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A B S T R A C T   

Here we present a computational and experimental fluid dynamics study for the characterization of the flow field 
within the gas chamber of a Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS) sensor, at different flow rates 
at the inlet of the chamber. The transition from laminar to turbulent regime is ruled both by the inlet flow 
conditions and dimension of the gas chamber. The study shows how the distribution of the flow field in the 
chamber can influence the QEPAS sensor sensitivity, at different operating pressures. When turbulences and 
eddies are generated within the gas chamber, the efficiency of photoacoustic generation is significantly altered.   

1. Introduction 

The detection of gas species with high precision holds significant 
importance in various scientific and industrial domains. This capability 
is instrumental in enhancing scientific comprehension and surveillance 
across a diverse spectrum of applications, including but not limited to 
environmental monitoring [1,2], industrial process control analysis [3, 
4], combustion processes [5,6], as well as breath analysis for medical 
studies [7,8]. On the one hand gas sensors based on spectroscopic 
techniques have demonstrated high and satisfying capability for 
adapting at different applications [9–12], but on the other hand further 
analysis are still needed for studying and modeling the impact of 
thermo- and fluid-dynamic properties of the gas mixture on the sensing 
performance, with potential further limitations to be considered in the 
range of sensor operability. 

In a typical optical gas sensor operating in flow regime, the gas is 
injected into a volume chamber by means of an inlet at low flow rates, 
typically < 100 standard cubic centimeters (sccm). The inlet has a radius 
much smaller than the transverse dimension of the gas chamber. Thus, 
the gas expands in the chamber before being expelled through an outlet 

connected to a pump. As a result, the steady-state spatial distribution of 
molecules in the chamber can be related to a complex and disordered 
dynamical behavior. By changing some parameters, such as inlet and 
outlet conditions and geometry/dimension of the gas chamber, the flow 
can undergo a transition from stable and laminar to turbulent regime. 
The transition from laminar to turbulent flow mode is correlated to 
Reynolds number [13,14]. Laminar case is ruled by slow speeds: fluid 
flows regularly, smoothly and in parallel layers without any disruption. 
The motion of fluids becomes turbulent as the velocity field magnitude 
increases: the fluid is disordered, chaotic and layers start mixing with 
each other [15]. 

In direct absorption spectroscopy techniques, the photodetector is 
placed outside the gas chamber, thus the flow distribution within it does 
not play a crucial role. Light is absorbed along the pathway within the 
chamber and the detector collects the light at the exit [16]. The sensing 
mechanism differs when exploiting indirect absorption spectroscopy 
techniques. In this case, the non-radiative energy relaxation of optically 
excited molecules gives rise to both local thermal diffusion and acoustic 
wave propagation, and a detector is directly placed within the gas 
chamber to locally probe one of the two effects. An arm of a 
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Mach-Zender interferometer is immersed in the gas cell to locally detect 
the thermal diffusion in photothermal spectroscopy [17,18]; a micro-
phone, a cantilever and a spectrophone (composed by a quartz tuning 
fork and a pair of resonator tubes) are used in standard photoacoustic 
spectroscopy (PAS) [19,20], cantilever-enhanced photoacoustic spec-
troscopy (CEPAS) [21–23], and quartz-enhanced photoacoustic spec-
troscopy (QEPAS) [24–26], respectively, to detect the sound waves that 
propagate within the gas cell. While in PAS the geometry of the gas 
chamber must match – in the easiest configuration– a Helmholtz 
acoustic resonator with the microphone placed at the antinode point of 
the fundamental longitudinal mode of the standing wave pattern, in 
QEPAS and CEPAS the gas chamber design is more flexible and subject 
to less constraints. Chambers can be constructed of various materials 
and dimensions since they serve only for isolating the gas mixture to be 
analyzed from the external environment. It goes without saying that any 
deviation of the flow regime within the chamber from the laminar one 
can impact on the detection of the spectrophone or the cantilever: acting 
as point detector, they are affected by the degree of disorder, 
no-uniformity and chaoticity of the flow field inside the chamber. 

