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/Abstract A

We report on the demonstration of quantitative simulation of compact photoacoustic cells signals. The finite el-
ement method is used to calculate the response of differential Helmholtz resonator cells of two different sizes. Simulated
quality factors and resonance frequencies are compared with experimental ones. Taking account of the gas sample absorption
coeflicient and the laser intensity, cell constants are also evaluated and compared to experimental values showing a very good
agreement. For compact sensors, where sub-millimeter features are present, the resolution of the pressure acoustics equation

is not sufficient to reproduce experimental results and a viscothermal model must be used.
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Introduction

Laser absorption spectrometry has proved to be a
powerful tool for trace gas sensing providing high selectivity
of the monitored species and low detection limits. In addition,
semiconductor lasers can emit in the mid-infrared region where
the fundamental absorption lines of most gases lie. Among la-
ser spectrometry techniques, photoacoustic (PA) spectrometry
measures the sound generated in the gas sample cell when excit-
ing the gas with laser radiation [1]. Thanks to resonant cells and
differential measurement techniques, PA sensors have shown
excellent sensitivities at part-per-billion (ppb) level for most at-
mospheric gases. These results are comparable to those of other
apparatus, such as multipass cells, but with a generally simpler

set-up.

The Groupe de Spectrométrie Moléculaire et Atmos-
phérique of Reims (GSMA, Reims France) has developed since
1997 a photoacoustic sensor with a specific cell design based on
Helmholtz resonance [2]. This instrument was originally dedicat-
ed to the methane detection with near-infrared diode lasers, then
Quantum Cascade Lasers (QCL) appeared as a new opportunity
for improvements in gas detection as the PA response is linear
with power [3]. More recently the sensor was implemented with
a commercial external cavity-QCL emitting at 10.5 pm and al-
lowed the possibility to detect small and complex molecules such
as carbon dioxide and butane [4]. For these works, the geom-
etry of the Helmholtz cell was not modified but improvements
in the microphone sensitivity and the laser specifications allow
decreasing the detection limit down to the ppb level. Detection
limits were estimated knowing the cell response, the microphone
response, and the gas absorption coefficient at the laser emitting
wavenumber. These predictions were then experimentally veri-
fied. The cell response was usually compared to simulation using

an electric analog circuit method.

In 2006, Baumann et al. proposed to simulate the PA
cell responses and resonance frequency using a Finite Element
Method (FEM) [5,6]. Our team used the same method to dem-
onstrate for the first time the quantitative modelling of photoa-
coustic signals including resonance frequency and signal levels
quantification [7]. More recently, we also demonstrated the com-
plete optimization and characterization of the sensor for the de-
tection of methane [8] and the possibility to detect methane in
large concentrations from 370 ppb up to at least 8% in volume
i.e., more than five orders of magnitude with the same Helmholtz
sensor [9]. In these papers the experimental results were in very
good agreement with the FEM resolution of pressure acoustics

equation.

For trace gas measurements, the PA signal is directly
proportional to the absorption coefficient of the molecules, to the
radiation power and to the cell response. The latter is inversely
proportional to the cell volume. This favorable scaling behavior
has provoked in recent years a growing interest in the miniaturi-
zation of PA cells for gas sensing. The first technique developed
to reduce the size of the PA sensors is called Quartz-Enhanced
PhotoAcoustic Spectroscopy (QEPAS) [10]. An alternative tech-
nique consists in the miniaturization of standard macro-scale PA
cells. One can particularly cite the work of Firebaugh [11], later
carried on by Pellegrino and Holthoft [12], the realization of 3D-
printed PA cells [13] and the miniaturization of the Helmholtz
resonator [14]. However, at the sub-millimeter scale of the cham-
bers and capillaries diameters, the thermal and viscous boundary
layers constitute a non-negligible part of the cell volume. Thus,
the pressure acoustics description is no more sufficient and a
complete viscothermal model taking into account the dissipa-
tion effects that must be used to design compact photoacoustic
sensors. In this paper, we present the results obtained for devices
of various dimensions using two different kinds of FEM simula-
tions based either on the classical pressure acoustics equations
or on viscothermal formulation. Both kinds of simulations were

performed using a FEM analysis of commercial software [15].

