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Abstract:  The operating characteristics are important for design and optimization of pulse tube cryocoolers, in particular for
those with high cooling power, which up to now have been seldom extensively investigated. In this study, the dependence of
cooling performance on the charge pressure and operating frequency has been investigated, both numerically and experimentally.
A numerical model based on Sage software was established. Experiments were performed on a home-made single-stage high
power Stirling-type pulse tube cryocooler (SPTC) working at liquid nitrogen temperatures. The results revealed that each charge
pressure corresponds to an optimum frequency with respect to compressor and regenerator efficiency. A lower charge pressure
results in a higher cryocooler efficiency, but the delivered maximum pV power is significantly reduced due to the stroke limit of
the pistons in the linear compressor. The influence of operating characteristics on the temperature non-uniformity in the regener-
ator was also investigated. By optimizing the charge pressure and frequency, the minimum no-load temperature was decreased
to 46.9 K at 56.5 Hz and 2.0 MPa. A cooling power of 300 W at 71.8 K was measured with an electrical input power of 8.9 kW.
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1 Introduction

High-power cryocoolers show promise in satis-
fying the increasing requirements of high tempera-
ture superconductor cooling and small-scale gas lig-
uefaction (Gromoll et al., 2006; Dietrich et al., 2007,
2010; Sun et al., 2009a). The Stirling-type pulse tube
cryocooler (SPTC) is one of the best candidates
among the regenerative cryocoolers, because of its
advantages of compactness, low vibration, high reli-
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ability, and high efficiency (Gan et al., 2008; Yan et
al., 2009). However, scaling up the cooling capacity
to hundreds of watts or even kilowatts is still chal-
lenging, mainly owing to some stubborn problems,
such as flow inhomogeneity, temperature inhomoge-
neity, and impedance matching between compressor
and cold head (Potratz et al., 2008; Sun et al., 2009b).

Different approaches have been presented to
improve the performance of high power SPTCs in
the past decade. Dietrich et al. (2007) designed a
single-stage high power SPTC. By use of sandwich
type regenerator fillings, where a part of the original
stainless screens was replaced by copper or brass
screens with higher thermal conductance, the losses
from streaming were significantly reduced and the
refrigeration temperature was lowered to 34.5 K.
Cooling power of 50 W at 45 K and 200 W at 70 K
was available with electrical input power of 6.3 kW
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and 8.6 kW, respectively (Dietrich et al., 2007). By
optimizing the length to diameter ratio of the regen-
erator and the thickness of the flow straightener, the
SPTC developed by Ercolani et al. (2008) reached a
no-load refrigeration temperature of 39.6 K. A cool-
ing power of 302 W was achieved at 77 K with an
input power of 7.5 kW. Imura et al. (2008) applied
coupled fillings by mixing different mesh stainless
steel screens with copper screens in the regenerator
in a high capacity SPTC. The no-load temperature
was reduced to 37.8 K, and the cooling power was
180 W at 80 K at an input power of 3.8 kW. Hu et al.
(2014) lengthened the regenerator and pulse tube to
avoid possible temperature inhomogeneity in a coax-
ial SPTC. With 7.6 kW electrical input power, the
cryocooler offers more than 520 W cooling power at
80 K corresponding to a relative Carnot efficiency of
18.2%.

Up to now, most research has focused on the
optimization of the geometrical parameters including
dimensions and regenerator fillings. However, there
is little quantitative research to reveal the relation-
ship between operating parameters and cooling per-
formance. The effect of charge pressure in high
power SPTCs with double-inlet configuration was
theoretically studied and compared to literature data
by Ghahremani et al. (2011). To our knowledge, no
systematic studies on the operating characteristics of
high power SPTCs have been reported, which will be
necessary for further enhancement of performance.

In this study, a single-stage high power SPTC
was employed to investigate the effect of operating
parameters, such as the charge pressure and frequen-
cy on the cooling performance. Numerical simula-
tions together with the experimental results illustrate
the dependence of refrigeration temperature, cooling
capacity, and regenerator temperature inhomogeneity
on the charge pressure and operating frequency. This
should benefit the design and optimization of high
power SPTCs.

