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Abstract:    An acoustic pressure amplifier (APA) is capable of improving the match between a thermoacoustic engine and a load 
by elevating pressure ratio and acoustic power output. A standing-wave thermoacoustic engine driving a resistance- 
and-compliance (RC) load through an APA was simulated with linear thermoacoustics to study the impact of load impedance on 
the performance of the thermoacoustic system. Based on the simulation results, analysis focuses on the distribution of pressure 
amplitude and velocity amplitude in APA with an RC load of diverse acoustic resistances and compliance impedances. Variation of 
operating parameters, including pressure ratio, acoustic power, hot end temperature of stack, etc., versus impedance of the RC load 
is presented and analyzed according to the abovementioned distribution. A verifying experiment has been performed, which 
indicates that the simulation can roughly predict the system operation in the fundamental-frequency mode. 
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INTRODUCTION 
 

In recent years, much effort has been made to 
enhance the performance of thermoacoustic refrig-
eration systems by ameliorating the match between a 
thermoacoustic engine and a load (say a pulse tube 
cooler) (Arman et al., 2003; Duthil et al., 2006; Ma-
tsubara et al., 2003; Nguyen et al., 2004; Tang et al., 
2004; 2005; 2006; Yu et al., 2007). An acoustic 
pressure amplifier (APA), a long circular tube, was 
introduced to thermoacoustic systems in 2005 (Dai et 
al., 2005). Significantly elevated pressure ratio 
(maximum pressure divided by minimum pressure of 
a pressure oscillation) and acoustic power output, 
deriving from this novel configuration, led to a 

marked improvement of the system’s performance, 
such as a lower no-load cooling temperature and an 
increased cooling capacity (Bao et al., 2006a; Dai et 
al., 2005; Hu et al., 2007; Tang et al., 2007).  

This study focuses on the impact of load im-
pedance on the performance of a thermoacoustic 
system to analyze the match between the engine and 
the load through an APA. A standing-wave ther-
moacoustic engine driving a resistance-and- 
compliance (RC) load through an APA was simulated 
with linear thermoacoustics. According to the simu-
lation results, variation of operating parameters, in-
cluding pressure ratio, acoustic power, hot end tem-
perature of stack, etc., versus acoustic resistance and 
compliance impedance of the RC load is presented 
and analyzed. Different impedance characteristics of 
RC load for the maximum acoustic power output are 
discussed, compared with previous work on the 
thermoacoustic system without an APA (Bao et al., 
2006b).  Experiment has also been performed to ver-
ify the simulation results. 
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SIMULATION 
                                                                                                                                                                                                          

According to linear thermoacoustics (Swift, 
2002), the momentum, continuity and energy equa-
tions for a short channel are as follows: 

 
1

1
d

(i ) ,
d
p

l r U
x νω= − +                            (1) 

1
1 1

d (i 1/ ) ,
d
U c r p eU
x κω= − + +                  (2)              

m
2 1 1

2
m p 1

2

1

s s

d 1 Re 1
d 2 (1 )(1 )(1 )

( )(1 / )
Im

(1 )(1 )2 (1 )1

( ) ,                                      

f fT H pU
x Pr f

c U f f f f
f

PrA Pr f

AK A K

κ ν

ν

κ ν ν κ
ν

ν

ξ

ρ ξ
ξω

−

⎧ ⎫⎡ ⎤⎛ ⎞−⎪ ⎪= − −⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟+ + −⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
⎧ ⏐ ⏐ ⎛ ⎞− +⎪⋅ +⎜ ⎟⎨ ⎜ ⎟+ +− ⏐ − ⏐ ⎝ ⎠⎪⎩

⎫⎪− + ⎬
⎪⎭

                 (3)

   m
2

1 Re( )
,

1
f

l
A f

ν

ν

ρ −
=

−
     (4)                                             

 
m

1 ( 1)Re ,
1

fAc
p

κγ
γ ξ

⎡ ⎤⎛ ⎞
= + −⎢ ⎥⎜ ⎟+⎝ ⎠⎣ ⎦

    (5)                                            

 m
2

Im[ ]
,

1
f

r
A f

ν
ν

ν

ωρ −
=

−
           (6)                            