Modelling

Pressure Acoustics Model (PAM)

The PAM is commonly used to simulate the PA device
behavior. This model is derived from the first principles govern-
ing equations, namely the mass, momentum and energy conser-
vation laws supplemented with a thermodynamic equation of
state. Assuming adiabatic propagation in an ideal lossless gas and
after some manipulation, a single inhomogeneous Helmholtz
equation for the unknown pressure is obtained [16]. If harmonic

excitation is assumed the equation takes the following form:

PR — i

2

where p is the Fourier transform of the acoustic pressure, k =
w/c with c is the sound velocity and w the angular frequency.
Following the reasoning described for instance by Kreuzer [17],
and previously used by Baumann et al. [6], it is possible to partly

include dissipation effects with the following three steps method:
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. determination of the cell eigenmodes,

. calculation of coupling between the eigenmodes and
the optical excitation,

. introduction of dissipation via analytic quality factors
corresponding to the various volume and surface loss mecha-
nisms.

Exact solutions exist for simple cell geometries. For more com-
plex geometries, the three steps have to be performed numeri-
cally. The PAM and the FEM have been used to describe various
PA cells [5-8] and it has been shown that the agreement between
FEM simulation and macroscopic PA cell response is good but
highly dependent on the accuracy of geometrical representation
of the cell in the FEM software. Moreover, when the cell dimen-
sions are of the same order of magnitude than the thicknesses of
the viscous and thermal boundary layers, the PAM is expected
to be inaccurate and, for microscopic cells, another formulation

must be developed.

ThermoAcoustics Model (TAM)

The TAM is especially developed for accurate simula-
tion of acoustics in geometries where some features sizes are in
the same order of magnitude as the thermal and viscous bound-
ary layers thicknesses. As the PAM, this viscothermal acoustic
model is derived from the mass, momentum, and energy con-
servation laws supplemented with a thermodynamic equation of
state. Small harmonic variations of the variable density, velocity,
pressure and temperature fields, are assumed leading to the fol-

lowing set of Partial Derivative Equations (PDEs):

o(2-D)rut o
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where p~, T~ and u~ are respectively the pressure, temperature
and velocity fields in the gas. p,T, and p, are the mean values of
the pressure, temperature and density fields. | and p are the bulk
and shear viscosity. The bulk viscosity is set to 0.6 p [18]. k, C,
and Q are respectively the thermal conductivity, the heat capacity
at constant pressure and the volume heat source. I is the identity
matrix. The previous PDE system is complemented by a set of
boundary conditions. First, at the interface between the cell walls,
considered as rigid, and the gas, a no-slip condition is used,
imposing a zero gas velocity. Second, as the glass thermal con-
ductivity is much larger than that of the gas, it is assumed that the
walls are isothermal, leading to a zero temperature perturbation
at the walls.

The set of PDEs and associated boundary conditions are solved
by the FEM, using the Thermoacoustics interface of the “Acous-
tics” module of COMSOL Multiphysics® [15], called the TAM in
the rest of the paper. The left part of Figure 1 presents the inner
cell volume and an example of mesh. The right part of Figure 1
presents the acoustic pressure repartition of the Helmholtz reso-
nant mode (blue to red color scale) and optical intensity of the
laser beam used as excitation (dark red to yellow color scale in
the left chamber).

Experimental set-up
PA cells

In [7] we demonstrated for the first time the possibility
to quantitatively simulate photoacoustic signals using FEM soft-
ware and PAM. Quality factors and resonance frequencies were
compared with experimental ones demonstrating a very good
agreement. We also go further at using the FEM model with PA
cells of different shapes [8] and also measurement conditions
where the repartition of the laser intensity across PA cell in the
FEM model must be taken into account [9], for these studies the
method has proved to be robust as well. To explain the remaining
differences between FEM and experimental results, some techni-

