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A B S T R A C T   

Thermoacoustic technology is a promising approach for environmentally-benign, low-cost heat pumping. Herein, 
we present a theoretical investigation on phase-change thermoacoustic heat pumping employing both an ideal 
model (a short heat pump in a pure travelling-wave field), as well as a full-size, looped-tube thermoacoustic heat 
pump. In the analysis of the short heat pump, we identified and assessed the main factors and their influence on 
the performance of an ideal phase-change travelling-wave heat pump. The results show that, ideally, the cooling 
power can be significantly increased by up to one order of magnitude, and the COP (coefficient of performance) 
can also be improved by the incorporation of phase change into the thermoacoustic cycle. Meanwhile, the 
analysis of the full system provides a more practical view of the enhancement due to phase change. A significant 
increase of cooling power is observed in the phase-change system with a high concentration of the reactive 
component, but increased of the COP only occurs under small temperature differences (below 10 K). The main 
reason for the gap in observed performance between the ideal model and the full system is the deviation, under a 
large temperature difference, of the acoustic field from the requirements for effective enhancement, as revealed 
in the ideal model. Our results demonstrate the potential of the phase-change travelling-wave thermoacoustic 
heat pump for efficient and low-cost heat pumping, especially for small temperature difference applications.   

1. Introduction 

It is estimated that, by the end of the century, the demand for global 
air conditioning would grow by as much as 83%, leading to a potential 
increase of up to 23 million tons of annual carbon dioxide emissions [1]. 
Therefore, developing environmentally-friendly heat pumping technol
ogies with high efficiency and low costs is an urgent issue [2]. 

The thermoacoustic heat pump (THP) is a heat pumping (or refrig
eration) device, featuring the advantages of high reliability and low 
manufacturing costs due to the lack of moving parts, as well as being 
environmentally-benign. In a THP, acoustic power is used to produce 
pressure oscillations, while the thermoacoustic conversion occurs in the 
stack or regenerator of the THP, where the interplay between pressure, 
velocity and temperature oscillations near the boundary layer generates 
a time-averaged, non-zero heat flux up the temperature gradient, i.e., 
thermoacoustic cooling effect [3]. An early experimental demonstration 
on this effect was performed by Gifford and Longsworth [4], who 
observed heat pumping within a straight tube, in the presence of 

pressure oscillations. In a subsequent study, Feldman and Carter [5] 
discovered that the thermoacoustic conversion could be significantly 
enhanced by introducing a porous medium (often referred to as a stack 
or regenerator) into a thermoacoustic system, due to the increased 
surface area available for conversion. Since then, efficient THPs with up 
to hectowatt-scale [6] and kilowatt-scale cooling power [7], and with 
more than 100 K temperature drop [8] have been developed, indicating 
applications in space expeditions [9], off-shore gas liquefaction [10] and 
heat recovery [11]. 

Early THPs were of a standing-wave type, characterized by a straight 
tube resonator, which forms a standing-wave acoustic field. The ther
modynamic cycle in these devices requires imperfect thermal contact 
between the gas and the solid, resulting in an inherent irreversibility 
that substantially limits the efficiency. In a typical acoustic-driven, 
standing-wave THP, the highest coefficient of performance (COP) was 
only 16% of the Carnot cycle [9]. During the last two decades, THPs 
based on the travelling-wave thermoacoustic conversion, characterized 
with a looped resonator, have been developed. They are expected to be 
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more efficient than the standing-wave THPs, because the corresponding 
thermodynamic cycle can be reversible. For instance, Swift and Wollan 
[12] reported a travelling-wave THP, whose COP relative to Carnot cycle 
could be as high as 23%. Hofler [13] proposed a heat-driven thermoa
coustic heat pump that includes both an engine stage and a heat pump 
stage—the former consumes heat to generate acoustic power, and the 
latter consumes acoustic power, provided by the engine stage, to pump 
heat. This idea has been adopted in many travelling-wave THP systems 
(see, e.g., [14–18]). In particular, a commercial heat-driven THP 
developed by SoundEnergy B.V., driven by waste heat in the tempera
ture range of 160–300∘C, is able to provide 25–40 kW of cooling power 
for household use [19]. Systems with similar configuration were also 
built for natural gas liquefaction, which provided several hundreds 
watts of cooling power with an overall efficiency of 8% to 10% of the 
Carnot efficiency [20,21]. 

