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Performance of cryogenic regenerator with *He as working fluid
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Almost all experimental and theoretical studies on regenerative cryocoolers at temperatures below 20 K mention the use of *He as
working fluid. A preliminary qualitative evaluation indicates that because of the superfluid phase transition, a working fluid of
He would overcome the cooling temperature limitation set by “He. Starting with a comparison of the thermophysical properties
of *He and *He, cryogenic regenerator simulations applied to the third/last stage of a pulse tube refrigerator, with *He and *He
separately, were implemented to quantitatively analyze performance differences of the regenerator with respect to regenerator loss,
cooling power and COP. Results conclude that *He could significantly improve the performance of a regenerative cryocooler.
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From such diverse fields as material science, medical sci-
ence, meteorology and aerospace technology, the demands
of ultra-low temperatures below 2 K and/or large cooling
powers at temperatures below 20 K have served as incen-
tives to develop more efficient refrigerators for devices such
as magnetic resonance imaging and quantum communica-
tion devices. Regenerative cryocoolers are seen as a solu-
tion satisfying these demands. In the last 40 years, most
cryocoolers used in scientific studies and even commercial
products employ working substances of “He [1-3]. “He is an
excellent refrigerant and easily available in the market. Its
thermophysical properties including equation of state are
well known. However, due to a small thermal expansion
coefficient, the cooling capacity of “He regenerative cryo-
coolers diminishes quickly at liquid helium temperatures
close to the lambda transition line of this fluid. The lowest
non-load cooling temperatures achieved by commercial
regenerative cryocoolers are of order 2.3 K, while the cool-
ing power at 4.2 K can reach 1-1.5 W. Much of the research
on cryocoolers has focused on such issues as 1) improving
heat transfer at the cold end, 2) modifying the structures,
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and 3) adjusting the phase shifter. These efforts bring lim-
ited benefits to the coefficient of performance (COP) of
modern cryocoolers. In light of experiences on regular re-
frigerators, the working substance is an important aspect.
The stable isotope *He exhibits advantages with better inte-
grated features in density, specific heat, enthalpy, thermal
conductivity and viscosity for regenerative cryocoolers,
which have been verified by preliminary experimental in-
vestigations. de Waele et al. [4] were the first to introduce
*He in a three-stage pulse tube cryocooler and succeed in
attaining 1.87 K at the cold end of the last stage. Satoh and
Numazawa [5] then achieved a cooling temperature of 1.47
K using *He as working fluid in a G-M cryocooler with a
new regenerative material. Jiang et al. [6] further lowered
the cooling temperature down to 1.27 K in a separated-type
two-stage pulse tube cryocooler. They also compared ex-
perimental results obtained by substituting *He for ‘He.
More recently, a four-stage pulse tube cryocooler developed
by Nast et al. [7] at Lockheed-Martin using *He in the last
stage, reached a temperature of 3.8 K with an input power of
300 W and a frequency of 31 Hz. These experimental studies
indicate that higher efficiencies/cooling powers or lower
cooling temperatures can be realized using “He.
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In collaboration with our group, Radebaugh et al. [8,9]
from NIST developed a new version of the regenerator
modeling code-REGEN3.3, which incorporates the ther-
mophysical properties of both *He and *He. Preliminary
calculations of high frequency cryocoolers with *He and
*He have been conducted to investigate how geometry and
materials, among other aspects, affect the performance of
the regenerator working at 4 K at the cold end and 20 K at
the hot end. It was found that (a) a gadolinium oxysulfide
ceramic (GOS+Er(sPrj5) performed best out of nine differ-
ent matrix materials for this application, (b) using *He con-
tributes significantly in enhancing performance, and c) ei-
ther a hot-end temperature above 35 K or an average pres-
sure higher than 1.0 MPa has little effect on COP of the
regenerator. This article reports on the theoretical analysis
and simulations of the performance of regenerators looking
particularly at variations in matrix porosity, aspect ratio,
hot-end temperature, frequency, pressure ratio, and average
pressure.

1 Properties of the two helium isotopes

The inherent properties of *He and “He determine their ap-
plications in cryocoolers. The critical temperature and
pressure of *He are 5.1953 K and 0.2275 MPa, respectively.
The isobaric specific heat exhibits a sharp peak around 2.17
K, where superfluid phase transition takes place. As shown
in Figure 1, the thermal expansion coefficient of “He under
pressures of 0.1-1 MPa is close to zero at 2.1-2.2 K, which
is thought to be the theoretical limit of the cooling tempera-
ture for any regenerative cryocoolers charged with *He. By
contrast, the critical temperature of the isotope *He is
3.3157 K, while the superfluid phase transition temperature
is only 2.6 mK, which is three orders of magnitude lower
than that for *He. The zero expansion coefficient line for
*He appears at much lower temperatures, suggesting that a
cooling temperature below 1 K is possible for a *He cooler.
Furthermore, the higher values of specific heat and com-
pressibility for *He, as well as the better characteristics as-
sociated with enthalpy differences at equal temperature dif-
ference, thermal conductivity and viscosity, indicate a
higher performance of such a regenerator compared with
that using “He. The net refrigeration power and the second
law efficiency will be specifically used in what follows as
the two effectual criteria to evaluate the influence of ther-
mophysical properties of these fluids.

