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Abstract

This is the report of an experimental study on the convective heat transfer behavior from a cylinder in an intense
acoustic field which is representative of a strong zero-mean oscillatory flow. The measurements are based on a
steady state technique in which, at equilibrium, a predetermined rate of heat dissipation in the cylinder is balanced
by the convective cooling action of the acoustic field. Only low-amplitude cases have been treated for which the
particle displacement amplitude in the oscillatory flow is small on the scale of the cylinder diameter. Two distinct
flow regimes have been identified. The first regime, consistent with theory, is the laminar attached flow regime which
shows the expected square root dependence of the Nusselt number, Nu, on the appropriate Reynolds number, which
in this case is the streaming Reynolds number, R. The second regime, which is less well understood, is predicted to
be an unstable regime in which vortex shedding is prevalent, contributing to higher heat transfer rates. Suitable
correlations have been provided for both regimes for the case of air, and suggestions have been included to extend
them to other Prandtl number gases for which they are likely to be used. This work could find application in the
design of heat exchangers for thermoacoustic engines. Published by Elsevier Science Ltd.

1. Background and introduction liability and relative simplicity of thermoacoustic

engines. One of the main applications being explored is

In the past decade or so, much interest has arisen
over the promise of the applicability of the field of
thermoacoustics to the development of so-called ther-
moacoustic engines. A review of the related concepts
and ideas has been provided in a tutorial article by
Swift [1]. A more current report and an account of the
recent successes with this technology has also been
reported by Swift [2,3]. The absence of sliding seals
and the limited use of moving parts, along with the
ability to operate at a large fraction of Carnot efficien-
cies are the principal qualities that lend to the re-
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the development of a thermoacoustic refrigerator that
exploits the ability of the thermoacoustic streaming
phenomenon (Merkli and Thomann [4], Rott [5],
Gopinath et al. [6]) to generate an environmentally
benign useful refrigerating effect as discussed by
Garrett and Hofler [7] and Garrett et al. [8]. Such re-
frigerators have been successfully constructed with
moderate cooling powers for laboratory studies, as
well as with higher cooling powers for other on-site ap-
plications (see [2,3]). A similar effect has also been
quite successfully exploited in pulse-tube refrigeration
technology based on Stirling/Malone-type cycles to
generate very low temperatures for the relatively lower
heat loads required in typical cryogenic applications
(Radebaugh [9]). The central idea in all these engines is
the ability to convert energy from oscillatory fluid
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Nomenclature

a displacement amplitude of fluid oscillation
(m]

Ay surface area of test cylinder [m?]

c speed of sound in the fluid [m s™!]

d, D diameter of test cylinder, resonant chamber
[m]

f acoustic excitation frequency [Hz]

Gr Grashof number

1 DC current to cartridge heater element [A]

k thermal conductivity of fluid [W m~! K]

Nuy Nusselt number based on cylinder diam-
eter

Pm mean fluid pressure [Pa]

Py pressure amplitude of fluid oscillations [Pa]

Pr Prandtl number

q convective heat transfer rate [W]

Ry, electrical resistance of cartridge heater

element [Q]
R, Reg streaming Reynolds number, e2A2

Ry, center-to-surface thermal resistance [°C/W]

Re conventional Reynolds number, Uyd/v =
eA?

T, ambient fluid temperature [°C]

T., Ty cylinder center, surface temperatures [°C]

Uy velocity amplitude of fluid oscillations, aw
[ms™']

vV DC voltage across cartridge heater element
[V]

Greek symbols

ratio of fluid specific heats

Stokes layer thickness, +/v/w [m]
amplitude parameter, a/d

frequency parameter, d/o

kinematic viscosity [m? s~']

cylinder compactness parameter, dw/c
angular frequency [rad s™']

e T AT =

motion (typically available from a high-intensity acous-
tic source) to useful time-averaged heat transport that
provides the desired refrigerating effect.

The heart of a thermoacoustic engine is considered
to be the ‘stack’—a stack of plates on which the time-
averaged heating/cooling effect is induced by the pre-
sence of a high-intensity standing wave excited across
the ends of the engine. The detailed experiments of
Wheatley et al. [10] and Atchley et al. [11] clearly show
the fundamental nature of this phenomenon. Further
experimental studies of loading on such engines have
also been conducted by Swift [12] and Olson and Swift
[13], and the scalability of these engines has been con-
sidered by Olson and Swift [14] using similitude argu-
ments. An optimum choice of the system parameters
can result in a large temperature gradient across the
ends of the stack of the engine, with one end being
hotter, and the other end being cooler, than the ambi-
ent. In simple thermodynamic terms, the acoustic
power serves as a work input to provide the heat-
pumping capability against the temperature gradient
which is created across the ends of the stack. As in a
conventional refrigerator, heat is rejected to the ambi-
ent at the hot end of the stack, while the useful re-
frigerating effect is tapped at the cold end of the stack.

More recently though, research attention has turned
to obtaining a detailed understanding of the various
‘sub-systems’ in a thermoacoustic engine which have
been identified as potential bottlenecks to future devel-
opment. One such ‘sub-system’ or auxilliary com-
ponent of great importance located at each end of the

stack is the heat exchanger, which is designed and
positioned so as to provide an efficient means of reject-
ing/extracting heat from these high/low temperature
ends of the stack. Some ad hoc heat exchanger designs
have been explored in the past (Garrett et al. [15])
although they are still of a preliminary nature and rely
on conventional knowledge for mean flows (vice oscil-
latory flows). It has thus been recognized and acknowl-
edged that a poor understanding of the heat transfer
mechanism in such oscillatory flows has been a crucial
limiting factor in the design of an efficient heat ex-
changer, which in turn influences the overall perform-
ance of the thermoacoustic engine.