cal characteristics were impossible to precisely determine and

Figure 1: Mesh of the cell volume (on the left) and repartition of the first calculated mode (on the right) for a standard Helmholtz res-
onator. In this Helmholtz resonance, both signals are opposite in phase. A differential measurement aims to subtract environmental
noises as the signal of interest is doubled. The intensity repartition of the laser beam is also represented in the left chamber of the cell.
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implement in the model such as potential surface defects due to
the manufacturing process that are not represented in the per-
fect 3D geometry of the FEM model, leading to a decrease in the
response. Moreover, modeling of PA cells geometry and associ-
ated microphones leads to inevitable approximations in terms of
shape. In the present study, we especially designed simplified cells
permitting to obtain simple shapes and to adapt simple electret
microphones (Knowles EK-23133 with a sensitivity of 22 mV/Pa
@ 1000 Hz) thus limiting the effect of microphone volumes that
are negligible in comparison with the cell volume. A photograph
of a cell is given in Figure. 2. This cell is made of glass in order to

enhance the surface quality roughness of the resonator walls and

thereby limit losses.

Figure 2: Photograph of the compact glass cell #2 especially
designed for this study.

Two different cells were designed. The dimensions are given in
table 1. Cell #1 has internal dimensions that are chosen to be
close to those of [7]. As the original cell was made of cylindri-
cal tubes and that these cells have their main volumes that are
square-based, the length of the main volume was adapted in or-
der to keep a volume around 8,000 mm?. The square-based was
chosen in order to improve the contact between the microphones
and the upper walls of the main volumes, thus limiting dead vol-
umes. Cell #2 was designed to have a homothetic reduction of the

dimensions by a factor 4.

Dimension (mm) Cell #1 | Cell #2
L, (Length of the main volume) | 80 20

a (Length of the side of the 10 2.5
main volume)

L (Length of the capillaries) 100 25

R_ (Radius of the capillaries) 2 0.5

Table 1: Main dimensions of the designed cells.

Test set-up

Characteristics of the photoacoustic cells are investigat-
ed using the setup presented in Figure 3. The laser source is a
thermoelectric-cooled continuous-wave Quantum Cascade La-
ser (cw-QCL) emitting at 1,275.04 cm™ L. The laser is operated
at 545 mA and 5°C. The QCL is driven by a diode current source
(ILX model LDC-3744B) that also regulates the temperature. In
front of the laser, a two lenses telescope with 1 mm and 12.3 mm
focal lengths is placed to have a =1 mm size waist at 75 cm from
the laser. A Gaussian beam profile was observed with an infrared
camera placedat the cell output. The optical power is measured by
a power meter (Ophir model AN/2). A gas dilutor (Alytech Gas
Mix) is used to produce different mixtures of methane (Air Liq-
uide, CH4-N55) in dry air (Air Liquide, Alphagaz 1). The dilutor
controls the flow rate at the PA cell inlet to maintain a continuous
flow during the photoacoustic response acquisition. A mechan-
ical chopper (Thorlabs MC 2000 system) is used to modulate
the amplitude of the beam at a given frequency. A lock-in am-
plifier (E&G model 5301) retrieves signals A, B and |A — B|. A
stands for the signal measured at the excited volume, B at the
other microphone and |A — B is the differential measurement.
A Lab VIEW program controls the chopper frequency and auto-
matically acquires the resulting PA signal by recording the values
from the lock-in amplifier. The room temperature is measured at
20 +/- 2 °C for all the presented data.

Acquisition Lock-in
and control Amplifier
Signal “A” —T
. Power
CL
Q Meter
Gas
Qutlet
Dilutor -
CHa

Signal “B”

Figure 3: Block diagram of the experimental setup

The experimental response is investigated by varying
the modulation frequency of the chopper from 200 to 2000 Hz
with a constant concentration of methane of 1000 ppm at a low
flow of 100 mL/min maintain in the cell during the acquisition.
This concentration is far higher than the limit of detection of
the two cells for methane (typically lower than 10 ppm) thus al-

lowing to obtain very reproducible measurements. Between two
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frequency steps, a 10-s delay is observed, and the acquisition is
made at the end with a lock-in amplifier integration time of 300

ms.

Simulation of Helmholtz cells

For both models, the calculations mainly rely on the
physical properties of the gas inside the cell and on the shape of
the acoustical resonator. We assume that the cell will be used for
the detection of a small amount of absorbing gas diluted in air and
use the properties defined forairat T =293 Kand P = 101,325 Pa
in the COMSOL material library. These parameters are present-
ed in Table 2. The absorption coefficient a and the laser power
were, respectively, set to 1 cm™! and 1 W in order to obtain a nor-
malized value R_in Pa/(W/cm). Note that the physical properties
of the cell material are not taken into account in the simulation
process and the cell boundaries are considered as perfectly rigid

walls.

