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Abstract: The efficiency of 4 K Stirling type pulse tube cryocoolers (SPTCs) is rather low due to significant regenerator losses
associated with the unique properties of helium around 4 K and the high operating frequencies. In this paper, regenerator per-
formance at liquid helium temperature regions under high frequencies is investigated based on a single-stage SPTC precooled by a
two-stage Gifford-McMahon type pulse tube cryocooler (GMPTC). The 4 K SPTC used a 10 K cold inertance tube as phase
shifters for better phase relationship between pressure and mass flow. The effect of the operating parameters, including frequency
and average pressure on the performance of the 4 K SPTC, was investigated and the first and second precooling powers provided
by the GMPTC were obtained. To reduce the regenerator heat transfer losses, a multi-layer regenerator matrix, including Gd,0,S
(GOS) and HoCu,, was used instead of a single-layer HoCu, around 4 K. A theoretical and experimental comparison between the
two types of regenerator materials was made and the precooling requirements for a regenerator operating at high frequencies to
reach liquid helium temperatures were given, which provided guidance for the design of a three-stage SPTC.
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1 Introduction

Future space science instruments, including
y-ray and mid-long wave infrared sensors, require
cryogenic refrigeration of about 10-500 mW down to
4-6 K to improve their dynamic range, extend
wavelength coverage, or provide precooling for the
use of advanced detectors such as space microcalo-
rimeters and thermal radiometers (Ross and Johnson,
2006). Pulse tube cryocoolers (PTCs) operate with
oscillating pressure and mass flow with no moving
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parts at the cold end. Compared with a G-M type
pulse tube cryocooler (GMPTC) that operates at
about 1-2 Hz (Gao and Matsubara, 1994; Wang et al.,
1997; Chen et al., 1997), a Stirling type pulse tube
cryocooler (SPTC), operating at 30-60 Hz, has a
compact structure and light weight, making it very
appealing for space and military applications men-
tioned above (Kotsubo et al., 1998; Radebaugh, 1999;
Marquardt and Radebaugh, 2000; Tward et al., 2001;
Gan et al., 2008; Yan et al., 2009).

Compared with the relatively matured 80 K
SPTCs, the efficiency of 4 K SPTCs is still rather low
(about 0.5%-1% Carnot efficiency) (Olson et al.,
2006; Nast et al., 2007; 2008; Bradley et al., 2008;
Radebaugh et al., 2008; Qiu et al., 2011) due to re-
generator losses with both the 4 K low temperature
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region (van Sciver, 1986) and high operating fre-
quencies (Tanaeva et al, 2006). At temperatures
below about 15 K, the specific heat capacity of re-
generator materials significantly decreases with the
cube of the temperature, while the specific heat ca-
pacity of helium-4 (He-4) increases remarkably,
which leads to large regenerator heat transfer loss. As
a result, regenerator materials with large heat capac-
ity, such as magnetic ceramic materials, should be
used to improve heat transfer. In addition, the high
operating frequency yields smaller thermal penetra-
tion depth of helium, which makes the heat transfer
between the matrix and helium worse. SPTC usually
adopts a three- or even a four-stage regenerator
structure to precool the final stage regenerator to
reach the 4 K temperature region (Olson et al., 2006;
Nast et al., 2007; 2008; Qiu et al., 2011). The number
of the regenerator stages is influenced by both the
performance of the final stage regenerator and the
precooling capacity of the previous stage regenerators
working at warmer temperature regions (typically
above 80 K). There exists complicated interference
between different stages of the regenerators. To get a
better understanding of 4 K regenerator characteris-
tics at high frequencies and determine the relationship
between the different stages of regenerators, a single-
stage SPTC precooled by a two-stage GMPTC was
developed and manufactured (Li et al., 2008; Qiu et
al., 2008). The SPTC and the GMPTC are thermally
coupled by two thermal bridges. By using this
method, we can focus on the final 4 K stage regener-
ator performance. The first and second precooling
temperatures provided by the two-stage GMPTC can
be varied in a wide range to see their effect on the 4 K
stage regenerator. Furthermore, the first and second
precooling powers can be obtained by calculating the
thermal bridges according to the temperature differ-
ences. These are important parameters to evaluate
efficiency of the whole system, which offers useful
guidance for the design of a three-stage 4 K SPTC.
Previously we verified the possibility of reaching the
4 K temperature region at high frequency (about
30 Hz) with He-4 as the working fluid (Gan et al.,
2009). In this paper, a multi-layer regenerator matrix
including Gd,0,S (GOS) and HoCu, was used in-
stead of a single-layer HoCu, around 4 K to investi-
gate the effect of regenerator materials on the per-
formance of a 4 K regenerator at high frequencies. A

