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We explore characteristics of onset and damping in a thermoacoustic engine (TE) driven by cryogens instead of conventional heat
sources above the ambient temperature by a comprehensive study of a self-made standing-wave thermoacoustic engine driven by
liquid nitrogen. The experiments verify the feasibility of enhancing the thermoacoustic oscillation at cryogenic temperatures. The
onset temperature difference along the stack of the TE significantly decreases, compared with that of a conventional TE driven by
high-temperature heat sources. The resonance frequency of the cryogen-driven TE is smaller than that of the heat-source-driven
TE, mainly due to the lower average temperature of the working gas. Experiments and calculations show that the temperature
discrepancy between onset and damping is partly caused by the linear temperature distribution along the stack before damping,
together with the nonlinear distribution before onset. These results will contribute to a better understanding of thermoacoustic

oscillation and to the recovery of the cold energy of cryogens.
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A thermoacoustic engine (TE) is a novel type of heat engine
which converts thermal energy into acoustic power via the
thermoacoustic effect. With advantages such as having no
moving parts, a high reliability, and its use of low-grade
thermal energy, the TE has a promising prospect in the field
of refrigeration and power generation [1-5].

It is indispensable to impose an adequate temperature
gradient along the stack or the regenerator of the TE to re-
alize self-oscillation. Conventionally, the TE absorbs heat
from a heat source much hotter than the ambient tempera-
ture and expels heat to the ambience (i.e. a heat-source-
driven thermoacoustic engine, HTE). In fact, from a ther-
modynamic point of view, it is possible to drive engines
using the temperature gradient formed by a cold source be-
low the ambient temperature and the ambience (i.e., a
cold-source-driven thermoacoustic engine, CTE). Thermo-
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acoustic oscillation at cryogenic temperatures has attracted
attention since Taconis et al. [6] discovered the famous
“Taconis oscillation” in 1949. Clement et al. [7] observed
experimentally that the degrees of closure at the cold end
and the diameter size of tubes affected the initial oscillation.
Quantitative understanding was not achieved until Rott’s
theoretical studies [8,9], which were first validated experi-
mentally by Merkli et al. [10]. Later Yazaki et al. [11,12]
conducted experimental research on the stability curves and
the frequency diagram of cryogenic thermoacoustic oscilla-
tion with helium gas. However, these studies mainly focus
on eliminating or suppressing thermoacoustic oscillations at
cryogenic temperatures, so as to avoid system instability. To
our knowledge, Wheatley was the first to attempt to harness
the thermoacoustic oscillation at cryogenic temperatures.
He built a thermoacoustic oscillator in 1984, using liquid
nitrogen as a heat sink to take the heat away from the cold
heat exchanger [13]. The time development of the oscilla-
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tions was tested and the peak-to-peak maximum oscillation
reached 11% of the ambient pressure. In 1992, Luck et al.
[14,15] designed and built a thermoacoustic compressor
with a solid piston, which achieved a maximum pressure
amplitude of 3 kPa with no net work delivered. It should be
noted that their work is very preliminary, without a detailed
analysis of the thermoacoustic oscillation driven by cryo-
gens. No more related research has been reported since
then.

Cold energy resources are available and abundant, such
as the energy stored in liquefied natural gas (LNG) and oth-
er liquid cryogens like liquid nitrogen and liquid oxygen.
The cold energy should be fully used during gasification,
although it is usually wasted due to low efficiency and the
high cost of current technologies [16]. A good alternative to
current practices of driving TEs using cryogens is to
achieve the efficient conversion of heat to acoustic power
for the purpose of cold-energy recovery of cryogens.

It is necessary to further enhance the thermoacoustic ef-
fects by developing a better understanding of thermoacous-
tic oscillation in the CTE. As a fundamental topic, the onset
and damping behavior which characterizes the transitions in
the condition of the working gas between the stationary and
the periodic oscillating state deserves primary attention
[17,18]. This study investigates a self-made standing-wave
thermoacoustic engine driven by liquid nitrogen. Theoreti-
cal analysis based on thermoacoustic network theory [19,20]
and experimental work were performed to study the onset
and damping behaviors, including the onset temperature, the
damping temperature, and the resonant frequency, and to
further explore the reason for the discrepancy between the
onset and damping temperature.

