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Abstract

A new mixed Eulerian-Lagrangian numerical model for simulating and visualizing the internal processes and the variations of
dynamic parameters of a two-stage pulse tube cooler (PTC) operating at 4 K temperature region has been developed. We use the
Lagrangian method, a moving grid, to follow the exact tracks of gas particles as they move with pressure oscillation in the pulse tube
to avoid any numerical false diffusion. The Eulerian approach, a fixed computational grid, is used to simulate the variations of
dynamic parameters in the regenerator. A variety of physical factors, such as real thermal properties of helium, multi-layered
magnetic regenerative materials, pressure drop and heat transfer in the regenerator, and heat exchangers, are taken into account in
this model. The time-variations of gas temperature, pressure, mass flow rate, enthalpy flow in a cycle, in first- and second-stage
regenerators are presented in the paper. More attention is paid to the effects of different regenerative materials on the performance of
the 4 K two-stage PTC. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The growing need for cryogenic cooling of MRI
magnets, SQUIDs and the associated superconducting
devices has brought about a strong demand for high
reliability and efficiency in coolers. In recent years there
have been many developments and improvements in
pulse tube coolers (PTCs) [1,2]. Recently multi-stage 4 K
PTCs [3-5] have been reported with multi-layered hy-
brid magnetic materials in the coldest regenerator re-
gion. Two-stage PTCs can provide more than 0.5 W
cooling power at 4.2 K and meet cooling the require-
ments of superconducting devices operating at 4 K [6].
By using *He as the working fluid, the lowest tempera-
ture below 1.8 K has been achieved [7]. However, there
are still some urgent problems that retard the perfor-
mance (cooling power, COP, etc.) of 4 K PTCs which
are not well understood. For example, the effects of the
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salient characteristics of real thermal properties of he-
lium, the unique features of physical properties of
magnetic regenerator material, and the existence of he-
lium in the void space of the regenerator on the per-
formance of PTCs. They are very difficult to evaluate
only by experimental investigation.

Theoretical analysis is critically important to un-
derstand the dynamic characteristics and internal
processes in PTCs. A numerical method of a two-stage
PTC developed by Wang [8,9] was used for designing
their 4 K regenerator and revealed several unique
features that were different from a conventional single-
stage regenerator. However, in his model he (1) ne-
glected the thermal conductivity of the gas and the
regenerative materials, which has some unique effects
on the pronounced temperature gradient [10], (2) ne-
glected the pressure drop in the regenerator, and
(3) focused only on the second-stage regenerator and
the pulse tube, and neglected the interaction between
the first- and the second-stage regenerators and the
pulse tubes.

Eulerian methods have been adopted very broadly
and found to be useful for simulating this problem
[8,9,11,12]. In such methods the grids are fixed. They
solve the fluid variables on fixed grids and reconstruct
the interface of gas particles based on the fluid fraction
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Nomenclature

A area (m?)

Cp  specific heat of helium gas (J/K kg)

C; specific heat of buck regenerator material (J/K
kg)

hydraulic diameter of regenerator material (m)
filling factor

heat exchange area per unit volume (m?/m?)
atomic mass of helium gas (g/mol)

specific enthalpy (J/kg)

enthalpy (J)

distance of the gas traveling (m)

length (m)

mass flow rate (g/s)

number of moles in subsystem (mol)

molar flow rate (mol/s)

pressure (Pa)

Prandtl number

heat (J)

ideal gas constant (J/K kg)

Reynolds number

time (s)

temperature (K)

velocity (m/s)

volume (m?)

specific volume of gas (m?/kg)

work (J)

axial length coordinate (m)

TENTTNTIXQOPT S =3 t\NmNC}ﬁ\;

A flow impedance factor (m~2)
Z.  flow impedance (m~)

Greeks

o heat transfer coefficient (W/K m?)

oy volumetric thermal expansion coefficient (K~')

P gas density (kg/m?)

n viscosity (sPa)

K thermal conductivity (W/K m)

KT isothermal compression coefficient (Pa~")

y ratio of heat capacity for ideal gas, Cp/Cy

13 ratio of specific heat capacity, Eq. (31)
angular frequency (s™!)

