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Phase-change (‘wet’) thermoacoustic engines offer significant potential for efficient and clean conversion of low-
grade heat. Previous work has demonstrated the effectiveness of phase-change in enhancing thermoacoustic
conversion. However, this has thus far been limited to low mean pressure and low amplitude oscillations. In this
work, we present a phase-change thermoacoustic engine able to work with high mean pressure and large am-
plitudes. In particular, we overcome issues related to liquid replenishment within the stack by using cellulose
paper strips. The capillary action of the strips provides the means for rapid liquid absorption and circulation.
Experimental results show that the temperature difference required to drive the engine is significantly decreased,
to less than 90 °C, by phase change, while maintaining a pressure amplitude as high as 40 kPa under steady state.
These results indicate that the offered design provides a promising pathway for advancing practical phase-change
thermoacoustic devices. Furthermore, a theoretical investigation demonstrates the potential to reach a high
efficiency (>40% of Carnot limit) when driven by low-grade heat sources at temperatures as low as 50 °C,
provided that the heat transfer between the solid wall of heat exchangers and the fluid can be significantly
improved, and the mass can be efficiently transported.

1. Introduction

A thermoacoustic engine is a type of heat engine, which converts
heat into acoustic power or vice versa. Due to its minimal required
moving parts, it exhibits advantages such as high reliability, low
maintenance and potential low cost, while also being environmentally
benign. Since the invention of the first thermoacoustic engine that
demonstrated significant acoustic power generation [1], many efforts
have been made to enhance the performance, mainly through improving
the acoustic field for efficient thermoacoustic conversion and sound
propagation [2]. To date, several prototypes have been reported
reaching a performance similar to that of traditional engines [3-5]. Over
the past decade, thermoacoustic engines with a looped configuration
and multiple stages have been developed, showing great potential for
low grade heat recovery [6-11]. However, the efficiency and the energy
density of such systems are still lower than those of mature technologies,
e.g., organic Rankine cycles and absorption refrigeration. On the other
hand, the room for further improvement through traditional pathways,

such as improving acoustics, is becoming increasingly small. This is most
clearly seen in travelling-wave devices, where the achieved acoustic
field is getting close to ideal.

One promising way to break through the bottleneck is to introduce
pressure-induced mass transfer processes into the thermoacoustic con-
version [12-14]. In the present work, a thermoacoustic engine incor-
porating mass transfer (phase change) is referred to as a ‘wet’ engine, in
which a ‘reactive’ component that undergoes evaporation/condensation
during oscillation is added into the classical working fluid (the ‘inert’
gas). In Fig. 1(a), we present the thermodynamic cycle of the conversion
in a wet standing-wave thermoacoustic engine. Beginning from step (1),
the mixture parcel moves towards the low-pressure (also
low-temperature) region while being expanded adiabatically. Next, in
step (2), the compression makes the vapor pressure higher than the local
equilibrium, resulting in condensation, which is accompanied by the
heat rejection to the wall. In steps (3) and (4), the reverse of steps (1) and
(2), the parcel moves back towards the high-pressure (also
high-temperature) region adiabatically, then absorbs heat from the solid

* Corresponding author. Department of Civil & Environmental Engineering, Technion — Israel Institute of Technology, Haifa, 32000, Israel.

E-mail address: ramong@technion.ac.il (G.Z. Ramon).

https://doi.org/10.1016/j.energy.2022.124665

Received 5 December 2021; Received in revised form 23 May 2022; Accepted 26 June 2022

Available online 15 July 2022
0360-5442/© 2022 Published by Elsevier Ltd.


mailto:ramong@technion.ac.il
www.sciencedirect.com/science/journal/03605442
https://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2022.124665
https://doi.org/10.1016/j.energy.2022.124665
https://doi.org/10.1016/j.energy.2022.124665
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2022.124665&domain=pdf

R. Yang et al.

wall, accompanied by the evaporation of the reactive component from
the wall. Through this 4-step cycle, heat is converted into acoustic
power. Compared with the classical thermoacoustic conversion, where
only the inert component participates in the cycle, the addition of phase
change can significantly enhance the conversion from the following two
aspects: First, the periodic evaporation/condensation of the reactive
component into/from the gas mixture can significantly increase the
amplitude of volume and density oscillations, enhancing the acoustic
oscillation; second, the addition of the time-averaged mass flux due to
phase change can dramatically increase the enthalpy of the working
fluid through the latent heat of phase change [14,15].