Recently, the idea that thermoacoustic conversion can be enhanced 
by phase change, (which, apparently, was already noted by De la Rive in 
the 19th century) [22], has regained attention. Rather than using a pure 
gas phase working fluid, the phase-change thermoacoustic system 
adopts a binary mixture comprised of an “inert” gas and a “reactive” 
component that undergoes reciprocating mass exchange with the solid 
boundary during the oscillation, as the working fluid. In an acoustic 
field, the partial pressure oscillation of the reactive component induces 
mass exchange between the gas and the solid wall, via gas–liquid phase 
change [23]. As a result, the heat flux and volumetric velocity oscilla
tions are amplified, and the thermoacoustic conversion is enhanced 
accordingly. This enhancement was modelled by Raspet et al. [24,25], 
and later verified in thermoacoustic engines both theoretically and 
experimentally [26,27,23,28,29]. Further, the phase-change thermoa
coustic conversion can also be used to improve the performance of a 
THP, as revealed by Slaton et al. [30] through an ideal theoretical 
analysis on a standing-wave THP. Yang et al. [31] built a phase-change 
standing-wave THP, observing a twofold increase of the COP through 
the introduction of phase change. 

To date, an investigation of phase-change thermoacoustic heat 
pumping in a travelling-wave acoustic field, which is potentially more 
efficient than in a standing-wave field, has yet to be performed. Herein, 
we present a theoretical study on travelling-wave phase-change ther
moacoustic heat pumping, using both an ideal model (a short heat pump 

in a pure travelling-wave field), and a full numerical analysis of a multi- 
stage thermoacoustic heat pump with a looped configuration. In the 
analysis of the short heat pump, we examine the influence of the main 
factors determining the thermoacoustic heat pumping, in order to shed 
light on the performance of an ideal phase-change travelling-wave heat 
pump. In the full system analysis, we perform systematic numerical 
experiments demonstrating the effect of phase change in a practical 
system. Our results show the potential of the phase-change travelling- 
wave thermoacoustic heat pump for clean, efficient and low-cost heat 
pumping, especially for a small temperature difference. 

2. Model formulation 

2.1. Theory 

The acoustic-to-thermal conversion in a travelling-wave system oc
curs within the regenerator, which is, in general terms, a porous media. 
In order to maintain good thermal contact between the solid and the gas, 
the pore hydraulic radius is required to be much smaller than the local 
penetration depths [32]. As shown in Fig. 1a, heat will be pumped 
against the direction of the acoustic power, via a thermodynamic cycle 
that involves phase change in the travelling-wave acoustic field. The 
cycle is analogous to a reverse Ericsson cycle, as shown in Fig. 1b. In this 
4-step cycle, acoustic power is consumed in order to pump heat against 
the temperature gradient. Beginning from step (1), the mixture parcel, 
comprising a reactive component (that undergoes phase change be
tween fluid and gas), and an inert gas, moves toward the lower tem
perature region isobarically, and rejects heat into the solid. Further, the 
lowered saturation vapor pressure caused by the temperature drop 
drives condensation of the reactive component onto the liquid film on 
the solid surface. In step (2), the parcel expands as the pressure de
creases. Some reactive component evaporates from the liquid film into 
the parcel, carrying latent heat with it. Finally, in steps (3) and (4), the 
parcel undergoes the reverse processes of steps (1) and (2), whereby the 
parcel moves back along the direction of wave propagation. Mass, and 
latent heat, are therefore shuttled along the regenerator, creating and 
maintaining a temperature difference. 

The theoretical description of phase-change thermoacoustic con
version was first developed by Raspet et al. [25] and Slaton et al. [30], 

Fig. 1. (a) Geometry of the parallel-plate regenerator. (b) The thermodynamic cycle in a travelling-wave phase-change thermoacoustic heat pump. The four 
thermodynamic steps: (1) isobaric heat rejection with mass loss, (2) isothermal expansion with mass gain, (3) isobaric heat absorption with mass gain and (4) 
isothermal compression with mass loss. 
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who introduced the effects of phase change and diffusion into Rott’s 
linear thermoacoustic theory. This model was expanded by Weltsch 
et al. [33] and Offner et al. [23] to describe the thermoacoustic con
version incorporated with mass exchange process between working fluid 
and solid surface, including condensation/evaporation but also 
extendable to reversible reactions such as absorption or adsorption. The 
theory was validated against experiments in some phase-change ther
moacoustic systems [26,28,31]. Herein, we use the dimensional form of 
the equations formulated in Offner et al. [23] to model the phase-change 
thermoacoustic heat pump. 