In general, the amount of heat exchange in a regenerator
is over ten times the rest in a refrigerator, so the relative loss
indicates the effectiveness of the regenerator within the
cryocooler. For a regenerator working with oscillating flow,

the time-averaged acoustic power (PV)h that drives the
current stage enters at its hot end. Here P stands for pressure
and V for specific volume. The subscript h indicates the
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Figure 1 Zero expansion coefficients of helium isotopes.

parameter is to be evaluated at the hot-end. In our previous
study on regenerator modeling and loss analysis [4], the net
refrigeration power could be written as follows:

Q'nﬂ :<PV>h 1_ <APV>h ZcTc
(PVy, Z.T,
<> <2> <3>

1- <H>P 1= Qreg _ Qcond _ th , (1)

X 0
<P V> C Qg]’OSS le’OSS le’OSS
<4>

<5>

where (  stands for the net refrigeration power,

ngss the gross refrigeration power, Q.. the thermal loss

reg
associated with enthalpy flow caused by imperfect heat
transfer and limited heat capacity in the regenerator, Qcond

the conduction heat leak through the regenerator, th the

loss associated with an imperfect pulse tube or any irre-
versible expansion process at the cold end, and (H )p the

time averaged enthalpy flow. The subscripts ¢ and h stands
for the cold end and hot end, respectively. By writing the
net refrigeration power in this manner we have separated
out the terms that are functions of only the gas properties
from those that also are dependent on the hardware. The
first term on the right side of the equation is the acoustic
power input at the hot end of the regenerator. The second
term represents the effect of pressure drop in the regenerator
and is both hardware and gas dependent. The third term
represents the reduction in acoustic power due to tempera-
ture change and real gas behavior associated with com-
pressibility. The fourth term represents the effect of real gas
enthalpy flow. The terms in the last set of brackets are re-
sponsible for the various losses in the regenerator and the
cold head, and are both hardware and gas dependent.
Therefore, the COP of the last stage of the regenerator can
be written as
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_ O .
(PV),

For an ideal gas and a perfect regenerator, the COP equals

TJ(Ty—T,); it reduces to (T./T,) if we assume that the re-

versible expansion work at the cold end is not being fed

back to the hot end of this regenerator. Thus, the thermody-

namic second-law efficiency of the last stage is given by
n=(T,/T.)COP. (3)

Combining eqgs. (1)—(3) gives an expression for the second
law efficiency of the last stage in a form that separates the

variables
)
(PV), Z, (PV),
x 1_ Qreg _ Qcond _ .th . (4)
Qgross Q gross Q gross

Assuming the pulse tube loss is zero, the efficiency 7 cal-
culated from eq. (4) refers only to the regenerator, which
then helps in understanding the effect of the working sub-
stance on the regenerator. In addition, if only real gas ef-
fects are taken into account, net refrigeration power equals
gross refrigeration power. As a consequence, the acoustic
power loss for a perfect regenerator due to the pressure drop
is zero. Following these considerations, eq. (4) becomes

_Z, |, (H),
5 e |

(PV).
by which we find that the efficiency depends only on the
thermophysical properties of the working fluid. These prop-
erties for *He and “He are taken from Huang et al. [10,11]
and McCarty [12], respectively. The compressibility curves
for both *He and “He with respect to temperature are plotted
in Figure 2. The compressibility of both gases is seen to be
close to 1 at 20 K. On the lower temperature side, however,
the value for *He is significantly greater than that for *He at
fixed temperatures and pressures. Therefore, the value of
Z.JZ, for *He will be greater than that for “He. Figure 3

shows the efficiency factor [1—<H>P /<PV>C] associated

®)

with the enthalpy flow. Clearly, the efficiency factor for *He
is also much higher than that for “He. Based upon the above
qualitative analysis, one may deduce that a *He cryocooler
has a higher efficiency than a *“He cryocooler. A quantitative
analysis based on numerical simulations of the regenerator
will be presented below.