In this paper we investigated how changes in the flow mode from 
laminar to turbulent influence the photoacoustic detection when the 
flow rate is increased in a QEPAS gas chamber. A QEPAS sensor for 
methane detection was designed with the possibility of interchanging 
three different-in-size gas chambers for investigating both the laminar 
and turbulent regime without altering the sensor architecture. The study 
is described in two sections: (i) computational analysis of the flow field 
in the gas chamber, around the spectrophone; and (ii) experimental 
analysis of the QEPAS signal at different flow rates, at three operating 
pressures. 

2. Definition of the geometry and selection of parameters for the 
analysis 

Starting from the CAD of the acoustic detection module ADM01 
(Fig. 1a) provided by Thorlabs GmbH [27], the computational domain of 
the internal module chamber (Fig. 1b) has been preliminary recon-
structed with a volume extraction technique implemented in the Ansys 
Fluent Reclaim Volume software. 

To study the role of the geometry on the flow field distribution, 
starting from the volume reconstruction of ADM01 two additional gas 
chambers were designed. First, a gas chamber with higher volume 
named hereafter as ADM02, was designed with inlet and outlet placed at 
the same distance from the bottom and top wall (Fig. 2a). The reason for 
this slight modification of ADM01 geometry will be clarified later. 
Fig. 2b shows the computational mesh of the empty volume chamber of 
ADM02. Then, a smaller ADM usually employed with standard 
32.7 kHz-QTF, named hereafter as ADM03, with internal volume 
chamber depicted in Fig. 2c was also designed. 

For the analysis of all three volume chambers, the computational 

meshes were created by discretizing the computational domain. Care 
was required for discretization of both the inlet and outlet regions and 
on the upper boundary of the chamber: the presence of steps requires a 
significant increase of the local density of discretized cells to avoid 
spurious numerical effects. The fluid considered for the simulation is air, 
with density ρ = 1.225 kg/m3 and viscosity µ = 1.789⋅10− 5 kg/m⋅s. 
Under these conditions, the isothermal incompressible numerical solver 
was used in the Ansys Fluent Fluid Solver Software, imposing that the 
characteristic velocity of the problem is much lower than the charac-
teristic sound velocity. The software solves the continuity and mo-
mentum equation of the fluid within a fixed volume with the Volume of 
Fluid Method (VFM) numerical method. 

After solution convergence, the results were discussed in terms of the 
velocity field inside the volume and at the boundaries. As a measure of 
the chaoticity or irregularity of the flow, both the turbulent intensity and 
the turbulent viscosity were considered for identifying regions where the 
flow is more disordered and thus supposed to affect the efficiency of the 
photoacoustic detection when a spectrophone is placed in the chamber. 
Turbulence intensity is defined as the ratio of standard deviation of 
fluctuating flow velocity to the mean flow speed, and it represents the 
intensity of flow velocity fluctuations. Turbulent viscosity is the pro-
portionality factor describing the turbulent transfer of energy because of 
moving eddies, giving rise to tangential stresses. In the following sec-
tion, the flow behavior inside the chamber will be analyzed at different 
mass flow rates (MFRs). 

3. Injection conditions of the gas within the volume chamber 

Before entering in the chamber, the gas passes through a cylindrical, 
metallic, or plastic pipe. Within the pipe, the Mass Flow Rate (MFR) 
passing through pipe with a circular cross-section S in time t, is related to 
the velocity v by the following expression: 

MFR = S • v (1) 

Looking at the Reynolds number, one can determine whether the gas 
in a cylindrical pipe will flow in the laminar or turbulent regime. Indeed, 
the Reynolds number is typically defined in terms of the cross-sectional 
geometry of the pipe as: 

Re =
ρvD

μ (2) 

In the present investigation, different MFRs were investigated with 
an upper limit of 500 sccm, which was considerably beyond the typical 
operating flow rate for QEPAS sensors. Considering the selected tube 
diameter D = 6 mm and with the air as gas carrier, the Reynolds number 
reaches a value lower than 20 in the case of highest flow rate. Thus, the 
fluid flow can be reasonably assumed to be laminar within tubes before 
entering in the chamber. This is the starting point of the simulation: a 
laminar fluid with a fixed MFR is injected into the chamber inlet. 

