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1 Introduction volume of the resonator, and ¥ is the gas specific

heat ratio. The integration in Eq. (1) is carried out

Intensive acoustic fluctuations can appear in | intime over the cycle period 7' and in space over
gases inside chambers (resonators) with heat | the resonator volume ¥ . If thermoacoustically
release under suitable conditions. These | converted power exceeds acoustic losses, then

phenomega represent importapt .engineer?ng amplitudes of excited acoustic modes will grow
problems in many industrial applications ranging | ip time:

from burners and rocket motors to r-1 L

thermoacoustic engines and refrigerators. AE=——1][p'q'didv 1)
The main cause for thermoacoustic ypO'VT _ '

instabilities in resonators is the presence of There is a variety of system configurations

unsteady heat addition component that fluctuates | Where thermoacoustic energy transformation can
in phase with acoustic pressure. This | OCCUr. Some of them are illustrated in basic
requirement is known as Rayleigh criterion [1]. | forms in Fig. 1. A duct with mean flow and a
The quantitative form for the heat-sound energy | compact heat source (heater or flame) is known
transformation under an assumption of uniform | as a Rijke tube (Fig. la); it can serve as an
medium in a chamber and small-amplitude | iMmitation of some combustion chambers. A time
oscillations was derived by [2] where AE is the | delay between fluctuating velocity and heat
amount of acoustic energy generated from heat addition rate is essential for exciting acoustic

during an acoustic cycle inside a resonator, p' | modes in this system. This tube was first
described by Rijke (1859) and later was used by

. . - | many researchers as a convenient setup for
respectively, ¢' is the heat addition rate per unit studying thermoacoustic instabilities [3].

and p, are the acoustic and mean pressure,
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Figure 1. Schematics of systems where thermoacoustic oscillations can occur: (a) Rijke tube, (b) dump combustor, (c)
thermoacoustic prime mover.

Another type of thermoacoustic instabilities,
involving vortex shedding and combustion,

appears in resonators with sudden changes in
geometry and reacting flows. These instabilities
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are related to liquid-fuel motors with premixed
combustors, as well as to various industrial
burners and gas turbines. One schematic of a
process of this sort is shown in Fig. 1b. A vortex
generated at the flameholder (a rearward-facing
step in Fig. 1b) consists of cold unburnt reactants
from an incoming flow and hot products from a
recirculation zone [4]. Upon the impingement of
such a vortex on a downstream structure (or a
wall of the combustion chamber) or after a
certain induction time defined by chemical and
hydrodynamic properties, a rapid mixing of hot
and cold flow components occur, followed by
fast heat release due to vortex burning. This
sudden heat addition acts as an acoustic
disturbance, and resulting acoustic waves
influence the vortex shedding process, creating a
system with a feedback.

A schematic of a  standing-wave
thermoacoustic prime mover is shown in Fig. 1c.
At sufficiently large temperature gradients inside
a porous insert (often called a stack), the
resonator acoustic modes may become unstable
[5]. The generated acoustic power can be used to
produce electricity or pump heat.

The next sections of this paper review several
important phenomena and systems involving
thermoacoustic  oscillations in resonators,
including combustion instabilities, Rijke tubes
and thermoacoustic engines. It should be noted
that besides thermoacoustic processes in devices
oriented on energy conversion, there are other
emerging technologies related to heat-sound
interactions, such as separation of gases in
mixtures [5], thermoacoustic hyperthermia and
tomography [6], thermoacoustic transducers [7],
and sound absorbers [§].

2 Combustion Instabilities

Acoustic-combustion instabilities occurring
in combustion chambers are usually quite
harmful for the system operation, because they
may lead to intensive vibrations, unacceptable
for propulsion or power systems, and to
enhanced heat transfer, which can overheat the
structure. These phenomena were identified a
long time ago with introduction of aerospace
engines. It still remains an important engineering
subject, since in the development stage of rocket
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motors and modern gas turbines (especially
those operating in lean-fuel regimes) practically
all of them experience some sort of
thermoacoustic instability. On the other hand,
there are devices, such as a pulsed combustor [9],
where oscillations are essential for normal
operation.

