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Abstract:

A valveless linear compressor was built up to drive a self-made two-stage pulse tube cryocooler. With a designed

maximum swept volume of 60 cm®, the compressor can provide the cryocooler with a pressure volume (PV) power of 400 W.
Preliminary measurements of the compressor indicated that both an efficiency of 35%~55% and a pressure ratio of 1.3~1.4 could
be obtained. The two-stage pulse tube cryocooler driven by this compressor achieved the lowest temperature of 14.2 K.
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INTRODUCTION

Given the merit of light weight, small size, long
life and high efficiency, Stirling-type pulse tube
cryocoolers become increasingly practical in their
applications for cooling infrared (IR) sensors, high
temperature superconducting (HTS) devices, etc.
Multi-stage configuration is, however, necessary to
meet the requirements for lower temperatures. As a
prime mover, the linear compressor plays an essential
role in attaining high performance of the pulse tube
cryocooler.

Northrop Grumman Space Technology intro-
duced a thermally coupled two-stage Stirling-type
pulse tube cryocooler capable of providing a cooling
power of 2.25 W at 35 K (Chan, 2003; Nast, 2003;
Nguyen, 2004). A lower temperature of 12.8 K was
achieved by University of Giessen, Germany in its
two-stage Stirling-type pulse tube cryocooler (Tang,
2005). A thermo-acoustically driven two-stage Stir-
ling-type pulse tube cryocooler at Zhejiang Univer-
sity, China reached a temperature as low as 41 K
(Tang, 2008). Recently, we built a thermally coupled
two-stage pulse tube cryocooler driven by a self-made
linear compressor, and obtained the lowest tempera-
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ture of 14.2 K from the prototype. In this paper, the
principle of the compressor and the design of its main
parts are discussed; experimental results on the com-
pressor performance are also reported.

STRUCTURE OF THE LINEAR COMPRESSOR

The compressor (outside diameter D=198 mm,
length L=550 mm) consists of two linear motors, plate
springs and two cylinder-piston sets, which are en-
closed in a hermetic casing (Fig.1). The linear motors
are of the moving-magnet type, comprising static coil,
iron core, and moving magnet. The plate springs keep
the moving mass resonating at the operating fre-
guency, so as to avoid excessive reaction current.
Two pistons reciprocate synchronously in the oppo-
site direction to generate a nearly sinusoidal pressure
wave, which is transferred to the pulse tube cold head
through a gas line. Fig.2 shows the two-stage pulse
tube cryocooler driven by the linear compressor.

A pressure volume (PV) power of 400 W and a
swept volume of 20 cm? are required to realize the
desired performance of the cryocooler, by means of
REGEN 3.2, a numerical model for regenerative heat
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1: casing; 2: plate spring; 3: spring holder; 4: piston; 5: cylinder;
6: base block; 7: output line; 8: outer iron core; 9: coil; 10:
magnet; 11: inner iron core; 12: magnet holder

Fig.1 Structure of the linear compressor

Linear compressor

Fig.2 A two-stage pulse tube cryocooler

exchangers (Gary, 2001). In this study, the com-
pressor is designed to have a maximum swept volume
of 60 cm® and can output a maximum PV power of
about 1200 W in its full stroke operation.

LINEAR MOTORS

There are two linear motors in the compressor,
arranged in opposite orientations. The moving-
magnet motor, as compared to a moving-coil linear
motor, needs less magnet mass to produce the same
output power with the same efficiency. And it fur-
thermore requires a spring of lower stiffness, since the
mass of a moving magnet is much less than that of a
moving coil in an equivalent moving-coil motor.
However, the moving-magnet motor may bring more
eddy current loss and undesirable axial magnetic
force when the magnet is not properly centered.

Figs.3 and 4 show the stator and the magnet-
piston-spring assembly, respectively. The stator,
consisting of iron core and coil, generates an alter-

nating magnetic field when the coil is excited with
alternating current. The ring-shape magnet is located
in the gas gap constructed by the iron cores. The al-
ternating magnet field drives the magnet and the
piston into reciprocating motion. To reduce the eddy
current loss, silicon steel laminations are used. Eight
laminated stacks are arranged in a star shape around
the ring shape coil.