 
( )

m ,
1 Im (1 )

p
r

A fκ
κ

γ
γ ω ξ

=
− − +

                 (7) 

  m

m

d1 ,
(1 )(1 )(1 ) d

f f T
e

f Pr T x
κ ν

ν ξ
−

=
− − +

        (8) 

 
where p1 and U1 are pressure amplitude and volume 
velocity amplitude, ω is angular frequency, ρm, Tm, cp, 
γ, K and Pr are mean density, temperature, isobaric 
specific heat, specific heat ratio, thermal conductivity 
and Prandtl number of working fluid, respectively, fν 
and fκ are viscous function and thermal function 
(Swift, 2002), A is flow area of channel, As and Ks are 
cross section area and thermal conductivity of the 
solid forming the channel, 2H  is total power, ξ is a 
quantity presenting the effect of specific heat and 
thermal conductivity of the channel solid on the heat 
transfer between the working fluid and the channel (ξ 
equals zero for the ideal solid with infinite specific 
heat and thermal conductivity), i is imaginary unit, Re, 
 

Im and superscript ‘~’ mean the real part, the imagi-
nary part and the conjugation of a complex quantity. l, 
c, rν, rκ and e are inertance, compliance, viscous re-
sistance, thermal-relaxation resistance and propor-
tionality coefficient of a controlled source, which can 
be calculated with Eqs.(4)~(8).  

The standing-wave thermoacoustic engine driv-
ing an RC load through an APA is schematically 
shown in Fig.1. The engine employs a symmetrical 
configuration. Main dimensions are listed in Table 1. 
The thermoacoustic system has been simulated with 
abovementioned linear thermoacoustics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The APA is a long circular tube, and the viscous 

resistance in APA is corrected according to (Swift, 
2002), since the oscillating flow is within the range of 
turbulence flow in the computed case. The dimen-
sions of APA are fixed, i.e. 3.5 m in length and 8 mm 
in diameter, to concentrate emphasis on the influence 
of load impedance. The acoustic resistance and com-
pliance impedance of the RC load, which derive from 
the viscosity of fluid in needle valve and the con-
densability of fluid in reservoir, respectively, are 
given as independent variables. Helium is adopted as 
working gas, heating power is 1.4 kW and working 
pressure is 2.6 MPa. A program was written to deal 
with the numerical computation. The velocity men-
tioned below is volumetric velocity. 

 

Fig.1  Schematic of a standing-wave thermoacoustic
engine driving an RC load through an APA 

Heater  Stack Resonant tube Hot buffer Water cooler

Compliance 
Resistance 

Acoustic pressure amplifier

 

 Diameter (mm) Length (mm) 
Heater 56 64 
Stack 56 285 
Water cooler 56 34 
Resonant tube 36 8000 
Hot buffer  (1.35 L) 

Table 1  Dimensions of standing-wave thermoacous-
tic engine 
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SIMULATION RESULT AND ANALYSIS 
 

Distributions of pressure amplitude and velocity 
amplitude in APA, with different impedances of RC 
load, are computed and shown in Fig.2 and Fig.3, 
respectively. The normalized location of “0” stands 
for APA’s inlet, i.e. the end connecting to the engine, 
and “1” for APA’s outlet, i.e. the end to the RC load. 
In the case of an acoustic resistance of 1×106 Pa·s/m3, 
the distributions are obviously influenced by com-
pliance impedance of RC load. For relatively small 
compliance impedance, such as −5×107i Pa·s/m3 and 
−1×108i Pa·s/m3 (i is imaginary unit, and the so-called 
“small” or “large” is a description for the absolute 
value of compliance impedance), a minimum of 
pressure amplitude and a maximum of velocity am-
plitude exist in APA, almost at the same location. 
However, for relatively large compliance impedance, 
such as −3×108i Pa·s/m3 and −5×108i Pa·s/m3, pres-
sure amplitude increases monotonously from the inlet  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

to the outlet of APA, while velocity amplitude de-
creases. It is found that there is a critical compliance 
impedance of RC load between −1×108i Pa·s/m3 and 
−3×108i Pa·s/m3, for the occurrence of the minimum 
pressure amplitude and the maximum velocity am-
plitude. The situation for an acoustic resistance of 
1×109 Pa·s/m3 seems much simpler. Compliance im-
pedance has little impact on the distributions, indi-
cated by coincidence of the curves for different 
compliance impedances. A monotonous rise of pres-
sure amplitude is also accompanied by a monotonous 
drop of velocity amplitude.  