2 Numerical Sage model

To investigate the dependence of cooling per-
formance, a numerical model was established by use
of the software Sage (Gedeon, 1994). Fig. 1 illus-
trates the SPTC configuration in the Sage model.
The SPTC consists of a linear compressor, primary

shell-and-tube aftercooler, flow straightener, regenera-
tor, slot cold heat exchanger, pulse tube, warm heat
exchanger, and inertance tube with reservoir for phase
shifting. The inertance tube was optimized by using
three different sections to improve the phase shifting
at the cold end of the pulse tube. The explanations of
variables in Fig. 1 will be given in Section 3. The di-
mensions of the main parts of the SPTC are listed in
Table 1. For cryocoolers working at high power, a
regenerator with large cross-sectional area but small
aspect ratio is preferred for hydrodynamic reasons
(reduced friction loss along the regenerator). Accord-
ing to the numerical simulation, the diameter and
length of the regenerator was selected to be 117 and
49 mm, respectively.

1
1: compressor

2: aftercooler

3: flow straightener

6 7 8 9

4: regenerator 7: warm heat exchanger
5: cold heat exchanger  8: inertance tube
6: pulse tube 9: reservoir

Fig. 1 Schematic of the inline single-stage PTC with linear
compressor

Table 1 Dimensions of the main components of the
high power single-stage SPTC

Component Value
Regenerator  Diameter (mm) 117
Length (mm) 49
Regenerator  Wire diameter (um) 30
matrix Porosity 0.65
Pulse tube Diameter (mm) 45
Length (mm) 170
Inertance 1 Diameter (mm) 13
Length (m) 0.62
Inertance 2 Diameter (mm) 15
Length (m) 1.0
Inertance 3 Diameter (mm) 20
Length (m) 1.0

3 Experimental setup

Experiments are performed on a single-stage
high power SPTC designed and manufactured at the
TransMIT-Center for Adaptive Cryotechnology and
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Sensors (Giessen, Germany) with the aid of a Sage
model (Dietrich et al., 2007). The SPTC setup adopts
an inline configuration of pulse tube and regenerator,
as schematically shown in Fig. 1. The compressor, the
aftercooler, and the warm heat exchanger are water-
cooled. The commercial linear compressor with dual
opposed pistons (QDrive model 42SM-2S297W) has
a nominal electrical input power of 10 kW at a max-
imum acoustic power of about 8 kW. The compres-
sor is equipped with two position sensors along the
axial direction of the piston and a pressure sensor (P;)
at the outlet, which enables the measurement of the
generated pV power. Two additional pressure sen-
sors (P, and Pj) are installed close to the warm heat
exchanger and at the inlet to the reservoir. To deter-
mine the efficiencies of the compressor and of the
cold head, the electrical input power W, is also mon-
itored. Seven calibrated Pt-100 resistance thermome-
ters are installed in the cryocooler. One is located at
the cold heat exchanger to measure the refrigeration
temperature T¢. As illustrated in Fig. 1, three Pt-100
sensors (Trega, TRegB> TRegc) are equidistantly mount-
ed on the circumference of the regenerator tube at
half of its length in order to measure the azimuthal
temperature distribution. Three Pt-100 sensors, la-
beled as Ty, Tpo, Tps, are installed along the pulse
tube wall to measure the temperature profile of the
pulse tube. The relative measurement error of the Pt-
100 thermometers used is only 2.4% at 80 K.

Hybrid regenerator fillings are used to increase
the transverse thermal conductance of the regenera-
tor matrix, to reduce the temperature inhomogeneity
and the associated losses (Dietrich et al., 2007;
Imura et al., 2008). As illustrated in Fig. 2, 400#
mesh stainless steel screens were filled in the cold
end of the regenerator with a temperature of 7,. The
temperature at the warm end of regenerator 7}, was
equal to the ambient temperature. Theoretical inves-
tigations (Dietrich et al., 2007) indicate that the max-
imum temperature non-uniformity will occur in the
middle of the regenerator. As a result, the hybrid
regenerator fillings with higher thermal conductivity
were positioned in the middle of the regenerator.
Two matrices are tested: matrix 1 consists of 352#
mesh brass screens and 80# mesh copper screens with
a proportion of 5:1 in the middle and some 352# mesh
brass screens at the warm end of the regenerator to-
gether with certain 400# mesh stainless steel screens
at the cold end; matrix 2 employs 400# mesh stainless

steel screens and 80# mesh copper screens with a pro-
portion of 5:1 in the middle and 400# mesh stainless
steel screens at the warm and cold ends (Fig. 2).