comparison between two types of regenerator mate-
rials of GOS and HoCu, was made, including the
influence of average pressure and frequency on 4 K
regenerator losses at high frequencies.

2 Calculated results of regenerator materials
2.1 Regenerator materials at 4 K

For effective heat transfer, the volumetric spe-
cific heat capacity of the regenerator matrix should be
much larger than that of the working fluid helium.
Fig. 1 shows the volumetric specific heat capacity of
the regenerator matrix typically used below 20 K
(Numazawa et al., 2004) as well as that of helium at
different average pressures. The specific heat capacity
of the regenerator materials is rather small around 4 K
while the specific heat capacity of helium increases as
the temperature decreases. The maximum specific
heat capacity of the ceramic magnetic regenerator
material GOS has a peak value of about 1.2 J/(K-cm?)
at 5.5 K with a sharp shape, while HoCu, has a
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Fig. 1 Volumetric specific heat capacity of regenerator
materials (a) and He-4 (b) below 20 K
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relatively small volumetric specific heat capacity of
about 0.25-0.4 J/(K-cm3) with a smooth shape from
4K to 20 K. As a result, a multi-layer regenerator
matrix including GOS might improve the regenerator
performance around 4 K.

2.2 Calculated performance of 4 K regenerator
materials

SPTC usually uses three or even four stages of
regenerators to decrease regenerator losses to reach
4 K. The performance of the final stage is vital for the
overall efficiency of a 4 K SPTC and is calculated
based on a well-known regenerator software REGEN
3.3 (Gary and O’Gallagher, 2006). Figs. 2a and 2b
compare the relative regenerator losses working at
4-10 K with single-layer and multi-layer regenerator
materials. The pressure ratio (7p=Ppax/Pmin) at the cold
end is fixed at 1.2 and the average pressure (Py) is 1.0
MPa. The cold end temperature (7;) and the hot end
temperature (7}) of the final stage regenerator are 4 K
and 10 K, respectively. A ratio of regenerator heat
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Fig. 2 Effect of single-layer (a) and multi-layer (b)
regenerator materials on 4 K regenerator losses

rp=1.2; P=1.0 MPa; T.=4 K; T;=10 K; cryocooler working
frequency is /=30 Hz

transfer loss to the gross cooling power (Oreg/ Ogross) 18
used to evaluate the efficiency of the regenerator. For
single-layer regenerator materials, HoCu, yields the
smallest regenerator loss of about 63%. By using
multi-layer regenerator materials, the performance of
4 K regenerator is improved and the regenerator loss
is reduced to about 48% with combination of GOS
and HoCus,.

A more detailed comparison between the two
types of regenerator materials mentioned above is
given in Fig. 3. We can see that both the cooling ca-
pacity at the cold end and the coefficient of perfor-
mance (COP) of the SPTC are significantly improved
by using GOS. Moreover, the cooling capacity of the
case with GOS is increased to about twice that of the
case without GOS. The optimum regenerator length
for GOS is larger than that with only HoCus.
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Fig. 3 Comparison of cooling capacity (a) and COP (b)
between regenerator materials of HoCu, and GOS+
HoCu,

