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ABSTRACT
Performance of the Stirling-type pulse tube refrigerator (SPTR) with cold compressor and cold
phase controller is investigated. The cold compressor and the cold phase controller were submerged
into liquid nitrogen, and maintained at constant temperature. The cold compressor produces PV work
directly at cryogenic temperature and transmit its expansion work to the cold-end of the pulse tube
UHIULJHUDWRUPRUHHIIHFWLYHO\7KHRYHUDOOFRQYHUVLRQHI¿FLHQF\LVDERXWZLWK:RIHOHFWULF
power input. The resonant frequency of the linear compressor is 47 Hz with the charging pressure
RI03D)LUVWWKHH[SHULPHQWDOUHVXOWH[KLELWVQRORDGWHPSHUDWXUHRI.)URPPWRP
OHQJWKUDQJHRILQHUWDQFHWXEHQRORDGWHPSHUDWXUHRI&+;FKDQJHVIURP.WR.,QDGGLtion, the variation effect of the operating frequency is investigated. Depending on the length of the
inertance tube, the optimum frequency corresponding to the lowest temperature of CHX changes.
6PDOOFKDQJHVRIWKHRSHUDWLQJIUHTXHQF\UHVXOWVLQVLJQL¿FDQWLQFUHDVHRIWKHQRORDGWHPSHUDWXUH
The performance of the SPTR is more sensitive to the geometry of the phase controller and operating frequency because of the cryogenic location of the phase controller.
INTRODUCTION
6WLUOLQJW\SHSXOVHWXEHUHIULJHUDWRUV 6375 XWLOL]HRVFLOODWLQJSUHVVXUHDQGPDVVÀRZWRFUHDWH
FRROLQJSRZHUGLUHFWO\7KHHI¿FLHQF\RI6375LVJHQHUDOO\PD[LPXPZKHQWKHSKDVHGLIIHUHQFH
EHWZHHQSUHVVXUHDQGPDVVÀRZEHFRPHV]HURDWWKHFHQWHURIWKHUHJHQHUDWRU>@7RDFKLHYHWKLV
condition, an effective phase controller and an appropriate amount of PV work are necessary. In
general, a linear compressor produces PV work at room temperature and the PV work is delivered
WRFROGHQGRI3753DVVLQJWKURXJKWKHUHJHQHUDWRUWKH39ZRUNH[SHULHQFHVVLJQL¿FDQWDPRXQWRI
reduction. This phenomenon originates from pressure drop through the regenerator, and decrease of
VSHFL¿FYROXPHRIZRUNLQJÀXLGLHKHOLXP,WLVREYLRXVWKDWWKHVSHFL¿FYROXPHRIZRUNLQJÀXLG
is linearly correlated to temperature under the ideal gas assumption, and the low temperature of cold
HQGRI375OHDGVWRWKHGHFUHDVHRIVSHFL¿FYROXPHDQG39ZRUN&RQVHTXHQWO\GHOLYHULQJDODUJH
amount of PV work from the compressor to the cold end of the PTR is challenging and the lack of
the amount of PV work results in low performance of the PTR. As a quick remedy, simple scalingXSRIWKHJHRPHWULFDOVL]HRI375WHQGVWREULQJDÀRZPL[LQJSUREOHPDQGLQKRPRJHQHRXVÀRZ
LQWKHSXOVHWXEHUHVXOWLQJLQSRRUSHUIRUPDQFHRI375>@2QWKHRWKHUKDQGDFROGFRPSUHVVRU
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can generate PV work directly at cryogenic temperature, and delivers PV work to the cold end of the
PTR effectively. Experimental setup, described in this paper, adopts a cold linear compressor and a
cold phase controller (inertance tube-type). During the operation, both the cold linear compressor
and the cold phase controller are maintained at 77 K. Several researchers adopted the cold phase
FRQWUROOHUSUHYLRXVO\LQPXOWLVWDJH375>@7KH\UHSRUWWKDWWKHSKDVHEHWZHHQPDVVÀRZDQG
pressure has been effectively shifted by maintaining the phase controller at low temperature. This
cryogenic operating condition of the phase controller makes performance of the refrigerator to be
KLJKO\VHQVLWLYHWRWKHJHRPHWU\RISKDVHFRQWUROOHU7KLVSDSHUVSHFL¿FDOO\GHVFULEHVDQH[SHULPHQtal investigation on pulse tube refrigerator with a cold linear compressor and cold phase controller.
The performance of the PTR with a different phase controller and operating frequency change is
experimentally examined. Results of the detailed experiment and controller are presented.
EXPERIMENTAL SET UP
Experimental Apparatus
A schematic diagram of experimental setup is represented in Fig. 1. The lower part of SPTR is a
linear compressor unit. A linear compressor used in the experiment is hermetically sealed and adopts
a moving-magnet piston. A permanent magnet is radially attached to the piston. A piston is located at
the middle of the coil, and keeps its position by a gas bearing. No mechanical support exists between
SLVWRQDQGRWKHUFRPSRQHQW,QQHUDQGRXWHU\RNHVDUHLQVWDOOHGXQGHUWKHWRSÀDQJHRIWKHFRPSUHVVRUXQLW7KHLQQHUDQGRXWHULURQ\RNHVFUHDWHDPDJQHWLF¿HOGORRSDQGHQODUJHWKHHOHFWURPDJQHWLF
force on the piston with relatively small amount permanent magnet. The motor constant is 4.8 N/A at
the given geometry of the compressor unit. An aftercooler, made of slitted copper, is connected at the
WRSRIWKHFRPSUHVVRUXQLWDQGSURYLGHVWKHUPDOSDWKEHWZHHQWKHZRUNLQJÀXLGDQGWKHKHDWVLQN
The oscillating pressure is measured by a dynamic pressure sensor, which is mounted in the aftercooler. The entire compressor unit is submerged into liquid nitrogen so that it is to generate PV work
at isothermal condition of 77 K. A radiation shield, made of copper, is thermally anchored to liquid
nitrogen to mitigate radiation heat transfer from the cryostat wall to PTR components. The regenerator,