[ Sandwich type fillings ]

Matrix 1 Th Matrix 2

Brass screens 352#

Stainless steel

screens 400#
+copper screens 80#

Stainless steel Stainless steel
screens 4004 screens 400#
g T

Fig. 2 Schematic of the hybrid regenerator fillings

Brass screens 352# 49 mm

+copper screens 80#

4 Results and discussion
4.1 Effect of operating frequency

The operating frequency has a significant im-
pact on the performance of the cryocooler. The cry-
ocooler realizes cooling power via two energy trans-
formation processes: electrical-acoustic power con-
version occurring in the compressor and acoustic-
heat conversion taking place inside the regenerator;
both of these are critically affected by the operating
frequency as will be discussed below.

Fig. 3 illustrates the measured influence of op-
erating frequency on the compressor working condi-
tion. The relationship between the cosine of the
phase angle ¢, between current and voltage, which is
a measure for the absorbed power with respect to
actual power, and operating frequency is shown in
Fig. 3a for different charge pressures with matrix 1.
The electrical input power is kept constant at 7.0 kW,
and no additional heat load is applied to the cry-
ocooler. Fig. 3a clearly shows the influence of oper-
ating frequency on the electrical resonance state of
the compressor, which affects the maximum input
power that can be delivered by the power supply.
Moreover, the electrical resonance frequency de-
creases with the reduction of charge pressure due to
the lower stiffness of the gas spring.

The operating frequency not only influences the
electrical impedance of the compressor, but also af-
fects the mechanical impedance that is strongly re-
lated to the efficiency of the compressor (defined as
generated pV power divided by the electrical input
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power). Because of limitations in our measurement
system, the phase between the current and the stroke
indicating the mechanical resonance of the compres-
sor could not be measured. Instead, Fig. 3b shows
the measured variation of the quotient of the generat-
ed pV power W,y and the electrical current /, which
can be taken as an indicator for mechanical reso-
nance, as function of operating frequency. The oper-
ating conditions were the same as those in Fig. 3a.
The mechanical response shows a similar depend-
ence on charge pressure as the electrical resonance,
except that the resonance frequency is slightly shift-
ed to lower values by 2-3 Hz. The compressor effi-
ciency as function of operating frequency is also
shown in Fig. 3¢ for the same operating conditions as
those in Figs. 3a and 3b. A comparison of Figs. 3b
and 3c indicates that the compressor efficiency
reaches its maximum near the mechanical resonance.
Although the compressor efficiency is independent
of the electrical reactance (Wakeland, 2000), which
determines the electrical resonance, it is better to
have the two resonance frequencies close to one an-

other in order to increase the available acoustic power.

1.00
0.95
0.90
0.85

COS gl

Wy /I (WIA)

Efficiency (%)

Yy

54 55 56 57 58 59 60 61
Frequency (Hz)

750——
550 51 52 5

Fig. 3 Measured electrical response (cosg,) as function of
frequency (a); measured mechanical response (W,y/I) as
function of frequency (b); and measured pV power con-
version efficiency as function of frequency (c)

The influence of operating frequency on the
cryocooler efficiency not only depends on the com-
pressor efficiency, but also on the thermo-acoustic
efficiency of the regenerator via the phase shifter
network connected to the cooler. The contour graphs

in Figs. 4 and 5 show the calculated phase angle be-
tween mass flow and pressure wave at the warm and
cold ends of the regenerator, respectively. The pV
power is kept constant at 7 kW and the refrigeration
temperature is fixed to 80 K. As indicated by com-
parison of Figs. 4 and 5, at a frequency of about
55 Hz, the phase shift between mass flow and pres-
sure wave is roughly +20° at the warm end of the
regenerator and near —20° at the cold end.

Phase angle between mass flow and pressure wave
70

65

@
=]

N QW o
a O g

Frequency (Hz)

o
o
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Charge pressure (MPa)

Fig. 4 Calculated phase angle between mass flow and
pressure wave at the warm end of the regenerator

Phase angle between mass flow and pressure wave

Frequency (Hz)

1.5 17 1.9 2.1 2.3 2.5
Charge pressure (MPa)

Fig. 5 Calculated phase angle between mass flow and
pressure wave at the cold end of the regenerator

This means that at 55 Hz the mass flow is ap-
proximately in phase with the pressure wave in the
middle of the regenerator; thus the friction loss in the
regenerator reaches its minimum at this frequency
(Fig. 6). Fig. 7 shows the calculated refrigeration
temperature with different thermal loads as function
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of frequency. There exists an optimum frequency with
respect to the lowest refrigeration temperature. With
400 W of heat load, the optimum frequency is close to
55 Hz, which is in conjunction with the frequency for
optimum phase shift in the regenerator (Figs. 4 and 5).
In addition, as shown in Fig. 7, the gradients of the
curves below and above the optimum frequency are
different. When the frequency is higher than the opti-
mum, the refrigeration temperature varies much faster
than that below the optimum, which holds for all
thermal loads from 0 to 400 W, with the exception
that the lowest temperature is shifted slightly towards
lower frequencies at higher heat loads, as indicated by
the dotted line in Fig. 7. This is mainly because the
cold head acoustic impedance changes with tempera-
ture. This simulation result suggests that the optimum
frequency depends on the refrigeration temperature
range; a higher refrigeration temperature requires a
lower optimum frequency.

