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HIGHLIGHTS

® The performance of a travelling-wave engine with phase change is analyzed.

® Efficiency > 40% of Carnot limit can be achieved with temperature differences < 50 K.
® The required mean pressure for low-temperature operation is reduced to several bars.

® Criteria for choosing the reactive component are proposed.
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There is a critical need for environmentally benign, cost-effective technologies to utilize the vast amount of
untapped low-grade heat sources. In this work, we report a novel travelling-wave thermoacoustic engine, which
incorporates phase change of a condensable component into the classical thermoacoustic conversion, and thus
can work efficiently at a low-temperature difference (< 50 K). A numerical model was experimentally validated,
based on which a thorough analysis of the engine’s onset and steady state under different working conditions

was performed. It was found that the presence of phase change can significantly enhance thermoacoustic con-
version, leading to increased efficiency and energy density. The presented engine exhibits a thermal-to-acoustic
efficiency > 40% of the Carnot efficiency when working at a temperature difference < 50 K. Moreover, the
addition of phase change reduces the required mean pressure in the thermoacoustic engine by at least one order
of magnitude, which is significant in terms of increasing safety and reducing cost of practical devices.

1. Introduction

Globally, significant amounts of low-grade thermal energy remain
untapped; for example, waste heat from exhaust gas, steam and water,
account for 72% of the primary energy consumption in the world [1]. In
the industrial sector, only 37% of waste heat sources are above 413 K,
while almost 30% are within 313-333 K [1]. Meanwhile, the large
quantity of low-grade heat available through geothermal wells is not
properly used either. In Europe alone, for example, the potential of
geothermal energy at 338-393 K is about 150,000 MW [2]. Moreover,
ocean thermal energy provides a practically infinite amount of heat, but
with the maximum temperature difference being only 20-24 K [3].
Finally, temperatures of 80-120°C are readily accessible through simple
solar-thermal collectors, routinely used for heating water at the
household level. A major reason for the under-exploitation of low-grade
heat is the lack of cost-effective methods. Currently, very few
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commercially-available technologies can make use of low-grade heat.
One leading technique is the organic Rankine cycle (ORC) for electricity
generation, which can reach 30-40% of the Carnot efficiency at a
temperature difference above 80 K. However, the ORC system often
suffers from environmental and safety hazards due to its organic
working fluid [4]. Some Stirling engines can reach a similar efficiency
when the temperature difference is around 100 K, but the problems of
sealing and high cost have so-far prevented large-scale application [5].
Utilizing the Seebeck effect, semiconductor-based solid-state thermo-
electric devices can convert low-grade heat directly into electricity, but
materials limitations result in low efficiency and costly scale-up [6].
Recently, the thermo-osmotic energy conversion technology [7] and
some novel thermo-electrochemical devices, including the thermal ca-
pacitive electrochemical cycle [8,9] using supercapacitors [10], the
thermally regenerative battery [11] and the direct thermal charging cell
[12] have emerged. These devices typically reach an efficiency around
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Nomenclature 1) phase angle, °
W a parameter describing the 'power' of reactive component
A area, m? ® angular frequency, rad/s
a sound speed, m/s
c acoustic compliance per unit length, m?/Pa Special symbols
Cc molar concentration of reactive component
c isobaric heat capacity, J/kgK i imaginary unit of a complex number
E acoustic power, W || absolute value of a complex number
F spatial average function ~ complex conjugation
g acoustic power source or sink term Re real part of a complex number
H total heat flux, W Im imaginary part of a complex number
k thermal conductivity, W/mK
l length, m; acoustic inertance per unit length, kg/m> Subscripts
L, latent heat, J/mol
M transfer matrix 1 first order, complex amplitude
m molar mass flux, mol/s second order
P pressure, Pa 2nd 2nd-law; second
Pr Prandtl number b boiling
Qn heating power, W c cold end
r acoustic resistance per unit length, Pa-s/m* dry classical thermoacoustic conversion
Ry universal gas constant, J/mol'-K gas gas
h hydraulic radius, m h hot end
Sc Schmidt number ideal ideal case
T temperature, K 1d load
U volumetric velocity, m®/s m mean value
v velocity, m/s onset onset of oscillation
x location, m s solid
sys system
Greek letters ta thermal-to-acoustic
wet phase-change thermoacoustic conversion
a thermal diffusivity, m?/s
B thermal expansion coefficient, K™ ! Abbreviations
Y specific heat ratio
n efficiency; a parameter describing sorption kinetics AHX ambient heat exchanger
v kinematic viscous, m?/s HHX hot heat exchanger
I3 porosity REG regenerator
p density, kg/m?> TBT thermal buffer tube
T Womersley number

10%-20% of Carnot efficiency in lab-scale experiments, but their ap-
plication prospects remain unclear as further research is required.
Hence, there is an urgent need to develop other clean, efficient and low-
cost technologies for low-grade heat recovery.