1 Apparatus
The experimental apparatus is sketched schematically in
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Figure 1. It consists of a standing-wave thermoacoustic en-
gine (SWTE), a liquid nitrogen supply system, and a meas-
urement system. The SWTE consists of the following parts:
a hot tube, a hot heat exchanger, a stack, a cold heat ex-
changer, a resonator, and a reservoir. The stack is composed
of a stainless steel screen with 18 meshes. High-purity ni-
trogen is charged as the working gas. The dimensions of the
SWTE are listed in Table 1.

As shown in Figure 1, the chilled water flows through the
hot heat exchanger to maintain the temperature 7;, at about
280.5 K. The cold heat exchanger is cooled by liquid nitro-
gen, which is pressed out from the liquid-nitrogen tank by
about 0.2 MPa high-pressure nitrogen. Four calibrated plat-
inum resistance thermometers Pt-100 and one calibrated
NiCr-NiSi thermocouple were installed to measure the
temperature in the cold heat exchanger (7,), in the middle of
the stack (T;q), at the inlet and outlet (7}, and T,,), and in
the hot heat exchanger (7}). The pressure p, as shown in
Figure 1, was measured by a piezoelectric ceramic pressure
sensor with an accuracy of £0.3% and its influence on the
accuracy of the temperature is negligible (£0.015% fs/K).
Because the operating temperature of the sensor ranges
from 233.15 to 423.15 K, a stainless-steel tube (120 mm in
length) with an inner diameter of 11 mm and a wall thick-
ness of 0.5 mm, was used to connect the TE and the sensor
to ensure that the pressure sensor operates within the appro-
priate operating temperature range. A calculation shows that
the tube has little influence on the pressure amplitude of the
TE within 0.5%. In addition, the average mass flow rate of
liquid nitrogen was measured with an accuracy of 0.01 g/s.

2 Results and analysis

2.1 Onset process

The onset and damping processes of a TE driven by liquid

Resonator Reservoir

/ /
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Figure 1 Schematic diagram of the SWTE driven by liquid nitrogen.

Table 1 Dimensions of the SWTE

Hot tube Hot heat exchanger Stack Cold heat exchanger Resonator Reservoir
Diameter (mm) 50 50 50 50 32 81
Length (mm) 70 80 60 50 860 860

Stack material

18# stainless steel screen
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nitrogen with a charging pressure of 0.6 MPa is shown in
Figure 2. As the cooling system starts at time 0, the inlet
temperature T;, decreases to 85.6 K within a short period of
time. T,, Toy, and Ty gradually decrease and 7}, remains
stable at 280+0.5 K. The flow rate of liquid nitrogen is ad-
justed at Time 1 and Time 2. When T, approaches the onset
temperature, the mass flow of liquid nitrogen is adjusted to
2.23 g/s and the corresponding cool-down rate is controlled
at 0.01 K/s.

When the temperature at the cold heat exchanger reaches
141.57 K, the self-oscillation starts. Simultaneously, the
pressure amplitude jumps to 27 kPa and T,y decreases
sharply. The hot heat exchanger temperature 7}, also de-
creases by about 1 K. This is mainly because when the os-
cillation starts convection replaces conduction as the major
mechanism of axial heat transfer in the stack. Heat flow
from the cold heat exchanger to the hot heat exchanger oc-
curs within a short time period, as a result of which the
temperature in the middle of stack decreases. After onset,
the oscillation of the system tends to be stable, as a result of
the energy balance between the cold power input and the
oscillation loss.