Regenerator friction loss (W)

65F

[
=}

Frequency (Hz)

I3
=}

450

1.5 1.7 19 21 23 25
Charge Pressure (MPa)

Fig. 6 Calculated regenerator friction loss as function of
frequency and charge pressure
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Fig. 7 Calculated refrigeration temperature as function

of frequency for different thermal loads

Fig. 8a shows the measured relative Carnot effi-
ciency of the cryocooler (defined as the coefficient
of performance COPx(T,—T.)/T. where T3=284 K
and 7.=80 K) and the pV power conversion efficien-
cy as function of frequency for a high charge pres-
sure of 2.38 MPa using matrix 1. The relative Carnot
efficiency of the cryocooler was measured in a rather
small frequency range around the resonance frequen-
cy with a maximum possible electrical input power
of 8.9-9.3 kW. Due to the current limit of the linear
motors, the pV efficiency as function of frequency
was measured with a lower electrical input power of
6 kW.

In addition, the frequency dependence of both
electrical (cosd) and mechanical (W,vy/I) responses
at the same input power of 6 kW are shown in
Fig. 8b. Since the mechanical resonance frequency
does not vary with input power, the extreme values
of the curves in Fig. 8 can be directly compared. The
highest relative Carnot efficiency is reached at an
operating frequency of 59.5 Hz, which is slightly
lower than the optimum operating frequency with the
highest W,v/I for the compressor under these condi-
tions, as seen from a comparison with Fig. 8b.

2 1055
3\0, 88 -(a) A 0/’ 1049;
> L (R - T O
o 84r  weekw A\ ws9-93kw 3
5 BACI — / “ 11033
g 80r A P, ee=2-38 MPa £
& 76} . AL {1028
2 7 - - - - - 101 E
56 57 5 5 60 61 62 &
1.00 o 125
| |
095 o—eo— " L 1120
= e i <o J115<
<T0.90F - 2
S 0.85] =/ oS
’ I / VVEI=6 kW 1105 \>a
0.80[ : p_ =238MPa {1003
0.75 - : : = : 95
5 57 58 59 60 61 62

Frequency (Hz)

Fig. 8 Measured relative Carnot efficiency, pV power
conversion efficiency versus operating frequency (a) and
measured electrical and mechanical responses versus
operating frequency (b)

This finding is attributed to the fact that at the
lower frequency of 55 Hz, the regenerator efficiency
reaches its maximum as evaluated from the numeri-
cal simulation above (Figs. 4 and 5). Therefore, the
optimization of frequency with respect to high
efficiency of the cryocooler has to take into account
compressor as well as regenerator efficiency.
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4.2 Effect of charge pressure

The previous section revealed that besides the
operating frequency, the charge pressure also influ-
ences the compressor efficiency. In this section we
will discuss how the charge pressure affects the cold
head. Fig. 9 displays the measured optimum fre-
quency, cooling power at 80 K, no-load temperature,
pV power, and relative Carnot efficiency as function
of charge pressure with the regenerator filled with
matrix 1. For each charge pressure several operating
frequencies, which were slightly smaller than the
mechanical resonant frequency, have been tested to
determine the optimum frequency. The optimum
frequency in Fig. 9a varies roughly linearly with the
pressure. The optimum frequency will rise together
with the mechanical resonant frequency as the
charge pressure increases, which is related to the
increase of the stiffness of the gas spring with in-
creasing pressure.
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Fig. 9 Available pV power and corresponding frequency
(a), relative Carnot efficiency (b), and cooling power (Q.)
at 80 K and refrigeration temperature (c) versus charge
pressure from experiment and simulation with matrix 1

As shown in Fig. 9a, the no-load temperature
decreases towards lower charge pressure. This is
attributed to an enhanced heat transfer between the
helium gas and the regenerator matrix at lower
charge pressure. Nevertheless, the cryocooler cannot
provide a large cooling power at lower charge pres-
sure in spite of the lower refrigeration temperature.
The reason is that a lower charge pressure results in a
smaller mass flow rate which will reduce the cooling

power for a given input power. On the other hand, a
larger pressure leads to a higher enthalpy flow in the
regenerator acting as thermal loss which degrades
the cooling power. Therefore, there exists an opti-
mum charge pressure as a compromise for achieving
the best performance.