The efficient design of a heat exchanger for thermo-
acoustic engines requires a fundamentally new and
sound understanding of the conventional heat trans-
port processes in the presence of an acoustic field.
There had been some early interest in the general area
of the interaction of acoustic and temperature/buoy-
ancy fields, starting with the experiments of Fand,
Kaye and co-workers in the late 1950s (Fand and
Kaye [16], Fand et al. [17]). Richardson [18] provided
an analysis of this problem which was later improved
upon by Davidson [19]. A very good review of the
existing state-of-the-art in this subject at that time has
been provided in a review article by Richardson [20]
which includes an exhaustive literature survey of the
various studies on the subject. Since then however,
work in this area has been relatively limited as evi-
denced by the few isolated studies of, and the refer-
ences in, the papers by Baxi and Ramachandran [21],
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Mori et al. [22], de Vahl Davis and Richardson [23],
Larsen and Jensen [24] and Peterka and Richardson
[25], which are however not directly relevant to the
current study as discussed further below.

More recently, the papers by Ha et al. [26] and Ha
and Yavuzkurt [27] indicate an interest in this field
although the results from their numerical study are
intended specifically for a particular problem, and can-
not, it seems, be readily generalized for wider applica-
bility to the parameter regimes of interest here. The
early paper by Fand and Cheng [28], and more
recently by Ha and Yavuzkurt [29], Karanth et al. [30]
and Cheng et al. [31,32], and the various references to
papers therein, are examples of studies on a related
topic, namely the effect of oscillations on heat transfer
from a cylinder in the presence of a mean flow, i.e. a
modulated mean flow. However the very presence of a
mean flow (whether it be across, or in-line with the
direction of oscillations) again does not make them rel-
evant to the current study since the fluid physics is
completely different. Another related topic, dealing
however with steady axial transport in a zero-mean os-
cillatory flow due to the Taylor—Aris mechanism has
also been treated previously by various researchers.
The papers by Watson [33], Kurzweg [34], Zhang and
Kurzweg [35], Kaviany [36] and Kaviany and Reckker
[37] are examples of studies of the enhancement in
axial heat transfer due to oscillatory pipe flow using
analytical, numerical and experimental techniques.
More recently Liao et al. [38] and Cooper et al. [39]
have extended these ideas to low frequency, large
(tidal) displacement zero-mean oscillatory flows with
application to cooling of electronic components.
Analytical and experimental studies were conducted to
obtain correlations in terms of a suitable Nusselt num-
ber.

However all of these earlier heat transfer studies can
be classified into at least two broad categories which
distinguish them distinctly from the thrust of the cur-
rent study. One class of these early studies dealt with
the interaction of acoustic and buoyancy fields to
examine primarily the relative importance of natural
convection and acoustically forced convection on heat
transfer behavior. This is however not an issue in the
current study where, owing to the intense nature of the
acoustic fields being considered (as required in a ther-
moacoustic engine), it becomes clear that the acoustic
forcing mechanism is the only dominant convective
mechanism (as is also verified later). The other class of
flows studied in the past have dealt with the effect of
oscillations on heat transfer, in the presence of a mean
through-flow, which again is not an issue in the current
situation involving a closed resonator with no net
through-flow, i.e. a zero-mean oscillatory flow. And
finally, studies dealing with the Taylor—Aris mechan-
ism are fundamentally different in that they deal with

a diffusion type enhancement of axial transport in in-
ternal duct type flows, which is different from the
external flow and convective transport mechanisms
that are being considered in this study. Although some
of the above categories of flows have been discussed in
the review paper by Cooper et al. [40], one of the strik-
ing features in all these earlier studies (not covered in
Ref. [40]) is the relatively unimportant role of the
steady acoustic streaming motion, which, on the other
hand, is found to be the primary mode of convective
transport in the current study. It is expected that for
the strong acoustic fields present in a thermoacoustic
engine, time-averaged phenomena such as streaming,
and other associated phenomena such as periodic vor-
tex shedding play a crucial role in determining the heat
transport behavior. The importance of these transport
issues in thermoacoustic engines have been recently
recognized and studied by Wetzel and Herman [41]
and Worlikar and Knio [42], although more from the
standpoint of understanding the details of the fluid
mechanics in the immediate vicinity of the stack in a
thermoacoustic engine. Mozurkewich [43] has con-
ducted a preliminary study of heat transfer from a
cylinder in an acoustic field, although it appears that
since too wide a range of parameters may have been
covered spanning varying mechanistic regimes of trans-
port (including natural convection effects), it was
unfortunately not possible to clearly distinguish
between the different regimes to arrive at working cor-
relations consistent with known theories (such as, for
instance, those summarized by Richardson [20]).

In the current study, a detailed effort has been
undertaken to develop correlations for heat transfer
from a cylinder in a low-amplitude zero-mean oscil-
latory flow. The cylinder is representative of a heat
exchanger tube while the oscillatory flow is typical of
the acoustic field in a thermoacoustic engine. The low-
amplitude feature refers to oscillatory flow displace-
ment amplitudes being small on the scale of the
characteristic body dimension, i.e. the cylinder diam-
eter. The various dimensionless parameters of import-
ance in this range have been identified and
systematically covered.

