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ABSTRACT

The photo-acoustic effect is a well-documented phenomenon in which the periodic irradiation of an absorbing media produces an acoustic
wave, modulated by thermal expansion. However, little is known about the effect imparted by phase change on this mode of energy conver-
sion, nor has it been considered as a potential method of power production. Herein, we report high-amplitude photo-acoustic oscillations, of
up to 145dB, induced upon irradiation of a water film on the wall of an acoustic loop resonator. While the driving power is quite low
(~4 W), the photo-acoustic oscillations are shown to be significantly amplified by the introduction of phase change in the acoustic cycle. A
reduced-order model is formulated and is able to recover key characteristics of the acoustic oscillations, in reasonable agreement with experi-
mental results, and confirms the underlying mechanism of pressure modulation by the phase change. The results presented here can poten-
tially pave the way to improved, solar-driven acoustic energy conversion devices.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160934

Thermoacoustic phenomena are the result of interactions
between oscillating pressure, velocity, and temperature fields in acous-
tic waves. These interactions lead to energy conversion between heat
fluxes and acoustic power. Thermoacoustic engines and heat pumps
(converting heat to acoustic power and vice versa, respectively) have
been utilized in various applications, ranging from electricity genera-
tors for developing communities,' through natural gas liquefaction”
and waste heat recovery’ to space applications.”” Thermoacoustic con-
version of heat to acoustic power relies on the proper phasing of the
oscillating temperature and pressure fields, which can lead to the
amplification of perturbations in the fluid. In “traditional” thermo-
acoustic engines, this instability—converting heat into sound—is trig-
gered by establishing spatial gradients in the mean temperature
profile.”

The conversion of heat to sound can also occur during periodic
irradiation of an absorbing media. This is known as the photo-
acoustic effect, first documented by Bell” and since extensively
researched in the context of biomedical imaging” and spectroscopy.”’
Furthermore, the impact of phase change on the photo-acoustic effect
has been discussed in the literature,'”'" where it was theoretically pre-
dicted that evaporation and condensation will alter a photoacoustic
signal, potentially leading to inaccurate measurements. Arnott et al.,'”

investigated the photoacoustic signal from volatile aerosols. However,
no experimental quantification of phase change effects, relative to the
dry base state, has been reported in the literature, and the context of
energy conversion was not considered. Meanwhile, the introduction of
phase change to the acoustic cycle in thermoacoustic systems has been
shown to improve performance substantially, leading to increased
pressure amplitudes at lower heat input and temperatures.'”"”

Motivated by the prospect of photo-excited thermoacoustic
engines, we present experimental evidence of this operational mode,
demonstrating the generation of high-amplitude photo-acoustic oscil-
lations, driven by periodic irradiation of a looped resonator. In partic-
ular, we show that these oscillations are significantly enhanced by the
feedback provided via evaporation and condensation at the resonator
wall.

The experimental system is presented in Fig. 1(a) and consists of
an 8-Watt CO, laser (MERIT-S, by Access Lasers), directed into a
looped-tube resonator filled with atmospheric air (A discussion on air
properties and the effect of ambient conditions can be found in the
supplementary material). The resonator consists of a 16 mm-diameter,
0.67 m-long aluminum tube, connected through conic sections to a
21 mm-diameter, 2 m-long steel tube. The laser beam enters the reso-
nator through an 8 mm-diameter hole in one side of the aluminum
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FIG. 1. (a) Schematic of the experimental apparatus: an 8 W CO, laser is directed at a looped resonator, periodically turned on and off by an electric signal (b). This leads to
periodic irradiation of the inner resonator wall at the irradiated interface (IRIN). High-amplitude photo-acoustic waves are created in the resonator, at the driving frequency of
the laser. (c) Schematic of the conversion mechanism, for both dry and wet cases: when the laser is turned on and off, heat is transferred from the IRIN to the fluid and back,
respectively, driving an acoustic wave. When the resonator wall is wet, evaporation and condensation are added to the acoustic cycle, resulting in latent heat transfer, which
enhances the photo-acoustic conversion. (d) The measured peak amplitude of the generated acoustic field within the resonator, as a function of the driving frequency sweep

applied to the laser. The “wet” mode results in a higher pressure amplitude.