Recent studies have verified this concept to be an effective approach
for improving the performance of thermoacoustic engines, particularly
those driven by low-grade heat, as well as heat pumps. For example, a
significant decrease (up to 200 °C) in the onset temperature has been
observed by the addition of the phase change of water in both standing-
wave and travelling-wave engines [12,16-18]. However, existing
studies of phase-change thermoacoustic devices have mostly been
limited to the onset process, or to the steady-state operation with low
mean pressure (atmospheric pressure) and low amplitudes (within
several kPa) [17,19-22].

Herein, we present a phase-change thermoacoustic engine that em-
ploys a novel stack made of cellulose strips, which enables the engine to
operate steadily, in the wet mode, under a mean pressure of 10 bar, and
at a large amplitude. Furthermore, a systematic numerical investigation
was carried out, so as to probe the performance characteristics of the
engine. The results illustrate that the improved design provides a
promising pathway for advancing the performance of practical phase-
change thermoacoustic devices.

2. Experimental setup

In a standing-wave system, thermoacoustic conversion occurs within
a porous structure, called the ‘stack’ (as illustrated in Fig. 1(a), also
referred to as a ‘regenerator’, in a travelling-wave system). The primary
hindrance to the realization of high-amplitude, steady-state operation of
a phase-change system is the material of the stack (or regenerator). First,
the surface of the stack, where evaporation occurs (see Fig. 1(a)), must
be replenished with liquid at a sufficient rate, otherwise it will dry out,
halting the phase change. Second, the liquid condensed during the heat
rejection step (see Fig. 1(a)) needs to be removed rapidly, or the channel
of the stack may be blocked. Lastly, to efficiently complete the ther-
modynamic cycle, the hydraulic radius of the stack (half of the channel
width in a parallel-plate structure) should be comparable to the thermal
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and diffusive penetration depths &, and &p (5, = (2a/w)"? and

5p = (2D/w)'/?, where a and D are the thermal and molecular diffu-
sivities, w is the angular frequency [23]). The values of &, and Jp are
similar in the range of this study, especially when water and ammonia
are used as reactive components (see supplementary material). Gener-
ally, the values of 5, and 6p decrease as the pressure is increased, since a
and D decrease. Therefore, a smaller channel dimension is needed to
keep the ratio of the hydraulic radius and the penetration depth when
the mean pressure increases. To summarize, a proper stack should
possess the following characteristics: strong capillary effect to transport
liquid for steady evaporation, excellent absorbency for liquid and high
hydrophilicity to avoid blockage, and small enough channel dimension.
The most commonly-used material for the stack in wet engines is the
cordierite ceramic honeycomb. However, it does not meet the
above-mentioned requirements, and so faces the problems of liquid
blockage and drying, and can only work for short times under low mean
pressure [12,17-21,24,25].

Here, we present an improved design of the stack for wet engines, as
illustrated in Fig. 1(b). It is made of approximately three hundred layers
of cellulose paper strips (Whatman Grade 50), each 0.12 mm thick, with
adjacent layers separated by 0.2 mm diameter copper wires. Note that
the copper was chosen for its ease of acquisition and temperature
resistance. Other materials with these advantages but a lower thermal
conductivity may be better. As summarized in Table 1, we compare the
absorbing-related characteristics of the stack made of cellulose paper
with the traditional stack made of cordierite ceramics. The capillary
action of the materials was estimated by soaking part of the material into
water for 20 min, vertically, and then measuring the height of the wet
section above the water. We found that the wet section of the cellulose
strip was ~40 mm, while that of the cordierite was almost zero. It in-
dicates that the cellulose can provide a strong driving force by signifi-
cant capillary action for the returning flow of the liquid inside and along
the solid walls of the stack. This flow transports the condensed liquid
and the liquid stored in the low-temperature region towards the high-

Table 1

Comparison between the stacks made of cordierite ceramics and the cellulose
paper. Absorbency, i.e., the ability to quickly absorb and store liquid, is specified
by the ratio of water that the material can absorb over its own weight, and the
time it takes to absorb it. ry-hydraulic radius.