It is seen that the distribution characteristics are 
similar to that of a standing-wave acoustic field, and 
the minimum pressure amplitude means pressure node, 
while the maximum velocity amplitude is velocity 
antinode. The amplification effect of pressure ratio by 
APA originates from the distribution characteristics, 
which also significantly affect the variation of oper-
ating parameters versus impedance of RC load.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3  Distribution of velocity amplitude in APA with
different impedances of RC load 
(a) Acoustic resistance: 1×106 Pa·s/m3;  (b) Acoustic resis-
tance: 1×109 Pa·s/m3 
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Fig.2  Distribution of pressure amplitude in APA with
different impedances of RC load 
(a) Acoustic resistance: 1×106 Pa·s/m3;  (b) Acoustic resis-
tance: 1×109 Pa·s/m3 
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Fig.4 shows the functions of pressure ratio at 
APA’s outlet versus acoustic resistance of RC load 
with different compliance impedances. In the case of 
acoustic resistance below 1×106 Pa·s/m3, compared 
with little influence of acoustic resistance, the change 
of compliance impedance leads to apparent variation 
of pressure ratio. In the range of compliance imped-
ance below the abovementioned critical value, i.e. 
with a pressure node and a velocity antinode in APA, 
the pressure ratio at APA’s outlet increases with a rise 
of compliance impedance, as shown in Fig.4a, which 
may be attributed to two aspects. One is that the rise 
of compliance impedance makes the pressure node 
approach to APA’s inlet (Fig.2a), so there is a rela-
tively long distance for the increasing procedure of 
pressure amplitude in APA. Moreover, the pressure 
ratio at APA’s inlet is sustained by the engine, and the 
rise of compliance impedance leads to a little smaller 
pressure amplitude at APA’s inlet but a larger pressure 
amplitude of pressure node. The other reason is that 
the approaching of pressure node and velocity anti- 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

node to APA’s inlet reduces the impedance at the inlet, 
leading to larger velocity amplitude in APA (Fig.3a). 
Consequently, a higher increasing rate of pressure 
amplitude is achieved, indicated by the slopes of 
curves in Fig.2a. On the contrary, when compliance 
impedance is larger than the abovementioned critical 
value, leading to monotonous distributions of pres-
sure and velocity amplitude in APA, the pressure node 
and velocity antinode deviate from APA’s inlet with 
the rise of compliance impedance. Accordingly, the 
increased impedance at APA’s inlet, derived from the 
deviation, results in smaller velocity amplitude and 
then also lower increasing rate of pressure amplitude 
in APA. Thus, in this case, pressure ratio at APA’s 
outlet decreases with the rise of compliance imped-
ance, as shown in Fig.4b. In short, a higher pressure 
ratio at APA’s outlet is achieved near the abovemen-
tioned critical compliance impedance of RC load. 

For acoustic resistances above 1×109 Pa·s/m3, 
little difference is found between the curves for 
various compliance impedances. Such a large acous-
tic resistance restrains the influence of compliance 
impedance, and dominates the system operation. The 
increase of acoustic resistance leads to a slight rise of 
the pressure ratio at APA’s outlet. 

The acoustic resistance, between 1×106 Pa·s/m3 
and 1×109 Pa·s/m3, is comparable to the compliance 
impedance of RC load, and both of them affect the 
pressure ratio at APA’s outlet apparently. There exists 
a minimum pressure ratio with the rise of acoustic 
resistance, and the rise of compliance impedance 
leads to an increase of the minimum pressure ratio.  

The variation of pressure ratio at APA’s inlet, 
presented in Fig.5, is similar to that at APA’s outlet. 
The difference is that for acoustic resistance of RC 
load below 1×109 Pa·s/m3, the compliance impedance 
close to the forementioned critical value results in 
smaller pressure ratio at APA’s inlet.  

Fig.6 shows amplification ratio of APA, pressure 
amplitude at APA’s outlet divided by pressure am-
plitude at APA’s inlet. The amplification effect, indi-
cated by amplification ratio above 1, can be achieved 
for most RC load impedances. However, an RC load 
of small acoustic resistance and compliance imped-
ance may make pressure amplitude at APA’s outlet 
smaller than that at APA’s inlet (Fig.6a), and no am-
plification effect happens. 