Additional starting conditions for the simulation are given by the 
typical settings for QEPAS sensors’ operation. The pressure drop be-
tween the inlet and outlet of the volume chamber is fixed to zero because 
of a pressure controller and a pump both located downstream, as sche-
matically represented in Fig. 3. 

Therefore, once the stationary regime is achieved the pressure set-
point (typically below the atmospheric pressure) reached, this value is 
homogeneous in the whole gas chamber and also the total flow is con-
stant along the whole gas delivery line. 

4. Simulation results 

The analysis of the flow properties was performed without any 
optomechanical component, threating the chamber normally accom-
modating the spectrophone as an empty volume. 

Fig. 1. (a) CAD of the starting acoustic detection module ADM01; (b) recon-
struction of the internal volume chamber. 
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4.1. Analysis of ADM01 

Fig. 4 shows the velocity field on a plane parallel to inlet and outlet as 
well as the velocity streamlines, for three different values of MFR, 
namely 50 sccm (Fig. 4a and 4b), 100 sccm (Fig. 4c and 4d) and 500 
sccm (Fig. 4e and 4f). Fig. 4a, 4c and 4e are top views; Fig. 4b, 4d and 4f 
are in perspectives. 

At MFR = 50 sccm, the flow is clearly laminar (Fig. 4a and 4b). The 
fluid flows in parallel layers, with no significant disruption between the 
layers. In this regime, the fluid tends to flow without lateral mixing, and 
adjacent layers slide past one another. This would correspond to the 
perfect working conditions for a QEPAS volume chamber, characterized 
by an intense flow concentrated at the center of the chamber (named 
hereafter as mainstream) and investing the sensitive element, with a 
small expansion from the center characterized by homogenous varia-
tions. Increasing the MFR to 100 sccm (Fig. 4c and 4d), the fluid does not 
flow in parallel layers, and disruptions between the layers appear. This is 
due to the appearance of vortices near the inlet region (clearly visible in 
Fig. 4d). At 500 sccm (Fig. 4e and 4f), the presence of vortices both on 
the right and left of the mainstream is more pronounced. Moreover, the 
vortices are not completely developed on planes parallel to the main-
stream. These structures strongly affect the flow field in the mainstream. 

Fig. 5a and 5d show the velocity magnitude on a plane cutting the 
center of the chamber and perpendicular to inlet and outlet at 50 sccm 
and 500 sccm, respectively. The center of the plane corresponds to the 
position where the spectrophone is supposed to be placed. At 50 sccm, 
the flow field magnitude is quite symmetric and homogenous (Fig. 5a); 
at 500 sccm, it appears to be deformed, due to the presence of the 
vortices (Fig. 5d). It is also worth noticing that in this case two spots 
appear near the bottom wall, on the two bottom corners, identified as 

dead volumes for the flow. Dead volumes can be represented as 
unmoving, stagnant, and residual localized spaces within the gas 
chamber that can act either as reservoir for heavy or sticky molecules or 
as low-density space. In both cases, dead volumes represent an issue for 
a QEPAS sensor operation. The slow trapping or releasing molecules can 
lead to drifts in the actual number of absorbing molecules that hits the 
spectrophone, thus affecting the accuracy of the concentration mea-
surement. The same considerations can be done by considering the ve-
locity magnitude on a plane parallel to the inlet and outlet, at 50 sccm 
(Fig. 5b) and 500 sccm (Fig. 5e). At 500 sccm, the flow intensity 
significantly widens and spread from the mainstream with respect to a 
low flow rate of 50 sccm. An analysis of the turbulent intensity was also 
performed at 50 sccm and 500 sccm (Fig. 5c and 5f). 