Material Capillary action Absorbency Min. rp,

Cellulose Strong 50%, <1's <0.1 mm

Cordierite Very weak 25%, 15 min ~ 0.2 mm
(b) (c)
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Fig. 1. (a) The thermodynamic cycle of the phase-change standing-wave thermoacoustic conversion: (1) adiabatic expansion, (2) isobaric heat rejection with mass
loss, (3) adiabatic compression and (4) isobaric heat absorption with mass gain. (b) Structure of the stack. (¢) Schematic of the phase-change standing-wave
thermoacoustic engine. HHX-hot heat exchanger, CHX-cold heat exchanger. P-pressure sensor. T-thermocouple.
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temperature region, and compensates for the mass loss due to evapo-
ration. Furthermore, the absorbency of the two materials was also
compared by measuring the weight of a piece of the material after the
maximum amount of water was absorbed, while keeping the surface of
the material without visible liquid film. We found that, the cellulose
strip was able to absorb water equivalent to ~50% by weight within
approximately 1 s, much faster than the cordierite, which could absorb
water only ~25% of its weight. The excellent absorbency of the cellulose
strip, and its highly hydrophilic prewetted surface, ensure that the
condensed liquid is absorbed rapidly, preventing channel blockage.
Additionally, the channel dimension of the cellulose stack can be
controlled by adjusting the diameter of the wire spacer, allowing a hy-
draulic radius $0.1 mm, which is required by an engine operating under
a high mean pressure.

To test the capacity of the cellulose and cordierite stacks to maintain
a wet environment, we heated the stacks at a fixed HHX temperature of
220 °C, under atmospheric pressure and without the acoustic oscilla-
tions (see Fig. 2(a)). A temperature exceeding 100 °C in the stack was
used as an indication of drying, since the presence of phase change fixes
the temperature. As shown in Fig. 2(b), the cellulose stack can remain
wet for at least 6 h (no sign of drying was observed at the end of the test),
while the ceramic one becomes dry within 1 h. In conclusion, the pre-
sented stack provides a pseudo-constant liquid supply for the conver-
sion, an essential feature for high amplitude operation.

With the cellulose stack as its ‘core’, a phase-change thermoacoustic
engine, able to operate at a mean pressure of 10 bar for extended times,
was constructed. The experimental system, shown in Fig. 1 (c), consists
of a stack sandwiched between a cold heat exchanger (CHX) and a hot
heat exchanger (HHX), within a cylindrical resonator. Both heat ex-
changers are made of copper. The HHX is the parallel-plate type, with
two rows of three channels containing inserted cartridge heaters,
enabling a total heating power of up to 1200 W. The CHX has a similar
geometry, but with a wider gap between fins, in order to avoid blockage
by condensed liquid. Some flax fiber was wound around the ends of each
CHX fin, to remove the condensed liquid from the surface of the channel
via capillary action. In this way, part of the condensed liquid could be
delivered back onto the stack though the fiber, via gravity. Water, at
constant temperature maintained by a chiller, was circulated through
the CHX to absorb the rejected heat. Two reducers were used to connect
the heat exchangers and the resonator. For detailed dimensions of each
component, refer to Table 2.

A pressure sensor (GE UNIK 5000 series) was installed at the top of
the resonator, and two K-type thermocouples were inserted into the heat
exchangers. Their specific locations are shown by symbols ‘P’ and ‘T”

(2)
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Table 2
Dimensions of system components. HHX-hot heat exchanger, CHX-cold heat
exchanger.

Item 1g. (mm) dia. (mm) rp (mm) Porosity
HHX 30 94 0.5 0.38
Stack 26 84 ~0.1 ~ 0.4
CHX 15 94 1.25 0.5
Upper resonator 890 47 23.5 1
Lower resonator 150 47 23.5 1
Reducer 100 - - 1
respectively in Fig. 1(c). In what follows, we define
AT=T,-T,, (D)

where Ty, and T, represent the temperatures measured by the two ther-
mocouples in the HHX and the CHX respectively. Meanwhile, we also
define the effective temperature difference as

AT, =T, — T,

c.gs

(2)

where Tp g and T4 are the temperatures of the working fluid at the hot
and cold ends of the stack.