Value Unit
Heat capacity at constant | 1005.42 J/(kg K)
pressure Cp
The ratio of specific heats y 1.4
Dynamic viscosity p 1.81e-5 Pas
Bulk viscosity A 1.09e-5 Pas
Speed of sound ¢ 343.11 m/s
Thermal conductivity k 2.58e-2 W/(m K)
Density p 1.205 kg/m3

Table 2: Physical properties of air at 293 K and 101,325 Pa

For each designed cell, the experimental cell parame-
ters (resonance frequency, Q-factor and cell response R.) were
measured using the experimental set-up described in section 3.2
and various simulations were performed with COMSOL Multi-
physics © using different kind and refinement of mesh. We use
either a standard tetrahedral mesh or an adapted boundary-layer
mesh. Nine different predefined mesh qualities were used from
9 (extremely coarse) down to 1 (extremely fine). The maximum
and minimum element sizes corresponding to the mesh qualities

are summarized in table 3.

Most of the dissipation (viscous dissipation and heat
conduction) processes occur in a thin region located near the cell
walls. The thickness of this region can be estimated to approxi-
mately 0.06 mm for a working frequency around 1 kHz, in air
at standard temperature and pressure [6]. Except for the highest
mesh quality, this region cannot be correctly described by the
tetrahedral mesh (only one element in the boundary region).
In order to improve the description of dissipation processes an
adapted boundary-layer mesh is used, that refines the mesh near
the cell walls and typically adds 4 or 5 meshing elements in the
60 um region. Total calculation time and memory requirement
both increase with the mesh quality and with model complexity.
For the simple pressure acoustics model, all mesh qualities were
solved whereas for viscothermal acoustic model the highest mesh
qualities (2 and 1) computations were not carried out due to mem-
ory requirements (Out of memory during LU factorization on a
256 GB workstation).

Cell #1

Calculated resonance frequency, quality factor and cell
constant for cell #1 are presented in Figure 4 as a function of the
mesh quality and compared to experimental results. The PAM
results are less sensitive to mesh quality. The resonance frequen-
cy is close to the experimental one (shifted from approximatively
10 Hz, that is a 2.5 % difference). The agreement is very good for
quality factor (less than 1 % difference) except for the finest mesh
(without explanation). The cell response is clearly more sensitive
to mesh quality and for coarser meshes, there may be a factor 2
difference. The value is close to the experimental one only for
high-quality meshes. On the contrary, the TAM results are highly
dependent onthis parameter. As expected, itappears that the TAM
using standard tetrahedral mesh (TAM-T) was not adapted even
if the TAM with tetrahedral mesh seems to converge towards ex-
perimental values when the mesh is refined. Results are closer
to the experimental ones when using the boundary-layers mesh
(TAM-BL) even if, in this case, the finest mesh qualities cannot
be solved, due to memory limitations. The resonance frequency
is shifted from 1-2 Hz, i.e. a very good agreement is found for

this study. The quality factor agreement is good (10 % difference)

Mesh quality | 9 8 7 6 5 4 3 2 1
max 9.33 | 5.66 [3.68 |2.83 |190 |1.50 |1.05 |0.651 |0.368
min 198 | 141 |1.13 |0.85 [0.57 |0.28 [0.11 |0.042 |0.006

Table 3: Maximum (max) and minimum (min) element size in mm versus mesh quality, where the lowest value represents the

finest mesh.
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and seems to improve when the mesh refines. When using the
TAM-BL, both parameters show only a weak dependence on
the bulk tetrahedral mesh quality confirming that losses mech-
anism are mainly located at the boundary layer. The simulated
cell response remains close to the experimental one with the
TAM. The difference is always lower than 25 % (for the coars-
est mesh quality) and diminishes down to approximately 5 %
when the mesh refines. The discrepancy between experiment
and simulation is greater for cell response than for quality factor.
Q This higher discrepancy is probably due to insufficient mesh
quality on the path of the laser beam leading to an incorrect
value of the absorbed energy. In conclusion, the PAM with the
finest mesh gives good results and the TAM with adapted mesh
improves the validity of the model.