The governing equations for momentum, continuity, total power and 
energy transfer are given as 

dp1

dx
= −

iωρm

FνAgas
U1, (1)  

dU1

dx
= −

iωAgas

ρma2

[
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(
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)

+ γ
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]
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+

⎡
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β +

ην
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Cm
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lh
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m

⎤

⎦ dTm

dx
U1,

(2)  

dTm
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=

Ḣ2 −
1
2 R

[

p1Ũ1

(
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)]

− ṁlh

ρmcp |U1 |
2

2Agasω(1− Pr)|Fν |
2 I

[
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]

−
(
Agask + Asks

)
, (3)  

dḢ2

dx
= q̇, (4)  

where p1 and U1 are the amplitudes of the pressure and volumetric ve
locity, respectively. Ḣ2 is the total energy flux, where the subscript “2” 
indicates a second-order quantity. Tm, ρm, a, cp, γ, β, 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, Rg is the 
universal gas constant, ω is the angular frequency, k and ks represent the 
thermal conductivity of the gas and solid, respectively, lh is the latent 
heat of the reactive component and Agas and As represent the cross- 
sectional area for gas and solid, respectively. The parameters ην and ηD 
account for generalized sorption kinetics, and reduce to unity in the 
gas–liquid phase change considered herein [23]. The symbols R and I 

denote the real and imaginary parts of a complex number. q̇, the change 
rate of Ḣ2 along the axial direction, is zero in all components except in 
heat exchangers. ṁ is the time-averaged mass flux, which can be 
calculated by [33]  

Note that ṁ represents the mass flux of the reactive component in the gas 
phase, which equals (but with an opposing direction) the mass flux of 

the liquid required to reach a balance within the regenerator (see the 
returning flow in Fig. 1(b)) [30]. The mean concentration of the reactive 
component is determined by the Clausius–Clapeyron relation 

Cm = exp
[

−
lh

Rg

(
1

Tm
−

1
Tb

)]

, (6)  

where Tb is the boiling temperature of the reactive component. The 
functions Fn (n = α, ν or D) for a parallel-plate regenerator used in this 
work can be expressed as [12] 

Fn = 1 −
tanh

[(
1 + i

)
τn
/ ̅̅̅

2
√ ]

(
1 + i

)
τn
/ ̅̅̅

2
√ (7)  

Additionally, by rearranging Eq. (2), a thermoacoustic sink term can be 
derived: [28] 

g =

⎡

⎣ Fν − Fα

(1 − Pr)Fν

1
Tm

+

ην
ηD
(1 − FD) + Fν − 1

Fν(1 − Sc)
Cm

1 − Cm

lh

RgT2
m

⎤

⎦∇Tm. (8)  

This term directly contributes to the thermoacoustic conversion [12], 
and will be used in the forthcoming discussion of the system. 

2.2. The short heat pump approximation 

The acoustic field is one of the most important factors controlling 
thermoacoustic conversion, since it determines the phasing between 
reciprocating motion and compression/expansion, much like a piston. In 
a travelling-wave thermoacoustic system, the acoustic wave is actually 
not a pure travelling wave, but is dominated by the travelling-wave 
component (while also containing a standing-wave component). The 
relative travelling-to-standing wave component is reflected by the phase 
difference between p1 and U1. This phase difference, and the acoustic 
impedance (defined as z = p1Agas/U1), are very sensitive to the change 
of geometry and working conditions of the system, and are consequently 
different in various systems [20,21,34]. In order to reduce the depen
dence on these and focus on the effect of phase change, we formulate an 
ideal model of a phase-change travelling-wave heat pump (much like the 
’short engine’ approximation in Swift [35]), which is a regenerator with 
a length Δx, short compared with the wavelength, such that the values of 
p1,U1 and Tm in the heat pump can be considered independent of x. The 
acoustic field is assumed to be a pure travelling wave, i.e., the phase 
difference between p1 and U1 is zero. 

