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A numerical methodology is presented to computeatimustic field in a closed domain filled by a thewiscous
fluid, using the finite element method. The forntida based upon temperature variation and partielecity is
well suited for botHKi) modeling the acoustic, thermal and viscous effiectle fluid bulk andii) accounting for
the non-slip and the thermal boundary conditionstan solid. Due to the development of thin thernzaied
viscous- boundary layers compared to the acoustielength, very different scales are present irfidt@. The
finite element mesh used is iteratively adapteddoount for these different scales, and anisotrbpzause of
boundary layers effects. Results are presentedhéoilaxisymmetrical back chamber of a miniature emser

microphone.

1 Introduction

Applications of acoustics in small devices needriodel

not only the acoustical field, but also the asdeda
entropic and vortical fields. These effects areucetl by

the viscosity and the thermal conduction of thédfluthey

are more significant near the boundaries of theustio
fluid where viscous- and thermal- boundary layergedop.
Accounting for these phenomena clearly arises when
dealing with acoustic transducers, inertial- or rithe-
acoustics, capillary domains or porous materialsesg
systems often have complex geometry, such that the
solution needs to be numerically computed. Thedsteth
description of acoustics by a scalar potential e(lithe
pressure formulation) is not suited to represeatwértical
movement, and a more complete formulation is reglir

Publication related to the numerical modeling of
thermoviscous acoustics include the work [1] fonan
viscous but heat conducting fluid, the numericaldeie
[2,3] for thin layers of viscous fluid between pébplane
walls and the modeling of viscous [4,5] or thernsoous

[6] boundary layers. These work are suited for only
particular geometry, or limited by specific assuiops, like

an acoustic domain large compared to the boundamrs
thicknesses. The method presented below is a Finite
Element application of a relevant complete formala{7]

for acoustics in thermoviscous fluids.

2 Basc formulation

The thermoviscous fluid is assumed homogeneous and
Stokesian (stress proportional to rate of straih lagat flux
proportional to temperature gradient), at rest (mean
movement), with a linear behavior. A small pertdidra
around the steady-state is considered, giving tise
acoustical propagation, but also to thermal andouis
diffusion, which cause dissipation of energy. Théss&t
diffusion processes are strongly excited near the
boundaries, because of the non-slip and the iswoider
boundary conditions, which differ from the free aehsi-
adiabatic conditions in the bulk of the fluid.

Both vortical (shear) and entropic (potential) mmoeats
are described by the particle velocity and the thermal
diffusion can be described by the temperature tianar.
This couple of variable§, 7) is relevant to describe boft)
the propagative and diffusive phenomena in the biilthe
domain andii) to derive the boundary conditions.

Combining the linearized equations of conservatins
and of state of the fluid for a small perturbatinfarmonic
regime at angular frequencw the following coupled
equation set is obtained [7] for the comp{ex) variables:
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iwr -yl c, divgrad r+1;/—;glp0 czdivv=0

where the properties of the fluid are the dengiy the
adiabatic speed of souigl the increase in pressure per unit
increase in temperature at constant dengty(ap/aT)p,

the ratio y of the heat coefficients at constant pressure and
constant volume per unit of mass, and where thesiin

characteristic lengths alg for shear viscosityl, for bulk

viscosity andl,, for thermal diffusion [8]. In a bounded
cavity filled by a thermoviscous fluid, the usuaundary
conditions associated to the equation set (1.12)ai
Dirichlet condition for the variable@, 7): both the particle
velocity and the temperature variation are prescrion the
boundary of the domain :

7= 0 (isothermal condition), (1.3)

V =V (prescribed velocity)  on the boundaries

The other perturbation variables of the fluid (dgns
variation, entropy variation, etc...) can be exprdssem
the solution(v,7) of eq. (1) ; in particular the acoustical
pressure variation is

2
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p=p1-~
iwy

3  Finite Element modd

The operators of the coupled linear equation sgtafé
usual Finite Element operators. Denoting the tegsmuch

that

2

c:

div Cgrad = —[+iwcolegrad div +iwc, I, curl curl
— y

o

, this equation set takes the following matricainfi;

oo s o0

0
r-1 0,2 div r) 10

o

iw-yl, ¢, divgrad

Where the diagonal operators involve the usual maisd
stiffness- Finite Element matrices for vector arwhlar
variables, and where the non-diagonal operatorseron
first spatial derivatives (divgrad respectively) of the
variables ¥, rrespectively).
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The set (2) is easily discretized by the finite nedat 3- according to this metric, to build a new adapted
method to compute the solution of 2D, 3D or anisotropic mesh,
axisymmetrical systems. In a closed cavity, thddfies 4- go back to 1- for the next iteration.

excited by the conditions (1.3) prescribed on the Using this iterative procedure, the mesh is praivesy
boundaries, which are accounted for as usual D@ich  adapted to the solution and refined exactly wheeded by

conditions in the Finite Element Method. the solution.

