Thermoacoustic Refrigeration : Optimal Particle Velocity Vs Acoustic Pressure
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Introduction

Classical thermoacoustic refrigerators consist mainly of a
standing wave resonator excited by a loudspeaker includ-
ing a thermoacoustic core (a stack of plates). Following
Ceperley’s ideas [1], travelling waves can also be used in
thermoacoustics. In 1990, Hofler [2] studies a standing
wave thermoacoustic refrigerator and note that higher ef-
ficiency is obtained when there is a significant travelling
wave component in the refrigerator. Raspet and al. [3]
follow Hofler’s conclusions by calculating the coefficient
of performance as a function of the inverse of the standing
wave ratio. Petculescu and Wilen [4] develop a resonant
method which allows the ratio of travelling and standing
wave components to be easily adjusted. Resulting de-
vices of all these studies operate with an acoustic field
from a more or less controlled superposition of standing
and travelling waves. Thus, the goal of this paper is to
calculate the optimal standing wave ratio for thermoa-
coustic refrigeration. To achieve this, the acoustic pres-
sure p, the particle velocity u and their relative phase
¢ are uniform and independent one to the other in the
stack region. Expressions for thermoacoustic given by
Swift are rewritten with explicit pressure, velocity and
relative phase. Optimal acoustic field is found to maxi-
mize the temperature gradient, the thermoacoustic heat
flow and the coefficient of performance. A comparaison
with a usual half-wavelength resonant refrigerator is done
: more particularly, it is verified that, for high drive ra-
tios, a standing wave refrigerator operates near the opti-
mum in term of velocity. Some improvements can also be
achieved by tuning the relative phase between pressure
and velocity to its optimum.

Expressions of thermoacoutic
quantities as a function of the
acoustic pressure, the particle
velocity and their relative phase

When assuming several classical hypotheses used in ther-
moacoustic theory (as quasi plane wave approximation,
boundary layer approximation, and so on), thermoacous-
tic quantities can be written as presented in next subsec-
tions.

Thermoacoustic heat flux

The time-average heat flux per unit area Gy, [?] is
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where R() standing for the real part and * denoting the
complex conjugate. In the classical thermoacoustic linear
theory, the second term of the right hand side of eq. (1)
vanishes because p and u are out of phase in time (stand-
ing wave) (obviously, this hypothesis is not assumed in
this paper). The total heat flux Qs in the z-direction,
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Temperature gradient

An estimation of the temperature gradient in steady state
regime can be obtained when assuming that the heat
flux Qy, in the gas is returned by diffusive conduction
(throught the plates and throught the gas) [6]:
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K and K being the diffusive thermal conductivity of the
gas and the plates respectively. Assuming zero viscosity,
this temperature gradient becomes
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Coefficient of performance

The coefficient of performance, that is the ratio of the
heat flow from the cold thermal reservoir and the work
flow can be written, assuming zero viscosity,
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where COP, is the Carnot’s coefficient of performance.
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Optimal acoustic field

The heat flux, the temperature gradient and the COP are
written as functions of the independent variables pressure
p, velocity v and relative phase ¢. Sets of values of these
independent variables can be found which optimise each
of thermoacoustic quantity. An example is given below
concerning the temperature gradient.

Particle velocity optimizing temperature
gradient

It is clear from the expressions (4) or (5) that it exists
a value of the particle velocity which optimises the tem-
perature gradient. This value is given by
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It is interesting to note that this optimal value of the
velocity depends only on the geometry and physical pa-
rameters of the stack.

Relative phase optimizing temperature
gradient

Equation (5) shows that optimal phase for the temper-
ature gradient (with inviscid fluid) is ¢opy = —7F or
Dopt = ?{T”, corresponding to the cases where heat flux
associated with standing wave and heat flux associated
with travelling wave combine their effects. When viscos-

ity is taken into account, the expression of ¢,,: becomes
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The optimal phase, which depends on geometry of the
stack and physical parameters of the working gas, is close
but different to the phase of a pure standing wave.

conclusion

As a conclusion, results has been obtained which show
that an usual half-wavelength standing wave refrigerator
operates near the optimum in terms of velocity when a
high drive ratio is reached. In this configuration, it is
demonstrated that the best position for the stack in the
resonator is closed to the one usually recommended in
the literature, when resonator is tuned at a very high
acoustic pressure level. Moreover, some improvements
would be achieved by tuning the relative phase between
pressure and velocity to its optimum.
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