The problem of the acoustic instabilities in
combustors attracted a lot of attention by many
researchers; and  extensive  theoretical,
experimental, and numerical studies were
undertaken [10-16]. A common approach to
simplified (reduced-order) analysis of such
instabilities is to apply an acoustic modal
expansion for fluctuating fluid and flow
properties and to use models for heat addition
that depend on pressure and velocity
fluctuations. Some basic elements of such
modeling are illustrated in the next section on
Rijke tubes. Due to high complexity of actual
physical processes in real-world combustors and
motors, more or less accurate models must also
include effects of mean flow, medium non-
uniformity, nonlinearities, noise, etc., which lead
to significant complication of the analysis.

More detailed simulations of acoustic-
combustion instabilities can be also conducted
with the use of modern computational fluid
dynamics (CFD) solvers [17], [18]. However,
such simulations remain computationally
expensive and still require extensive validation
due to simplified nature of some models
employed by these programs (e.g., for turbulence
and chemistry in reacting flows).

Comprehensive experimental studies of
combustion instabilities require sophisticated
equipment, such as laser-based diagnostic
systems [19] and are usually conducted in
simplified setups that may not accurately
represent real devices (such as motors of large
rockets). Nevertheless, these experiments
provide useful insight on heat-sound interactions
and can be used for validating numerical tools.
One of the practically important experimental
directions is to measure flame response to forced
acoustic oscillations with the purpose to
establish relations between acoustic fluctuations
and unsteady heat addition (flame transfer
functions), which can be subsequently used in
simplified modeling of acoustic-combustion
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instabilities [20].
3 Rijke Tube

Perhaps the most commonly used setup for
demonstrating thermoacoustic phenomena and
studying fundamentals of thermoacoustic
instabilities, = both  experimentally = and
theoretically, is the Rijke tube (Fig. la). It
represents a resonator, usually a straight tube,
with a permeable heater. Mean flow through a
Rijke tube is the essential feature; it can be
caused either by natural convection (for
vertically oriented tubes) or by external means
(e.g., air blower in horizontal configurations). At
some values of the main system parameters
(supplied heat, heater position and mean flow
rate), self-excited acoustic oscillations appear.

In a simple approximation for a Rijke tube,
the one-dimensional wave equation for acoustic
pressure p' in the presence of heat addition with

rate ¢' per unit volume can be written as follows
[21]:

'
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where ¢ is time, a is the speed of sound, and x
is the coordinate along the resonator. Acoustic
motions in the chamber can be presented using
Galerkin technique for the acoustic mode
decomposition [22],

P60 = po > 1,0V, (x) 3)
e =N L 4, dy, 4
u(x,t)—z{;/k”2 T e 4)

where 77 (¢) is the time-varying amplitude of the
n" mode, ¥, (x) is the pressure mode shape, and

k  1is the modal wave number. The mode shapes

and corresponding natural frequencies can be
determined by substituting acoustic modes from
Eq. (3) into Eq. (2) and solving with the zero
right-hand side. For example, in the case of
uniform medium and constant cross-sectional
area and the simple pressure release boundary
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conditions p'(0,¢) = p'(L,t) =0, the waveforms
will be y, =sin(k,x) with k, =7z n/L, where
L 1is the tube length.

In the case of a compact heater, the unsteady

linearized component of convective heat transfer
rate can often presented as follows [23],

AL AC k) B TN (5)

0 Uy

where QO and u, are the steady components

of the heat addition rate and flow velocity, J is
the delta function, x, is the heater location along

the tube, 7 is the delay due to thermal inertia,
and A is the magnitude of the transfer function
between velocity and heat fluctuations. The form
of Eq. (5) is similar to the well-known n—1
model commonly used for simple analysis of
thermoacoustic instabilities [24].