A thermoacoustic engine converts heat into acoustic power. It pos-
sesses several advantageous features, e.g., robustness and high relia-
bility, while also being environmentally benign. Based on character-
istics of the acoustic field, thermoacoustic engines may be classified
into three forms: standing-wave, travelling-wave, and cascade engine
which combines the former two. The travelling-wave engine has the
highest efficiency, comparable to that of an internal combustion engine
[13], owing to its inherently reversible thermodynamic cycle, which is
analogous to an Ericsson cycle. However, to drive the traditional
thermoacoustic engine generally requires high-grade heat sources
(above 873 K). In the last decade, the low-temperature difference
thermoacoustic engine, which typically consists of a looped travelling-
wave resonator and one or more locally enlarged thermoacoustic cores,
each including a regenerator sandwiched by two heat exchangers, has
attracted the interests of many researchers. Although this type of engine
can start to oscillate at a temperature difference as low as 20 K, a much
higher temperature difference (100-200 K) is required for steady-state
operation [14,15]. Furthermore, compared with other commercially-
available technologies, the afore-mentioned thermoacoustic engine has
lower thermal efficiency and power density. These disadvantages pre-
vent it from large-scale industrial application.

The classical thermoacoustic conversion process can be enhanced by
coating the solid surface with a condensed vapor layer, from and onto
which evaporation and condensation occur. Raspet et al. firstly verified
the enhancement of phase change on thermoacoustic conversion in a
standing-wave thermoacoustic demonstrator, in which the onset tem-
perature difference was reduced to 80 K with a wet stack, compared to
280 K with a dry stack [16]. Similar phenomena were also observed in
other standing-wave and travelling-wave engines by Tsuda and Ueda
[17,18], Noda and Ueda [19] and Kawaminami et al. [20]. Meir et al.
reported the steady-state operation of a standing-wave engine working
in both ‘dry’ (i.e. classical thermoacoustic conversion) and ‘wet’ (i.e.
with phase-change) modes [21]. Atmospheric air was used as the ‘non-
reactive’ gas, and the wet mode was realized by soaking the stack in
water prior to the experiments. The wet engine operated at a tem-
perature difference 150-200 K lower than its dry equivalent while
producing up to eight times more acoustic power [21]. To understand
the mechanism of phase-change thermoacoustics, some theoretical
work has also been carried out. Based on Rott’s classical theory of
thermoacoustics, Raspet et al. developed equations to describe the
propagation of sound in the thermoacoustic process with condensation
and evaporation [16]. They modified the classical linear thermo-
acoustic theory by adding the effects of phase change and diffusion to
the bulk flow of the working fluid mixture in the continuity equation, as
well as the equations describing the transport of heat and mass, and
produced work [22]. They also carried out an idealized calculation on a
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wet-wall standing-wave thermoacoustic refrigerator, which indicates
that both the cooling power and coefficient of performance of the re-
frigerator can be improved by incorporating phase change in the clas-
sical thermoacoustic conversion [22]. Weltsch et al. proposed an ap-
proximate model to describe the mass transfer in a quarter-wavelength
standing-wave resonator where the humid air undergoes a reversible
sorption process [23]. By introducing parameters describing the sorp-
tion kinetics and decouple the Clausius-Clapeyron relation from the
continuity equation, Offner et al. proposed a more general theory,
which is able to describe the thermoacoustic conversion incorporated
with any kind of mass exchange process between working fluid and
solid surface, including condensation/evaporation but also extendable
to reversible reactions such as absorption or adsorption [24]. Yasui and
Izu developed a Lagrangian method to investigate the pV work of a fluid
parcel moving in the wet stack with in both standing-wave and tra-
velling-wave fields, showing that the thermoacoustic conversion is al-
ways enhanced by phase change in the travelling wave field, while it is
sometimes suppressed in the standing-wave field [25]. The above-
mentioned theoretical body of work has laid the foundation of phase-
change thermoacoustic conversion; however, a full analysis of the
performance characteristics of a phase-change, looped-travelling wave
system has yet to be done.

Up until now, most of the studies on phase-change thermoacoustic
engines were focused on the standing-wave engine, which, while shown
to be better than the dry mode, is still expected to be less efficient than
the travelling-wave engine, due to its intrinsically irreversible ther-
modynamic cycle. The extent to which the travelling-wave thermo-
acoustic conversion can be enhanced by the phase change of a con-
densable species has yet to be studied. In the present study, we report a
looped travelling-wave thermoacoustic engine with a binary gas mix-
ture, including a non-reactive gas and a reactive, phase-changing,
component, which is shown to significantly enhance thermoacoustic
conversion. A thorough numerical investigation of the onset process
and steady-state of the engine was carried out. Our results illustrate that
this engine exhibits a low onset temperature difference, high acoustic
intensity and high efficiency while driven by a low-grade heat source.

2. Model formulation
2.1. Model system

Fig. 1 shows the configuration of a travelling-wave thermoacoustic

-
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engine with phase change. It consists of four identical stages, each
containing an ambient heat exchanger (AHX), a regenerator (REG), a
hot heat exchanger (HHX), a thermal buffer tube (TBT) and a second
ambient heat exchanger (2nd AHX). We chose this configuration be-
cause it has already been proven to be an efficient classical thermo-
acoustic engine by de Blok [14], Yang et al. [15], Jin et al. [26,27] and
Bi et al. [28]. The dimensions of the main parts are listed in Table 1.

