rectangular edge
shape. At other stack locations, these three edge shapes are
Fig. 8. h _hhxit (normalised using rectangular edge shape result) versus _E2

normalised by the result of Run 1. Four points of increasing DR (labelled
left to right) are plotted for each edge shape.

t

(Runs 16–20).
shown to achieve near identical values of h _hit. However
according to Fig. 8, the Bulbous and Talon plate edge
shapes achieve a higher total time-averaged heat flux at a
drive ratio of 1.7%. This is because these two stack plate
edge shapes have a greater surface area at the edges where
the rate of heat transfer is concentrated, and the flow dis-
turbance due to the greater surface area is not excessive.

Figs. 13 and 14 show the relative distribution of h _hit
over the Talon edge surface for drive ratios of 1.7% (Run
4) and 6.8% (Run 19), respectively. These two figures show
that as the drive ratio is increased, the distribution of effec-
tive heat transfer shifts to the tip of the protruding edge.
The distribution of h _hit is noticeably more perturbed on
the rounded leading edge. As discussed previously and
indicated (*) in Figs. 11 and 12 at x=LS � 0:019, h _hit is posi-
tive in the ‘crevice’. The Bulbous edge shape which also fea-
tures a large protusion at the stack plate edge, also results



Fig. 11. Distribution of time-averaged heat flux across the heat exchanger
surface h _hit with normalised axial position x=LS for a drive ratio of 1.7%
showing increased detail near the ‘cold’ end of the thermoacoustic couple.
Runs 1–5 shown (DR of 1.7%). Distortions in h _hit due to sudden bends in
the shapes of the Talon and Bulbous edge profiles are highlighted (*).

Fig. 12. Distribution of time-averaged heat flux across the heat exchanger
surface h _hit with normalised axial position x=LS for a drive ratio of 6.8%
showing increased detail near the ‘cold’ end of the thermoacoustic couple.
Runs 16–20 shown (DR of 6.8%). Distortions in h _hit due to sudden bends
in the shapes of the Talon and Bulbous edge profiles are highlighted (*).

Fig. 13. Time-averaged heat flux h _hit across the cold end of the Talon edge
(Run 4). Drive ratio is 1.7%.

Fig. 14. Time-averaged heat flux h _hit across the cold end of the Talon edge
(Run 19). Drive ratio is 6.8%.
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in a severe shift in h _hit at the ‘crevice’, however not to such
a degree that the time-averaged heat transfer is positive.

The performance deficiency in the ‘crevices’ of the Talon
and Bulbous edge shapes is thought to be due to the
induced flow recirculation caused by the enlarged edge
shape upstream.

When the prevailing flow is moving rightward, the flow
conditions at the left end of the stack for the Talon edge
profile are such that a local zone of recirculation forms
inside the stack and behind the protrusion, promoting
increased contact with the stack plate but also reducing
net flow towards the right end of the stack and introducing
viscous heating. Heat stored in the protrusion from the
phase immediately preceding may then be transferred to
cooler gas deep inside the stack which is drawn leftward
into the recirculation. This mechanism is believed to exist
for even the Rectangular edge shape, where flow over the
leading edge creates a similar recirculatory zone, although
its impact is less noticeable. This mechanism was not
observed with the Rounded stack plate edge shape, sug-
gesting that rounding off the edges of the stack plate will
eliminate the described loss mechanism.

3.2. Cooling power

A comparison of the effective cooling power _QS;cold of
each stack plate edge shape is presented in Fig. 15. This fig-
ure shows that only the Rounded edge profile consistently
draws greater _QS;cold compared to the Rectangular edge
shape. Interestingly, all four alternatives considered out-
performed the benchmark Rectangular edge shape profile
at a drive ratio of 1.7%. However, the performance of the
Talon and Bulbous variants underperformed at higher
drive ratios when using _QS;cold as a performance metric. It
can also be seen that the Talon and Bulbous edge shapes
require higher acoustic power inputs to achieve the same
drive ratio.

Further to the result presented in Fig. 15, the COP of
each plate edge shape as defined in Eq. (15) versus drive
ratio is presented in Fig. (16). It is quite clear from this
figure that the Talon and Bulbous edge shapes are undesir-
able from an efficiency viewpoint when compared to the



Fig. 16. COP versus drive ratio for all edge shape variants considered in
this study.

Fig. 17. Normalised DT k;hx versus drive ratio for various edge shapes.Fig. 15. _QS;cold (normalised using rectangular edge shape result) versus _E2

normalised by the result of Run 1.
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Rectangular and Rounded edge shapes. The Rounded edge
shapes is shown to provide the highest COP of the edge
shape variants considered. The Aerofoil edge shapes did
not achieve a COP as high as the Rounded or Rectangular
edge shapes despite achieving higher _QS;cold for a drive ratio
of 1.7%.