Considering small cycle-to-cycle variations
and utilizing Rayleigh criterion (Eq. 1), one can
determine a dependence of acoustic power
converted from heat for the first acoustic mode
in a Rijke tube

E, ~ %Asm(zn x, / L)sin(wr) (6)

cony
Uy

where  is the angular frequency of oscillations.
With the time lag often being small, Eq. (6)
implies that positive heat-to-sound energy
conversion for the first mode can occur only if
the heater is positioned in the upstream half of
the tube, and the heater optimal location is at
one-quarter tube length from the tube upstream
end. Accounting for acoustic losses, non-
uniform medium and other effects, reasonably
good predictions can be made for the sound onset
in an actual Rijke tube. An example of a
simplified comparison of theoretical results and
test data is shown in Fig. 2c. These data also
include results for a segmented Rijke tube
consisting of two tubes with different diameters
(Fig. 2a); such a system was found to have
substantially lower heating requirements for
exhibiting thermoacoustic instability.
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Figure 2. (a) Electrically driven segmented Rijke tube with controllable mean flow. (b) Nichrome wire heater. (c)
Boundaries between quiet and excited regimes in constant-diameter Rijke tube (filled circles) and segmented Rijke tube
(open circles). Symbols show experimental data points; lines correspond to theoretical predictions.

Besides the onset of sound, a variety of
nonlinear thermoacoustic effects are observed in
Rijke tube systems, including hysteresis, limit-
cycle saturation, noise-induced triggering of
instability, interactions between harmonics, and
so on. An example of hysteresis in the stability
boundary is given in Fig. 3a. Much higher
heating power is required to initiate sound in
comparison with the transition back to the quiet
state. This hysteresis loop resembles a
combination of subcritical Hopf and fold

bifurcations in a dynamical system (Fig. 3b).
Similar phenomena have been also observed in
actual combustion  systems prone to
thermoacoustic instabilities. In recent years,
some efforts have been undertaken to apply
nonlinear analysis of dynamical systems to
model such effects in Rijke tubes with a hope of
eventually extending these models to predict and
control performance of real-world devices [25-
27].
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Figure 3. (a) Acoustic pressure amplitude and transitions between quiet and excited states in Rijke tube (Matveev 2003).
Variation of heat supply rate: P, increase; «, decrease. (b) Subcritical Hopf and fold bifurcations.
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4 Thermoacoustic Engines

Besides generally harmful thermoacoustic

instabilities in  rockets and  burners,
thermoacoustic  oscillations can be also
beneficially applied to convert heat into

mechanical and then to electrical power or to
pump heat. Novel devices developed for this
purpose are known as thermoacoustic engines,
which comprise both prime movers and
refrigerators. In these systems, thermal
interactions between oscillating gas parcels and
solid surfaces is essential, and most devices of
this sort employ s some sort of porous material
(called stack or regenerator) with large surface
area. A schematic of a simple standing-wave
engine is shown in Fig. 4. The acoustic power is
generated in the stack in the presence of

externally maintained, sufficiently large
Hot HX Cold HX
Stack / Resonator
Closed Acoustic oscillations
end -

temperature gradient. At the proper location of
the stack inside the resonator, the heat is
transported to gas parcels oscillating in the
fundamental acoustic mode at the moment of
their compression and extracted at the moment
of rarefaction. Therefore, acoustic power is
generated, according to Rayleigh criterion (Eq.
1). Besides simple standing-wave engines, more
complicated and more efficient traveling-wave
engines with closed loops, as well as cascade
engines, have been introduced [31-33], some of
which  experimentally demonstrated high
second-law efficiencies approaching 50%. With
a source of acoustic power, it is also possible to
invert the thermoacoustic process and pump heat
from a low-temperature space to a high-
temperature sink, thus producing refrigerating
effect [34].

Heat
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Figure 4. (a) Schematic of a standing-wave thermoacoustic engine. (b) Ideal acoustic pressure and velocity waveforms.
(c) Thermal interaction between an oscillating gas parcel and stack plate with strong temperature gradient during one
acoustic cycle.