Fig. 1 also depicts a schematic illustration of the thermodynamic
cycle executed by the travelling-wave thermoacoustic conversion in the
wet mode. The variations of volume, pressure, and temperature of a
representative mixture parcel are similar to those of a gas parcel in the
dry mode [29], but in the former they are accompanied with phase
change and variations in the concentration of the reactive component.
Following an idealized, 4-step cycle, beginning with (1), the mixture
parcel moves to the left with almost constant pressure, and absorbs heat
from the solid surface. Some reactive component evaporates from the
liquid film on the solid surface and goes into the parcel due to the in-
creased saturation vapor pressure caused by the temperature rise. In
(2), the parcel expands isothermally, accompanied by heat absorption,
and the addition of the reactive component, because the partial pres-
sure of the vapor drops. In (3) and (4), which are the reverses of (1) and
(2) respectively, the condensations of the reactive component occur
because of the temperature drop and pressure rise, respectively. During
this cycle, the acoustic power is generated by the expansion of the
parcel in (1) and (2), which can be significantly increased by phase
changes of the reactive component. Additionally, a mass flux occurs
because of the cycle — for a given mixture parcel, the position where
condensation occurs is always colder than the place where evaporation
occurs. In order to maintain the conservation of reactive component
mass, the liquid reactive component has to be drawn back from the cold
side to the hot side by some passive force, such as the capillary force of
the regenerator, or gravity.

2.2. Governing equations

The working fluid in a phase-change thermoacoustic system is a
binary mixture, containing an non-reactive gas and a reactive, con-
densable component accompanying traditional thermoacoustic con-
version with phase change. Under the ‘long-wavelength approxima-
tion’, the flow and heat transfer of the binary mixture in the system can
be described by the following equations [24]

Fig. 1. (a) Schematic of the looped travel-
ling-wave thermoacoustic engine with phase
change. It consists of four identical stages,
each containing an ambient heat exchanger

(AHX), a regenerator (REG), a hot heat ex-
changer (HHX), a thermal buffer tube (TBT)
and a second ambient heat exchanger (2nd
AHX). (b) The conceptualized thermo-
dynamic cycle of the travelling-wave ther-
moacoustic conversion with phase change.
The non-reactive and reactive molecules are
represented by black and blue dots, respec-
tively. The four thermodynamic steps are
similar to those of a gas parcel in the dry
mode, but accompanied by phase change
and corresponding variations in the con-
centration of the reactive component: (1)
isobaric heat absorption with mass gain, (2)
isothermal expansion with mass gain, (3)
isobaric heat rejection with mass loss and
(4) isothermal compression with mass loss.
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Table 1
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Dimensions of the main parts of the engine. HHX-hot heat exchanger, REG-regenerator, AHX-ambient heat exchanger, TBT-thermal buffer tube, 2nd AHX-second
ambient heat exchanger. {-porosity, r,-hydraulic radius, h-heat transfer coefficient, 7, = ry/@/v.

Items Diameter (mm) Length (mm) Details
HHX 97 30 Parallel-plates heat exchanger, ¢ is 0.28, ry, is 0.3 mm. h is assumed to be infinite.
REG 97 30 Parallel-plates regenerator, ¢ is 0.72, r, varies to satisfy specific z,.
AHX 97 30 Parallel-plates heat exchanger, { is 0.28, ry, is 0.5 mm. h is assumed to be infinite.
TBT 26 100 -
2nd AHX 26 20 Parallel-plates heat exchanger, ¢ is 0.8, r, is 0.5 mm. h is assumed to be infinite.
Resonator 72 790 -
d, i, ~ _F
by _ _ Pm ; m= 171c chn;“ Re[plU] stF;N]
dx FAgas ) 'm 2Rg T (1+S0)Fy
__1 U1 pmCmlh_ 1 =~ My Ny |4
et L tm [ B+ 50 + 2 - B) |42
dU1 iwAgas C 1-F PmAgasD Cply dT;
=yt R -+ p, — et o T8
dx P 1-Cn mp " Tm
8 (6)
—(1—-F)—(10-F
B-E 5, wd— ) -(A-FE) o ar, v
(1 - Pr)E, E,(1 — Sc) 1—CpnR,T2 | dx . .
v v moetm 2.3. Numerical solution methodology
()
The stability limit, i.e., the critical state of the system, beyond which
o - P onset of self-sustained oscillations occurs, is calculated numerically by
v~ I'a :
dT, H, - ;Re [pl Ul(l - (1+P,->F,,)] = ity the transfer matrix method [31]. Specifically, the pressure and volu-
dx omep | UL [ E-ronsa-ma-r) & _ Aok + A.k.), metric velocity at any point x along the system, can be expressed as the
2Agasw(1 - Pr) | Fyl2 (1+Pr) v 8as s functions of those at (x—Ax)
3
X X — Ax
p(x) — M, x — AY) Dy ),
which are derived from the conservation equations for momentum, Ui (x) Ui (x — Ax) )

mass and energy, respectively. Note that Egs. (1) and (2) are the di-
mensional forms of the momentum and mass equations in Ref. [24].
Here, p;, U; and H, represent the complex pressure amplitude, volu-
metric velocity amplitude and the total energy flux, respectively, while
Tm, Pm> @, k, v, ¢, and R, are the mean temperature, density, sound
velocity, thermal conductivity, specific heat ratio, isobaric heat capa-
city and the universal gas constant, respectively. We also define the
Schmidt number Sc = v/D and Prandtl number Pr = v/a, where v, D
and a are the kinematic viscosity, diffusion coefficient and thermal
diffusivity. Ag,s and A are the cross-sectional areas of the gas channel
and the solid respectively, ks is the thermal conductivity of the solid, w
is the angular frequency and L, denotes the latent heat of phase change
of the reactive component. The functions 7, and np are related to
sorption kinetics [23,24] and, for the simple evaporation/condensation
considered herein, equal unity. The functions F, (n = a, v, or D) are
spatial averages arising from the velocity, pressure, temperature and
concentration fields; for the parallel-plates geometry of the regenerator
assumed in this study, these can be expressed as

_ tanh[( + )5./v2]

f=1 (1 + D)m/V2 &)
where i=+v/—1, , is defined as r, Jw/n where ry, is the hydraulic radius.
The specific expressions of F, for other segments can also be found in
Ref. [30].