section and hits the opposing end [see illustration in Fig. 1(a)]. A pic-
ture of the actual experimental system is available in the supplemen-
tary material. Periodic irradiation was achieved by driving the laser
with a square-wave input source at different frequencies, as illustrated
in Fig. 1(b). In some experiments, labeled “wet,” the interior surface of
the resonator was pre-wetted with water by passing a soaked rag
through the aluminum section three times, creating a liquid film on
the surface. The envisioned mechanism, which draws inspiration from
some of our previous work, >’ is illustrated schematically in Fig.
1(c)—the laser beam is turned on and off periodically, generating the
concurrent pulsed heating of the irradiated resonator section.
Consequently, heat is transferred to and from the irradiated section to
the adjacent fluid, due to phase-lags generated by the transient
response to the pulsed heating. Notably, in the presence of the liquid
film, the periodic heat transfer is augmented by evaporation and con-
densation. The added mass transfer creates an additional mode of
pressure-volume response and, hence, mechanical work.'>"” Our
main aim with the performed experiments was to examine the
response of the system, in terms of the acoustic pressure, to the tempo-
ral excitation and, particularly, assess the magnitude of enhancement
created by the phase change.

The temporal pressure variations were measured using a pres-
sure sensor (Endevco MEGGITT 8530), placed 1.2 m away from

the location of the hole in the resonator [see Fig. 1(a)]. The pres-
sure amplitude was obtained by fitting a Fourier series to the pres-
sure signal and retrieving the absolute value of the maximal term
in the series. We note that this method only accounts for the most
prominent acoustic frequency in the acoustic signal. This response
frequency was found equal to the driving frequency of the laser,
with deviations <1%. Results from a representative set of experi-
ments are shown in Fig. 1(d), demonstrating the generation of
large amplitude pressure oscillations and a significant enhance-
ment due to the phase change—more than a factor of 2. We note
that amplification of a photo-acoustic signal due to phase change
is in contrast to previous reports, which mainly demonstrated
attenuation.'”'" We believe that the presence of sharp temperature
gradients in our configuration, relative to the small gradients in
aerosol suspensions addressed in previous work. We believe that
the presence of sharp temperature gradients in our configuration,
relative to the small gradients in aerosol suspensions addressed in
previous work, is the reason for this difference. The amplification
of sound due to thermal interactions typically requires working
above a critical temperature gradient. We believe that the same is
true for the mechanism described here. In order to gain further
insight into the mechanism and the experimental measurements, a
simplified, reduced-order model was formulated, accounting for
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radiative heating, conduction in the solid and the fluid dynamics
(see schematic representation of the model in Fig. 2).

We note that 2D or 3D modeling of the flow field and heat trans-
fer in the resonator would certainly make the model more accurate.
However, such models are highly non-trivial—thermoacoustic effects
are often not accurately captured with traditional CFD tools due to
numerical dissipation,’ and further coupling with the heat transfer in
the resonator wall would likely prove even more complicated. Since
the experiments are the focal point of the present study, the utility of
the model is complementary and aimed primarily at establishing the
mechanism at play. Hence, The acoustic field is modeled using a 1D
“lumped” approach, which has been used extensively for thermo-
acoustic energy conversion, with impressive accuracy.”"”” The irradia-
tion on the surface and the heat transfer inside the solid are treated
with a 0-order model.

In our model, the irradiated region of the resonator wall is con-
sidered to be circular, with a diameter identical to that of the laser
beam Dy,,,,,. This circular region, in turn, is in thermal contact with a
semi-infinite solid on one side and a fluid on the other. Heat transfer
in the solid is treated as that in an infinite domain, due to the high
heat capacity of the metal relative to the low heat input from the
laser.”” The radiated heat transferred from the laser to the solid was
assumed to oscillate sinusoidally,

Qrad(t) = Qo(1 + sin(wt)), (1)

where Qy = 4W is half of the rated laser power and w = 2xf is the
angular frequency. The heat transfer to the solid was estimated as”’

Qs = Sks(T: - Taut)y (2)

where S = 2Dje,y, is the shape factor, kg is the thermal conductivity,
T; is the solid temperature of the solid, and T,,; = 300K is the room
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temperature. The heat transfer between the solid and fluid is assumed
to follow