It should be noted that the efficiency of a regenerator is
an aggregated consequence of the thermodynamics, heat
transfer and oscillating flow dynamics in the porous me-
dium. The numerical model REGEN3.3 was developed
upon these considerations and is able to calculate not only
the energy balance outputs but also the distributions of
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Figure 3 Contribution of real-gas enthalpy flow to the efficiency of a
stage with the hot end at 20 K.

temperature, pressure and flow velocity, among others, in-
side the regenerator. The thermodynamic second-law effi-
ciency was chosen as the overall indicator to investigate the
performance of the regenerator under different working
substances.

2 Comparison of regenerator performance
between working fluids *He and ‘He

A previous study showed that in quite wide ranges of pres-
sure, pressure ratio, frequency and regenerator length, the
optimum value of the ratio V,,/Vg is between 7 and 10 [13],
where V,, is the volume of gas in the regenerator, and Vg is
the swept volume of gas at the regenerator cold end. We
also found that for a 4 K regenerator the best matrix mate-
rial is a mixture of GOS and Er(sPrys prepared in a spheri-
cal geometry. Our numeral work adopts this GOS+Er sPr 5
configuration with a diameter of 100 um. The porosity 7,
aspect ratio Ay/m,, cold-end pressure ratio P,, phase angle
between mass flow and pressure at the cold end ¢., hot-end
temperature T}, average pressure P, and frequency f are all
considered as factors influencing cooler performance and
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discussed in turn in the following section.

2.1 Effect of matrix porosity and aspect ratio

The effect of matrix porosity on the regenerator perform-
ance is quite significant. As the porosity increases, the flow
resistance of the working substance decreases. However, the
effective heat exchange area decreases at the same time.
This contradiction indicates that there must be an optimum
value for the porosity. Figure 4 shows the effect of porosity
n, varying from 0.35 to 0.7 on the second law efficiency
and relative loss. For n,~0.4, the second law efficiency in-
creased by about 120% for “He compared with that for ‘He,
while the relative loss decreased by only about 20%. This
result indicates the tremendous potential of *He to improve
regenerator performance. However, this enhancement van-
ishes with increments in porosity. In terms of efficiency and
loss curves, the COP rise and loss reduction are not con-
comitant. This is probably a consequence of the rapid
growth of conduction loss in the regenerator due to the in-
crease in porosity.

The irregularity of the oscillating gas flow could be omit-
ted for a regenerator with small diameter. Thus, regenerators
with the same length and matrix material theoretically have
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Figure 4 Effect of matrix porosity on regenerator performance (7.=4 K,
Tv=20 K, P,=1.5, P;=0.5 MPa, /=30 Hz, ¢.=—-30°).
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identical efficiency. Ones with larger cross-sectional areas
possess the ability to transfer larger mass flows and hence
produce higher refrigeration powers. In fact, a large-area
regenerator can be regarded as a cluster of small-area re-
generators. That is to say, the COP remains constant under
given conditions such as constant frequency, average pres-
sure, pressure ratio, and phase angle, if the ratio of
cross-sectional area to mass flow rate is fixed. This concept
can be seen to be confirmed in Figure 5, and signifies that
the cross area and the mass flow rate at the cold end are not
necessarily independent parameters during optimization.

Figure 6 illustrates how the ratio of cross-sectional area
and mass flow rate at the cold end Ay/m, in the range of
0.15-0.6 cm® s g ' affects the second law efficiency and
relative loss of the regenerator at different charging pres-
sures. The efficiency falls after rising as Ay/m, increases,
while the relative loss behaves in the reverse manner. The
interpretation is that there must be an optimum value for the
area-mass flow ratio to maximize the performance of the
regenerator. At pressure Po= 0.5 MPa, the second law effi-
ciency of a regenerator with *He is about 130% higher than
that with *He, at the Ay/m ratio of 0.3 cm’s g ', In practice,
we could adjust the mass flow rate at the cold end to opti-
mize Ay/m..

2.2 Effect of hot-end temperature

The influences of the hot-end temperature 7}, on the regen-
erator efficiency and relative loss are presented in Figure 7
for pressures 0.5 and 1.0 MPa in the temperature range from
10 to 45 K. As Tj, increases, the efficiency decreases with an
accelerating rate. At pressure 1.0 MPa, the influence of Tj, is
relatively imperceptible. The two curves for either *He or
*He intersect at a temperature around 30 K. Below this
temperature, the regenerator working at lower gas pressures
achieves higher efficiencies, while the reverse occurs at
higher temperatures. At 7}, = 20 K, the efficiency is enhanced

036 T T T T T
0.34 — —
| --—-——-0---0---2o0 |
o 032 ----3He
8 L AJ/m=0.38 cm*s g~ e L
=
= 0.14 — —
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Figure 5 Relationship between efficiency and cross-sectional area at
fixed Ay/me.
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Figure 6 Effect of aspect ratio on regenerator performance (7.=4 K,
Tw=20 K, P=1.5, /=30 Hz, $=-30°).

by about 120% and 110% for *He compared with ‘He at
pressures 0.5 MPa and 1.0 MPa, respectively. We also find
that the cryocooler with *He could not attain a cooling tem-
perature at about 4 K if the hot-end temperature is above 32
K. However, this T, limit for *He is 40 K or even higher,
although the hot-end temperature should be lower than 30 K
in practice due to considerations in efficiency.