=30 Hz; Py=1.0 MPa; rp=1.2

3 Experimental setup

The schematic of the 4 K SPTC precooled by a
two-stage GMPTC is shown in Fig. 4. The GMPTC is
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driven by a helium compressor with an input power
of 7.5 kW and the SPTC is driven by a linear com-
pressor with a maximum input power of 280 W. The
operating frequency of the linear compressor can be
varied from 25 Hz to 70 Hz. The regenerator of the
SPTC consists of three sections (I, II, and III) ac-
cording to the designed temperature ranges as shown
in Fig. 4. The 4 K SPTC works in the cold inertance
tube mode (Olson, 2005). Cold inertance tube and
reservoir were designed as the phase shifter of the
SPTC for better phase relationship between the
pressure and mass flow, which are placed at the sec-
ond stage thermal bridge at about 10 K (Gan et al.,
2009). Two thermal bridges located at the first stage
cold end and the second stage cold end of the
GMPTC, respectively, are adopted to provide the
required precooling for the SPTC at the joint positions
of the regenerator sections. The arrangement of
thermometers is also shown in Fig. 4. The tempera-
ture at the cold end of the SPTC (T4) is measured by a
calibrated Cernox thermometer (accuracy of 0.014 K
below 10 K), and five calibrated Rh-Fe resistance
thermometers (accuracy of 0.1 K) are used to measure
temperatures at T1-T3 and T5-T6. Two electrical
heaters are mounted at the first stage and the second
stage cold ends of the GMPTC, respectively, to adjust
the precooling temperatures. The precooling power
provided by the two-stage GMPTC was measured by
calibrating the thermal bridges according to the tem-
perature differences at the two ends of the thermal
bridges previously. Fig. 5 gives the calibration results
of the second thermal bridge. The measured thermal
resistances of the second and first thermal bridges are
0.601 K/W and 3.498 K/W at about 10 K and 50 K,
respectively. The static and dynamic pressures at the
inlet of the regenerator of the SPTC (P1) are also
measured. He-4 is used as the working fluid. The

main parameters of the 4 K SPTC are listed in
Table 1.

Linear Reservoir of
compresor — e
Inertance
tube of
SPTC
1st stage @
thermal bridge
st cold end
of GMPTC
Regenerator 2nd stage
thermal bridge
f SPT
" ?nd cold end
of GMPTC

Fig. 4 Schematic of a single-stage SPTC with precooling
P1: static and dynamic pressure at the warm end of the
SPTC; T1: first precooling temperature; T2: second pre-
cooling temperature; T3: temperature of cold inertance tube;
T4: refrigeration temperature at cold end of the SPTC;
T5: first cold end temperature of the GMPTC; T6: second
cold end temperature of the GMPTC
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Fig. 5 Calibration of the second thermal bridge

Table 1 Main parameters used in the calculation for the 4 K regenerator

Regenerator T. (K) T (K) D (mm) L (mm) Regenerator matrix Porosity
1 T1 300 15.4 30 #400 stainless steel screen 0.686
#400 stainless steel screen, 0.686
I 10 T 154 30 lead spheres 0.380
m 4 10 12.4 30 HoCu,/(GOS+HoCu,) 0.380
Pulse tube 4 10 4.8 30
Inertance tube 10 1.0 360

D: regenerator diameter; L: regenerator length; =30 Hz; Pi=1.0 MPa; r,=1.2; volume of the reservoir is 250 cm®
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Fig. 6 shows the photos of the regenerator ma-
terial particles of HoCu, and GOS under a microscope
used in the experiment. The diameter of the HoCu,
particles lies in the range of about 0.14-0.18 mm,
while the diameter of the GOS particles is about
0.10-0.11 mm. Fig. 7 shows the composition of the
single-layer and multi-layer regenerator matrices
compared in the calculation and experiment. For
simplicity, the two cases are referred to as CASE 1
and CASE 2. The proportion of GOS and HoCu, in
CASE 2 is arranged according to the calculated
temperature distribution along regenerator I1I oper-
ating at 4-10 K (Fig. 8). The GOS particles are filled
in the regenerator where the temperature is below
5.5 K with a filling length of about 20 cm in regen-
erator III as shown in Fig.8.