Journal of Dynamics and Vibroacoustics, 2(1)

10



Konstantin I. Matveev, "Thermoacoustic Oscillations in Resonators", May, 2015

The initial fundamental analysis of thermoviscous interactions between oscillating gas and solid
surface was carried out by [28]. The adaptation of this linearized theory for practical calculations,
development of a numerical software DELTAE (freely available), and construction and testing or
prototype thermoacoustic systems was accomplished at Los Alamos National Laboratory [29],

[30]. One of the major theoretical results is the acoustic power WM produced by inviscid ideal gas

9

oscillating near a two-sided solid surface under a mean temperature gradient |VT

2
i =L Bre!=1P Vi,
2 y pO ‘VTcr,id‘

(7

where B and L are the width and length of the plate, and p, is the acoustic pressure amplitude.
The ideal critical temperature gradient ‘VTC oy d‘ and thermal penetration depth J, in Eq. (8) are

defined as follows,

VT, .| =P ®
Pu€pth

5, = [~ ©)
w

where p; is the mean density, ¢, is the specific heat of the gas at constant pressure, u, is the

acoustic velocity amplitude, and K is the thermal diffusivity. The physical meaning of the thermal
penetration depth is the length over which heat can propagate during one acoustic cycle. The
critical temperature gradient VT, ,, corresponds to the condition of sound onset in the idealized

system. These equations can be used to roughly evaluate the necessary temperature difference and
the amount of acoustic power that can be generated. For more accurate estimations, one needs to
account for viscous effects in the stack and acoustic losses in other system elements [35].

Although the linearized thermoacoustic theory is found to be in reasonably good agreement
with experimental results, most practical thermoacoustic systems operate (or are expected to
operate) in high amplitude regimes. Accordingly, new scientific and engineering challenges arise
due to novel complex and interesting phenomena, such as nonlinearities, acoustic streaming,
interface conditions, turbulence, transient regimes, integration with electroacoustic transducers,
and so on. Investigations of some of these effects have started, but more experimental and
computational studies are certainly required [36-39].

With regard to practical applications of thermoacoustic engines and refrigerators,
thermoacoustic cryocoolers are already available on a commercial basis from several companies,
such as Qdrive and Sunpower. Prototype thermoacoustic systems have been tested for a variety of
applications, including natural gas liquefaction [40] remotely located power systems and
refrigerators [41], devices for harvesting solar energy and waste heat [42], cooking stoves that can
produce electricity and cooling, and so on. There are also efforts aimed at developing miniature
thermoacoustic engines that can provide power or cooling for remote sensors when a heat source
is available, thus eliminating a need for battery replacement [43]. Figure 5 shows a demonstrator
of a small-scale engine (similar to that in Fig 1c¢ but without an electroacoustic transducer), as well
as acoustic pressure amplitude measured inside the resonator.

11
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Figure 5. (a) A photograph of 67-mm-long standing-wave engine. (b) Acoustic pressure amplitude recorded as a
function of the temperature difference across the stack. The dashed line corresponds to the sound onset (critical AT).

5 Concluding Remarks

Heat-sound interactions in acoustic resonators with heat release can result in excitation of
acoustic modes. Amplitudes of these oscillations may grow up to the level detrimental or even
dangerous for systems such as rocket motors or industrial burners. On the other hand,
thermoacoustic motions can be harnessed to generate useful mechanical/electrical power from heat
or to produce refrigeration effect. The fundamental physics of heat-sound interactions at low
amplitudes is reasonably well understood, but many high-amplitude phenomena still represent
challenges for practical control of thermoacoustic instabilities in combustors or for efficient heat-
sound energy transformations in thermoacoustic engines. Hence, this area is attractive for future
scientific investigations and technological developments. A variety of constructed prototypes of
thermoacoustic devices demonstrate a potential promise for widespread application of
thermoacoustic technology.
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