C, is the mean molar concentration of the reactive component,
which can be obtained from the Clausius-Clapeyron relation

Cm = exp _h i—i)
" R\Tw H)| 5)

where Ty, is the boiling temperature of the reactive component. When
Tm equals Ty, Cy, reaches the limiting value of one. Egs. (1)—(3) de-
generate into their dry forms if C,, is zero. Finally, the longitudinal,
time-averaged mass flux of the reactive component, #1, can be written
as [23,24]

where M represents the transfer matrix. By applying Egs. (1) and (2),
the transfer matrices for each component can be obtained as

(Pl(o)) _ (pl (lsys)]

= Msys s

U,(0) Ui (lsys) (®
where Mgy, is the product of transfer matrices of all components. It is
clear that, in the case of a looped system, x = 0 and x = I in fact refer
to the same position, and p; and U, at x = 0 or x = ;s must be nonzero
when the system reaches the critical state of onset. In order to have a
nonzero solution, Msys must equal the unit matrix, based on which the
temperature and frequency at the onset of oscillations can be calcu-
lated.

The onset of the oscillations produces a transient state, which could
turn into a steady state if equilibria in thermodynamics and acoustics
can be achieved asymptotically. In the steady state, we assume that the
total heat flux H, is constant in all system segments except in heat
exchangers, through which heat is absorbed or rejected. We also assume
that there are no temperature gradients, i.e. dT,,/dx is zero, in the re-
sonator and heat exchanger. Next, integrations of the three coupled
equations, i.e., Egs. (1)-(3), in each segment, are performed along
the x direction using the fourth-order Runge-Kutta method. Because of
the looped configuration, p;, U; and T,, at the start of calculation
should be equal to those at the end of calculation, which are used as
boundary conditions. By targeting the boundary conditions, the dis-
tributions of p,, U; and T, in the system can then be calculated, and all
the other key parameters (w, C,, acoustic power, etc.) are then ob-
tained.

In the engine, the regenerator is the only region where thermo-
acoustic conversion occurs, with all the other system segments con-
suming acoustic power. Hence, we define the thermal-to-acoustic effi-
ciency as

7w = AErec/Qn 9

where AEggg is the acoustic power difference between the two ends of
the regenerator. The corresponding 2nd-law efficiency is
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nta,an = nta EL/(Th - Tc); (10)

where Ty, and T, are the temperatures of the working fluid at the hot
and cold ends of the regenerator, respectively. When extra loads are
installed, we define the thermal efficiency as

Mg = Eia/Qn, 11

where Eyq is the acoustic power dissipated in the load. The corre-
sponding 2nd-law efficiency is then

Maana = Ma T/ (T = To).- 12)

3. Experimental setup

The mathematical model described in Section 2.2 is generally ap-
plicable for the simulation of all loop-structured thermoacoustic devices
in which phase change takes place. To verify this model, an experi-
mental looped single-stage thermoacoustic engine was constructed, as
shown in Fig. 2, consisting of a regenerator sandwiched by two heat
exchangers, a compliance tube and several resonator segments. The
regenerator used here is a 600 CPSI ceramic honeycomb with a length
of 30 mm and diameter of 94 mm. The hot heat exchanger is made from
a 0.2 mm-thick stainless steel sheet and rolled to create corrugated
channels with a maximum height of about 2 mm. The input heating is
supplied by eight cartridge heaters, embedded within the heat ex-
changer structure. The ambient heat exchanger is similar to the hot one,
but made from a 0.2 mm-thick copper sheet. The heat is removed by
water circulated from a chiller. The resonator is a stainless steel tube
with an inner diameter of 26 mm. The compliance tube, whose me-
chanism can be found in Ref. [26], is used to adjust the acoustic field. It
is made of stainless steel, with a length of 100 mm and a volume of 0.8
L. The total loop length is around 4 m. The non-reactive gas used is
atmospheric N,, while the reactive component is water, supplied by
soaking the regenerator into distilled water for 10 minutes before the
experiments.

Two type-K thermocouples were installed at the two ends of the
regenerator. Five pressure sensors (GE UNIK 5000 series) were installed
along the loop to monitor the pressure wave. The signals from the
thermocouples and pressure sensors were acquired by NI 9212 and
9239 analog input modules, respectively. The temperature and the
pressure were measured every 5 s, and the data were displayed and
recorded by a LabVIEW-based VI.

4. Results and discussion
4.1. Idealized analysis of the thermodynamic cycle

To better understand the phase-change thermoacoustic conversion,
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Tm | dx N TotdTn

pr = ~1 pitdp

U, U,+dU,
—Q >

P pitdp
U cdx ryp/dx YeUidx  Ui+dU,

Fig. 3. The acoustic-electric analog of a short tube. L-acoustic inertance, r,-
viscous resistance, c-acoustic compliance, ryp-thermal-diffusive-relaxation re-
sistance, g-acoustic source/sink.

motivated by Swift [29], a simple acoustic-electric analog is derived, as
follows (see Fig. 3 for a schematic of the circuit analogy). Rearranging
Egs. (1) and (2), we have

dp, .