No turbulent intensity is present at 50 sccm (Fig. 5c). At 500 sccm, 
the turbulent intensity is highly inhomogeneous, with a high turbulent 
intensity fully developed inside the chamber (Fig. 5f). The turbulent 
viscosity is now highly significant, clearly indicating the existence of 
different fluid layers flowing with different viscosity. 

4.2. Analysis of ADM02 

To study the role of the geometry on the flow field distribution and 
on the vortices’ formation at 500 sccm, ADM02 was designed starting 
from ADM01 geometry, with inlet and outlet placed at the same distance 
from the bottom and top wall (see Fig. 2b). The idea comes from the 
supposition that both the inlet and outlet are too close to the top wall, 
creating a strong interaction of the flow field with the top wall. This can 
cause the formation of incomplete vortices with consequent distortion of 
the streamlines (Fig. 4d and 4f). Fig. 6a-d presents the results of the 
simulation for the highest value of MFR considered, namely 500 sccm, 

Fig. 2. Computational mesh of the internal volume chamber of ADM01 (a), ADM02 (b), and ADM03 (c). Inlet and outlet have the same dimensions in all the 
three geometries. 

Fig. 3. Schematic of the operating condition of a gas chamber in a QEPAS sensor. An upstream mass flow controller fixes the flow rate injected in the chamber while 
a pressure controller and a pump both located downstream regulate the pressure within the volume chamber. PC – Pressure Controller. 
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for ADM02. 
Fig. 6a show the flow field at the center of the chamber. While it is 

still characterized by the presence of two vortices at the right and left 
side of the mainstream, a quick comparison with Fig. 4f suggests that in 
this case they are fully developed on the plane. The symmetry imposed 
by the geometry of the chamber ensures that the centers of the vortices 
lay on a plane parallel to the walls. This has an important consequence 
on the flow configuration. The mainstream (Fig. 6c) has now a more 
symmetric shape with no expansion zones (to be compared with Fig. 5e). 
We can argue this because the flow is fully developed on the center plane 
of the device: vortices lie on the same plane of the mainstream and are 
completely formed, thus the molecules are reintroduced in the main-
stream and can reinforce it on this plane. However, four dead zones in 
the corners are still present, as observed in Fig. 6b, due to the expansion 
of vortices out of the mainstream plane. The analysis of the turbulent 
intensity and viscosity is displayed in Fig. 6d, further confirming the 

overall increase of the homogeneity and symmetry of the flow for this 
geometry. 

4.3. Analysis of ADM03 

To prevent the formation of vortices, the ADM03 with a significant 
smaller volume with respect to ADM01 and ADM02 was also considered.  
Fig. 7 shows the velocity field on a plane parallel to inlet and outlet as 
well as the velocity streamlines, for three different values of flow rate, 
namely 50 sccm (Fig. 7a and 7b), 100 sccm (Fig. 7c and 7d)), and 500 
sccm (Fig. 7g and 7h). 

The velocity field clearly shows a consistent flow condition across all 
the values of MFRs considered. The reduced radius of the chamber in-
hibits the formation of lateral vortices found for ADM01 and ADM02. 
The velocity streamlines, on the other hand, show another important 
feature of the updated geometry. At 50 sccm, streamlines expand in the 

Fig. 4. Flow Field analysis within the empty volume chamber at 50 sccm ((a) and (b)), 100 sccm ((c) and (d)) and 500 sccm ((e) and (f)).  
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Fig. 5. Flow Field magnitude on a plane perpendicular to inlet and outlet and placed at the center of the chamber simulated at MFR of 50 sccm (a) and 500 sccm (d). 
Flow Field magnitude ((b) and (e)) and turbulent intensity ((c) and (f)) on the plane represented by the horizontal section containing the axis of inlet and outlet, at 50 
sccm ((b) and (c)) and 500 sccm ((e) and (f)) MFRs. 