Acoustic power generation in stacks and losses  
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in engine, APA and RC load have also been computed, 
which are presented in Figs.7~10, respectively, in 
order to get more information from the viewpoint of 
energy. The variations of acoustic power generation 
and losses in engine versus impedance of RC load are 
similar to those of pressure ratio at APA’s inlet. Con-
siderable acoustic power is consumed by APA in the 
case of acoustic resistance below 1×106 Pa·s/m3, and a 
compliance impedance close to the critical value 
leads to more acoustic power consumption in APA. 
However, when the acoustic resistance is larger than 
1×109 Pa·s/m3, the acoustic power consumption in 
APA drops to below 20 W. There is an obvious “peak” 
of acoustic power delivered to RC load with the 
acoustic resistance between 1×106 Pa·s/m3 and 1×109 
Pa·s/m3, and a relatively high “peak” is achieved with 
a compliance impedance below the critical value. 
Comparison of curves in the above figures indicates 
that considerable acoustic power delivered to the load 
and consumed in the APA causes a weakened oscilla-
tion in the engine, which leads to less acoustic power 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

generation and losses in the engine, because the 
acoustic power generation derives from the amplifi-
cation of volumetric velocity, and viscous loss and 
thermal-relaxation loss are proportional to squared 
velocity amplitude and squared pressure amplitude, 
respectively. Additionally, the weakened oscillation 
in the engine, especially the reduced velocity ampli-
tude, deteriorates the heat transfer at the stack’s hot 
end and causes considerably higher hot end tem-
perature of stack, as shown in Fig.11. Such a high hot 
end temperature may limit the practical operation. 

The impedance characteristics of RC load for 
maximum acoustic power output attracts our interest. 
Fig.10 indicates that for the compliance impedances 
below −1×108i Pa·s/m3, a maximum acoustic power 
output occurs at an acoustic resistance slightly larger 
than the compliance impedance, however, in the case 
of a compliance impedance above −1×108i Pa·s/m3, 
an acoustic resistance slightly smaller than the com-
pliance impedance leads to a maximum acoustic 
power output. This is different from our previous 

Fig.5  Pressure ratio at APA’s inlet versus impedance of 
RC load. (a) Relatively small compliance impedance; 
(b) Relatively large compliance impedance 
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Fig.6  Amplification ratio versus impedance of RC load.
(a) Relatively small compliance impedance; (b) Relatively
large compliance impedance 
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Fig.7  Acoustic power generation versus impedance of RC
load. (a) Relatively small compliance impedance; (b)
Relatively large compliance impedance 
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Fig.8  Acoustic power loss in engine versus impedance of 
RC load. (a) Relatively small compliance impedance; (b) 
Relatively large compliance impedance 
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Fig.9  Acoustic power loss in APA versus impedance of RC
load. (a) Relatively small compliance impedance; (b)
Relatively large compliance impedance 
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work on thermoacoustically driven RC load without 
APA (Bao et al., 2006b), in which maximum acoustic 
power output is achieved with an equivalent acoustic 
resistance and compliance impedance. The difference 
can be attributed to the marked variation of pressure 
ratio entering RC load with the load’s impedance, due 
to the introduction of APA. 
 
 
EXPERIMENT AND VERIFICATION 
 

In order to verify the simulation results, ex-
periment on the standing-wave thermoacoustic engine 
driving an RC load through an APA has been per-
formed. The APA is a long circular tube of 3.5 m in 
length and 8 mm in diameter. The RC load is com-
posed of a needle valve and a reservoir. Two reser-
voirs of 260 cm3 and 40 cm3, whose compliance im-
pedances are roughly −6.0×107i Pa·s/m3 and 
−3.9×108i Pa·s/m3, respectively, were tested in the 
experiment. Helium is adopted as working gas, heat-
ing power is 1.4 kW and working pressure is 2.6 MPa. 
Three pressure sensors are located at the joint of the 

engine and the APA, the outlet of APA to the needle 
valve, and the reservoir, respectively, and the acoustic 
power into the RC load can be estimated (Bao et al., 
2006b).  