— = —(iwl + nr,) U,

™ (iwl + 1)Uy a3)
dU1 . 1

— = —|iwec + — |p, + gUy,

e R .

enabling an analogy between the acoustic system and an AC electric
circuit. The viscous resistance r, and acoustic inertance [ can be ex-
pressed as

= YPm Im[E ]
7 A IER’ (15)

_ Pml—Re[F —1]

l .
A IEI? (16)

The acoustic compliance ¢, thermal-diffusive-relaxation con-
ductance 1/rop (or thermal-diffusive-relaxation resistance r,p) and
source (for engine) /sink (for refrigerator) term g can be written as

A _
c= 8 1+(y—1)Re[1—Ex]+yRe[ Cm ﬂ} ,
DY 1-Cn 1mp a7
WA a5 _
1 e (y_l)lm[mﬂlm[_iﬂ] ,
o DV 1-Cn 1mp 18)
Ny
| B-B 1 RO-PIFE-Y ¢ 4 |z,
(1 — Pr)E, T, E,(1 — Sc) 1— Cn RTE| dx’

19)

Accordingly, the axial variation of the time-average acoustic power
can be expressed as [29]

Fig. 2. Experimental setup of the looped single-
stage thermoacoustic engine. The regenerator
(REG) is a 30 mm-long ceramic honeycomb with

a diameter of 94 mm. The hot heat exchanger

b

Compliance

@ Resonator
AN

(HHX) is a 0.2 mm-thick stainless steel sheet
rolled to create corrugated channels with a
maximum height of about 2 mm. The input heat
is supplied by eight cartridge heaters, embedded
within the heat exchanger structure. The am-
bient heat exchanger (AHX) is similar to the hot
one, but made from a 0.2 mm-thick copper sheet.
The heat is removed by water circulated from a
chiller. The compliance tube is used to adjust the
acoustic field. The symbols ‘T’ and ‘P’ represent
thermocouples and pressure sensors respec-
tively.

Valve

Data acquisitionK \
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dE2 r 1 1 ~
=2 = 2 U2 — — Ip,? + =Re[gP,Ui].
S U Z P 5 [gp, Uil

dx (20)

Next, we consider an ideal short regenerator with zero viscosity and
perfect thermal contact between the fluid and the solid material [29],
and setF, = 1, F = Fp = 0 and Pr = Sc = 0. According to Eq. (20),
the amplified acoustic power becomes

AE, = i-l-A lh2
L 1- Cu RIS

] (Th - TC)EZ,C,
(21)

where E, . is the acoustic power at the cold end. Therefore, the acoustic
power at the hot end is

T C )
Eyp=|2+ —0 h2
T 1-CnRT;

(Th — Tc)]Ez,c-
(22)

Neglecting heat conduction through the regenerator, the total heat
flux is [24]

H, = ritly,. (23)
Further, neglecting the diffusive losses in Eq.(6), we have
= —Cm 1 Es..
1-CnRTe 24
Since the input heat is given as
. 1 Cn Iy
=Wa-H=|—+ ThEy.e,
Qn h— H [Tc l—CngTf] hE2 25)
10 : : ;
B Exp.wet (a)
— Model
©
S
— 10°t 1
S
|
| |
|
|
1 2 L L L
0 0 1 2 3 4
Location (m)
80 ; T T T T
W Exp.,wet (C)
70 F —— Model 1
60 | 1
50 = 1
< 4l m "8 I ]
= 30t ]
20+ 1
10+ 1

0
20 30 40 50 60 70 80
Q, (W)
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the thermal efficiency of an ideal short regenerator is found to be

AE, _T-T,

R T (26)

showing that the idealized efficiency of the phase-change thermo-
acoustic conversion equals the Carnot efficiency.

4.2. Model validation

Experimental data from the assembled thermoacoustic engine were
compared with the calculated results. As shown in Fig. 4a and b, the
model is able to qualitatively describe the basic features of the pressure
wave form and the trend of |p,| with varying Qy,. The calculated values
of |pi1| are higher than the experimental data, while the deviations
between calculated and experimental values of AT are very small (see
Fig. 4c). A main reason for the deviations between model and experi-
ment might be that part of the channels within the AHX (and possibly
also the regenerator) were blocked by condensed water during the ex-
periments, leading to the decrease of the measured |p;|. Another reason
is the assumption of reversible sorption process, which does not account
for losses during the phase change. Finally, nonlinear losses due to the
abrupt expansion and contraction of the cross section between the re-
generator and the resonator also result in calculation error. Since there
is only one experimental point of onset in our experiments, the ex-
perimental onset temperatures of a single-stage looped thermoacoustic
engine from Tsuda and Ueda [17] were used to compare with the
corresponding calculated results. As shown in Fig. 4d, the calculated

3000 . : :

2500 M Exp.wet (b);

2000 — Model l

1500 ]
© ]
L 1000} ul ]
E_ |

5000 m ]
|

20 30 40 50 60 70 80

Q, (W)
500 . . :
B Exp.,wet Model (d)
400 | \ 0 Exp.,wet[17]—— Model |
P X Exp.dry[17] ------- Model
< 300t ]
2
5 \,
=200 " "
><><>< ______ X eanne
100+ E
i o & N S
0 . . A
0 1 2 3 4
T