2.2 Onset temperature difference

To select an appropriate heat source conveniently for appli-
cation, we introduce the concept of “onset temperature dif-
ference” (i.e. the temperature difference across the stack
T,-T.). Figure 3 shows the relationship between the onset
temperature difference and charging pressure for the CTE
and the HTE. Compared with the HTE, the CTE requires a
smaller temperature difference to oscillate. For instance,
with nitrogen at 0.6 MPa, the onset temperature difference
of the CTE is only 138.43 K, i.e. 31% lower than that of the
HTE. Moreover, as the charging pressure increases, the
variation in the onset temperature difference of the CTE
tends to be gradual, compared with the HTE, which means
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Figure 2 Variation in pressure amplitude and temperatures of the CTE
(0.6 MPa, N,).
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Figure 3 Relationship between the onset temperature difference and the
charging pressure in the CTE and the HTE.

that the CTE will achieve a higher pressure amplitude with
higher charging pressure. In addition, we perform a calcula-
tion based on the thermoacoustic network theory, as shown
in Figure 3. The calculation and experimental results show a
similar tendency.

To further analyze the reason for the discrepancy in the
onset temperature difference between the CTE and the HTE,

T,

we define a dimensionless parameter T:L(L—l),
anfl T,

where ¢ is the speed of sound, f is the operating fre-

quency, and [ is the length of the stack. It represents the
critical temperature gradient within the stack when oscilla-
tion starts. It is a function of the hydraulic radius R, and
the thermal boundary layer thickness o,_ of the stack and
is minimized mostly when R, /0_= 2 [21]. On account of
the different temperature of the driving source, the thermal
boundary layer thickness o, of the working gas in the
stack in the CTE is different from that of the HTE. Thus, the
values of 7 for the CTE and HTE are also different. The
dimensionless parameter z of the HTE and the CTE is
plotted against R, /S, in Figure 4. For the CTE and the
HTE, the variation trend of 7 is the same, and the 7 for
the CTE ranges from 0.6 to 1, while the 7 for the HTE
ranges from 0.45 to 0.7. According to the definition of 7, it
can be rewritten as 7 =M. It is obvious that the
T, 4nfl

onset temperature difference of the CTE is smaller than the
HTE because of its smaller denominator, which is propor-
tional to T..

Figure 5 shows the relationships between R, /J_ and the
charging pressure for the HTE and the CTE. The difficulty of
onset is different for these two kinds of engines, for the same
charging pressure. When R, /0_=2, the CTE has an opti-
mal charging pressure of 0.06 MPa to minimize the dimen-
sionless parameter 7 , whereas it is 0.12 MPa for the HTE.
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Figure 5 Relationship between Ry/& and charging pressure of the CTE
and the HTE.

2.3 Resonance frequency

The resonance frequency primarily depends on the system
dimensions, the fluid type, and the temperature of the
working gas. Figure 6 shows the frequency of the HTE and
the CTE with a variety of charging pressures. Compared
with the HTE, the frequency of the CTE is smaller. For in-
stance, with nitrogen at 0.6 MPa, the onset frequency of the
CTE is 57.15 Hz, whereas that of the HTE is 60.26 Hz. Ac-

cording to the equations f =c/Aand c=, lngT , where
y is the ratio of the isobaric to isochoric specific heats and
equals 1.4 for nitrogen, R, is the gas constant, T is the

temperature of the working gas, the resonance frequency
should only be proportional to the average temperature of
working gas for a TE with a fixed structure. Because the gas
temperature in the CTE is lower than in the HTE, the fre-
quency decreases. As shown in Figure 6 the trends are ba-
sically consistent with the theoretical calculation.

2.4 Damping behavior

The damping behavior of the CTE was also investigated. As
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Figure 6 Relationship between the operating frequency and the charging
pressure of the CTE and the HTE.

shown in Figure 2, the valve of the cooling system is closed
slowly to make the temperature in the cold heat exchanger
rise gradually. Although the system continues to oscillate,
the pressure amplitude slowly decreases. The oscillation
does not disappear abruptly until the temperature in the cold
heat exchanger has reached 157.1 K. Figure 7 plots the
pressure amplitude of the CTE with a filling pressure of 0.6
MPa as a function of the temperature in the cold heat ex-
changer. Obviously, a “hysteretic loop” [22] which exists in
the HTE is also present in the CTE. When the temperature
of the cold heat exchanger reaches 141.57 K, the system
starts to oscillate and pressure amplitude suddenly jumps.
Then the pressure amplitude decreases gradually as T rises,
and, when temperature reaches 157.1 K, the pressure am-
plitude jumps from 8.42 to 1.16 kPa. It is clear that the hys-
teretic loop is formed by the two vertical lines and the two
approximately horizontal lines. There is a temperature dif-
ference of 15.53 K between the onset and the damping
temperatures.