The TAM-BL simulation results closest to the experimental data
are compared with the experimental PA signal for microphones
A and B in Figure 5. The agreement is excellent, thus confirming
previous results [7] and the possibility to qualitatively simulate
the PA signals of macroscopic PA cells, even in case of complex
designs. Note that the PAM and TAM differences remain small
and we choose to represent only simulations using the TAM-BL
on this graph. This excellent agreement is confirmed in Figure 6,
where the experimental cell response is compared to simulation

results.
Cell #2

Calculated resonance frequency, quality factor and
cell constant for cell #2 are presented in Figure 7 as a function
of the mesh quality and compared to experimental results. The
PAM results are almost insensitive to mesh quality even for the
cell response. The resonance frequency is shifted from the ex-

perimental one from approx. 100 Hz. The agreement is correct
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for quality factor (value of compared to 3.4). The cell constant
is no more sensitive to mesh quality and the simulated value is
overestimated to the experimental one by approximatively 30 %.
As for cell #1, the TAM simulations using standard tetrahedral
mesh (TAM-T) are not adapted for this simulation. Results are
closer to the experimental results when using the boundary-lay-
ers mesh (TAM-BL) even if, once again, the finest mesh qualities
cannot be used due to memory limitations of the computer. The
resonance frequency difference between simulations and exper-
iments is less than 1 Hz, i.e. an excellent agreement. The quality
factor agreement is correct (value of 4 compared to 3.4), better
than with PAM, and seems to enhance when the mesh is refined.
Unfortunately, once again, it was impossible to use finer meshes
in order to verify this hypothesis. Finally, as for PAM, the cell
response is overestimated, when compared to the experimental

one, by approximately 25 %.

In conclusion, for cell #2, the PAM even with the finest
mesh does not give sufficiently accurate results. It is necessary
to use the TAM with an adapted mesh to obtain the true value
of resonance frequency. The other parameters are closer to the
experimental values using the TAM than the PAM. The remaining
difference for Q-factor and cell response may be observed in
detail in Figure 8 where the PAM and the TAM-BL results are
compared with the experimental PA signal for microphones A
and B. For the PAM signals, the difference in resonance frequency
is large and simulation is far from experimental results. The PAM
does not accurately describe the characteristics of a centimeter
scale cell. Moreover, the PAM does not describe the asymme-
try that appears between A and B signals. A stands for the sig-
nal measured at the exciting volume and this information is not
taken into account in the PAM. On the contrary, the TAM with
an adapted mesh (boundary layers) provides an excellent agree-

ment with the experiment for the resonance frequency. More-

over, it describes the asymmetry even if it underestimates it: one
can remark than B signal is lower than A signal at maximum as
observed in the experimental results. The same observation be-
tween models is confirmed in Figure 9 where the experimental
cell response is compared to simulation. Both Q factor and cell
response are overestimated by the PAM and the TAM, but the
TAM gives an excellent value of resonance frequency. In order
to understand the origin of discrepancies between experiments
and results of the simulation, several studies were performed as-
suming that the set of equations solved in the TAM accurately
describes the sound generation and propagation even in much
smaller systems than our cells and that mesh quality in the TAM
- BL is sufficient. This assumption seems reasonable since reso-
nance frequency, quality factor and cell constant do not show
strong enough dependency on mesh quality to explain the
remaining discrepancies. On the opposite, the accuracy of
the cell representation in the numerical model seemed to be

questionable and several hypotheses were studied:

Deviation from the expected dimensions: The dimen-
sions listed in Table 1 were used both for the mechanical real-
ization and for the numerical model. However, the actual cells
may present some deviations from the expected dimensions. In
order to study the effect of such deviations, a series of simulations
using various combinations of cell dimensions was performed.
None of those combinations allowed to reproduce the observed
dependences of signals A, B and |A-B| with frequency. The main
effects were some shift of resonance frequency, and a variation
of R.No sensible effect on the asymmetry between A and B was
observed. Moreover, the underestimation of A near 1000 Hz was

not correctly described.