The acoustic power consumed in the ’short’ heat pump is given by 
[12] 

ΔĖ = −
Δx
2

R

{
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+
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Ũ1

}

(9)  

Plugging Eqs. (1) and (2) into Eq. (9), we have  
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(5)   
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The cooling power of the short heat pump can be calculated by [32]  

Thus, the COP of the device, within the limits of this ideal model, can be 
expressed as 

COP =
Qc

ΔĖ
, (12)  

and the corresponding COP under the Carnot cycle is 

COPcarnot =
Tm

L
Δx

ΔTm
. (13)  

The COP relative to Carnot is defined as 

COPR =
COP

COPcarnot
(14)  

By substituting Eqs. (10) and (13) into Eq. (14), neglecting the axial heat 
conduction and diffusion (which becomes increasingly inaccurate, 
generally speaking, as ∇Tm increases), we find that COPR depends on 6 
factors, namely, 

COPR = F

(

pm,
∇Tm

ω , |z|, τν,Cm,mixture properties
)

, (15)  

where τν = rh
̅̅̅̅̅̅̅̅
ω/ν

√
is the Womersley number, ∇Tm is the temperature 

gradient and z = p1Agas/U1 is the acoustic impedance. The detailed 
expression of Eq. (15) can be found in the appendix. Further, this 
simplified model shows that COPR weakly depends on pm (see the ap
pendix). Hence, the number of main factors determining COPR is 
reduced to 5: τν,

∇Tm
ω , |z|,Cm and the mixture properties. 

Additionally, as can be seen, for an ideal travelling-wave refriger
ator, if we neglect viscous losses, such that Fν = 1, FD = Fα = 0,Sc =

Pr = 0, we get COPR = 1, which means its efficiency can theoretically 
reach that of the Carnot cycle. 

2.3. Numerical simulation of a multi-stage heat pump system 

While providing simple insight, the short heat pump model is based 
on several assumptions, which may be far from a real travelling-wave 
heat pump system. In this section, we develop a model of a far more 
realistic, phase-change travelling-wave thermoacoustic heat pump 
(PTTHP), so as to probe its projected performance. As shown in Fig. 2, 
the PTTHP consists of four identical stages. Each stage includes a 
regenerator, two heat exchangers, a secondary ambient heat exchanger, 
a thermal buffer, a resonator, and an acoustic source (for example, a 
linear alternator). The detailed dimensions of each component are listed 
in Table 1. This looped configuration has already been proven to be an 
established design, able to achieve an acoustic field dominated by the 
travelling-wave component [11]. When under operation, the acoustic 
power from the acoustic source is delivered to the adjacent thermoa
coustic stage, where the acoustic power is consumed to pump heat from 

the cold end to the ambient end. A binary mixture, including one inert 
gas (helium) and one reactive component (ammonia) is used as the 

Fig. 2. Schematic of the phase-change travelling-wave thermoacoustic heat 
pump. It consists of four identical stages, each containing a hot heat exchanger 
(HHX), a regenerator (REG), a cold heat exchanger (CHX), a secondary cold 
heat exchanger (2nd CHX), a thermal buffer tube (TBT), and an acoustic source. 
L is the total loop length. 

Table 1 
Specifications of the phase-change travelling-wave thermoacoustic heat pump. 
HHX-hot heat exchanger. REG-regenerator. CHX-cold heat exchanger. 2nd CHX- 
secondary cold heat exchanger. TBT-thermal buffer tube. ζ-porosity, defined as 

ζ ≡
Agas

(Agas + As)
. rh-hydraulic radius. h-heat transfer coefficient.  

Items Diameter 
(mm) 

Length 
(mm) 

Details 

HHX 132 10 Parallel-plate heat exchanger, ζ is 0.76, 
rh is 0.4 mm. h is assumed to be infinite.  

REG 132 12 Parallel-plate regenerator, ζ is 0.8, rh 
varies to satisfy specific τv  

CHX 132 20 Parallel-plate heat exchanger, ζ is 0.76, 
rh is 0.5 mm. h is assumed to be infinite.  

TBT 26 400 - 
2nd CHX 26 20 Parallel-plate heat exchanger, ζ is 0.8. rh 

is 0.5 mm. h is assumed to be infinite. 
Resonator 26 440 -  
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. (10)   

Qc = Ėc − Ḣ2 = −
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2
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2 I
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. (11)   
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working fluid. 
In the model of this system, several assumptions were made: First, 

the temperature gradient is assumed zero in the resonator and heat ex

changers. Second, the total energy flow Ḣ2 is assumed to be constant 
along the resonator, thermal buffer tube and the regenerator, which 
represents perfect thermal insulation in these components. Finally, the 

Fig. 3. The relation between COPR and τν of the short heat pump in a pure travelling-wave field, at different values of |z| in (a) and ∇Tm/ω in (b). The working 
mixture is helium and water, pm = 10 bar, Cm = 0.4. 