For comparison, Fig. 9¢ also displays the simu-
lated cooling power at 80 K. Each point in Fig. 9c is
taken at the optimum frequency as plotted in Fig. 9a.
The pV power in the simulation was taken from the
experimental data. The available pV power shown in
Fig. 9c decreases towards lower pressure, since at
lower charge pressure the stroke limit of the com-
pressor pistons is reached at a lower pV power. As
shown in Fig. 9c, the simulated cooling power in-
creases with the increase of charge pressure because
of large available pV power. However, the measured
cooling power at 80 K (by linear extrapolation) does
not continuously rise with charge pressure although
the available pV power is larger at higher charge
pressure. The optimum charge pressure from the ex-
periment is 2.1 MPa. A comparison of the measured
cooling power at 80 K with the simulation results
shows a different dependence on charge pressure.
Moreover, the experimental results of cooling power
are between 67% and 77% of the simulation. The
measured cooling power is around 112-186 W less
than the simulation results. We believe this differ-
ence is caused by the losses which are not taken ac-
count in the Sage simulation, namely the temperature
inhomogeneity, since it will degrade the cooling per-
formance due to additional enthalpy loss to the re-
generator (Dietrich et al., 2007) and correspondingly
the cooling power could be improved by reducing it
with thermal conductance enhanced regenerator ma-
terials (Sun et al., 2013).

The measured relative Carnot efficiency with
respect to electrical input power, which is propor-
tional to the COP, increases with decreasing charge
pressure, as illustrated in Fig. 9b. This is in contrast
to the calculated relative Carnot efficiency with re-
spect to pV power. The reason is that the temperature
non-uniformity in the regenerator that degrades the
cooling performance goes down with decreasing pV
power (mass flow). This is shown in Fig. 10, where
the measured azimuthal temperature variation
ATiee 05 (defined as the maximum difference of Trega,
Tregn, and Trege, see Fig. 1) is plotted as function of
the pV power. Therefore, the cooling performance
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suffers less from temperature non-uniformity at low-
er charge pressure due to less pV power consumed.
That is the reason why the measured relative Carnot
efficiency at lower charge pressure is higher than at
the measured optimum charge pressure for cooling
power. With a charge pressure of 2.1 MPa and a fre-
quency of 57.5 Hz, the cryocooler exhibits the best
performance at 80 K (Fig. 9¢). Under this operating
condition, the cryocooler reaches a no-load refrigera-
tion temperature of 47.6 K, and a cooling power of
404 W at 80 K is achieved with an electrical input
power of 8.9 kW.

17
16} F"Charge=2.3 MPa 14
15[ f=60Hz ./
—
14 —*
¥ o/

~, 13} /
L2l /
<

11t
101 /
9

pV power (kW)

Fig. 10 Measured cooling power at 80 K versus charge
pressure with matrix 2 at different input powers

Fig. 11 shows the cooling power at 80 K meas-
ured with matrix 2 as function of the charge pressure
for different frequencies and input powers. For each
charge pressure, the corresponding frequency shown
in Fig. 11 is the optimum frequency. For each input
power, there exists an optimum charge pressure with
respect to maximum cooling power. Moreover, the op-
timum charge pressure rises with the increase of in-
put power, as indicated by the dotted line in Fig. 10.
This indicates that a higher cooling power demands a
larger charge pressure.

4.3 Temperature inhomogeneity

The azimuthal temperature inhomogeneity
around the circumference of the regenerator was
monitored during cooler operation indicating a para-
sitic streaming in the regenerator (Dietrich et al.,
2007). The performance was significantly improved
by replacing some stainless steel regenerator meshes
with copper or brass screens to reduce this tempera-

ture non-uniformity. Thus, it is important to investi-

gate the dependence of temperature non-uniformity
on different operating parameters in a high-power
SPTC. Fig. 12 shows the azimuthal temperature var-
iation and the no-load refrigeration temperature as
function of frequency for three different charge pres-
sures with matrix 1. The input power was kept con-
stant at 7 kW. As seen from Fig. 12a, there exists an
optimum frequency for each charge pressure corre-
sponding to the lowest no-load refrigeration tempera-
ture. Surprisingly, in Fig. 12b the corresponding az-
imuthal temperature variation for the charge pres-
sures of 1.8 and 2.0 MPa also exhibits the maximum
at this optimum frequency. This may be ascribed to
the fact that a lower refrigeration temperature leads
to a higher temperature gradient along the regenera-
tor and thus to a larger amount of re-circulating flow
in the regenerator (Dietrich et al., 2007).