D25 x100

Fig. 6 Photos of HoCu, particles (a) and GOS particles
(b) under a microscope used in the experiment

(a) HoCu,

(b) GOS HoCu,

Fig. 7 Regenerator materials of regenerator III for
CASE 1 (a) and CASE 2 (b)
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Fig. 8 Calculated temperature distribution along re-
generator II1

4 Experimental results and discussion

4.1 Influence of regenerator materials on the
performance of the linear compressor

The performance of the linear compressor driv-
ing the 4 K SPTC was affected by the regenerator
materials due to the change of the cryocooler im-
pedance. The input power (Winpu) of the linear com-
pressor is fixed at 50 W. Figs. 9a and 9b give the
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Fig. 9 Effect of regenerator materials on performance

of the output current of the linear compressor (a) and

the pressure ratio (b) at the inlet of the SPTC
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influence of the operating frequency on the output
current of the linear compressor and the pressure ratio
(r1) at the inlet of the SPTC. The optimum operating
frequency for the two cases is 35 Hz, where the cur-
rent is the smallest, leading to a minimum Joule heat
loss. Furthermore, the pressure ratio for CASE 2 with
GOS is larger than that of CASE 1 because of the
increased regenerator impedance associated with the
relatively small sphere diameter of GOS particles. In
addition, the geometry of the GOS particles is also
more evenly distributed.

4.2 Influence of the regenerator materials on the
performance of 4 K SPTC

The influences of the frequency on the refrig-
eration temperature of the SPTC with different av-
erage pressures for CASE 1 and CASE 2 are shown in
Fig. 10. The precooling temperature (T2) was kept
constant at 7.9 K. As can be seen from Fig. 9, the
performance of the 4 K SPTC is improved as the
average pressure decreases for both CASE 1 and
CASE 2 due to the reduction of real gas losses at low
pressures (Yoshimura et al., 1999; Gan et al., 2009).
As the average pressure goes down from 1.0 MPa to
0.52 MPa, the optimum frequency is decreased from
about 38 Hz to 33 Hz for the two cases.

Note that the refrigeration performance of the
4 K SPTC is more sensitive to frequency at lower
average pressures. For CASE 1 the refrigeration
temperature even exceeds the precooling temperature
as the frequency increases to 40 Hz at 0.84 MPa and
0.52 MPa. The main reason may be that as the average
pressure decreases, the specific heat capacity of He-4
increases significantly and the temperature with the
maximum specific heat capacity decreases as shown
in Fig. 1. The maximum specific heat capacity of
He-4 reaches 0.9 J/(K-cm3) at 6 K when the average
pressure is 0.5 MPa. The specific heat capacity ratio
of the regenerator matrix to helium is seriously de-
graded leading to a severe regenerator heat transfer
loss. As a result, a lower operating frequency is
needed to decrease the regenerator losses.

The performance of the 4 K SPTC is not obvi-
ously improved with the use of GOS, especially at
higher average pressures. The temperature along the
regenerator is higher than that expected in the calcu-
lation. The reason may be that the pressure drop along
the regenerator is increased with the filling of the

GOS particles with a smaller diameter. Therefore, the
pressure ratio at the cold end for the case with GOS is
smaller than 1.2 assumed in the calculation. The spe-
cific heat capacity of HoCu, is larger than that of
GOS at temperature regions above 5.5 K.
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Fig. 10 Effect of the operating frequency on the refrig-
eration temperature for CASE 1 (a) and CASE 2 (b)

The two-stage GMPTC plays the role of a
two-stage SPTC when we design a 4 K three-stage
SPTC. Thus, the first and second precooling power
provided by the GMPTC is useful for evaluating the
performance of regenerators working at warmer
temperature stages. Fig. 11 provides the comparison
of the effect of the operating frequency on the second
precooling power (enthalpy difference between Re-
generator II and Regenerator III) for CASE 1 and
CASE 2.