Fig.3 Stator of the linear motor

Fig.4 Magnet-piston-spring assembly

The force that a linear motor can deliver was
calculated by a finite element analysis of the elec-
tromagnetic field. A portion of the analysis results are
given in Fig.5. Fig.5a shows the magnetic flux in the
plane of a lamination of the linear motor, while Fig.5b
reports the static magnetic force that the linear motor
can produce when the magnet is located in each axial
position. Besides, the influence of gas gap thickness
on the output of the motor is also illustrated. The PV
power output of the motor can be estimated by inte-
grating the force along the stroke. The actual PV
power should be less than the calculating result, since
there is a phase difference between the current and the
movement of the magnet in practical operations.

In the primary installation, a copper wire with a
diameter of 0.8 mm was used, and the total number of
turns was 865. But it was found that the inductance of
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Fig.5 Finite element analysis results of the linear motor.
(a) Magnetic flux in the motor; (b) Magnetic forces

Magnetic force (N)

the coil was so high that the compressor could not
input enough electrical power with an input voltage of
about 220 VAC. Then the wire diameter was changed
to 1.6 mm, and the number of turns was reduced to 199,
so the input electrical power can reach 500~600 W
with a voltage of about 100 VAC. The resistance of
the coil is 0.58 Q.

PLATE SPRINGS

To avoid an excessive reaction current and to
achieve a higher efficiency, the compressor should be
operated at a resonance condition. The resonance
frequency is determined by the moving mass and the
stiffness of the spring.

The variations in the pulse tube cryocooler such
as volume, pressure, mass flow, as well as the
movement of the piston exhibit nearly sinusoidal
oscillations. The effect of gas pressure on the moving
mass can be assumed similar to that of a mechanical
spring. So the total elastic coefficient ky+ky of the
linear motor can be expressed as

ky +k, = 4n’mf?, (1)

where Kk, represents the axial mechanic stiffness of
the mechanical spring, k; denotes the equivalent
elastic coefficient caused by the spring effect of the
gas, m is the mass of the moving parts, and f is the
operating frequency. The axial stiffness of the me-
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chanical spring is suggested to range between
15%~25% of the total elastic coefficient when plate
springs are adopted (Marquardt, 1992).

Plate springs with two spiral arms are used in the
compressor, as shown in Fig.6. Plate springs construct
the resonating system associated with the moving
mass, and suspend one end of the piston within a
small radial displacement less than the clearance
between the piston and the cylinder. The plate springs
own very large radial stiffness, hence there will be no
contact if both ends of the piston were suspended.
However, suspending both ends of the piston leads to
a more complicated structure and a more difficult
assembling process. Only one end of the piston is
therefore designed to be supported by the plate
springs for this present compressor.

A finite element analysis was used to design the
plate springs, mainly for calculating the material
stress and both axial and radial stiffness. A typical
result of the analysis is given in Fig.7. It is found that
the maximum stress appears at the edge of spiral arms
near the end. A configuration with two wide arms is
then selected for its less stress and higher axial stiff-
ness. The plate spring is made of 0.6 mm-thick
stainless steel sheet. 8~10 discs of the plate springs
are stacked up for one linear motor to meet the re-
quirement of axial stiffness (Fig.6).

Fig.6 Plate spring installed in the compressor

PISTON AND CYLINDER

Considering the requirement of the maximum
swept volume of 60 cm? and the capacity of the linear
motor, the diameter and stroke of the piston are de-
termined as 36 and 30 mm, respectively.

Because the piston does not avoid touching the
cylinder, lubrication is necessary. The piston is coated
with polytetrafluoroethylene (PTFE), and inner
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Stress (MPa)

Fig.7 Stress analysis of the plate spring

surface of the cylinder is finely grinded, which sig-
nificantly reduces the friction resistance and keeps the
rubbing under an allowable level.

EXPERIMENTS

In an experiment carried out to test its perform-
ance, the compressor was connected with a small gas
tank through a needle valve, as shown in Fig.8. Two
pressure transducers monitored the pressure waves at
the outlet of the compressor and in the gas tank, re-
spectively. The PV power can be calculated from the
two pressure wave data. The efficiency is defined as
the ratio of PV power to input electric power. The
experimental results are shown in Figs.9 and 10.