It is well known (for instance from [19,44]) that for
the relatively low-amplitude cases being treated here,
attached acoustic streaming flow is the dominant heat
transport mechanism, and is supplanted with (small
scale) vortex shedding when this basic flow becomes
hydrodynamically unstable (see [45,46]). Relatively
higher amplitude cases where strong vortex shedding
and separated flow behavior are essential features are
also important and will be treated elsewhere. The pri-
mary motivation here is to develop correlations which
could be of utility in the design of heat exchangers for
thermoacoustic engines. Just as standard heat transfer
handbooks abound with correlations for mean
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through-flows over a plethora of geometries which are
applicable to conventional heat exchanger design, a
modest start has been made here to develop corre-
lations for a zero-mean oscillatory flow over a simple
but vital geometry, namely the cylinder, from the view-
point of applicability to thermoacoustic engine heat
exchanger design.

2. Some preliminaries and dimensionless parameters

As noted above, this work is the report of a detailed
experimental study of heat transfer from a cylinder in
a low-amplitude zero-mean oscillatory flow. Despite
the zero-mean nature of the flow, the convective action
of the oscillatory flow can result in significant heat
transport to/from a body immersed in such a flow.
One of the mechanisms for heat transport in this low-
amplitude regime is the strong time-averaged fluid
motion (acoustic streaming) generated by the inter-
action of the acoustic field with the rigid boundaries.
Much work has been done in the field of acoustic
streaming for over a century since the early contri-
butions of Faraday and Rayleigh—a detailed review of
the field however is beyond the scope of this report
and will not be attempted here. In a series of papers
Westervelt, Nyborg and co-workers (Raney et al. [47],
Westervelt [48], Nyborg [49]) developed a theory for
the behavior of streaming flow around isolated bodies
which was later firmly established by Riley [50] and
Stuart [S1]. A recent article by Riley [52] provides a

TYPICAL LINES OF
CONSTANT OSCILLATION
REYNOLDS NUMBER

FLOW GIVEN 8Y BOUNDARY
LAYER EQUATIONS

review of the main contributions and theories in this
field. The other mechanism of equal importance in this
regime is one in which at high values of the appropri-
ate Reynolds number, the attached streaming flow
gives way to a periodic vortex shedding mechanism
due to inherent instabilities in the flow as studied by
Honji [45], Hall [46] and Sarpkaya [53]. The associated
transport rates could consequently be expected to be
higher than the simpler attached flow cases. However
the available theories in this unstable flow regime, in
spite of the low-amplitude nature of the basic flow, are
understandably far more limited due to the compli-
cated vortex shedding behavior under these conditions.

Despite the above described studies of the fluid
mechanics, a survey of the heat transfer literature
shows that there is little experimental backing, by way
of correlations and comparisons with the available the-
ories, to support, and extend these ideas for the var-
ious parameter regimes of interest. In particular, for
the simple case of a convex object (such as a cylinder,
sphere, fin, etc.) immersed in an acoustic field, rep-
resenting effectively zero-mean unconfined external
oscillatory flow over a bluff body, there is little exper-
imental data to calculate the heat transfer rates for the
various flow regimes that may be encountered.
Richardson [20, Figs. 2, 3] provided a useful parameter
map (essentially reproduced here as Fig. 1) to under-
stand the various possible flow regimes, and it has
since become clear that there is a need to be able to
determine heat transfer rates in these regimes for appli-
cation to heat exchanger design in thermoacoustic
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Fig. 1. Parameter map showing the different flow regimes (from [20, Fig. 2]). In the current notation the ordinate is log(¢) and the

abscissa is log(1/4).
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engines. A very preliminary attempt along these lines
has been made in a simple experiment devised by
Gopinath and Mills [44, Appendix B], although in the
context of a different study. However the trends that
were numerically and analytically obtained by
Davidson [19] and Gopinath and Mills [44,54] in these
earlier studies are expected to provide some useful
insight to extend the experimental data gathered in this
study.

Unlike the well known dependence on only the
Reynolds number, and the Prandtl number in conven-
tional external mean flows over isolated bluff bodies,
the issue of heat transfer in an oscillatory flow is sig-
nificantly more complicated due to the presence of a
multitude of competing length (or time) scales. The
ways in which these length scales can be ordered are
many and lead to numerous distinct parameter regimes
with quite drastically different flow, and hence heat
transfer behavior (cf. Fig. 1). In order to perform a
systematic study, it is essential to first identify the key
controlling dimensionless parameters so as to be able
to develop proper correlations in terms of the relevant
parameters. The emphasis here is largely on parameter
regimes relevant to thermoacoustic engines, with inter-
est primarily in the net time-averaged heat transport
rates induced by a zero-mean oscillatory flow.

For a cylinder of diameter d being considered, with
its axis normal to the axis of oscillation of an acoustic
field, the important dimensionless parameters are
briefly reviewed below (see also [20]). In the compact
body limit of interest, the cylinder diameter is small
compared to the radian wavelength of the acoustic
field and the dimensionless parameter, y, defined as

1=— M

is small (y<<1) thus making acoustic radiation effects
negligible. The amplitude parameter, ¢, is defined as
the ratio of the displacement amplitude of fluid particle
oscillation, A4, to the cylinder diameter, d, and may be
expressed in the following forms,