450

—H— We|=3.5 kW 54 55 56
S 400" We=6 kW .57 5813
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Q 3501
® 51 5253 % 55 56
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8 51
8 200} 49 52 53 54 55
47w TR %7 58Hz
1 0 1 1 1 1 1 1 I\!

5 1 1 1 1
1.01112131415161.71.81.92.0212223
Charge pressure (MPa)

Fig. 11 Measured azimuthal temperature variation as
function of pV power at 2.3 MPa and 60 Hz with matrix 2

The temperature non-uniformity is not only in-
fluenced by the temperature gradient. In addition, a
higher charge pressure will increase the azimuthal
temperature variation ATy, 05 (Fig. 12b). As a result,
even though a minimum temperature is reached at
56 Hz for the pressure of 2.2 MPa, the frequency
corresponding to the maximum ATzos5 is 2 Hz
higher. The reason is that for the pressure of
2.2 MPa the pV power conversion efficiency rises
up to a maximum at 59 Hz (Fig. 8b). Given that for
all three filling pressures in Fig. 12 the maximum
azimuthal temperature variation is not large and rel-
atively independent of the operating frequency, it
can be concluded that the parasitic effect of the
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regenerator streaming is considerably reduced by
use of matrix 1.

As already seen from Fig. 10, the azimuthal
temperature variation AT,0s5 depends strongly on
pV power and therefore on input power, i.e., the more
pV power (or mass flow) is generated by the com-
pressor, the larger is the temperature non-uniformity.
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Fig. 12 Measured refrigeration temperature as function
of frequency (a) and measured azimuthal temperature
variation in the middle of the regenerator (matrix 1) ver-
sus frequency (b). The pV power was Kkept constant at
7 kW

4.4 Typical cooling performance

After optimizing the operating conditions for
the highest cooling performance near 70 K, the cool-
ing power as function of refrigeration temperature
has been measured for the two matrices, as displayed
in Fig. 13. At 56.5 Hz and 2.0 MPa, the minimum
no-load refrigeration temperature with matrix 1 is
46.9 K, and a cooling power of 300 W at 71.8 K is
obtained with an input power of 8.9 kW. The no-load
refrigeration temperature with matrix 2 is roughly
5 K higher than that with matrix 1 since the tempera-
ture inhomogeneity of matrix 1 is slightly smaller
than that of matrix 2 (Sun et al., 2013). However,
even though the matrix 1 has less thermal loss
caused by temperature inhomogeneity than matrix 2,
it will have more other additional losses (conduction
loss for instance) compared with matrix 2. Thus, the
slope of the load line with matrix 2 is 14.1 W/K
compared with 12.1 W/K with matrix 1. Correspond-
ingly the SPTC can still provide a cooling power of
299 W at 73 K with matrix 2.
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Fig. 13 Measured cooling power as function of refrigera-
tion temperature

5 Conclusions

A high power single-stage SPTC designed for
working at liquid nitrogen temperatures was theoret-
ically and experimentally investigated. The effect of
charge pressure and operating frequency on the cool-
ing performance of the regenerator was presented.
The results suggest that the frequency should be op-
timized to achieve the maximum compressor and
regenerator efficiency. A medium charge pressure in
the range of 1.9-2.1 MPa is a good compromise with
respect to refrigeration temperature and enthalpy
flow loss, so that a high cooling performance can be
achieved.

The effect of charge pressure and operating fre-
quency on the temperature non-uniformity in the
regenerator was also analyzed. For each charge pres-
sure, there is a certain frequency for which a maxi-
mum temperature inhomogeneity in the regenerator
is reached. The temperature non-uniformity increases
with the increase of input power. The optimum
charge pressure also rises with increasing input pow-
er. By optimizing the working conditions, the cry-
ocooler with matrix 1 (Fig. 6) reaches a no-load re-
frigeration temperature of 46.9 K when the charge
pressure is 2.0 MPa and the frequency is 56.5 Hz. A
cooling power of 304 W at 72 K is available at an
electrical input power of 8.9 kW.
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