Fig. 4. Comparisons between calculated and experimental results. (a) Pressure amplitude distribution under steady state. (b) Pressure amplitude vs. input heat under
steady state. (c) Temperature difference across the regenerator vs. input heat under steady state. (d) Onset temperature difference vs. Womersley number
(1, = rnv/w/v). The blue squares and lines represent measurements made in our engine and model calculations, respectively, in which py, is 1 bar, and the mixture is
water/N,. Meanwhile, the red squares are wet-mode results of Ref. [17] with a slightly different system, in which p,, is 1 bar, and the mixture is water/air; the solid
red line is the corresponding model calculation. Finally, the red crosses and dashed line are the experimental results in the dry mode from Ref. [17], and corre-
sponding model calculation, respectively, in which p,, is 1 bar, and the working fluid is air. The onset temperatures in the wet mode are much lower than those of the

dry mode, because of the enhancement by the phase change.
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ATopnset Shows good agreement with the experimental data in both trend
and magnitudes. The deviations appear to mainly come from the un-
certainties of + 5 K in the cold-side temperature in the experiments, as
well as the uncertainties in the porosities of regenerators in Ref. [17]
(assumed to be 0.8 in our calculation).

4.3. Onset analysis

The scaled frequency 7,, also known as the Womersley number, is a
key parameter for onset in both dry and wet thermoacoustic conver-
sions [23,32]. We compared the onset temperature difference AT,se; Of
the wet and dry modes with different z,. At a given 7,, ATypser in the wet
mode is much smaller than that in the dry mode, indicating an en-
hancement of thermoacoustic conversion due to phase change. It is also
observed that there is a minimal AT, at 7, = 0.8 for both modes. In
the dry mode, at different 7, there is a changing tradeoff between the
thermal gain and viscous losses, embodied in the source term g,
[29,32],

E-E

_ 5%
Bary (1 - Pr)E,

27)

According to Egs. (4) and (27), there exists an optimal 7z, for which
gary contributes the most to the acoustic power gain, and accordingly
leads to the lowest AT, 5. In the wet mode, according to Eq. (19), a

similar tradeoff that also includes mass transfer contributions exists.
Since the value of a is close to D in our calculation, we have

E -k
] +
§¥ U =PrE (ﬁ

>

Cn ) dT,
1= Cn ReTy, ) dx (28)
showing that g4, and g share the same dependence on z,, which ex-
plains why the optimal 7, in the two modes (i.e., wet and dry) are close
to each other.

Fig. 5a shows the relation between ATonee: and Cpp, the latter of
which is the vapor concentration at the hot end of the regenerator.
ATopser decreases with the rise of Cp,p, because the source term g is
dramatically amplified, as seen in Eq. (19). Fig. 5a also reveals that the
benefit of a high p,, (say, 10 bar or 20 bar) is not obvious in the wet
mode, although it is critical and even necessary for lowering AT se; in
the dry mode [27]. On the one hand, when p,, is low, a small AT,ser can
be achieved by increasing Cy, . On the other hand, the increase of py,
brings about the rise of T}, leading to a higher T, at onset (see Fig. 5c),
which will not only result in a larger viscosity, but also limit the ap-
plicable heat source.

As discussed above, a high C,, 1, is helpful to decrease ATopser, but
leads to a high T, at onset. At a given C, , and pp,, Ty, is determined by
Ty, which is an inherent property of the reactive component.
Furthermore, the performance of the engine is significantly affected by
other properties of the reactive component (p, k, D, I,, etc.). Hence,
other appropriate reactive components are worth exploring. We se-
lected four reactive components candidates, namely water, ethanol,
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methanol and 2-propanol. Their latent heat and boiling temperature at
1 bar can be found in the Supplemental Material. Fig. 5b and d show the
variations of ATonse: and Ty, at onset at different C,,, with different
reactive components. At a given Cp, h, ATonsec With water as the reactive
component is the largest, mainly because water has the highest visc-
osity at a given Cn; (see the Supplemental Material). ATypnse: Of the
other three reactive components are very close to each other. Ad-
ditionally, T}, at onset with water is the highest, followed by 2-propanol,
ethanol and methanol, finally methanol whose T, is the lowest.

4.4. Steady-state analysis

4.4.1. Acoustic field characteristics

Fig. 6 compares the distributions of temperature and acoustic field
in the system when the engine runs in the wet and dry modes. For the
convenience of comparison, we set Ty, at 332 K, T, at 311 K (see Fig. 6a)
and input heat at 400 W in both modes. In order to enable the system to
work at such a low temperature difference, the required p,, is 79 bar in
the dry mode, whereas p, is only 1 bar in the wet mode.

A travelling-wave acoustic field is always preferred in both ther-
moacoustic conversion and acoustic power propagation [13]. Fig. 6b
shows the distributions of the phase of pressure amplitude, ¢, the
phase of volumetric velocity amplitude ¢y and their difference ¢,y in
the two modes. The curves of these three variables of the wet mode are
very similar to those of the dry mode, because the symmetric config-
uration builds a robust acoustic field which is not significantly changed
by phase change. The values of ¢,y in the engine are from —19° to 25°
in the wet mode, and from —19° to 21° in the dry mode, indicating that
the travelling-wave component dominates the engine in both modes.
Furthermore, a high acoustic impedance in the regenerator is also ne-
cessary for decreasing the viscous loss in the regenerator [13]. That is
the reason why a locally enlarged regenerator is adopted in a lot of dry-
mode travelling-wave engines [14,15]. This technique is also adopted
in our wet mode design. Consequently, as shown in Fig. 6¢, the mean
values of acoustic impedance in the regenerator reach 8 p,a and 9 p,,a
in the wet and dry modes, respectively.