_A_U()_ C P()
¢= d_dw_dcu<ypm) @

where the last equality is obtained from the relation
that velocity amplitude, Uy=Mc, where M is the
Mach number and may be expressed as (Py/ypn) for a
plane standing sound field. The pressure and velocity
amplitudes are related by Po= Uyoc for a standing
sound field. The ratio (Py/p,) of the acoustic pressure
amplitude to the mean fluid pressure (typically
expressed as a percentage) is called the pressure ratio
(or drive ratio), and is one of the primary controlling
experimental variables in this study and is a measure
of the strength of the acoustic field. The ‘low-ampli-

tude’ feature noted in the title is precisely with refer-
ence to the above parameter, ¢, and in principle refers
strictly to only those cases for which e<1. However
the basic nature of the flow field is found to be valid
for values of ¢ up to 0.2-0.3 for which the essential
nature of the low-amplitude transport features are
maintained as deduced from the current experimental
data. The low-amplitude data from this study will be
complemented with high-amplitude data in a separate
report. Also of relevance is the so-called frequency par-
ameter, A2, defined as

2 2
Azz—d w:(£l> , where 5:,/K (3)
1% 0 w

and is a measure of the relative sizes of the cylinder
and the Stokes layer thickness. For cases of y<l1, el
and A%>1 being considered here, it was recognized by
Stuart [51] and Riley [55] that the steady (fluid and
heat) transport is not governed by either of the par-
ameters ¢ or A2 independently, but by a suitable com-
bination of ¢ and A2 called the streaming Reynolds
number, R, (or Re), and defined as

R:ngzzU—%:ﬁﬁz )
s WV OV \YPm

where the last equality clearly shows the dependence of
R, on the experimentally measured acoustic variables,
namely the frequency and the pressure amplitude (the
pressure ratio), with the notable absence of the cylin-
der size itself. In the current study, it is this parameter
R which is the appropriate Reynolds number which
provides a measure of the forced convective effects,
and not the one defined in the conventional manner as
Re=Uydlv=eA% Of interest here are cases for which
Rs>1 whereby acoustic streaming convection (vice dif-
fusion or natural convection) is the dominant mode of
steady transport. This also requires that buoyancy
forces are negligible relative to forced convection
effects and the appropriate criterion for this is Gr/
R2<1 (as verified later).

For the parameter regime outlined above the flow
remains nominally laminar and attached only if it is
hydrodynamically stable. However under certain con-
ditions Honji [45] experimentally observed that the
flow becomes centrifugally unstable resulting in separ-
ation and vortex shedding. Hall [46] has shown on the
basis of a stability analysis that (to leading order) the
onset of vortex shedding occurs for values of
Ry > 2.12/4 thus altering the nature of the flow. This
feature has also been independently confirmed by
Sarpkaya [53] on the basis of force measurements on a
cylinder in oscillatory flow, by noting the distinct
changes in the force coefficients associated with this
flow transition. From a heat transfer viewpoint, it is
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expected that such a flow transition could significantly
alter (enhance) the heat transfer behavior as discussed
later in this experimental study.

3. The experimental system and instrumentation

A schematic of the experimental setup is shown in
Fig. 2. A heated test cylinder (representative of a heat
exchanger tube) is positioned along the diameter of an
enclosing cylindrical resonant chamber typical of a
thermoacoustic engine configuration.

The test cylinder itself is a stainless steel cartridge re-
sistance heater with a J-type thermocouple embedded
at the midpoint along its length. In order that the sur-
face of this test cylinder present a uniform temperature
to the fluid (along its length), the cartridge heater is
inserted into a very tight fitting thin walled copper
sheath, which due to its high thermal conductivity
serves to even the temperature along its length. A
small amount of oil is introduced into the sheath
(which is closed off at one end) before inserting the
cartridge heater, to ensure good thermal contact in the
narrow annular gap between sheath and cartridge, and
thus prevent the formation of any insulatory air pock-
ets. Although the cartridge heater has a diameter of
3.175 mm, it is of course the outer diameter of the
copper sheath (d = 5.0 mm) which determines the
effective diameter for the convection mechanism. A
schematic of this cylinder-sleeve assembly is shown in
Fig. 3. The cartridge heater is connected to a regulated

thermocouple
reader

piston end—plat;\

DC power supply, while its thermocouple leads are
connected to a thermocouple reader/scanner.

The outer cylindrical resonant chamber is made of a
hollow plexiglass tube 2000 mm long with an inner di-
ameter of D = 76 mm and a wall thickness of 6 mm.
This yields a large enough aspect ratio for the test
cylinder (D/d ~ 15), for end effects to be considered
negligible. An acoustic compression driver (a loud-
speaker) mounted at one end serves as the source of
the acoustic excitation. The acoustic driver is con-
nected to a waveform generator through a high-power
amplifier to accurately provide the desired frequency
of excitation with a variable amplitude. The other end
of the resonant chamber is sealed using a piston-like
end-plate which serves as a rigid end termination to
provide the necessary acoustic reflection for resonance.
This end plate is mounted in a piston-type arrange-
ment (see Fig. 2) to allow its position to be adjusted so
as to vary the length of the working section, and
thereby allow flexibility in the choice of the resonant
frequencies of operation. A washer-type seal is used to
provide good acoustic confinement, and simultaneously
allow easy motion of the end-plate. A through hole on
this end plate is used to mount a small but sensitive
pressure transducer (microphone) in such a way that
its measuring face is flush with the inner face of the
end plate facing the working volume of the resonant
chamber. At this end-plate, the standing wave is at a
velocity node, and hence a pressure antinode (peak)
whose amplitude (Py) is measured by the transducer.
The transducer is connected through a preamplifier to

DC power supply|

resonant

/hamb er
: acoustic

: " driver

N

pressure
transducer

‘ multimeter loscilloscope

cartridge heater
(test cylinder)

power amplifier

waveform
generator

Fig. 2. A schematic of the experimental setup.
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Fig. 3. A magnified schematic view of the cylinder-sleeve assembly.

a digital multimeter and an oscilloscope so as to be
able to both measure the acoustic signal, and observe
the acoustic waveform.