Experimental data, together with corresponding 
computed results, including pressure ratio and phase 
difference of pressure waves at APA’s outlet and inlet, 
acoustic power loss in the RC load, hot end tem-
perature of left stack and operating frequency of the 
system, are presented in Figs.12~17, respectively. 
Comparison of the computed results and experimental 
data indicates that the simulation can roughly predict 
the variation of the system’s operating parameters.  

The data of phase difference of pressure waves at 
APA’s outlet and inlet, as shown in Fig.14, may reflect 
some useful information of pressure amplitude dis-
tribution from the viewpoint of phase. The phase 
difference in the range of 0° to 90° indicates that the 
pressure wave at APA’s outlet is approximately in 
phase with that at APA’s inlet, so there is no pressure 
node in the APA according to the distribution char-
acteristics of a standing wave. On the contrary, the 
phase difference in the range of 90° to 180° is rela-
tively close to 180°, and there should be a pressure 
node in the APA. Thus, the data in Fig.14 indicates 
that for relatively large compliance impedance, i.e. 40 
cm3 reservoir, no pressure node exists in the APA. 
However, for relatively small compliance impedance, 
i.e. 260 cm3 reservoir, a small acoustic resistance may 
lead to occurrence of the pressure node.  

Additionally, in abovementioned figures, there 
are no experimental data in the acoustic resistance 
range of 6.5×107~1.8×108 Pa·s/m3 for 260 cm3 res-
ervoir, and neither experimental data with the acoustic 
resistance below 2.1×108 Pa·s/m3 for 40 cm3 reservoir. 
It is because the system operation transited from 
fundamental-frequency mode to the second harmonic 
mode in the two cases. The second harmonic mode 
resulted in roughly doubled operating frequency, 
reduced pressure ratio and acoustic power delivered 
to the RC load, which are not expected for a good 
system performance. The possible reason for the 
frequency transition may be that the acoustic power 
dissipated in the whole thermoacoustic system is 
larger than the maximal acoustic power that could be 
generated in the stack at fundamental frequency. The 
mechanism and restraining methods of the frequency 
transition need to be further studied. 
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Fig.11  Hot end temperature of stack versus impedance
of RC load. (a) Relatively small compliance impedance;
(b) Relatively large compliance impedance 
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CONCLUSION 
 

A standing-wave thermoacoustic engine driving 
an RC load through an APA is simulated to study the 
influence of RC load impedance on system’s opera- 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
tion. Simulation results indicate that the distribution 
of pressure amplitude and velocity amplitude in APA 
resembles a standing-wave acoustic field, and is sig-
nificantly affected by the impedance of RC load. In 
the case of relatively small acoustic resistances, e.g. 

  

Fig.16  Hot end temperature of left stack
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   Fig.17  Operating frequency 
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Fig.13  Pressure ratio at APA’s inlet 
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Fig.15  Acoustic power loss in RC load 
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below 1×106 Pa·s/m3 as in the simulation, compliance 
impedance of RC load dominates the system’s opera-
tion, and there is a critical compliance impedance 
leading to the occurrence of pressure node and ve-
locity antinode in APA. A compliance impedance 
close to the critical value leads to higher pressure ratio 
at APA’s outlet, more acoustic power loss in APA and 
higher hot end temperature of stack, but lower pres-
sure ratio at APA’s inlet, less acoustic power genera-
tion and acoustic power loss in engine. For relatively 
large acoustic resistance, e.g. above 1×109 Pa·s/m3 as 
in the simulation, compliance impedance has little 
influence on system’s performance, and a rise of 
acoustic resistance results in an increase of above-
mentioned operating parameters except hot end 
temperature of stack. A “peak” of acoustic power 
output occurs under the acoustic resistance between 
1×106 Pa·s/m3 and 1×109 Pa·s/m3, comparable with 
the compliance impedance. A higher “peak” is 
achieved with the compliance impedance below the 
critical value. In addition, the acoustic resistance for 
the maximum acoustic power output is unequal to the 
compliance impedance of RC load in thermoacoustic 
system employing an APA, which is different from 
the situation without APA. 

Experiment of the standing-wave thermoacous-
tic engine driving an RC load through an APA has 
been carried out to verify the simulation. The com-
parison between computed results and experimental 
data indicates that the simulation can roughly predict 
the system operation in the fundamental-frequency 
mode.  
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