Qy = W(Ts — Ty) + rinly, 3)

where V) is the heat transfer coefficient (discussed in the next para-
graph), I, is the latent heat of evaporation, and 1 is the mass flux gen-
erated through evaporation and condensation, which, based on the
Clausius-Clapeyron equation and a heat/mass transfer analogy, can be
expressed as

0 dry

"= " Loy -D(T—-T) W -D(T-T) (4)
e 7T Ts —e Ty Ty W€t7

cple

where c, is the heat capacity of the fluid, Le = /D is the Lewis num-
ber, T}, is the boiling point, 7 is the specific heat ratio, and T¢is the fluid
temperature. We note that Eq. (4) is based on the assumption of fast
kinetics (diffusion-limited regime), which is very common in problems
involving flow and evaporation/condensation.”

The above set of equations was solved, along with the transient,
1D compressible continuity, momentum, and energy equations,
where

st

Tcrszeum

()

is a source term in the energy equation. We note that an appropriate
value of ¥ proved difficult to obtain from the literature, since existing
heat transfer correlations for oscillating flow are valid for much larger
displacement fields"**” or much smaller tube dimensions.”""’
Furthermore, these account for the time-averaged heat transfer in a

Condition

(A)

(B)

Aucl | Periodic
A Boundary
Periodic % e Condition
Boundary % e %

FIG. 2. Reduced order model (b) of the system (a). The model consists of a 1D model for the flow and a 0D model for the irradiated interface (IRIN) accounting for solid con-
duction, radiation, and fluid-solid heat transfer. Periodic boundary conditions are imposed on the flow.
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purely parallel flow, where heat transfer is by conduction through the
boundary layer. In our system, the velocity field is also expected to
possess a radial component, driving air toward and away from the
irradiated section of the resonator wall. The magnitude of the heat
transfer due to these oscillations is difficult to evaluate, but it can be
expected to be proportional to both the acoustic displacement (
= v/ and to the thermal penetration depth 8, = +/0./2w, where v,
is the acoustic velocity amplitude in the radial direction and o is the
thermal diffusivity. Therefore, we use y = cyw 32, where ¢, is a con-
stant determined from the experimental results. The rationale for this
power law is further explained in the supplementary material. The
equations are solved using an upwind, Crank-Nicholson method with
periodic boundary conditions at both ends of the domain. Time inte-
gration continued until a limit cycle was reached, and the amplitude
was defined as the difference between minimal and maximal pressure
within the cycle.

Results obtained from the numerical calculations for the pres-
sure amplitude at the three most prominent acoustic frequencies
(the first three resonant modes) are presented in Fig. 3, alongside
the experimentally measured values. The experimental measure-
ments are essential values, and frequencies of the first three peaks
are shown in Fig. 1(d). Experimental results indicate a pressure
amplitude of up to 180 Pa (139dB) for the dry mode and up to
380 Pa (145 dB) for the wet mode. Because the acoustic power is,
generally speaking, proportional to the pressure amplitude squared,
this indicates that the introduction of phase change in the acoustic
cycle can more than double the conversion efficiency and the gener-
ated acoustic power. An interesting feature in both numerical and
experimental results is the relatively high intensity of the harmonics
compared to the fundamental frequency. In the wet mode, the

(R)
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E 500 X
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S 350 g i Exp Wet
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o 300F
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& 200t )F
150 ¥ t
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highest amplitude is not at the fundamental frequency, but, rather,
at the first harmonic. This counter-intuitive result could be
explained by the positive dependence of thermoacoustic conversion
efficiency on frequency (see, for example, Ref. 28). This improved
efficiency is, in turn, countered by viscous and thermal relaxation
losses that increase at higher frequencies as well as the inverse rela-
tion between Yy and . The trade-off between these effects leads to
an optimal working frequency that is not necessarily the fundamen-
tal frequency.