The enclosing cylindrical resonant chamber is also
provided with two holes on its curved surface along its
length to provide a choice of locations for inserting
and positioning the test cylinder across the chamber di-
ameter. However of course, during a given run only
one of these holes is used to house the test cylinder,
while the other hole is tightly plugged shut. The extra
hole serves as a useful means to insert a thermocouple
into the chamber to measure the air temperature soon
before, and after, a run. The resonant chamber was
eventually mounted with its axis horizontal, although
different orientations of the test cylinder were first
tried to evaluate the possible influence of natural con-
vection (as discussed in the section below).

4. The experimental procedure
4.1. Calibration and setup evaluation

Prior to any experimentation, it was first necessary
to determine the specific resonant frequencies of oper-
ation which would also ensure that the test cylinder is
positioned along a velocity antinode (peak) in the
standing wave. In these tests, the rigid end termination
served as the obvious reference end for measuring dis-
tances since this end is a velocity node (and hence also
a pressure peak) of the standing wave. It was thus
necessary to determine a suitable end-plate location for
which the excitation frequency would not only give
rise to resonance in the acoustic chamber, but to also
ensure that the position of the test cylinder would sim-

ultaneously correspond to the velocity peak at that fre-
quency. Although this requirement was strictly not
necessary for the compact body limit (y<1, Eq. (1))
being considered, it was desirable to position the cylin-
der at such a point where the maximum ‘swing’ in the
velocity could be achieved, and thereby also to reduce
interference with the 2nd harmonic for reasons noted
below. Furthermore, such a pressure node location
also corresponds to the location of no Rayleigh
streaming (on the chamber walls), and is hence desir-
able, to keep the interference between cartridge cylin-
der streaming and chamber wall streaming down to a
minimum. At each suitable resonant excitation fre-
quency that was identified, the maximum achievable
signal amplitude (acoustic signal strength or pressure
ratio) was determined. The goal was to achieve as high
a pressure ratio as possible without distorting the
acoustic waveform significantly from its sinusoidal
nature. It is well known that such a distortion occurs
with increasing signal amplification, as manifested by a
steepening of the wavefront resulting in the formation
of shocks caused by rapid strengthening of the har-
monics. The waveform behavior was observed on an
oscilloscope and also monitored by noting the strength
of the harmonics with the help of a digital signal ana-
lyzer. Since the second harmonic is completely out of
phase with the first (the driving frequency), and y<l,
the interference between these harmonics would be
minimal at the location of the test cylinder if it were
positioned at the velocity peak of the first harmonic. So
the sinusoidal nature of the waveform was considered
acceptable so long as the third harmonic (whose alter-
nate nodes overlap with the first) had an amplitude
less than 5% of the first harmonic (the driving fre-
quency). In this manner five suitable resonant frequen-
cies were identified for various values of the working
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length, L, with the maximum achievable pressure ratio
for each frequency showing a decreasing trend with
increasing frequency.

In addition to satisfying the requirements for reson-
ance as noted above, the chosen frequencies have to be
below the so-called ‘cut-off” frequency for this particu-
lar chamber geometry. This means that the frequencies
would have to be in a range which would excite only
the axial mode of the plane standing wave in the
chamber, and not the higher order radial/transverse
modes which are currently not of interest. This cri-
terion indirectly dictates the choice of the chamber
dimensions, since the cut-off frequency depends on the
chamber length and diameter. For the current choice
of chamber size, the cut-off frequency was found to be
about 2.6 kHz and all the working frequencies were
maintained well below this value.

The resistance of the heating element of the cartridge
heater was measured using a 4-wire measurement tech-
nique. This resistance value was also confirmed by
comparison with simple voltage and current readings
from a DC-power supply. This resistance was found to
be R,=(123.24+0.2) Q and quite invariant with tem-
perature. For data reduction calculations, it is this re-
sistance, along with the power supply voltage, that was
used to determine the power dissipated by the resist-
ance heater.

In the interests of maintaining a closer tolerance in
the temperature uncertainties (due to the small driving
temperature differences expected in the experiment), all
the thermocouples that were used, including the manu-
facturer provided thermocouple embedded in the car-
tridge heater, were calibrated prior to wuse. The
thermocouples were calibrated to measure temperature
with an error of no more than 0.1°C (the least count
of the thermocouple reader), which is much smaller
than the usually assumed uncertainty of 0.5-1.0°C and
is hence a smaller source of error in the measurements.
Once calibrated, these thermocouples were also used to
determine the difference in the temperature measured
by the thermocouple embedded inside the cartridge
heater, and the outer temperature on the surface of the
copper sheath which would be the true driving surface
temperature responsible for convection. This was
achieved by firmly affixing three thermocouples on the
outer surface along the length of the heater-sheath unit
and measuring the temperature difference between the
internal embedded value and the (average) surface
value for a precisely known amount of power being
dissipated. The heater-sheath—thermocouple assembly
was suspended outside of the resonant chamber, and
various temperatures and natural convection heat
transfer rates in still air, comparable to those expected
in the actual experiment were used to simulate true
conditions as closely as possible. Additional tests were
also performed using a fan to blow air across the test

cylinder to simulate larger heat transfer rates while
staying within the expected temperature range. In this
process it was first verified that the three sheath surface
temperature measurements were different from each
other by no more than 0.3°C thereby justifying the
role of the copper sheath in evening the surface tem-
perature. Subsequently, the internal-to-surface tem-
perature drop was measured and conveniently
expressed in the form of an appropriate thermal resist-
ance, R,,, which was calculated to be about 1.02°C/W.
In the actual experimental runs with the acoustic field,
these three outer thermocouples were of course
removed from the sheath to present a smooth cylindri-
cal surface to the flow, and it was the above resistance
value, Ry, which was then used to deduce sheath outer
surface temperature from measurements of the internal
cartridge temperature.