Figure 1. Schematic diagram of the Stirling-type pulse tube refrigerator

PT WITH COLD COMPRESSOR & COLD PHASE CONTROLLER

189

Table 1. Detailed information of the Stirling-type pulse tube refrigerator

Piston mass
Electric resistance
Electric inductance
Motor constant

Regenerator

Pulse tube
Phase controller

J
ȍ
1.9 mH
4.8 N/A
PP 2' PP / PP W
PPVWDLQOHVVVWHHOPHVKSRURVLW\

PPȝPGLDPHWHUOHDGVSKHUHSRURVLW\

PP 2' PP / PP W
,QHUWDQFHWXEH±PP ,' P /
5HVHUYRLU±PP

FROGHQGKHDWH[FKDQJHU &+; SXOVHWXEHZDUPHQGKHDWH[FKDQJHU :+; DQGLQHUWDQFHWXEH
DUHLQVWDOOHGVHTXHQWLDOO\LQVLGHRIWKHFU\RVWDW$WKHUPDOVWUDSFRQQHFWVWKH:+;DQGWKHUDGLDWLRQ
VKLHOGWRUHMHFWKHDWIURP:+;7HPSHUDWXUHVRIUHJHQHUDWRUFROGHQGKHDWH[FKDQJHUDQGZDUP
end heat exchanger is measured. All geometrical details of the PTR components are tabulated in
Table 1. Some portion of the inertance tube and the entire reservoir are located outside of cryostat.
Those parts are also submerged into liquid nitrogen, being maintained at isothermal condition.
Experimental Procedures
The SPTR, in this paper, adopts cold linear compressor and cold phase controller. A simple way
RIUHDOL]LQJVXFKDFRQGLWLRQLVWRVXEPHUJHWKHPLQWROLTXLGQLWURJHQ7KHFU\RVWDWLV¿UVWHYDFXated before cool down of the entire system. Then the entire system is charged with helium gas up
to 2 MPa. After charging, liquid nitrogen is supplied into a bath where the compressor unit and the
phase controller are located. Electric power is supplied to the linear compressor and the operating
IUHTXHQF\LVWXQHGWRQHDUWKHUHVRQDQWIUHTXHQF\7KHUHVRQDQWIUHTXHQF\LVVSHFL¿HGE\FRPSDULQJ
the amplitude of current for each frequency at constant voltage. The amplitude of current becomes
PLQLPXPDWUHVRQDQWIUHTXHQF\>@)LJVKRZVWKHDPSOLWXGHRIFXUUHQWDQGRSHUDWLQJIUHTXHQF\