Fig. 6. Flow Field analysis at 500 sccm in ADM02 within the empty volume chamber (a); flow field magnitude on a plane perpendicular to inlet and outlet and placed 
at the center of the chamber (b) and on the plane cutting the center of inlet and outlet (c); turbulent intensity on the plane cutting the center of inlet and outlet (d). 
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small regions above and below the mainstream with negligible vortices 
formation not affecting the mainstream (Fig. 7a). At 100 sccm, the 
occurrence of weak vortices can be observed. Being confined in a small 
space above and below the mainstream, the weak vortices do not lead to 
the formation of dead volumes (Fig. 7b). At 500 sccm, symmetric 
vortical regions appear above and below the mainstream. However, 
these vortices are completely formed, do not interact each other and 
converge towards the mainstream (Fig. 7c), namely they reinforce it, 
with a symmetric and homogenous distribution of the flow field 
magnitude on the plane perpendicular to inlet and outlet and placed at 
the center of the chamber (Fig. 7d). However, the volume below the 
mainstream is not empty because of the support for resonator tubes. 

5. Experimental results 

The influence of the gas turbulence on the performance of QEPAS 
sensing was investigated by assembling a QEPAS sensor with inter-
changeable volume chamber following the architecture depicted in Ref. 
[28], with a gas handling system reported in Fig. 3. An Interband 
Cascade Laser (ICL) with a central emission wavelength of 3345 nm was 
used as light source exciting the methane molecules within the ADM at 
2988.8 cm− 1. The ICL current dynamic range is I = 15–70 mA and the 
optimal operating temperature range is T = 15 ◦C. The ICL is mounted in 
a standard TO66 package equipped with a collimating lens. The beam 
emerging from the lens has a nearly perfect Gaussian power distribution 
with a diameter of 3 mm. Both ADM01 and ADM02 accommodate a 
spectrophone SPH1 composed of a T-shaped QTF acoustically coupled 
with a pair of resonator tubes [29]. The two tubes were mounted on both 
sides of the QTF at 200 μm, perpendicular to the QTF plane, and with the 
tube center 2 mm below the QTF top. Both tubes have a length of 
12.4 mm, an internal and external diameter of 1.59 and 1.83 mm, 

respectively. The spectrophone SPH3 mounted inside ADM3 consists of 
a standard 32.7 KHz-QTF coupled with a pair of resonator tubes having a 
length of 4.4 mm and an internal diameter of 0.8 mm [30]. QEPAS 
measurements were performed operating the sensor in 2 f-wavelength 
modulation (2 f-WM). The laser injection current was modulated at half 
of the resonance frequency of the QTF while the electric signal generated 
by the spectrophone was demodulated at its resonance frequency by 
means of a lock-in amplifier, whose time constant was set at 0.1 s. 

The pressure of the gas mixture flowing inside the ADM was regu-
lated using a pressure controller (MKS Type 649), while the MFR was set 
by the flow controller (MCQ Instruments, Gas Blender 103) from 50 
sccm to 500 sccm. The gas sample used for all measurements reported in 
this work is a certificated concentration of 50 part-per-million (ppm) of 
CH4 in N2. 

5.1. Vacuum seal test 

A vacuum seal test was performed for all the three ADMs to verifying 
that any potential external leak would not alter the measurements. 
Starting from the gas handling system reported in Fig. 3, the pressure 
controller was removed to be replaced by a pressure meter, and the 
vacuum pump turned on to reach the minimum possible value of the 
pressure inside the ADM. Then, the pump was isolated, and the pressure 
value monitored for 10 minutes. The results are reported in Fig. 8 for all 
three ADMs. 