Finally as noted earlier, with the test cylinder inside
the resonant chamber immersed in the sound field, the
influence of natural convection on the heat transfer
rate was studied by examining different orientations of
the chamber rotated about its axis. In this manner,
with all other things being the same, the orientation of
the test cylinder with respect to the gravity vector was
varied and changes in heat transfer rates (if any) were
studied. It was found that even for the weakest acous-
tic signal strength of interest used in this entire exper-
imental study, the orientation of the test cylinder
caused no significant change in the heat transfer rate
thus confirming the dominance of the acoustically
forced convection mechanism relative to the buoyancy
mechanism. This feature was also independently con-
firmed by verifying that the ratio Gr/R? is indeed small
and found to be no more than 2% throughout this
study for the R values of interest (upwards of ~100).

4.2. Data collection

One of the main objectives in this experiment was to
gather a broad base of reliable data to ultimately
arrive at useful correlations for the Nusselt number.
To this end, the measurements were conducted for five
suitable resonant frequency settings, and at each such
setting the pressure ratio (Po/p,) was varied from
about 0.8% up to its maximum possible value without
significantly distorting the sinusoidal waveform as per
the criteria noted earlier in section 4.1. The maximum
value of pressure ratio achieved in this study was
about 3.2% for the 585 Hz setting.

At each frequency-pressure ratio combination, data
was recorded for the test cylinder surface heated to
about 8, 12 and 16°C above the ambient temperature,
under steady state conditions. The associated power
dissipation rates itself were found to be small, and
thus would not be expected to cause any significant
temperature rise of the air inside the chamber during
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the course of an experimental run. In order to ensure
reproducibility and eliminate any anomalistic behavior,
three runs were conducted at each of the temperature
points noted above to ensure consistency in the data.

A typical experimental run entailed the following.
The test cylinder consisting of the heater-sheath as-
sembly was inserted into one of the holes in the chamber
making sure that it was securely seated in a shallow
indentation on the opposite side, specifically machined
for this purpose. With no power to the sheath encased
cartridge heater, the instrument settings for the desired
acoustic signal level (frequency and pressure ratio) were
tuned in and then turned off. A thermocouple was then
inserted into the chamber through the other hole (not
holding the test cylinder) to measure the internal air
temperature, and then removed and the hole plugged
shut. In this quiescent state it was also verified that the
temperature recorded by the embedded thermocouple in
the heater was consistent with this measured air tem-
perature. With the acoustic field absent, the power to
the cartridge heater was now turned on (to a preset
value) thus causing a fairly rapid rise in its temperature
as indicated by the embedded thermocouple. Once the
cylinder temperature had risen past its projected steady
state value (estimated from experience), the acoustic
field was then turned on to its previously preset value
thus instantly providing the acoustically forced convec-
tive cooling action. As a result, the cylinder temperature
would immediately start to drop, and quickly reach a
minimum where it would stay for sometime before start-
ing to very slowly climb again. The occurrence of the
temperature minimum was recognized to be the desired
steady state equilibrium heat balance condition, with the
subsequent gradual temperature rise of the cylinder at-
tributable to the concomitant slow temperature rise of
the ambient air sink temperature in the immediate vicin-
ity of the cylinder. Upon identification of the above
desired temperature minimum = signaling equi-
librium, the corresponding steady state temperature
values were recorded and the heater power and acoustic
power were immediately turned off (in that order). A
thermocouple was once again quickly inserted into the
chamber to measure the enclosed air temperature, and
to verify that the air sink temperature in the chamber
(assumed to be effectively constant) had indeed not risen
significantly. From all the runs in this study, it was
found that even for the largest heater power settings
(which was only of the order of a few Watts), the differ-
ence in chamber air temperature before and after a typi-
cal run was never more than 0.3°C. The air in the
chamber was flushed between runs to ensure a uniform
air temperature at the start of every run.

The strategy outlined above to achieve equilibrium
conditions was considered more appropriate since it
would allow steady state conditions to be rapidly
achieved, and identified, without in the meanwhile caus-

ing a significant rise in the temperature of the ambient
air in the chamber. This is especially important since it
would be extremely difficult to monitor the ambient air
sink temperature inside the chamber and in the vicinity
of the test cylinder during the course of a run, without
directly interfering with the transport behavior. It was
thus deemed desirable to complete a given run as soon
as possible to minimize the rise in air temperature
during the run. In contrast to the above method, when
the acoustic and heater powers had been simul-
taneously engaged at the start of each run, the
presence of the convective cooling action right from
the outset was found to considerably slow down the
approach of the temperature to its steady state equi-
librium condition, thus resulting in significant heating
of the chamber air over that larger time period. As a
result the steady state heat balance condition was
never clearly identifiable in a consistent manner, and
this technique was therefore rejected as unsuitable.