Note that the COP values presented in this study are a
fraction of that expected in practical thermoacoustic sys-
tems. The edge shape simulated is at near vacuum ðpm ¼
10 kPaÞ, and the scale of the thermoacoustic couple is
much larger (i.e. lower frequency) than that expected in a
practical or didactic device.
3.3. Temperature distributions

Fig. 17 presents the gas temperature difference across
the thermoacoustic couple, normalised by the gas tempera-
ture difference achieved using a rectangular plate, versus
drive ratio and has been normalised by the gas temperature
difference achieved using a rectangular plate. This figure
shows that for each drive ratio considered, the Aerofoil
edge shape is able to generate a higher gas temperature dif-
ference between the left and right ends of the plate, DT k;hx,
than the Rectangular edge shape despite a lower COP, as
shown in Fig. 16. Shifting from a rectangular shaped stack
plate to a rounded edge plate is expected to result in a
DT k;hx reduction of up to 8%, and if using Talon or Bulbous
edge shapes, up to 35%.

This result was explored further, on the basis that whilst
DT k;hx is a useful measure of performance, it may not
include actual temperature extremes if the axial positions
at which the minimum and maximum temperatures
develop do not correspond with the left and right stack
plate edges. It is reasonable to assume that design of ther-
moacoustic devices involving heat exchangers and a stack
will locate the heat exchangers directly up against each
end of the stack, and that automatic fine ‘tuning’ of the
axial position of the heat exchangers is unlikely beyond
the design phase.

Using a Rectangular edge shape with increasing drive
ratio, the time average of gas temperature T k on the mid-
plate spacing centerline ðy ¼ 0Þ is presented in Fig. 18.
The DT k;hx result is calculated using values obtained on
x=LS equal to 0 and 1, and is considered to be an accurate
measure of the gas temperature extremes if the minima and
maxima of T k are obtained on these values of x=LS. This is
observed at most drive ratios simulated, but at a drive ratio
of 1.7%, the minimum and maximum values of hT kit lie at
x=LS equal to approximately �0.05 and 1.05, respectively,
suggesting that DT k;hx understates the performance of the
thermoacoustic couple at this drive ratio. Note that as
the drive ratio is increased for the Rectangular edge shape,
the temperature distribution on y ¼ 0 approaches a
straight line within the stack (Run 16 shown in Fig. 18).

Fig. 19 shows the distribution of hT kit for various edge
shapes for a drive ratio of 1.7%. The Talon and Bulbous
edge shapes that were identified previously as underper-



Fig. 19. Time average T k versus axial position normalised by stack length
for selected edge shapes. Runs 1–5 are presented for which the drive ratio
is common and equal to 1.7%.

Fig. 20. Time average T k versus axial position normalised by stack length
for selected edge shapes. Runs 11–15 are presented for which the drive
ratio is common and equal to 5.1%.

Fig. 18. Time average T k for the Rectangular edge shape versus axial
position normalised by stack length using drive ratios 1.7% (Run 1) to
6.8% (Run 16).
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forming, are shown here to again be less effective in estab-
lishing a thermal differential between each end of the stack,
with a plateau-like shape to the hT kit distribution at each
end. With the Rectangular and Rounded edge shapes
achieving near identical distributions of hT kit, the Aerofoil
edge shape clearly stands out. In Fig. 20, which shows the
same comparison except at a higher drive ratio of 5.1%, the
trend is continued if one considers the ‘cold’ end of the
device only. The same cannot be said for the right end of
the stack at this drive ratio.

At a drive ratio of 5.1%, there are differences in the dis-
tribution of the time-averaged gas temperature at the right
(hot) end of the stack for the five edge shapes modelled. It
is difficult to conclude that one edge shape is more effective
at this end than the others, but it may be stated that the
maximum value of hT kit is achieved by each edge shape
at x=LS � 1.
4. Discussion and conclusions

The comparative performance of five thermoacoustic
stack plate edge shapes have been estimated using numeri-
cal analysis.

The results of the analysis indicate that the thermoacou-
stic couple edge profile has a significant impact on the over-
all performance. The influence of stack edge shape upon the
flow impedance of the stack is an important consideration
when comparing alternative stack edge shapes. The ‘sleeker’
aerofoil and rounded edge shapes with lower flow resistance
are preferable designs, since both the acoustic impedance on
the inlet boundary and the effective cooling rate _QS;cold were
more desirable than other edge shapes considered.

Although the Talon and Bulbous edge shapes are
expected to generate a higher rate of heat transfer across
the stack face for similar acoustic power inputs at low drive
ratios, the same cannot be said for these edge shapes at
higher drive ratios. The Talon and Bulbous profiles also
do not achieve as high temperature difference, cooling
power or efficiency values as the alternative profiles when
using the defined parameters DT k;hx, _QS;cold and COP.

It remains to be seen if stacks with combinations of
stack edges (e.g. one edge ‘Rounded’, the other ‘Aerofoil’
or ‘Rectangular’) would have improved performance.

On the basis of the results from this study, rounding the
edges of a rectangular stack section is expected to yield
improvements in the effective cooling rate and COP. Shift-
ing to an aerofoil-like stack section may not be warranted
because of the likely increased complexity and cost of man-
ufacture, despite the predicted increase in DT k;hx over a
Rectangular section. The improvement in COP through
minimisation of acoustic streaming on the inside face of
the stack, and increased _QS;cold by greater retention of stack
thickness at the plate extremities, leads to recommendation
of the Rounded edge shape profile for thermoacoustic
stack plates in practical devices.
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