2.3 Effect of cold-end pressure ratio

Increments at the cold end in the pressure ratio P,, one of
the dominant operating parameters of a cryocooler, will lead
to a proportionate increase in the mass flow rate there. Fig-
ure 8 shows how the efficiency and loss varies with P, from
1.3 up to 2.0. At a given frequency, the efficiency improves
as the pressure ratio P, rises. For small P,, the major part of
the gross refrigeration power is used in compensating
losses, resulting in a small net refrigeration power. As the
pressure ratio goes up, gross power and losses grow to-
gether and finally reach equilibrium where the efficiency
nears a maximum at P, =1.6. Although a larger value of P,
leads generally to a better performance from the regenera-
tor, a high pressure ratio needs assistance from the com-
pressor. In addition, the efficiency will not always rise with
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increasing pressure ratios; that is, to say declines may occur
in some instances. As shown in the figure, the efficiency is
improved by 140% when using *He compared with “He at f
=20 Hz and P, = 1.5. Figure 8 also indicates that the higher
the frequency is, the more moderate is the dependence of
efficiency on the pressure ratio. To design and/or operate a
practical cryocooler, an adequate frequency and pressure
ratio should be determined under the twin considerations of
overall economical and technical efficiencies.

2.4 Effect of phase angle

The phase angle between the leading mass flow and pres-
sure at the cold end is a critical parameter affecting cryo-
cooler performance. The second law efficiency and relative
loss related to the phase angle ¢, variation from —45° to 30°
at different pressures are plotted in Figure 9. The curves
indicate that the performance of the regenerator with *He is
much better than that with *“He. Taking the optimum ¢, =
—30° at Py= 0.5 MPa for example, the efficiency of a *He
cryocooler is 120% higher than that for “He. Phase shifter
devices such as the double inlet valve or the inertance tube
could be used to adjust the phase angle and hence to maxi-
mize the refrigeration power output or COP.

(T/T)COP

gross

Q

Qreg

T, (K)

Figure 7 Effect of hot-end temperature on regenerator performance (7.=4
K, P=1.5, /=30 Hz, ¢.=—30°, n,=0.38).
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Figure 8 Effect of pressure ratio on regenerator performance (7.=4 K,
T,=20 K, P;=0.5 MPa, ¢.=-30°, n,=0.38).

2.5 Effect of average pressure

The average pressure of the oscillating flow in a running
cryocooler is close to the initial charging pressure, which
directly determines the extensive properties of the working
substance. Figure 10 shows the dependency of the effi-
ciency and loss on the average pressure P, varying from 0.3
to 1.5 MPa. At a pressure between 0.5 MPa and 0.6 MPa,
the second law efficiency of the regenerator with *He is
110% higher than that with *He. As the pressure increases
further, both the flow resistance and temperature fluctuation
intensify, and the efficiency decreases as a consequence.
Meanwhile, high gas pressures require high strengths in the
structures of both the compressor and the cold head of the
cryocooler. It is interesting to find that for *He, pressure has
almost no effect on the second law efficiency when it ex-
ceeds the optimum value.

3 Conclusion

The thermophysical properties of isotopes “He and “He are
contrasted to elicit any benefits to be gained in substituting
one for the other in a regenerator model, which is based on
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enthalpy flow theory. The qualitative analysis indicated that
an advantage can be gained in using a working fluid of *He
in cryocoolers. This was confirmed by a set of comparative
numerical simulations of practical regenerators with *He
and “He separately. This quantitative analysis helped to as-
certain optimum geometric and operating parameters for the
last stage of the regenerator. We believe that the efficiency
of a regenerator with *He could be 100% higher than that
with “He for a cryocooler operating at liquid helium tem-
peratures, provided the geometric and operating parameters
have been optimized. The results presented in this article are
expected to be of useful guidance in the design and opera-
tion of the regenerator component and even the entire cryo-
cooler with *He charged, that will be a potential competitive
solution for the proposed applications.

The authors gratefully acknowledge Dr. Ray Radebaugh for helpful tech-
nical discussions, and the support from the National Natural Science
Foundation of China (50806047), and the Shanghai Pujiang Program.
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