4.3. Data reduction

The acoustic signal data recorded were the input fre-
quency f to the acoustic driver, and the corresponding
pressure amplitude P, of the standing wave measured
at the microphone. The fluid used throughout this
study was air at atmospheric conditions, i.e. p,=1
atm. The thermal data recorded were the voltage V
and current / from the power supply to the cartridge
resistance heater, and its resulting steady state tem-
perature, T.. The air temperature around the cylinder
was always recorded soon before, and after, each run
to verify that there was no significant rise in its value
during the course of a run as discussed in section 4.2.
From this data, the Nusselt number based on the
cylinder diameter was simply calculated from

Nu,,z =

1 ¢ ©

AS(TS - Ta)

where ¢=V?/Ry, is the power dissipated by the heater.
The cylinder (sheath) surface temperature 7y is related
to the measured cartridge center temperature 7
recorded by the embedded thermocouple according to
Ts=T.—qR,, where as noted earlier in section 4.1, Ry,
is the thermal resistance of the copper sleeve arrange-
ment determined during calibration procedures. The
other relevant dimensionless parameters such as 42 ¢,
R, were calculated from the measured variables using
the relations outlined earlier in Egs. (1)—(4).

4.4. Error analysis
In order to obtain a measure of the reliability of the

experimental data, an uncertainty analysis was per-
formed for the principal parameters of interest, namely
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the Nusselt number Nuy, and the streaming Reynolds
number, R,. The root-mean-square random error
propagation analysis was carried out in standard
fashion using estimated and/or specified uncertainties
of the basic independent variables being experimentally
measured, namely, the heater voltage and temperatures
to calculate the uncertainty in Nuy, and the acoustic
signal frequency and pressure amplitude to calculate
the uncertainty in R. The results of this analysis were
incorporated into the calculations for all the data
points and have been provided in the form of error
bars for Nug on some of the plots in the following sec-
tion, and indicate uncertainties of no more than 10—
15% in Nug. For R, this uncertainty is even smaller,
and of the order of only 2-3%, and is hence not
shown on these plots in the interests of maintaining
clarity of the figures.

5. Results and discussion

Nearly 800 experimental runs were carried out in the
course of this study to generate over 200 distinct data

points for analysis. The data was gathered for five
different acoustic frequencies (ranging from 585 to
1213 Hz) at pressure ratios, Py/pn,, ranging from 0.8 to
3.2%. The resulting values of Ry as calculated from
Eq. (4) ranged from 40 to 1070, while the correspond-
ing values of Nu ranged from 8 to 40. The amplitude
parameter (¢) varied from 0.05 to 0.45, and the fre-
quency parameter (A) was in the range 76—110. These
values may be compared with Fig. 1, a parameter map
of the problem originally suggested by Richardson [20]
that delineates the expected regimes of flow. The data
obtained here cover the ‘low-amplitude’ range on this
map as noted in the paper title (marked ‘Large
Streaming Reynolds Numbers’ in Fig. 1), with the goal
being to cover the different expected regimes within
this range. One of these is the attached flow regime
with a fairly well developed theory (but with little ex-
perimental verification to date) which much of the
data here attempts to cover. The other is a regime,
which though of low-amplitude, is characterized by a
separated flow behavior due to inherent Ilarge
Reynolds number instabilities and resultant vortex
shedding of the Honji—Hall type. Some of the data

20 —
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Fig. 4. Variation of Nu with R for /'~ 725 Hz (A ~ 84.6). The solid line is a +/Ry fit through the data.
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obtained in this study also covered this regime and is
discussed further below.

The results are presented in the form of plots of
Nusselt number, Nu, versus the streaming Reynolds
number, R, which from theory has been clearly ident-
ified as the appropriate Reynolds number for these
low-amplitude flows. The plots are presented for each
of the five resonant frequencies covered in this study,
and the data accordingly correlated for each frequency.
For a given frequency plot, each R, value corresponds
to a certain acoustic signal pressure amplitude as is
clear from Eq. (4). And for each such R, value the
different data points come from the different AT set-
tings used to determine Nu as described earlier in sec-
tions 4.2 and 4.3. The relatively small scatter in this
data in the R, range of interest attest to the accuracy
of the experimental procedure.

The experimental data has been presented in Figs.
4-7 for frequencies of 725, 1055, 1213 and 585 Hz, re-
spectively. In all of these figures the solid line rep-
resents the +/R, curve fit expected from laminar
boundary layer transport theory for ‘large’ values of

Ry (found to be upwards of 125-150). For this R,-
range of interest, it was confirmed earlier at the end of
section 4.1 that natural convection effects are indeed
small compared to the forced convective effects due to
the acoustic field. However, for lower values of R, the
increased scatter in the data seems to suggest that
buoyancy effects could be significant in a presumably
mixed convection regime, although this behavior is not
directly relevant to the goal of the current study (other
than to recognize its boundary). Also, as argued
carlier, the data from the different frequencies should
not have to be treated independently, but should be
instead all collapsible into a suitable dimensionless par-
ameter correlation applicable to all frequencies. (For
the 897 Hz frequency setting, the data obtained was
far too scarce and limited to warrant an individual fre-
quency plot, and has instead been combined with data
from all the other frequencies into a final combined
all-frequency data plot in Fig. 8 as discussed below.)
Such a combined plot of the averaged data from all
the frequencies (Fig. 8) consequently shows that the
square-root dependence does indeed provide a good fit

20 ——t—r!