Figure 2. The amplitude of the current depending on the operating frequency
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IRUYDULRXVFKDUJLQJSUHVVXUHV:LWKDFKDUJLQJSUHVVXUHRIEDUWKHUHVRQDQWIUHTXHQF\LVQHDU
47 Hz. The temperature, dynamic pressure, supplying current, and voltage signals are collected by
DAQ device.
EXPERIMENTAL RESULTS AND DISCUSSION
Dynamics of Linear Compressor and PV Work
During the experiment, the linear compressor operates at 77 K, receives electric power from
the AC source, and generates PV work. Electric power input consumed by a linear compressor
WElectric is given by equation (1).
(1)
is the phase difference bewhere Vo is the amplitude of voltage; Io is the amplitude of current;
is determined from the electric characteristics of linear compressor. In
tween voltage and current.
addition, the displacement of piston is determined from following the force balance relationship. The
VLPSOL¿HGIRUFHEDODQFHDQGWKHYROWDJHHTXDWLRQRIOLQHDUFRPSUHVVRULVJLYHQE\(T  DQG(T  
(2)
(3)
where m is the mass of piston, cLVWKHGDPSLQJFRHI¿FLHQWk is the spring constant, x is the piston displacement, P is the pressure of compression space, Pb is the pressure of bouncing volume, A is the area of the
piston, R is the electrical resistance, L is the inductance of coil, V is the voltage, and I is the current.
The force diagram of the piston can be made from the force balance equation by introducing the
phases to x, P, Pb, and I. Fig. 3 shows the general force diagram of the piston (neglecting the pressure of bouncing volume). The displacement of piston is estimated from the relation between the
current and pressure. Because mechanical linkage does not exist in the linear compressor, amplitude of
the pressure and current with the phase between the pressure and the current determines the displacement
of the piston. From the amplitude and phase of x and P the PV work produced at compression volume
can be evaluated by Eq. (4).
(4)
where Po is the amplitude of pressure oscillation; Xo is the amplitude piston displacement. The converVLRQHI¿FLHQF\RIWKHOLQHDUFRPSUHVVRUFDQEHHYDOXDWHGE\WDNLQJWKHUDWLRRIWElectric and WPV from the
(T  DQG  7KHRYHUDOOFRQYHUVLRQHI¿FLHQF\RIWKHOLQHDUFRPSUHVVRULVGXULQJWKHH[SHULPHQW

Figure 3. Force balance diagram of the piston

PT WITH COLD COMPRESSOR & COLD PHASE CONTROLLER

191

Figure 4. Temperature distribution of PTR

Experimental Result
After the PTR is cooled down to near 77 K, electric power is supplied to the linear compressor
so that the PV work is generated. Fig. 4 shows the temperature distribution of the PTR components
DWVWHDG\VWDWH7&WR7&LQGLFDWHVWKHWHPSHUDWXUHRIWKHVXUIDFHRIWKHUHJHQHUDWRU7&WR7&
LVORFDWHGRQWKHVXUIDFHRIUHJHQHUDWRUVRWKDWWKH\DUHHTXDOO\VSDFHGEHWZHHQHDFKRWKHU7&
is closest point to CHX. The operating frequency of the linear compressor is 47 Hz. The no-load
WHPSHUDWXUHRI&+;LVDERXW.)LJVKRZVWKHRVFLOODWLQJVLJQDORIYROWDJHFXUUHQWG\QDPLF
SUHVVXUHDWWKHDIWHUFRROHUDQGG\QDPLFSUHVVXUHDWWKH:+;7KHSKDVHEHWZHHQWKHFXUUHQWDQG
WKHGLVSODFHPHQWRISLVWRQLVDERXWZKLFKLPSOLHVWKHOLQHDUFRPSUHVVRULVRSHUDWLQJDWUHVRQDQW
IUHTXHQF\)URPWKH(T  DQG  WKHHOHFWULFSRZHULQSXW39ZRUNDQGWKHFRQYHUVLRQHI¿FLHQF\
DUHFDOFXODWHG7KHHOHFWULFSRZHULV:7KH39ZRUNLV:7KHFRQYHUVLRQHI¿FLHQF\LV
FDOFXODWHGDV

Figure 5.2VFLOODWLQJYROWDJHFXUUHQWSUHVVXUHDQGHVWLPDWHGGLVSODFHPHQW
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Table 2. Temperature of CHX with the variation of inertance tube length

Length of inertance tube
Temperature of CHX

2m
44.9 K

2.2 m
43 K

2.4 m
.