In the experiments, nitrogen was used as the inert gas, while water
and ethanol were used as the reactive component . In the wet-mode
experiments (i.e., with phase change), 50 g of liquid, which is approxi-
mately half of the weight of the dry stack itself, was uniformly sprayed
on the surface of the stack 30 minutes before each experiment. The flax
fiber on the CHX also required prewetting, achieved by spraying some
liquid. We note that the channels of the stack became distorted after
repeated wetting and drying —some became wider and some narrower,
due to some swelling of the material (see supplementary material). The
widened channels were narrowed again by inserting pieces of the cel-
lulose. In the dry-mode experiments (i.e., without phase change), the
stack was dried in an oven at 140 °C for 4 h, to ensure no liquid was left
in the stack.

3. Theoretical model

The phase-change thermoacoustic conversion process can be
described by a linear theory, which was first developed by Raspet et al.
[12] and Slaton et al. [13]. This theory was recently expanded by
Weltsch et al. [15] and Offner et al. [14] to describe the thermoacoustic
conversion incorporated with mass exchange processes, including con-
densation/evaporation but also extendable to reversible reactions such

(b)

I e Cordilerite
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T4]
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Fig. 2. (a) Schematic of the engine core for testing the abilities of the cellulose and cordierite stacks to maintain a wet environment. HHX-hot heat exchanger. CHX-
cold heat exchanger. T1 to T5 represent five thermocouples. The solid temperature of the hot heat exchanger was kept at 220 °C, and the CHX was cooled by water at
20 °C. (b) Temperature profiles of the cellulose stack and the cordierite ceramic stack.
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as absorption or adsorption. Herein, the equations presented in Offner
et al. [14] (dimensional form) were used to model the phase-change
thermoacoustic engine. These are given by

dp; iwp,
& _ By 3
dx  FA, " 3
dU, iwA, Cn 1-Fp
— = Fo(1—
dx pma2 [}/Jr a }’)+}’1_Cm /S }p]
M _Fy_(1— 4)
| F=Fa ﬂ+’7D(1 Fp)=(1=F)) Cn b |dTw,
(1-Pr)F, F,(1—S5c) 1-CuR,T2| dx "
7, — 1§ U _ ;,41 .
%: H, zﬁ[Plf]l(l (Hprm)] mly, . ©

dx Py UL Y[t
28,w0(1-Pr)|F, >~ L 1+Pr

—F,)] — (Agk + Ak,

In these equations, p; and U; are the pressure amplitude and the volu-
metric velocity amplitude, respectively. Tm, pm, a, ¢p, 7, f, Pr and Sc
denote the mean temperature, the density, the speed of sound, the heat
capacity, the specific heat ratio, the thermal expansion coefficient, the
Prandtl number and the Schmidt number of the mixture, respectively. R,
is the universal gas constant with the value of 8.314 J/K-mol, w is the
angular frequency, k and k; represent the thermal conductivity of the gas
and solid, respectively, I, is the latent heat of the reactive component
and A, and Ay represent the cross-sectional area for gas and solid,
respectively. , and #p reflect the effects from sorption kinetics, and are
assumed to be unity in the gas-liquid phase change [14]. The symbols R
and J denote the real and imaginary parts of a complex number. In
addition, the variation of the total energy flux is governed by

dH,
g 6
P (6)
in which H, is the total energy flux and ¢, the change rate of H along the
axial direction, is assumed to be zero in all components except within the
heat exchangers. In equation (5), m is the time-averaged mass flux of the
reactive component in the axial direction due to the periodical phase
change, and is calculated via [15]

Fp—F,
(1+Sc)F,

1 Cn

1= Bj U
" T=Cu2R,T, H iU

L UL puCuln 1 Ns[
1-Cn24,0|F,[} BT, 1-5"
PmAeD Coly dT,,

1-Cn RETS dx

¥ (g _F )]
Fp(1+Sc)+nD(FD F)} -

)

For steady-state operation, m must equal the amount of liquid pumped
through the capillary action [13,14]. Cy,, the mean concentration of the
reactive component, is determined by the local pressure, temperature
and the properties of the reactive component, which is subjected to the
Clausius-Clapeyron relation

B L1 1
Cm—eXPI:—R—g<T—m—Tb):|, (8)

where Ty, is the boiling temperature of the reactive species. Finally, the
functions F, (n = a, v, or D) describe the spatial-average effect arising
from the velocity, pressure, temperature and concentration fields. In a
stack with a geometry of parallel channels, as used in this work, F, can
be calculated through

7tanh[(1 +i)rn/\/ﬂ

Fa=t= i) /V2

9
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where 7, = ry\/w/n is the Womersley number, in which 7, is the hy-
draulic radius.