Fig. 4. Performance of the short heat pump in a pure travelling-wave field, at varying values of Cm, the concentration of the reactive component. The solid and 
dashed lines represent wet and dry cases, respectively. (a) COPR - coefficient of performance relative to Carnot. (b) Specific cooling power, Qc/(AgasΔx). 6 materials 
are used as the reactive component respectively, while the inert gas is fixed as helium. The mean pressure is pm = 10 bar and the acoustic impedance is |z| = 30 ρma. 
The value of τν, or rh, has been optimized at every point to reach the highest COPR. ∇Tm

ω = 1.33K⋅s/m. For the dry cases, the horizontal axis Cm denotes the cor
responding Tm according to Eq. (6). 

Fig. 5. A comparison between the performance of the system under wet and dry modes of operation. (a) The dependence of COPs
R on the temperature difference, with 

different Womersley number τν (τν = rh
̅̅̅̅̅̅̅̅
ω/ν

√
). (b) The dependence of cooling power on temperature difference. (c) The contribution of the mass flux to the total 

cooling power. In (a) and (b), the solid and dashed lines represent the wet and dry cases, respectively. The working fluid is helium in the dry mode, with a helium/ 
ammonia mixture in the wet mode. Cm,a = 0.5 (Ta = 276 K). pm = 10 bar. |p1| at the hot end of the regenerator is set to be 3% of the mean pressure. 
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heat transfer coefficient between the gas mixture and the solid of the 
heat exchangers is infinite. Given the symmetry of the four identical 
stages, only one stage was calculated by adopting periodical boundary 
conditions, i.e., 

|p1|x=0 = |p1|x=L/4, (16a)  

|U1|x=0 = |U1|x=L/4, (16b)  

ph(p1)x=0 = ph(p1)x=L/4 + 90◦, (16c)  

ph(U1)x=0 = ph(U1)x=L/4 + 90◦, (16d)  

Tm,x=0 = Tm,x=L/4. (16e)  

The symbol ph denotes the phase angle of a complex number. By inte
grating Eqs. (1)–(4) with a fourth-order Runge–Kutta routine, and tar
geting the boundary conditions, the distributions of p1,U1 and Tm and 
Ḣ2 along the system can be obtained. The acoustic power is then 

calculated by Ė2 = 1
2 R

[
p1Ũ1

]
. The cooling power QC is taken as the 

difference of Ḣ2 between the two ends of the cold heat exchanger. 
We then define the coefficient of performance of the system 

COPs =
Qc

ΔEr
(17)  

where ΔEr is the acoustic power difference between the two ends of the 
regenerator. 

The relative Carnot coefficient of performance is defined as 

COPs
R =

COPsΔT
Tc

(18)  

where ΔT = Th − Tc, and Th and Tc are the temperatures at the hot and 
cold end of the regenerator, respectively. 

3. Results and discussion 

3.1. Short heat pump 

We begin by examining the main parameters affecting the process, 
using the simplified model, which enables straightforward insight. In 
what follows, we discuss how these factors affect COPR, and the required 
conditions for achieving high performance. 

In Fig. 3, we present the dependence of COPR on the Womersley 

number, τν, with different values of acoustic impedance |z| in (a), and 
with different ∇Tm

ω shown in (b). The parameter τν = rh
̅̅̅̅̅̅̅̅
ω/ν

√
represents 

the ratio of the viscous time scale (r2
h/ν) to the oscillation time scale 

(1/ω). In order to achieve an efficient thermoacoustic conversion in the 
travelling-wave field, τν < 1 is required, otherwise the process shown in 
Fig. 2b cannot be completed [36]. However, if τν is too small, viscous 
dissipation becomes dominant, leading to significant losses. For this 
reason, all curves in Fig. 3a demonstrate a peak around τν of ∼ 0.4 − 0.6. 
Furthermore, it can be seen that a high acoustic impedance 
(∼ 10 − 30 ρma, recommended by Gardner and Swift [37]) helps 
improve COPR, since it reduces the relative impact of viscous losses. In 
Fig. 3b, it can be seen that the highest COPR are ∼ 80%, for all curves, 
with different ∇Tm

ω , but the corresponding optimal τν decreases as ∇Tm
ω 

increases. Moreover, the value of COPR becomes more sensitive to τν as 
∇Tm

ω increases, which may pose a challenge for a PTTHP working with 
large temperature differentials, because slight deviations of τν from the 
optimal value can severely impact its performance. 