As shown in Fig.9, the efficiency of the com-
pressor is 30%~45% at an operating frequency of
36 Hz and a mean pressure of 2.0 MPa. The efficiency
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1: compressor; 2: needle valve; 3: water cooler; 4: gas tank; P,
P,: pressure transducer

Fig.8 Test setup for compressor efficiency
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Fig.9 Efficiency of the compressor vs input electrical
power and valve opening
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Fig.10 Effect of operating frequency and mean pressure
on efficiency of compressor

rises with the increase of the valve opening and de-
clines with the augment of the input electrical power.
Obviously, the compressor did not exhibit its best
efficiency in this experiment due to the opening limit
of the valve. Further measurement will be carried out
by checking the displacement of the piston and the
output pressure wave when it drives the pulse tube
cryocooler, so that the result can be more precise.

Fig.10 shows the effect of operating frequency
and mean pressure on the efficiency of the compres-
sor. The efficiency, insensitive to the operating fre-
quency, decreases when the mean pressure increases.

The compressor was then installed to drive a
thermally-coupled two-stage pulse tube cold head
with a double-inlet phase shifter, as shown in Fig.2.
The cryocooler reached the lowest temperature of
14.2 K at the second stage with an input electrical
power of about 400 W. More details were reported in
(YYan et al., 2008a; 2008b; 2009).
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Fig.11 shows the pressure wave at the com-
pressor outlet, when the cryocooler was operating
stably at its lowest temperature with a mean pressure
of 2.1 MPa. The pressure ratio was usually 1.3~1.4
during the stable operation, while remaining as high
as 1.5 when the cryocooler was started.

2.6

Mean pressure: 2.1 MPa
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Fig.11 Pressure wave at the outlet of the compressor

Pressure (MPa)

Table 1 shows the typical operating parameters
of the compressor, when the cryocoole reached its
lowest temperature.

Table 1 Typical operating parameters of the compressor

bn(MPa) 1, f(Hz) V(V) I(A) P.(W) cosp
21 133 40 866 1148 400 0.405

Pm: Mean pressure; ry: pressure ratio; f: frequency; V: voltage; I:
current; Pe: electrical power; cose: power factor

The power factor, cosp, where ¢ is the angle
between current and voltage, is an important pa-
rameter to inspect the running condition of the com-
pressor. The higher power factor indicates that the
compressor operates at a frequency closer to its re-
sonance frequency. Fig.12 shows the effect of oper-
ating frequency on the power factor. The peak of each
curve indicates the resonance frequency when the
compressor operates at the corresponding mean
pressure. Then a curve of resonance frequency versus
mean pressure can be traced from the data of Fig.12,
as shown in Fig.13. It shows that the resonance fre-
guency increases with the mean pressure, and this
compressor has resonance frequencies between 33
and 40 Hz, when the cryocooler is charged with a
pressure between 1.3 and 2.5 MPa.

Figs.14 and 15 show the temperatures that each
stage has reached, when the cryocooler operates at
frequencies between 30 and 50 Hz. The temperatures
of both stages are almost constant in the frequency
range below 40 Hz, and they increase with the fre-
quency. The lowest temperature of 14.2 K can be
achieved by this cryocooler.
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Fig.13 Resonance frequency vs mean pressure
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Fig.14 Effect of operating frequency on refrigeration
temperature of the 1st stage
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Fig.15 Effect of operating frequency on refrigeration
temperature of the 2nd stage

CONCLUSION

The design, manufacture and experimental test-
ing of a linear compressor are discussed. The linear
motor is of the moving-magnet type, which was de-
signed by means of the finite element method. The
plate spring has also been optimized by the finite
element method.

With a maximum swept volume of 60 cm®, the
compressor was designed to output enough PV power
more than 400 W to drive the pulse tube cryocooler. It
generated a pressure ratio of 1.3~1.4 when driving a
two-stage pulse tube cryocooler, and successfully
obtained a refrigeration temperature as low as 14.2 K.
The PV power measurement of the compressor indi-
cated that an efficiency of about 35%~55% was
achieved.

Further researches are needed to improve the
compressor efficiency and satisfy the requirement for
high performance pulse tube cryocoolers.
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