The ODEs (Egs. (3) to (6)) are integrated along the axis direction,
starting from the top of the engine, through a forth-order Runge-Kutta
method. However, there are two unknown parameters at the beginning
of the integration, which are the frequency and the pressure amplitude.
To closed the problem, a shooting method is utilized, whereby two
target values are used, namely J[U;] = 0 and R [U;] = 0 at the bottom of
the system, due to the closed boundary. Then the unknown parameters
can be solved. Consequently, the frequency, and the distributions of p;,
Ui, Tyy and Gy, in the system can be obtained. The acoustic power can be
calculated through E, = 19i[p, Ui].

Additionally, a source term arises upon rearranging Eq. (4), which
can be expressed as (see supplementary material for full derivation)

Cm lh
. 1
1-Cyn RgT,,,) (10)

8 %gdr'}'(l +

In Eq. (10), gary is the source term in the classical thermoacoustic con-
version, given by
F,—F, 1 dT,

=i & _ Cm 11
8 = (U =Pr)F, T, dx an

In thermoacoustic theory, this term is the only one that directly con-
tributes to the thermoacoustic conversion [23,26]. In the following
discussion, it will be used for analyzing the performance of the system.

4. Results and discussion
4.1. Experimental performance

We first discuss the experimental results. Fig. 3(a) and (b) show the
dependence of the pressure amplitude, |p;|, and the hot-end tempera-
ture Ty, on the temperature difference AT, in both dry and wet cases (in
which ethanol or water serves as the reactive component). By comparing
the curves of the wet and dry modes, it is clear that the presence of phase
change can significantly decrease the temperature difference required to
achieve a given pressure amplitude. For example, when the mean
pressure is 10 bar, in order to achieve |p; |~ 20 kPa, the dry-mode engine
requires AT > 120 °C, while the wet-mode engine operates at AT ~
60 °C and ~ 70°C when ethanol and water are used as the reactive
component, respectively.

Further, for a fixed AT, |p1| with ethanol as the reactive component is
higher than that with water when AT < 70 °C, because the boiling
temperature of ethanol is lower than that of water, leading to a higher
concentration C,,. However, when AT is increased beyond 70 °C, using
water results in a larger |p;|, possibly because Cp, becomes too high for
ethanol at the high values of Ty, at which point the rate of evaporation
exceeds the ability of the stack to supply liquid at a sufficient rate.
Consequently, part of the stack becomes dry, which limits the phase-
change thermoacoustic conversion. Additionally, in classical thermoa-
coustic engines, the increase of mean pressure at a given temperature
difference generally amplifies the oscillation [27]. However, this is not
necessarily so for wet thermoacoustic engines. For example, when the
temperature difference is ~ 50°C, increasing the mean pressure from
7.5 bar to 10 bar slightly decreases the pressure amplitude. This is
because the boiling temperature of the reactive component is increased,
leading to a decrease in Cp (see Eq. (8)), thereby weakening the
phase-change thermoacoustic conversion.

To further investigate the influence of the reactive component con-
centration on the conversion, in Fig. 3 (c) we show the pressure
amplitude |p;| with different hot-end temperature Ty, while keeping the
temperature difference AT fixed. Two groups of results are shown, one
with ethanol as the reactive component and AT = 56 °C, while the other
one is with water and AT = 67 °C. In both curves, a higher T}, (indicating
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Fig. 3. Experimental results: (a) The relation between |p; |, the pressure amplitude at the closed-end of the resonator, and the temperature difference across the stack,
AT. (b) The relation between the temperature at the hot end and the temperature difference. (c) The relation between the pressure amplitude at the closed-end of the
resonator and the temperature at the hot end. The mean pressure is 10 bar. (d) The magnitudes of the source term |g| (see Egs. (10) and (11)) under different values of
Cm. Note that |ggy,| is independent of Cp, (see Eq. (11)). Therefore, the horizontal axis, i.e., Cr, actually denotes the corresponding temperature for |gg,| according to

Eq. (8).

a larger Cy;) helps amplify the oscillation at a fixed AT. The main reason
for this is the enhanced source term (see Eq. (10)) with the increased
temperature, which is a result of the increase of the reactive compo-
nent’s concentration Cp,.