In a pure standing-wave field, the enhancement of phase change on 
COPR can be readily shown through a simple equation [30]. However, in 
a travelling-wave heat pump, the enhancement is more obscure because 
there is no such simple expression. In order to clearly show the effects of 
phase change, in Fig. 4, we compare the values of COPR of the short heat 
pump between wet (with phase change) and dry (without phase change) 
modes, in a pure travelling-wave field at various values of Cm, with 6 
different reactive components. Note that in the dry cases, Cm ≡ 0, thus 
the horizontal axis Cm denotes the corresponding Tm, according to Eq. 
(6). 

The values of COPR in Fig. 4a can be considered as the upper limit 
achievable by the heat pump at the specific Cm and ∇Tm

ω , because τν has 
been optimised for highest COPR at every point (the corresponding hy
draulic radius rh is shown in the appendix), and the sensitivity to |z| is 
small because it is already fixed at a rather large value (see Fig. 3a). It 
can be seen that the values of COPR in both dry and wet modes can 
exceed 70%, owing to the theoretically reversible thermodynamic cycle 
of the travelling-wave thermoacoustic conversion. However, COPR in 
the wet mode becomes increasingly higher than that in the dry mode as 
Cm increases, verifying the enhancement, due to phase change, of the 
travelling-wave thermoacoustic conversion. The main reason behind 
this is that the additional pumped heat introduced by phase change, 
mainly manifested in the amplified sink term g, far exceeds the accom
panied losses (such as the viscous dissipation), which are only weakly 
affected by the introduction of phase change. 

From Fig. 4b, we see that the specific cooling power Qc

(AgasΔx)
in the wet 

Fig. 6. The performance of the PTTHP under different concentration of the reactive component, Cm,a, at the hot end. (a) The dependence of COPs
R on Cm,a, at different 

temperature differences. (b) The dependence of cooling power, Qc, on Cm,a, at different temperature differences. (c) The distributions of acoustic impedance and 
temperature (normalised) in the regenerator. χ = Δx/lr is the normalised location of the regenerator, where Δx is the distance to the cold side, and lr is the length of 
the regenerator. Γ = (T − Tc)/ΔT is the normalized temperature. pm = 10 bar. |p1| at the hot end of the regenerator is set to be 3% of the mean pressure. 
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mode is much higher than that in the dry mode. In particular, it can be 
one order of magnitude higher when Cm is above 0.6 when ammonia and 
water are used. The increased cooling power in the wet mode is mainly 
contributed by the time-averaged mass flux due to phase change, which 
translates into a heat flux ṁlh. Therefore, the values of Qc

(AgasΔx)
for 

different reactive components under a specific Cm are mainly deter
mined by the latent heat lh of the reactive component, and the specific 
mass flux ṁ

(AgasΔx)
. For instance, the value of Qc

(AgasΔx)
is greatest for water, 

corresponding with its latent heat being the highest. 
To adopt a high Cm is an effective strategy to increase both the COPR 

and the cooling power of the heat pump. However, it poses significant 
engineering challenges, because the mass flux ṁ is very high under large 
Cm (see the appendix), therefore requiring a large amount of liquid to be 
transferred quickly through the narrow channels of the regenerator 
without blocking them, enabling the evaporated liquid to be replenished 
in time at all points in the system. Moreover, the optimal τν decreases as 
Cm increases, resulting in a very small optimal pore size of the regen
erator (see the appendix), which may further increase the challenge of 
proper regenerator design. 

3.2. System analysis 

Next, we turn to examine the performance of a full PTTHP, in a 
looped configuration as shown in Fig. 2. In Fig. 5, we show a comparison 
between the performances of the wet and dry modes of the PTTHP, both 
at a mean pressure of 10 bar. The pressure amplitude |p1| at the hot end 
of the regenerator is set to be 3% of the mean pressure. As can be seen, 
both modes of operation can reach a COPs

R >60%, but with different 
ranges of ΔT. The COPs

R of the wet mode peaks at a much smaller ΔT 
than the dry mode, and decreases rapidly as ΔT increases, eventually 
leading to a COPs

R lower than that of the dry mode at a large ΔT. This is 
mainly ascribed to two reasons. First, in the wet mode, the acoustic 
impedance |z| near the hot end of the regenerator decreases significantly 
when ΔT is increased. For example, with τν = 0.4, |z| > 10ρma in the 
entire regenerator when ΔT < 10 K, while |z| near the hot end drops to 6 
ρma when ΔT = 40 K, which increases the viscous loss, and thus de
creases COPs

R. Second, COPs
R becomes increasingly sensitive to τν as ∇Tm 

(or ΔT) increases, as revealed in Fig. 3b. The inevitable deviation of τν 
from its optimal value causes further reduction of COPs

R under a large 
ΔT. A straightforward idea to improve the performance is to reduce ∇Tm 
by increasing the length of the regenerator, which works, however, with 
limited effect. When the length is increased, the distribution of the 
temperature along the regenerator will become increasingly non-linear, 
which means ∇Tm near the hot end will be significantly larger than that 
near the cold end. This will decrease |z| near the hot end, offsetting the 
advantages from increasing the length. 