As shown in Fig. 6d and e, the wet mode has a much lower |p;| but a
much higher |U;| than the dry mode, due to the small characteristic
acoustic impedance py,a caused by the low p,,,. In the regenerator, |p,|
falls due to the large resistance, while |U;| rises because of the ther-
moacoustic conversion. From Fig. 6f, AErgg, the acoustic power gen-
erated in the regenerator through thermoacoustic effect, in the wet
mode, is almost double that in the dry mode, although the acoustic
power flowing in the loop E, is much lower than that in the dry mode.
Accordingly, the thermal-to-acoustic efficiency 7, in the wet mode also
is double that in the dry mode. The main reason behind the superior
performance of the wet mode is that the acoustic source term g can be
significantly enhanced by the presence of the condensable vapor, ac-
cording to Eq. (19). Considering that Cp,; in the wet case is only 0.2,
there is still much room for further improvement by increasing the
vapor concentration.

40 (a) — '7 40 (b) T N \ 'M o T Fig. 5. Onset temperature difference and the
< 30 Py L bar Py =3 bar | g 30l _Eng 2_;0 ol corresponding hot end temperature, vs. vapor
3 —p, ~10bar P, =20 bar B P concentration. In (a) and (c), four mean pres-
E 1 g 20} sures, i.e., 1, 5, 10 and 20 bar are used, and the
Z : 10+ working mixture is water/N,. In (b) and (d), four
- 0 different reactive components, i.e, water (H,0),
400 methanol (MeOH), ethanol (EtOH) and 2-pro-
g 450 (C) < (d) panol are used, while the inert gas is N,. The
2 400 ///,———;_// 1 g 350r /// mean pressure is pL = 1 bar and the Womersley
g 350f //// 1 5 / number (7, = rp+/w/v) is fixed at 0.8 in all sub-
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Fig. 6. Distributions of temperature and the acoustic field along the repeating unit in the loop, shown for the wet and dry modes. (a) Temperature. (b) Phase angle.
(c) Acoustic impedance. (d) Pressure amplitude |p,|. (e) Volumetric velocity amplitude |U, |. (f) Time-average acoustic power E,. The gray-shaded region represents
the regenerator, where the thermoacoustic conversion occurs. The working fluid is N, in the dry mode, and N,/water mixture in the wet mode. The geometric
dimensions of the engine in the two modes are identical (see Table 1) except the values of the hydraulic radius of the regenerator, which is modified as necessary to
keep a fixed value of 7, = 0.6 in both modes. The temperature difference and input heat are 21 K and 400 W in both modes. In order to enable the engine to function
at such a small temperature difference, p,, is 79 bar in the dry mode, but is only 1 bar in the wet mode.

4.4.2. Performance of the engine without load

In this section, the influence of Womersley number, mean pressure,
vapor concentration and reactive component on the steady-state per-
formance of the engine will be investigated. The input heat will be fixed
at 100 W, and the 2nd-law efficiency #, 2ng Will be used as a main
indicator to evaluate the performance of the engine, because the tem-
perature difference changes dramatically with the variation of Cp,p.
Fig. 7 shows the change of i, 2nq With different z,. An optimal 7, with
which 7, 2nq is maximized exists in each curve, because of the interplay
between thermal, diffusive and viscous effects. The optimal 7, is around
0.6, regardless of changes in p,, and Cy, ». Hence, 7, will be set fixed at
0.6 in the following discussion.

The properties of the reactive component also have a profound in-
fluence on steady-state performance. Four factors should be taken into
consideration for choosing an appropriate reactive component. The first
factor is the boiling temperature, T;,, which determines the operating
temperature range of the engine. The second one is the parameter y
[24],

(29)

which represents the ‘power’ of the reactive component because there is
a positive correlation between y and the acoustic source term g ac-
cording to Eq. (19). For all reactive components, y increases with the
temperature, particularly near the boiling temperature. The third is the
viscosity, which is one of the main sources of acoustic power loss [13],
hence, a low viscosity is always favored. The last factor is the interplays
between viscous and thermal effects, and between viscous and diffusive
effects according to Eq. (19). Given that the change of v is always ac-
companied by the variations of a and D, two dimensionless numbers,
namely Pr and Sc, should be considered. Generally, a small Pr is always
preferred [33], as well as a small Sc.

The values of Ty, v, Pr and Sc with various C, of the reactive
components used in this study at 1 bar can be found in the
Supplemental Material. In the current study, v and Sc have a profound
influence on the performance of the engine, while Pr has a less sig-
nificant impact. This is because when C,, < 0.4, the four reactive
components examined here, have similar values of Pr. When C,, > 0.4,
yw ~ 10, indicating that the diffusive term overweighs the thermal term
in Eq. (12). Consequently, the influence of Pr on the source term g is
much smaller than that of Sc.

Fig. 8a presents the variation of 7., with different Cy,, of different
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Fig. 7. Calculated 2nd-law efficiency of thermal-to-acoustic conversion vs.
Womersley number (7, = ry, Jw/v) in the wet mode. Top panel - different vapor
concentrations at a constant mean pressure. Bottom panel - different mean
pressures at constant concentration. The highest #, 2nq appears at a Womersley
number ~0.6, regardless of the variation of vapor concentration and mean
pressure. The working mixture is water/N.

reactive components, showing that 5., decreases with the increasing
Cmn, because of the decreasing AT (see Fig. 8d), which reduces the
corresponding Carnot limit. According to Egs. (3) and (6), at a given
heat flux, a smaller temperature difference is required if C, is in-
creased, since the longitudinal mass flux m is increased. That is the
reason why AT drops.