Results clearly show how the three seal curves follow the same trend, 
meaning that potentially external leak cannot affect differently the three 
ADMs. 

Fig. 7. Flow field analysis within the empty volume chamber of ADM03 at 50 sccm (a), 100 sccm (b), and 500 sccm (c). Flow field magnitude on a plane 
perpendicular to inlet and outlet and placed at the center of the chamber ADM03 at 500 sccm(d). 
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5.2. Impact of high flow rates on spectrophone properties 

The use of high flow rates with the consequent formation of vortices 
and turbulences could impact the proper operation of the spectrophone 
even before influencing the generated QEPAS signal. This effect may 
occur in three ways: i) modification of the acoustic coupling between the 
QTF and the resonator tubes; ii) alteration of the resonance properties; 
and iii) deterioration of the noise level. 

First, the acoustic coupling between the QTF and the resonator tubes 
was evaluated. At the highest flow rate (500 sccm), the molecules enter 
in the ADM with a velocity v ~ 0.2 m/s and reach the center of the ADM 
at roughly ~ v/2, as reported in the simulation results (see Fig. 4e as an 
example). Thus, the photoacoustic Doppler effect can occur: the in-
tensity modulated light wave induces a photoacoustic wave on moving 
particles with a specific frequency f0. The frequency f detected by the 
receiver due to the motion of the absorber differs from f0, and it results: 

f =
v

v + vs
f0 (3)  

where vs = 353 m/s is the speed of sound in a nitrogen matrix. The 
frequency shift can affect the acoustic coupling between the QTF and the 
resonator tubes, deteriorating in turn the enhancement factor on the 

acoustic standing wave intensity within tubes: the calculation of the 
optimal tube length based on an open-end correction predicts its 
dependence on the tube radius and on the sound frequency in the system 
of moving molecules: 

l =
vs

2f0
−

16a
3π (4) 

Considering the Doppler shift, the optimal tube length can be 
recalculated by replacing f0 in Eq. (4) with the expression of f in Eq. (3). 
With v = 0.1 m/s (corresponding to 500 sccm), the correction of the tube 
length is less than 100 μm and 10 μm for SPH1 and SPH3, respectively, a 
value that is too low to significantly affect the coupling between the 
tubes and the QTF [30]. 

Second, the resonance properties of the spectrophone were deter-
mined by measuring both its resonance frequency and quality factor, at 
different flow rates. The laser emission wavelength was locked at the 
CH4 absorption located at 2988.8 cm− 1. To reconstruct the resonance 
response curve of the spectrophone, the ICL current modulation fre-
quency was varied step-by-step in the range 6228.4 Hz – 6230 Hz, half 
of the resonance frequency of the QTF, while the QEPAS sensor operated 
in 2 f-WM. The frequency response of SPH1 close to the fundamental 
mode is shown in Fig. 9a for ADM01 and four MFR values at 240 Torr. 

Fig. 8. The vacuum seal test for the three ADMs.  

Fig. 9. a) Resonance curves of the spectrophone acquired via photoacoustic excitation in 2 f-WM with the laser source locked to the methane absorption peak, for 
different flow rates. b) Peak value, quality factor and resonance frequency extracted from each resonance curve and plotted as a function of the flow rate. 
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The peak values, the resonance frequency and the quality factor were 
extracted by imposing a Lorentzian fit to the experimental data and 
plotted as a function of the flow rate in Fig. 9b. Apart the decreases of the 
peak value that will be analyzed in the next section, negligible shifts of 
the resonance frequency and deterioration of the quality factor were 
observed as the flow rate increases, meaning that the resonance prop-
erties of the spectrophone are not significantly altered up to flow rates of 
500 sccm. 