In the phase-change heat pump, there exists a time-averaged mass 
flux ṁ of the reactive component along the regenerator. This mass flux 
carries a considerable amount of heat (the latent heat of phase change) 
against the temperature drop, leading to a much higher cooling power 
Qc in the wet mode, compared with the corresponding dry case, as 
shown in Fig. 5b. An example showing the contribution of the mass flux 
is presented in Fig. 5c. We see that most of the pumped heat is 
contributed by the mass flux, ṁ at a small ΔT, and the contribution of ṁ 
decreases as ΔT is increased. For example, when ΔT = 1 K, the cooling 
power contributed by ṁ accounts for 88% of the total. However, the 
value of ṁ decreases gradually as ΔT increases, finally reaching zero at a 
ΔT of 51 K. If ΔT is increased further, ṁ will reverse its direction, 
therefore acting against the heat pumping, leading to a Qc lower than 
that in the dry mode. A similar effect has been observed in a phase- 

change standing-wave heat pump [30,31]. 
In Fig. 6, we show the performance of the PTTHP under different 

concentrations of the reactive component, Cm,a, at the hot end of the 
regenerator, at various values of ΔT. In accordance with the results of 
the ideal model shown in Fig. 4, the cooling power Qc rises significantly 
as more reactive component is involved (with the increase of Cm,a). 
However, in contrast to the ideal model, COPs

R of the PTTHP begins to 
fall when Cm,a exceeds some critical value, which means that a high 
concentration doesn’t necessarily bring about a high COPs

R. Further, the 
larger ΔT is, the smaller the critical Cm, at which COPs

R peaks, becomes. 
For example, the critical value is Cm = 0.7 when ΔT = 1 K, while it is 
smaller than 0.1 when ΔT = 30 K. This indicates that when ΔT is large, 
the strong contribution of phase change under a large Cm may result in 
deteriorated performance of the presented system. The main reason 
behind is that the acoustic impedance, |z|, near the hot end, where most 
of the temperature drop occurs (see Fig. 6c), is far smaller than the 
suggested value in Gardner and Swift [37], when Cm is high. As shown in 
Fig. 6c, when Cm = 0.1, |z| ∼ 11ρma in the whole regenerator including 
the hot end, while when Cm = 0.9, |z| ∼ 3ρma at the hot end, leading to 
significant viscous losses. 

The disadvantageous distribution of |z| is caused by the non-constant 
heat pumping ability of the regenerator along the axial direction of the 
regenerator with high Cm, which can be characterised by the thermoa
coustic sink term g (see Eq. (8)). In the regenerator, the value of Cm at the 
hot end is the highest (see Eq. (6)), as is ∇Tm (reflected by the curve of 
the dimensionless temperature Γ in Fig. 6c), resulting in the sink term g 
being correspondingly larger near the hot end, compared with the rest of 
the regenerator. As a result, the volumetric velocity U1 near the hot end 
decays much faster along the direction of propagation, compared with 
the rest of the regenerator, to satisfy the “consumption” of the strong 
sink term. This means that U1 at the hot end is much larger than any
where else, leading to a very low |z| near the hot end of the regenerator. 
In contrast, g is almost constant throughout the regenerator of the dry 
system, such that U1 and p1 decrease with similar rates along the 
regenerator, leading to a near-constant distribution of |z|. 

Increasing the acoustic impedance, |z|, in the regenerator had been a 
major problem encountered during early stages of travelling-wave 
thermoacoustic system development [38], and it appears to have 
become a challenge once again, for the phase-change systems. A 
commonly used technique in classical travelling-wave thermoacoustic 
systems is to locally enlarge the cross section of the regenerator [11]. 
Unfortunately, further increasing the cross sectional area of the regen
erator in this PTTHP, or only the hot part of the regenerator (e.g., using 
an exponentially-varying cross section) shows very limited improve
ment when Cm,a is high, because g near the hot end is also increased, 
offsetting the effort to increase |z|. Hence, to fully utilize the advantage 
of phase change in thermoacoustic heat pumping, the current design of 
PTTHP is suitable for applications with small temperature difference, 
which may include ice production, distillation, industrial heating, etc 
[39]. 