Fig. 8c presents the value of #,2nq With various Cp, j, of different
reactive components. When C,, , is small, the mixture containing me-
thanol (MeOH) as the reactive component has the highest #¢, 2ng, be-
cause of its relatively low v and Sc. The result for water is also quite
good, because of its low Sc. However, as Cp, 1, keeps rising, the perfor-
mance of the mixture with water becomes the worst, due to the in-
creased v and Sc. The mixture with 2-propanol has the lowest Sc and v
when Cy,, is high, 5o its 7 2nq is the highest, which can reach 55%
when Cp,p is 0.7.

4.4.3. Output performance of the engine with loads

In order to test the output performance of the system, an acoustic
load, which can be a linear alternator, is added to each stage at the joint
between the AHX and the resonator, as shown in Fig. 9. In this example,
we use a heat source at 340 K to drive the engine, and methanol is
employed as the reactive component since its mixture with nitrogen
exhibited the highest 5, 2nq at this temperature (see Fig. 8c). We use
5 bar mean pressure, in order to reduce the viscous loss in the re-
sonator, heat exchangers and thermal buffer tube. The acoustic
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\

Fig. 9. Schematic of the travelling-wave thermoacoustic engine with a load.
HHX-hot heat exchanger, REG-regenerator, AHX-ambient heat exchanger. The
load can be any device consuming acoustic power, e.g., a linear alternator, a
pulse tube cryocooler, etc.

impedance of the load is set fixed at (9 + 9i) x 10° kg/(ssm*), which is
a result of a rough optimization procedure.

Fig. 10 presents the performance of the engine with the load. The
solid lines represent the data of the engine with the regenerator di-
mensions shown in Table 1, while the dashed lines show results with a
different regenerator whose porosity and length are 0.9 and 20 mm,
respectively. Both Ejq and AT increase steadily with Qp, and we note
that AT rises rather slowly—about 1 K/kW. This might be counter-
intuitive to some reaseachers experienced in traditional thermoacoustic
engine. The reason behind the slow growth of AT is that, the presence of
phase change enable the engine to carry much more heat flux than its
dry equivalent at a given temperature gradient, according to Eq. (3).
The maximal 2nd-law efficiency 714, 2nq is 38%, and the corresponding
ma and Ejq are 3.6% and 15 W, respectively. At this operating point, the
engine works at a Ty, of 340 K and T of 308 K. The drop of 714, 2nd as Qn
rises is caused by the increasing viscous loss. Assuming that the load is a
linear alternator with the same acoustic impedance, a practical esti-
mation of the acoustic-to-electric efficiency is 70% [34], which leads to
a maximum 2nd-law thermal-to-electric efficiency of 27%.

Additionally, it should be noted that, for the system decribed here,
when Q, > 2000 W, |p;|/pm might be greater than 0.1 in some seg-
ments of the system, which is beyond the low-amplitude limitation of

4% 400 b Fig. 8. Calculated performance of the engine
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MeOH 2-Propanol | & //ﬁf water (Hp0), methanol (MeOH), ethanol
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——H,0 — EtOH reactive gas. (a) Thermal-to-acoustic effi-
0 200 MeOH 2-Propanol ciency vs. hot side vapor concentration. (b)
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the linear model used here, and may cause significant deviations. That
is the reason why we only focus on the utilization of low-grade heat
sources. The performance under large temperature difference, which is
considered to be very attractive but significantly influenced by non-
linear effects, has been scheduled in our near future efforts.

As a final note, our preliminary experiments have highlighted some
technical challenges that need to be overcome before the full potential
of this novel engine can be realized. First, an appropriate material for
the regenerator must be found. To be specific, the regenerator must
allow the reactive component to be efficiently transported in the axial
direction, without any blockage due to liquid accumulation within the
channels. It should also allow the condensed or adsorbed vapor to be
continually recycled back to the hot section of the engine, to ensure
constant supply. The second one is the high-performance heat ex-
changer. In our current experimental setup, we used parallel-plates heat
exchanger, which works well at low heating power, but for better
performance, more efficient heat transfer through phase change or di-
rect contact should be considered.

5. Concluding remarks

In this work, we have studied a looped travelling-wave thermo-
acoustic engine with phase change. A binary mixture including one
non-reactive gas and one reactive component is used, so that eva-
poration/condensation can occur during thermoacoustic conversion.
Following experimental verification, a numerical model was used to
assess the characteristics of both onset and steady state of the engine, as
affected by various parameters and operating conditions.

According to our analysis, the presence of phase change can not
only dramatically reduce the onset temperature difference of the en-
gine, but also significantly enhance thermoacoustic conversion in
steady-state operation, leading to increased efficiency and energy
density. The presented travelling-wave thermoacoustic engine with
phase change is able to work at a temperature difference below 50 K,
under which our model predicts that a thermal-to-acoustic efficiency
greater than 40% of the Carnot efficiency can be achieved. This tem-
perature difference can be supplied by abundant, low-grade heat
sources. Moreover, compared with the traditional thermoacoustic en-
gine, a much lower mean pressure is required, which can result in
significantly reduced fabrication costs and increased safety.

A thermoacoustic engine may be used for electricity production or
to drive a thermoacoustic heat-pump for cooling applications. Doing so
with no environmentally hazardous materials, little to no moving parts
and at low temperatures, using accessible and abundant heat sources,
would be a major technological development for a more sustainable
future.
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