The effect of the inertance length is examined by comparing the no-load temperature of CHX.
Variation of the inertance tube length is from 2 m to 2.4 m. Table 2 shows the no-load temperature
GHSHQGHQFHRQWKHLQHUWDQFHWXEHOHQJWK7KHQRORDGWHPSHUDWXUHRI&+;LVVLJQL¿FDQWO\ORZHUHG
at the inertance tube length of 2.4 m. It implies that the phase controller effectively makes phase
VKLIWEHWZHHQSUHVVXUHDQGPDVVÀRZZLWKDQLQHUWDQFHWXEHOHQJWKRIP1RORDGWHPSHUDWXUH
GLIIHUHQFHEHWZHHQLQHUWDQFHWXEHOHQJWKRIPDQGWKDWRIPLVDERXW.6LPLODUWRJHRPHWULF
effect of the inertance tube, the operating frequency of linear compressor also affects the performance
RIWKH375)LJVKRZVWKHQRORDGWHPSHUDWXUHRI&+;GHSHQGLQJRQWKHRSHUDWLQJIUHTXHQF\
L-2 m, L-2.2m, and L-2.4m indicate the length of the inertance tube respectively. The optimum
frequency for the lowest no-load temperature changes with variation of the length of inertance tube.
:LWKWKHFRQVWDQWOHQJWKRIWKHLQHUWDQFHWXEHVPDOOFKDQJHRIWKHRSHUDWLQJIUHTXHQF\IURPWKH
RSWLPXPIUHTXHQF\+]UHVXOWVLQVLJQL¿FDQWULVHRIWKHQRORDGWHPSHUDWXUH
Discussion
Experimental results show that the variation of the length of the inertance tube and the operDWLQJIUHTXHQF\VLJQL¿FDQWO\LQÀXHQFHWKHSHUIRUPDQFHRIWKH375(YHQZLWKWKHVDPHHOHFWULF
LQSXWSRZHUWRWKHOLQHDUFRPSUHVVRUWKHORZHVWWHPSHUDWXUHHDVLO\FKDQJHVXSWR.ZLWKVOLJKW
variation from the optimum operating condition. This result implies that the cold phase controller
is more sensitive than the common phase controller which is usually located at room temperature.
The inertance tube can be modeled as equivalent circuit of a transmission line using an LRC circuit
DQDORJ\7KHFRPSOH[LPSHGDQFHRILQHUWDQFHFDQEHH[SUHVVHGDV(T  WR  >@


(7)
(8)

Figure 6. No-load temperature of CHX depending on the operating frequency
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.
where r, l, and c represent resistance, inertance, and compliance per length, P is the pressure, m is
WKHPDVVÀRZ'LVWKHLQVLGHGLDPHWHURIWXEHf is the friction factor, JLVWKHUDWLRRIVSHFL¿FKHDWV
$ERYHHTXDWLRQVLPSO\WKDWHDFKWHUPLVDIIHFWHGE\WKHGHQVLW\RIWKHÀXLG7KHKLJKVHQVLWLYLW\
originates from the large inertia of the working gas as seen in the hydraulic impedance expression
of inertance tube. This large inertia allows for a large phase shift, however, it makes the phase controller more sensitive. In order to mitigate the sensitiveness of cold inertance tube phase controller,
a possible combination of active phase controller seems to be a good idea for further development.
CONCLUSION
The performance of the PTR with the cold linear compressor and the cold phase controller is
H[SHULPHQWDOO\LQYHVWLJDWHG7KHFROGOLQHDUFRPSUHVVRUH[KLELWVRIFRQYHUVLRQHI¿FLHQF\
operating at 77 K. The resonant frequency of the linear compressor is around 47 Hz with the charging pressure of 2 MPa. Not only the fact that the current becomes minimum amplitude at resonant
frequency for constant voltage but also the fact that relative phase between the current and the
SLVWRQGLVSODFHPHQWLVQHDUo supports that the linear compressor operates at resonant frequency.
7KHQRORDGWHPSHUDWXUHRI&+;LVDERXW.ZLWKWKHLQHUWDQFHWXEHOHQJWKRIP7KHOHQJWK
FKDQJHRIWKHLQHUWDQFHWXEHKDVDVLJQL¿FDQWLPSDFWRQWKHQRORDGWHPSHUDWXUHRIWKH&+;7KH
QRORDGWHPSHUDWXUHRI&+;EHFRPHVORZHUIURP.WR.ZLWKWKHFKDQJHRIOHQJWKIURP
2 m to 2.4 m. The operating frequency, also, affects the performance of the PTR. Small changes
in operating frequency from the optimum frequency causes a considerable increase of the no-load
temperature of CHX. Experimental results imply that the cold phase controller is much more sensitive than a phase controller, that operates at room-temperature.
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