70 80 90100

200 300 400
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Fig. 5. Variation of Nu with Ry for /'~ 1055 Hz (A ~ 102.1). The solid line is a /R fit through the data. The error bars are from

a random error uncertainty analysis.
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Fig. 6. Variation of Nu with R for /'~ 1213 Hz (A ~ 109.5). The solid line is a /R fit through the data. The error bars are from

a random error uncertainty analysis.

yielding a correlation with a fairly consistent leading
coefficient value of about 0.90 which may be summar-
ized as

N
i =0.904+10% for ¢ small and

VR ©)
R, > 125-150,

and reaffirms the choice of Ry as the appropriate par-
ameter for the boundary layer behavior in this regime.
This result may further be compared with theoretical
predictions for the Nusselt number made in earlier
studies for this attached streaming flow regime. The
early study by Davidson [19] for a circular cylinder
predicted a leading coefficient of about 1.05 for air [44,
Eq. (49)], which is at the edge of the uncertainty
bounds of the experimental value of 0.90 recommended
from the data in this study.

The most extensive data in this study was gathered
for the 585 Hz frequency value as shown in Fig. 7,
which also provided the largest pressure amplitudes as
indicated by the large values of R, (up to about 1100)
that were achieved. As seen from Fig. 7, the data fol-

lows two clear trends for large values of Ry—there is
an initial /R, trend with a leading coefficient of 0.94
up to Ry ~ 450 which is consistent with the attached
laminar flow behavior arguments made in the previous
paragraph leading to Eq. (6). This /Ry trend in the
data in Fig. 7 is followed by a steeper R¥* trend for
even larger values of Ry and maybe correlated as

Nug = 0.20R*7 (7

and is an unexpected trend that has not been predicted
before by theory. This behavior for very large R;
values seems to suggest a more vigorous heat transport
mechanism that could not be induced by laminar
boundary layer convective effects alone, and may be
attributable to separation in the boundary layers lead-
ing to vortex shedding and the associated increased
transport rates. These experimental observations as
shown in Fig. 7 are also consistent with the fluid mech-
anical studies of Honji [45], Hall [46] and Sarpkaya
[53] in that they are clearly indicative of a change in
the basic nature of the flow mechanics, possibly from
an attached to a separated nature, as is evidenced here
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Fig. 7. Variation of Nu with R, for f'~ 585 Hz (A ~ 76.0). The solid line is a «/R; fit through the data. The dashed line represents

the predicted R%7° behavior in the vortex shedding regime.

by the change in the power-law dependence of Nu, on
R;. As discussed earlier, this transition is most likely
attributable to instabilities in the flow which for large
streaming Reynolds numbers causes the flow to
become centrifugally unstable resulting in a periodic
vortex shedding behavior. However the critical R for
such a transition from attached to separated flow con-
ditions does not seem to agree very well with the cri-
teria laid out by Hall [46] based on his analyses. The
critical R, values predicted by Hall [46] which depend
on the frequency of oscillation, vary from 150 to 250
for the choice of frequencies and other parameters in
this study. However, as is clear from Figs. 4-6, there
was no significant departure from the attached flow
/R dependence to signal such a transition, even well
beyond this range of predicted critical Ry values. Only
for the case of /'~ 585 Hz as shown in Fig. 7 was a
clear change in the trend observed, and that too only
at Ry ~ 450 which is significantly higher than the
theoretical value of about 175 predicted by Hall's the-
ory under these conditions. It may be conjectured that

the reasons for this discrepancy are probably due to
(a) the applicability of Hall’s theory strictly to cases
for which e<1, and/or (b) also to the confined nature
of the test cylinder in the resonant chamber which
therefore does not make it a truly unconfined external
flow (for which again strictly the theory by Hall [46]
has been developed). This latter feature could result in
possible stabilizing flow mechanisms induced on the
walls of the confining acoustic chamber, thus delaying
the onset of criticality and transition to the vortex
shedding regime of the flow on the test cylinder.

6. Conclusions

The low-amplitude nominally attached flow regime
of zero-mean oscillatory flow over a cylinder has been
experimentally treated to develop some useful heat
transfer correlations (Eqgs. (6) and (7)). The corre-
lations developed are based on a large body of data
that was gathered for the truly attached streaming flow
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Fig. 8. A comprehensive plot of the variation of Nu with R for all frequencies. The solid line is a /R; fit through the data. The
dashed line represents the predicted R%7° behavior in the vortex shedding regime.

regime, as well as for its unstable counterpart at higher
R, characterized by possible vortex-shedding behavior.
It may be noted that the actual magnitude of the rel-
evant Reynolds number, R, for both the attached and
separated flow regimes in this study is of 0(10°-10%)
and is considerably smaller than the values convention-
ally encountered in uniform mean flows which may
typically range up to as high as 0O(10*-107).
Nonetheless, as the values of the Nusselt number for
these oscillatory flows indicate, the magnitudes of the
heat transfer coefficients themselves (which are O(10%)
W/m? K) are very much comparable in magnitude to
those encountered in conventional mean flows, thus in-
dicating the potential for significant convective heat
transfer rates despite the zero-mean nature of the driv-
ing acoustic flow. It is suggested that when gases other
than air are to be used, as is most likely the case in a
thermoacoustic engine, a power-law dependence on the

Prandtl number of the form Pr%7 established earlier

by Davidson [19] and Gopinath and Mills [44,54] may
be applied. This suggestion is based on the premise
that such a dependence, although originally established
strictly for the case of a cylinder and a sphere, should
be equally suitable for other similar convex geometries
which support essentially similar transport mechan-
isms, as is also typically assumed in conventional mean
flows.
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