Localized defect: Due to the fusing process during cells

manufacturing, the actual cells may present localized defects like
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the narrowing of capillaries near the walls (See Figure 2). The ef-
fect of such narrowing in one or both capillaries was numerically
studied but did not allow to reproduce the observed dependenc-
es of signals A, B and |A-B| with frequency: partial obstruction
leads to a decrease of R_associated to a shift of resonance fre-
quency. No sensible effect on the asymmetry between A and B
was observed. Moreover, as for the previous case, the underesti-

mation of A near 1000 Hz was not correctly described.
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Figure. 8: Microphones A and B responses for cell #2 in function
of the excitation frequency. Experimental data are represented
by dots whereas modeling results are in dashed line for PAM,
in solid line for TAM-BL and in dotted line for TAM-BL with
model including leaks.
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Figure 9: Cell #2 response in function of the excitation frequen-
cy. Experimental data are represented by dots whereas modeling
results are in dashed line for PAM, in solid line for TAM-BL and
in dotted line for TAM-BL with a model including leaks.

The other kind of difference between the actual cells and the
model is due to the acoustics ports for the microphones and to
the gas inlet and outlet. Although their dimension remains small
compared to the overall cell dimension, the boundary conditions
(no-slip condition and isothermal walls) are no longer valid
at these points. An accurate description of inlet/outlet and
of microphone would have added complexity to the model
(additional volumes with Perfectly Matched Layers to represent
the tubing for gas inlet/outlet, and elasticity of microphone
membrane). We tried to approximate the inlet/outlet and the
microphones by adding small circular regions with zero pressure
boundary condition located on each capillary (inlet/outlet) and
at the microphone's positions. For simplicity, a single radius
was used for both inlet and outlet. The same simplification was
made for both microphones. Successive trials were performed
with various radiuses values in order to better reproduce the
experimental data. The main effect of adding inlet/outlet is to
modify the cell response near 1 kHz (increase for the A signal and
decrease for the B signal). The main effect of adding microphone
portsistodecrease A and B at the resonance frequency. The results
obtained for 17 um radius (microphone ports) and 35 pum radius
(gas inlet/outlet) are plotted on Figure 8 for A and B signals and
on Figure 9 for |A-B| and both show a clear improvement of the
agreement with experimental data. These radiuses are much
smaller than the actual microphone ports and gas inlet/outlet
dimensions but represent the only partial opening of the cell

towards the exterior.

Finally, we also verified that the inclusion of circular re-
gions of the same radiuses in the model for cell #1 - that has the
same actual microphone ports and gas inlet/outlet dimensions -
only have negligible effect: resonance frequency, quality factor
and cell constant only vary of a few %. Although this description
is not strictly valid due to the use of adjustable parameters, it
illustrates the need of stringent accuracy in the conception of the

model, especially for small dimensions devices.

Conclusion

In photoacoustic spectroscopy, gas detection limits are
usually estimated after the manufacturing and assessments of a
photoacoustic cell. Using a Finite Element Method (FEM), our
team has previously demonstrated that the quantitative model-
ing of photoacoustic signals including resonance frequency and
signal levels quantification was possible with simulation using
a Pressure-Acoustics Model (PAM). This assessment is demon-
strated in this paper, where cell #1 characteristics are perfectly
simulated using either the PAM or the Thermo-Acoustics Model
(TAM). The only condition is to use the finest mesh for the PAM
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and an adapted (boundary-layers refined) mesh for the TAM.
However, this description is only valid when the size of
the cell remains in the tens of centimeters range. For more com-
pact photoacoustic sensors (here cell #2), as expected, it was
demonstrated that the PAM is not valid anymore and that the
TAM, taking into account the dissipation effects, should be pre-
ferred to perfectly describe the resonance frequency. Even in this
case both Qfactor and cell constant remain slightly overestimat-
ed. In order to understand the origin of the remaining discrep-
ancies between experiments and results of the simulation, several
studies were performed such as deviations from the expected di-
mensions or localized defects but without success. Finally, the
remaining differences have be explained by the presence of gas
inlet/outlet and to the microphone ports. Final simulations in-
cluding leaks show a very good agreement between experiment
and simulations for the three parameters: resonance frequency,

quality factor, and cell response.
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