The temperature discrepancy between onset and damping
is generally attributed to nonlinearity during the state transi-
tions. In fact, it is also affected by the temperature
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Figure 7 Dynamic onset and damping process of the CTE (0.6 MPa, N,).
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distribution within the stack. Here, to simplify the analysis,
we investigate the effect of temperature in the middle of the
stack on the onset and damping behaviors. Consider the
CTE as an example. Figure 8 shows the variation in the
temperature in the middle of the stack during onset and
damping. The dimensionless length of the stack is defined
as L, =x/l, where x is the length measured from the cold

end to the hot end of the stack, [ is the length of the stack
(i.e., for the location of the middle of stack, L; =0.5). The

= Th —
T,(T, —T.), where Tya, Ty, and T, are the temperatures in

the middle of the stack, the hot heat exchanger, and the cold
heat exchanger, respectively. As shown in Figure 8, before
onset, because the main mechanism of heat transfer in the
TE is conduction, Ty = 0.445 and the temperature in the
stack is not linearly distributed. After onset, as the working
gas starts to oscillate, convection replaces conduction as the
main mechanism, which largely enhances the heat transfer
in the axial direction. Consequently, the temperature distri-
bution along the stack becomes linear.

Figure 9 shows the onset temperature difference as a

dimensionless temperature 7, is defined as T,
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Figure 8 Dimensionless temperature variation in the middle of the stack
of the CTE at onset.
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Figure 9 Effect of the temperature in the middle of stack on the onset
temperature.
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function of the temperature distribution in the stack. As Ty
rises (i.e. the temperature in the middle of the stack de-
creases), the onset temperature difference appears to in-
crease at first and then to decrease. When T = 0.445, the
onset temperature difference is 153.0 K, which is 0.5 K
larger than that when the stack temperature is linearly dis-
tributed (i.e. Ty = 0.5). This shows that the onset tempera-
ture difference decreases when the oscillation starts in the
system and temperature distribution in the stack tends to be
linear. It is assumed that the temperature discrepancy be-
tween onset and damping is partly caused by the linear
temperature distribution before oscillation disappears, to-
gether with the nonlinear temperature distribution before
oscillation starts.

3 Conclusions

A standing-wave thermoacoustic engine driven by liquid
nitrogen was tested to investigate the onset and damping
characteristics. The experiments further verify the feasibil-
ity of thermoacoustic engines driven by cryogens. For the
same dimensionless parameter, the onset temperature dif-
ference of the CTE is much lower than that of the HTE. For
instance, with nitrogen at 0.6 MPa, the onset temperature
difference of the CTE is only 138.43 K, which is only 68%
of that of the HTE. Furthermore, because of the lower av-
erage temperature of the working gas, the resonance fre-
quency of the CTE is smaller than that of the HTE. Theo-
retical analysis based on the thermoacoustic network shows
agreement with experiments in predicting the onset temper-
ature difference and the frequency for the thermoacoustic
engine. In addition, the onset and damping hysteretic loop is
first found in the thermoacoustic engine driven by cryogen.
Computed results demonstrate that one of the reasons for
the temperature difference between onset and damping is
the linear temperature distribution in the stack when damp-
ing, together with the nonlinear distribution before onset.

It should be noted that the TE can realize self-oscillation
with a limited temperature gradient imposed only by a cold
source and the ambient temperature. It would be possible to
obtain a much more intense thermoacoustic oscillation if the
TE were driven by cold sources like liquid nitrogen and heat
sources above the ambient temperature, e.g., low-grade
thermal energy, simultaneously. This is the subject of cur-
rent research.
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