For both of the two cases, the lower average
pressure yields the smaller second precooling power.
The optimum frequency also decreases with the av-
erage pressure, which is caused by the same reason
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mentioned above. The second precooling power for
CASE 2 is larger than that of CASE 1 due to in-
creased regenerator imperfect heat transfer loss of
Regenerator III. The minimum second precooling
power for CASE 1 and CASE 2 are 0.68 W and
0.35 W at 7.9 K, respectively, with an average pres-
sure of 1.0 MPa.
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g
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& 04t 4
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Frequency (Hz)

Fig. 11 Effect of the operating frequency on the second
precooling power

Fig. 12 gives the effect of the operating fre-
quency on the first precooling temperature and the
first precooling power under different average pres-
sures for CASE 1 and CASE 2. In the experiment, no
additional heat was added to the first thermal bridge.
As a result, the first precooling temperature was only
influenced by the performance of Regenerator 11 and
Regenerator 1. Note that both T1 and the first pre-
cooling power are almost independent of the fre-
quency and average pressures.

It is also interesting that with the use of GOS,
both the first precooling temperature and the first
precooling power are remarkably reduced compared
to CASE 1. For example, with an average pressure of
1.0 MPa the first precooling temperature for CASE 2
is about 6.3 K lower than that of CASE 1, and the
precooling power is only half that of CASE 1. An
explanation may be that the GOS sphere particles
have a smaller diameter which leads to a smaller
porosity in the Regenerator III. There will be less
helium gas leaving in the void volume of the regen-
erator (equal to PVyo/(ZRTy), where Vi, is the void
volume of regenerator, Ty, is the mean temperature of
regenerator, Z is the compressibility factor accounting

for real gas effects, and R is the gas constant for he-
lium gas). The porosity of Regenerator III has a larger
influence with a lower mean temperature. As a result,
it is more difficult to achieve an ideal phase shift
provided by the cold inertance tube at the warm end of
the pulse tube with the mass flow and the pressure
being in phase in the middle of the regenerator
(Radebaugh et al., 2006). With this situation, the
performances of Regenerator II and Regenerator I
will be severely degraded for CASE 1.

55 T T T T T T
CASE 1 (HoCuz)

54 -
A=1.00 MPa
53| A=0.84 MPa -

52 - L
<51+
= input

F50F T2=79K
a9l -

45 L CASE 2 (HoCuz+GOS)
r o _9 ,%:1.01 MPa ]
47t 00--
L% [-0.78 MPa (a)
46 1 1 1 1 1 1
25 30 35 40 45 50
Frequency (Hz)

W =50W, |

3.8 — T T T T T

36 - CASE 1 (HoCuz)

34t * o
321 m=0.84 MPa T
30} i
28| -
26} W, =50W, -
24 T2=79K -
22} -
20F CASE 2 (HoCuz+GOS) 1
181 @<484a=00-- O 1
16 A=0.78 MPa A=1.01MPa  (b)1]
1 1 1

1 .4 1 1 1
25 30 35 40 45 50

Frequency (Hz)

A=100 MPa |

W)

First precooling power (

Fig. 12 Effect of the operating frequency on the first
precooling temperature (a) and the first precooling
power (b)

5 Conclusions

A single-stage SPTC precooled by a two-stage
GMPTC was developed to further understand the
characteristics of 4 K regenerators at high frequency
and the interference between different stages of the
regenerator. A multi-layer regenerator matrix in-
cluding GOS and HoCu, was used instead of a
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single-layer HoCu, around 4 K to reduce regenerator
losses. A no-load refrigeration temperature of 5.4 K
was achieved with the precooling power of 0.416 W
@7.9 K and 3.348 W@54.1 K at 0.52 MPa and 35 Hz
with HoCu, as the regenerator material. Lower av-
erage pressure yields a lower refrigeration tempera-
ture and a second precooling power. However, the
performance of the final stage regenerator is strongly
sensitive to operating frequencies especially at low
average pressures, due to the fact that the volumetric
specific heat capacity of He-4 near 4 K significantly
increases as the average pressure decreases. In con-
trast, the behavior of regenerators working at warmer
stages is almost independent of frequencies and av-
erage pressures. Regenerator material porosity in the
final stage has a significant effect on the first pre-
cooling power in that it severely influences the phase
shift between the mass flow and pressure in the re-
generator. The precooling power of the first stage is
reduced remarkably in the case of the GOS filling.
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