In Fig. 3(d), the values of |g| are shown to increase steadily as C,, (or
Tp) is increased, which is in accordance with Eq. (10). This feature is
unique to the wet thermoacoustic engine. In contrast, for classical
thermoacoustic engines, increasing the ambient temperature always
leads to a reduced performance [28], manifested by either an increased
temperature difference or a reduced pressure oscillation, because the
kinematic viscosity of the gas increases with the temperature. This is
also reflected in Fig. 3(d), where |g4r,| decreases gradually and slightly
as Ty, is increased (or Cp, see Eq. (8)). Additionally, |g| is higher for
water than for ethanol, due to the larger temperature gradient imposed,
and the higher latent heat of water.

According to Eq. (10), the thermoacoustic conversion can always be
enhanced by increasing the temperature towards the boiling tempera-
ture (i.e., C;, — 1). However, the curve for ethanol becomes flat when T}
> 110 °C, indicating that the enhancement due to phase change becomes
less significant, possibly due to partial drying of the stack. In general, the
time-averaged mass flux due to evaporation can be represented by m,
which is proportional to C,,/(1 — Cpp) [14], indicating a more significant
flux under a higher C,. During the operation, part of the mass evapo-
rated from the stack condensed on the wall of the stack, and then was
transported back via capillary action, to compensate for the evaporation.
However, some of the evaporated mass condensed on the wall of the
resonator outside the stack area, and so was lost from the cycle.
Therefore, the stack will eventually dry out when all the liquid stored in
it escapes, unless the liquid is recovered and returned to the hot side of

the stack. At small values of Cy,, this process took several hours, enough
for prolonged steady-state experiments; however, when C,, was large,
part of the stack became dry before the steady-state was reached,
weakening the positive effect of phase change.

4.2. Model-based performance projection

As shown in Fig. 4, the calculated results from the model show
reasonable quantitative agreement with the experimental data,
providing a solid foundation for the following theoretical analysis. The
calculated values of |p;| are higher than the corresponding experimental
data, mainly attributed to the distortion of the channels of the stack (see
supplementary material), which is not included in the model.

Next, we explore the performance of the engine based on the model.
Since the stack is the only component producing acoustic power, we
define the efficiency of the engine as

= E;/Qu, 12)

where E; is the acoustic power generated in the stack, and Qjy is the input
heat. As can be seen in Fig. 5(a), the efficiency, 5, drops with the increase
of Tp, despite the increased pressure amplitude ,|p;| . The reason behind
this is that the effective temperature difference AT, (definition see Eq.
(2)) is reduced due to the increase of the temperature difference for heat
transfer, although AT is fixed. We note that the values of # are relatively
low, which is mainly ascribed to the low acoustic impedance |z| (defined
as |p1|/|v1|, where |v1] is the velocity amplitude) in the stack, which is
approximately pma, indicating that viscous losses are severe. However,
the acoustic impedance can be increased by locally enlarging the cross-
sectional area of the stack. In Fig. 5(b), we present the relation between
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Fig. 4. Comparison between the experimental and calculated results. The dots
and curves represent the experimental and the corresponding calculated results,
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the efficiency 5 and the area ratio Ag/A;, where A, is the cross-sectional
area of the resonator, Ags = Asp; is the gas area of the stack, with A; and
@5 being the cross-sectional area and the porosity of the stack. As may be
seen, the average acoustic impedance |z|, of the stack can be effectively
increased by enlarging Ag /A, leading to an increased 7, until reaching a
peak value of 2.3% when Ag /A, = 8. This efficiency corresponds to 19%
of Carnot limit, if we ignore the temperature differences for heat transfer
and use gas temperatures Tz and T ¢ to calculate the Carnot efficiency.
In the experimental setup, Ags/A; = 1.3, only about half of the initial
design value, because many of the channels were blocked by the glue
used for fixing the cellulose strips. Additionally, some extra cellulose
strips were inserted into the stack to fill the gaps enlarged due to the
distortion after use, which also reduced Ag;. Furthermore, another
important factor determining the thermoacoustic conversion process is
the Womersley number, 7,, which represents the ratio of the oscillation
time scale to the viscous time scale [29]. In Fig. 5(c), we can see that the
optimal values of 7, for highest efficiencies are around 3 for all curves. A
smaller 7, leads to severe viscous loss, and a larger 7, indicates insuffi-
cient use of the channel cross-section, leading to lower efficiencies. The
value of 7, in the experiments is ~ 2.5, near the optimal value.