In general, the main effects discussed previously and observed
experimentally are reasonably captured by the model. However, as
already noted, while the theory predicts “resonant” frequencies
(fs = na/L or w, = 2mna/L, where n is an integer or half-integer and
a is the speed of sound), the actual resonant frequencies deviated sub-
stantially from these values. This is likely due to the more complex
acoustic field generated in the non-ideal resonator used in the experi-
ments. The hole, through which the laser entered the resonator, is
known to have a significant influence on both the resonant modes and
their corresponding sound pressure levels.”” Indeed, reduction in the
acoustic impedance due to the hole is expected to result in intermedi-
ate harmonics, between half and full wavelength, as occurred in our
experiments.”’ In the dry case, and the wet case at the lower frequen-
cies, the deviation of the pressure amplitude between experiment and
theory is between 15% and 30%. This deviation is similar to reported
thermoacoustic literature, both dry30’31 and wet.'®'”*? However, at
higher frequencies, the deviation of the wet case is more than 100%.
Furthermore, at very high frequencies, the wet case exhibits lower
pressure amplitudes than the dry case, in contrast to the expected
behavior, which was demonstrated at low frequencies. We note that
humidity cannot account for this difference [a discussion on the effect

(B)

3 X
Sy
Z 25}
c
Q
=
s i Exp Dry
- I Exp Wet
3 2 X X Model (Dry & Wet)
3
[J]
o

1.5 ;

1 2 3
Resonant Mode

FIG. 3. Experimental measurements and model calculations, for the dry and wet systems. (a) The Pressure amplitude, shown for the first 3 resonant modes of the system,
highlighting the enhancement in the “wet” system, in which the maximal pressure amplitude was more than twofold larger than the dry case. (b) The corresponding reduced fre-
quency, f = f/(a/2L) (scaled by the natural frequency of the resonator), exhibits a significant deviation between model and experiments. While the model captures several
key characteristics of the experiment, the deviation is most notable in the behavior of the wet mode at high frequencies and the system resonant frequencies.
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of humidity can be found in the supplementary material]. However, it
may be attributed to time-averaged mass dispersion, (“streaming”) not
accounted by the linear model presented here. Several forms of
streaming are known to occur in thermoacoustic devices, especially
near bends and near the thermoacoustic conversion core.” The exis-
tence of an orifice can also drive Eckert streaming,”” which is known
to be quadratically proportional to the frequency.”* Due to the latent
heat carried by the streaming flow, the enthalpy flux in the wet case is
much larger than in a dry case. As an illustration, if the streaming flow
is over a temperature difference of 5 °C, between 35 °C near the irradi-
ated interface and 30 °C in the rest of the resonator. The amount of
heat carried by this flow in the dry case will be equal to
H 4y = Vpc, AT, where H is the enthalpy flux and V is the time-
averaged volumetric flow rate. However, in the wet case there will be
an additional flow of latent heat due to the difference in water concen-
tration, H,e = H dy + VI,AC, where AC is the difference in mass
concentration of the water vapor, corresponding with the temperature
difference. For example, a relative humidity of 80% AC = 0.008 kg/m’
is assumed, resulting in

Hwet =1
H gy

hAC
pc,AT -

4.5, (6)

which illustrates that, in the wet case, the streaming heat flux under
identical temperature difference and streaming velocity is much
higher. The deviation between model and experiment in the wet case
can likely be attributed to this effect. Additional explanations for the
deviation can be the accumulation of water at some point in the reso-
nator and variations in the value of iy. We note that the assumption of
a constant value for / is inaccurate, as the thermal contact varies dur-
ing the acoustic cycle.”

Ultimately, the results are indicative of significant pressure
amplification, due to the combined effect of input modulation
and transport within a properly phased acoustic field. In particu-
lar, the results establish the effect of phase change on the
enhancement of acoustic conversion, with a simplified model
that provides reasonable corroboration. These findings can be
considered as a first step toward designing a different type of
thermoacoustic engine, based on alternating radiation—a reso-
nator could be illuminated by periodic intermission of a light
source, or by alternately turning the radiation source toward and
away from the resonator. With improved efficiency, such devices
can convert solar energy into sound waves, which in turn could
be used for electricity generation, cooling, and other applications
that require mechanical compression.

See the supplementary material for a picture of the experimental
system, the full equations used in the model, raw numerical results
compared to the experimental results, and a discussion on the effect of
ambient conditions and air humidity on the results.
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