4. Conclusions 

In this work, we have investigated the performance of a phase- 
change thermoacoustic heat pump, using both an idealized, short heat 
pump model with a pure travelling-wave field, as well as a full, looped- 
tube thermoacoustic heat pump system. In the analysis of the short heat 
pump, we identified and investigated the influence of the main param
eters - the acoustic impedance, the ratio of temperature gradient over 
the angular frequency, Womersley number, the concentration of the 
reactive component, and the reactive species, on the thermoacoustic 
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heat pumping. These results shed light on the performance of an ideal 
travelling-wave phase-change heat pump. Meanwhile, the analysis of 
the full system provides a more practical view of such a device. 

Importantly, the results from the ideal model (the short heat pump) 
demonstrate the full potential of a phase-change thermoacoustic heat 
pump. We find that the cooling power can be increased by up to one 
order of magnitude, compared with the dry mode, through the intro
duction of phase change. The COPR, representing the efficiency of the 
short heat pump relative to the Carnot efficiency, can also be improved 
but at a small increment, since COPR in the dry mode can already exceed 
70% so there is not much room for further improvement. In order to 
attain the potential enhancement of phase change, stringent re
quirements on the acoustic impedance and the Womersley number must 
be satisfied, especially under a large ratio of the temperature gradient 
over the angular frequency, otherwise the performance may deteriorate 
significantly. 

Further, in the analysis of the full system operating with a high 
concentration of the reactive component, an increase of COPs

R, repre
senting the efficiency of the system relative to the Carnot efficiency, is 
only achieved by introducing phase change under small temperature 
differences (below 10 K). As the temperature difference is increased, 
COPs

R decreases, eventually becoming lower than that achieved without 
phase change. This effect becomes increasingly significant as the con
centration of the reactive component increases, mainly because the 
acoustic impedance near the ambient end of the regenerator drops 
significantly at high concentrations and a large temperature difference, 
leading to severe viscous losses. Increased cooling power, while also 
inversely dependent on the temperature difference, can be achieved by 
phase change over a wide range of temperature differences (beyond 50 

K). 
The proposed phase-change looped thermoacoustic system may be 

used in applications where small temperature differences are required, 
including ice making, distillation, industrial heating, etc. Future designs 
for efficient large temperature difference heat pump are possible, using 
cascading stages, with each stage pumping heat from the cold end of the 
previous stage. 
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Appendix A 

A.1. Derivation of Eq. (15) 

Eq. (15) can be re-expressed as 

COPR =
2

Tm

− ∇Tm
ω

⎧
⎨

⎩

ρmcp

2(1− Pr)|Fν |
2 I

⎡

⎣(̃Fν − Fα)
(1+Pr) − F̃ν

⎤

⎦

⎫
⎬

⎭
− ṁlh

|v1 |
2Agas

+ 1
2 R
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⎣p1̃v1
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2
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⎠
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⎦

R
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⎪⎨
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1
∇Tm

ω

γ
ia2ρm

|z|2
[

γ− 1
γ F̃α +

Cm
1− Cm

F̃D

]

− 1
Tm

{

F̃α − F̃ν

(1− Pr)̃Fν
+ lh

RgTm

Cm
1− Cm

F̃D − F̃ν

(1− Sc)̃Fν

}

|z| + iρm
∇Tm

ω

1
F̃ν

⎫
⎪⎬

⎪⎭

(A.1)  

If we ignore the heat conduction in axial direction, and neglecting the diffusive loss (might be inaccuracy with large ∇Tm), the term ṁlh
|v1 |

2Agas 
in Eq. (A.1) 

can be expressed as 

ṁlh

|v1|
2Agas

≈
lh

1 − Cm

Cm

2RgTm
|z|R

⎡

⎣ FD − F̃v
(

1 + Sc
)

F̃v

⎤

⎦ −
Cm

1 − Cm

1
2|Fv|

2
pml2

h

R2
gT3

m

1
1 − Sc2 I

[
F̃ν

(
1 + Sc

)
+
(

FD − F̃ν

) ]∇Tm

ω (A.2)  

Additionally, Fn is a function of τν, and Tm can be determined by Cm (Eq. 6). Thus, Eq. A.1 shows that COPR can be determined by 6 factors, as shown in 
Eq. (15). 

A.2. COPR weakly depends on pm 

As shown in Fig. A.1, the value of COPR weakly depends on pm, especially when τν is the optimal value.A.2. 
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