As revealed in Yang et al. [17,19], the temperature range of a
phase-change thermoacoustic system should be near the boiling tem-
perature of the reactive species, to take full advantage of phase change.
Due to the relatively high boiling temperatures of water and ethanol
(180 °C and 151 °C under 10 bar respectively), values of T, were often
above 100° in the experiments, limiting the heat sources it could utilize,
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although the temperature difference required to drive the engine was
small. To relieve this issue, in Fig. 6, we explore the performance of the
engine with ammonia as the reactive component, whose boiling tem-
perature is 74 °C under the mean pressure of 40 bar. As can be seen in
Fig. 6(a), both the effective temperature difference AT, and the con-
centration of the reactive species at the hot end Cp, , increase with the
rise of the input heat Q;,. Since the cold-end temperature of the fluid, T,
¢ is fixed at 25 °C, the engine has the potential to utilize heat sources at
temperatures as low as 50 °C (ignoring the temperature difference for
heat transfer in heat exchangers). Furthermore, as shown in Fig. 6(b), a
relatively high efficiency, namely 30%-40% of the Carnot limit, can be
obtained, with the generated acoustic power E; up to 100 W.

This projected performance is encouraging. However, there are two
issues that might hinder the development of such an efficient system.
The first one is the heat transfer between the heat exchanger and the
working fluid, for which the required temperature difference may be
considerable. For instance, the required temperature differences with
the current HHX are 20 °C and 78 °C when Q;, are 10° W and 10* w,
respectively. Therefore, the heat transfer between solid and gas in the
heat exchanger must be significantly improved, otherwise the advantage
of low-grade heat recovery will be significantly reduced. Limited by the
finite thermal penetration depth and the velocity amplitude in the
oscillatory flow, this heat transfer can be hardly lifted when traditional
heat exchangers are used. Potential methods include using the phase
change to help transfer heat, and utilizing the acoustic self-pumped
steady flow [30]. The second issue is the liquid replenishment
required to overcome the effect of the time-averaged mass flux of the
reactive species. This mass flux is the time-averaged effect of the peri-
odic evaporation and condensation during the oscillation, therefore it
requires the solid wall of the stack to absorb a large amount of liquid
instantaneously and to transport the liquid to the region where evapo-
ration occurs , otherwise the channel will be blocked and the phase
change will halt. The mass flux increases with the rise of Q;; — from 0.7
g/s to 8.8 g/s when Qj, is increased from 10 W to 10* W. This poses
significant challenges for the material and structure of the stack.

5. Conclusions

To summarize, we present a phase-change thermoacoustic engine
able to work at a high mean pressure and a large amplitude. A stack
made of cellulose paper strips was designed to ensure sufficient liquid
supply and rapid liquid absorption during the phase-change thermoa-
coustic conversion. Experimental results demonstrate a significant
reduction of the temperature difference required to drive the engine and
a pressure amplitude as high as 40 kPa, which is one order of magnitude
higher than previously reported. The stack may become partly dry with
a large concentration of the reactive component, leading to deteriora-
tion in performance. This problem is likely to be solved by adding a
liquid source near the stack, so that the liquid can be supplied through
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Fig. 5. Calculated results: (a) The pressure amplitude |p;| and the efficiency , vs. the hot temperature T. (b) The influence of the area ratio A, ;/A, on the efficiency 7
and the mean acoustic impedance |z|n,. (¢) The influence of the Womersley number 7, on the efficiency 5. The working mixture is nitrogen and ethanol, the mean

pressure is 10 bar AT = 56 °C.
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(a) (b) Fig. 6. Projected performance of the engine with
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