Finally, the noise level of the QEPAS sensors at different flow rate 
was evaluated. Turbulences and instabilities may cause a deterioration 
of the ultimate noise level of the spectrophone. The QEPAS signal was 
acquired for more than one hour with a sampling rate of 0.3 s by locking 
the laser emission to the absorption peak of the CH4 line, at different 
flow rates. The time-dependence QEPAS signal acquired with SPH1 in 
ADM01 is plotted in Fig. 10 for the investigated MFRs, namely 50, 100, 
200 and 500 sccm, at 240 Torr. 

The noise level was estimated as 1σ standard deviation of signal 
fluctuations, resulting in ~ 0.16 mV for all four flow rates. Higher MFR 
does not generate higher level of noise: the QTF thermal noise is the only 
noise source even with flow rates as high as 500 sccm. A drift of the 
QEPAS signal over time is observed. Several phenomena contribute to 
compromise the long-term stability of the QEPAS signal, mainly the laser 
intensity fluctuations and the slow mechanical vibrations affecting the 
acoustic detection module [31]. However, results reported in Fig. 10 
show a signal drift less than ~3 % of the mean value in the worst case, i. 
e., at 100 sccm. This fluctuations level has a negligible impact on the 
QEPAS signal analysis with respect to the effect caused by the flow field 
distribution, as will be discussed in the next session. 

The results demonstrated regarding the measurement of resonance 
properties and noise level, respectively, were also verified for SPH1 
mounted in ADM02 and SPH3 mounted in ADM03. 

5.3. Influence of the mass flow rate on the QEPAS Signal 

Fig. 11 shows the QEPAS signal at different MFRs, normalized to the 
QEPAS signal acquired at 50 sccm, for ADM01 and ADM02, at three 
different pressures: 240 Torr, 400 Torr, and 700 Torr. 

At a fixed pressure value, the performance of the QEPAS sensor 
clearly deteriorates as the MFR increases both for ADM01 and ADM02, 
especially for the lowest pressure value (240 Torr). The flow field 
analysis demonstrated that the flow field significantly widens and 
spread from the mainstream as the flow rate increases (see Figs. 5e and 

6c). Moreover, the formation of lateral vortices weakens the main-
stream. The spatial density of the velocity field roughly retraces the 
spatial distribution of the molecules within the ADM. As a result, both 
effects lead to a lower number of molecules reaching the center the 
ADM, where the spectrophone is placed, as the flow rate increases. Thus, 
the absolute number of nitrogen molecules is reduced as well as that of 
target molecules, with respect to the case with no vortices. However, the 
concentration of absorbing molecules, namely the ratio between the 
absorbing molecules and the nitrogen molecules, remains unaltered. 
This because the separation of the molecules from the mainstream does 
not represent a selective inertial sorting of the two different types of 
molecules. Both reductions negatively affect the photoacoustic wave 
generation, but in a different manner. A lower density of molecules 
negatively affects the photoacoustic wave generation in two conse-
quential manners: first, a lower number of absorbing molecules reduces 
the local heat generation; then, the reduced number as well as a spatial 
non-uniformity of the nitrogen molecules composing the matrix com-
promises the efficiency of sound wave generation. At 240 Torr, the sit-
uation for ADM02 is even worse. Even simulations demonstrated that 
the flow field is fully developed on the center plane of the device, so that 
vortices can reinforce the mainstream on this plane (see Fig. 6a), double 
the number of dead zones with respect to ADM01 (from 2 for ADM01 to 
4 for ADM01, Fig. 5d to be compared with Fig. 6b) and have been no 
beneficial for the ultimate sensor performance. Results clearly show that 
the QEPAS signal vs flow rate-dependence is strongly reduced in 
ADM03, supporting the conclusion drawn from the modeling analysis, 
namely the reduced radius of the chamber inhibits the formation of 
lateral vortices which in turn reduce the impact on the QEPAS signal. 
Moreover, the results reported in Fig. 11 support the conclusion that the 
effect of MFR on QEPAS signal is dependent on the spatial distribution of 
molecules, as the signal worsening is the highest at 240 Torr (up to 
~70 % reduction) and decreases as the pressure increases to 700 Torr 
(up to 30 % reduction) 