4  Adaptive meshing 5 Applications

The physical phenomena occurring in in a cavitedilby a The Finite Element modeling of acoustics in therisoaus
thermoviscous fluid develop at very different ldngtales: fluid is illustrated to the back chamber of an girisnetrical
the thermal and viscous diffusion processes deviglsipe miniature condenser microphone. The first bendiragden

the boundary layers, whose thicknesses are severalof the upper membrane (@ 3mm) is excited by thelent
magnitude smaller than the propagative phenomertheat field, and we study the field inside the back chamfilled

acoustic wavelength. Computing efficiently a nuroairi with a thermoviscous fluid (air at atmospheric pres).
solution by the finite element method in such atiscile The incident acoustic signal is measuveaithe movement
model needs to take particular attention on thel usesh. of the membrane, the condenser electrodes being the

Because of the thermal- and viscous- boundary $ayer membrane and the facing backing electrode. Duehé¢o t
where the normal variations are much larger tham th design and the process used [10], the backingretizthas
tangential ones, an anisotropic mesh is necesbagome differents steps (Fig. 1 below):

regions of the studied domain, the field is verysth and |

presents variations at the only large acoustic Vesggh, i

whereas diffusive transfers inside or near the Haon '

layers make the field strongly vary at length msahaller _
than the boundary layers thicknesses. The adapt@shing i
technique [9] is a relevant method to refine thesime i

exactly where needed. Starting with an initial seamesh,
the outline of the method is:

Figure 1 Axisymmetrical model of the back chambiea o
miniature microphone
left : axisymmetrical axis, up: microphone membrane
right: peripheral cavity, down: backing electrode

1- to compute a (possibly approximate) solutiothef set
(2) on the given mesh by the Finite Element Method,

2- from this solution, to estimate the Hessialf (2
derivatives) of the field, and to build an anispim
metric suited to minimize the interpolation error,
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Figure 2 Optimized mesh of the back chamber alem&sh adapting iteratioa3,

detailed view near a step of the backing electiyd?,
detailed view of the mesh in the peripheral resierdp
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3T/4))

magnitude, arrows = unitary oriemtati

(color map
left : fluid domain between the upper membrane thecbacking electrode (mesh of fig. 2b),

Figure 3 Particle velocity near the right steghef backing electrode.
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Figure 4 Particle velocity (left) and temperatuagiation (right) in the peripheral cavity (medhFag. 2d).

(particle velocity (left) : color map = magnituderows = unitary orientation,
temperature variation : color map = magnitude)

The boundaries of the cavity are isothermal; thédso
boundary is rigid, except the upper membrane whose
normal velocity is prescribed (Fig. 1, in red: ihplow of

the first bending mode of the microphone membrahibg
flow generated by the normal movement of the upper
membrane is stored in the surrounding reservoirs T
axisymmetrical device is presently modeled at gueamcy

of 1kHz, for a maximum deflection at the centertioé

membrane of 1um. Figure 2 presents the mesh obdtaine
after 16 iterations for mesh adapting. Due to thdial
flow and the strong shear movement and thermasfeas,

the adapted mesh is anisotropic in the taperedr laye
between the electrodes (Fig. 2b), whereas it issiqua
isotropic in the peripheral reservoir (and coafgg, 2d)
and near the steps of the backing electrodes (amng v
refined, fig. 2c).
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The fluid flow generated by the oscillating memheas
accumulated and transferred tot=@.T/2, membrane
moving down) or from-tET/2..T, membrane moving up)
the peripheral reservoir, with an intensive radialocity
vector and intensive viscous shear stress, aroimdst
t=T/4 andt=3T/4 respectively (figure 3, left). Due to this
driving flow, a small recirculating cell (vortex)si
maintained just near the different steps of thekimac
electrode (figure 3, right). The fluid flow stored- and
back- in the peripheral reservoir is compressedparded,
so that the temperature of the fluid oscillategufe 4).
However, due to thermal diffusion with the boundsarithe
extrema for the temperature variation are delayeth w
respect to the input flow: the extrema for thedlélow are
t=0.5T and t=T, the extrema for the thermal power
developed by the compressibility of the fluid occair
t=0.25T andt=0.75T, whereas the extrema for temperature
variation can be observedtat0.4T andt=0.9T. Due to the
intensive heat transfer with the surrounding bouiedathe
temperature variation remains very small in betwéen
two facing electrodes. Unlike the maintained driven
recirculating cells near the steps of the backilegtende
(figure 3, right), the vortices observed in the ipleeral
reservoirs (figure 4) when the flow is invertingd (ae times
t=T/2 andt=T) is very transient.

The acoustic pressure field, computed in a secimé t
using equation (3), oscillates according to theutrffow of
the global back chamber, with a small delay induogdhe
thermoviscous properties of the fluid and the trersswith
the boundaries.

6 Conclusion

When combined with the Finite Element Method and
adaptive and anisotropic meshing techniques, the
formulation based on the particle velocity and the
temperature variablegv,7) is well suited to compute
numerically the harmonic thermoviscous acoustitdfia
closed cavities, accounting for both propagatived an
diffusive phenomena. Such multiphysics and multésca
numerical models give detailed information on toeal
field ; it can be useful for applications in smaltoustic
devices, acoustical metrology, microfluidics or
thermoacoustics.
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