For all the three chambers, the dependence of the QEPAS signal on 
the flow rate is less pronounced increasing the pressure. In particular, 
with ADM03 the QEPAS signal decreases of only 6 % when the flow rate 
passes from 50 to 500 sccm at nearly atmospheric pressure (700 Torr). 
This behavior is strictly related to the operating conditions. While the 
MFR and the injection conditions determine the velocity field distribu-
tion (and so the spatial distribution of molecules) within the chamber as 
well as regulate the rapidity of gas exchange from inlet to outlet, the 
pressure controller fixes the total number of molecules remaining in the 
cell per unit of time. As a result, the increase of the pressure reinforces 
the population of the mainstream as much as vortices. This is expected to 
produce strong evidence in the cases with significant vortices (high flow 
rates): when the spatial density of molecules is low, a slight local in-
crease of the molecular density nearby the photoacoustic source point 
can generate a huge beneficial for QEPAS efficiency because of a more 
efficient pumping of non-radiative channels for the vibrational-to- 
translation energy conversion. This is similar to the typical depen-
dence of QEPAS signal as a function of the pressure: as the pressure 
increases, the QEPAS signal sharply reaches the maximum value; 
conversely, beyond this value, it slightly decreases [32,33]. 

6. Conclusions 

In this work, we investigated the impact of high MFRs on the per-
formance of a QEPAS sensor. The MFRs typically employed for sensing 
applications were evaluated, comparing the sensor’s response in 
different experimental conditions. First, numerical simulations were set 
to determine the flow field distributions in three ADMs with different 
geometries. Then, the theoretical results were used to validate experi-
mental measurements performed at different MFRs and at different 
operating pressure. With large volume chambers and high MFRs, 
vortices formation is inevitable, generating dead volumes on the cor-
ners, as confirmed by the simulation results for the two largest volume 

Fig. 10. QEPAS signal as a function of time acquired with ADM01 at different 
flow rates at 240 Torr. 
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chambers. However, the experimental results demonstrated that 
increasing the MFR up to 500 sccm does not impact on the proper 
operation of the spectrophone as its resonance properties and noise level 
remain unaltered. Thus, the decrease of the QEPAS signal as MFR in-
creases must be found in the analysis of the flow field distribution within 
the gas chamber. The investigation performed combining a computa-
tional approach and an experimental analysis points out that the dete-
rioration of QEPAS signal at high MFRs is due to dead volumes created 
by vortices. Both the formation of eddies and the widening of the 
mainstream reduce the number of absorbing molecules hitting the 
spectrophone, altering the efficiency of photoacoustic generation. The 
analysis performed in this work highlights how shrinking the volume of 
the gas chamber suppresses the formation of lateral vortices, thus 
strongly reducing the dependence of the QEPAS signal on MFR. How-
ever, the choice of the best geometry provided by the results of the 
simulation must also face out with the complexity of fabrication process 
of the acoustic detection module. Volumes without sharp edges properly 
designed to accommodate the widening of the mainstream, i.e., an oval 
geometry, would be beneficial for the vortex’s suppression. However, 
the fabrication process of the volume chamber would become more and 
more complex, and its final cost would increase as well. Therefore, our 
guideline is to relate the volume chamber to the specific application. For 
gas sensing applications requiring operation at high flow rates, mini-
mizing the internal volume of the ADM chamber is the only way to 
reduce the dependence of the QEPAS signal on the flow rate at the inlet 
of the gas chamber, at a cost of more complex fabrication and hard 

optical alignment. Conversely, for gas sensing applications requiring 
operation at low flow rates, larger volume can be exploited, benefiting 
from easier optical alignment and simpler fabrication processes. 
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