Subscripts

average

orifice

double-inlet

buffer

cold end

left boundary of the sub-system i1
gas

hot end

sub-system

Molar quantity

orifice

regenerator matrix materials
pulse tube
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data in each node. In order to obtain the interfaces
accurately, highly refined grids are required for sharp
variations of thermal properties. The advantages of
Eulerian approach are that employing fixed grids affords
simplicity and availability of well-tested, economical
field solvers. However, it is not suitable when details of
the gas particles are to be explicitly tracked since the
interface is reconstructed from the distribution of cer-
tain computed field variables. The main drawback of the
Eulerian method is that it may bring numerical false
diffusion since additional field variables are introduced
to model the presence of a moving discontinuity on the
computational grid.

In this paper a new mixed Eulerian-Lagrangian nu-
merical model for simulating the variations of dynamic
parameters of a 4 K two-stage pulse tube has been de-
veloped. We use the Lagrangian method, a moving grid,
to follow the tracks of gas particles as they move with
pressure oscillation in the pulse tube to avoid any nu-
merical false diffusion. The Eulerian approach, a fixed
computational grid, is used to simulate the dynamic
parameters in the regenerator. The Lagrangian compo-
nent of the present model allows tracking accurately the
gas particles in the pulse tube. This is a significant im-
provement over the conventional Eulerian methods. A

variety of physical factors, such as real thermal prop-
erties of helium, multi-layered magnetic regenerative
material, pressure drop and heat transfer in the regen-
erators, and heat exchangers, are taken into account.
We will give, in this paper, the numerical model and
some predicted results of time variations of dynamic
parameters in a cycle, in the first- and second-stage re-
generators. We also pay attention to the effects of dif-
ferent regenerative materials on the performance of the
cooler.

2. Physical model and governing equations

Fig. 1 shows the schematic design of a two-stage PTC,
which includes compressor, aftercooler, regenerator,
cold-end heat exchanger, pulse tube, hot-end heat ex-
changer, orifice, buffer, and double-inlet valve. In the
present study, if the double-inlet valves 10 and 17 are
closed, the model is a conventional orifice pulse tube. A
one-dimensional model, neglecting any geometric com-
plexity in the regenerator, has been adopted to reduce
the CPU time and avoid any difficulty involved with the
two- or three-dimensional models. Other basic as-
sumptions are as follows:
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Fig. 1. Schematic design of two-stage PTC. 1 — Compressor; 2 — rotary
valve; 3 —aftercooler; 4, 11 — regenerator; 5, 12 — cold end; 6, 13 — pulse
tube; 7, 14 — hot-end heat exchanger; 8, 15 — orifice valves; 9, 16 —
buffers; 10, 17 — double-inlet valves.

The gas flow is laminar, no turbulence.
. Constant wall temperature at the cold- and hot-end
heat exchangers.

3. The regenerative material in the regenerator is incom-
pressible, uniform porosity.

4. Boundary and variable permeability effects are
neglected.

5. The pressure drop in pulse tube is neglected.

On the bases of these assumptions, a set of differential
equations for a small sub-system (Ax — 0), can be ex-
pressed as follows (for simplicity the subscript ‘g’ for the
gas is omitted):

Continuity equation

N —

Op  Opu
Energy equation of the gas
o0H OH op
(1—f)Pa—tf—Pué—x‘f'(l—f)a—t‘F“F(Tr—T)
0 or

For real gas the enthalpy H treated as a function of
gas temperature 7' and pressure p can be expressed as

T
dH:CPdT+{1 ——<%> }dep
P

Vi \ OT
Substituting Eq. (3) into Eq. (2) one can find
or or op
(1 _f)PCPa—t =- Pcpua —u(l — T“V)a
0
+ (1= f)Tay 2+ aF (T, = T)
o/ or
Energy equation of the matrix in regenerator
oT; 0 oT;
fﬂrcra—“F(T—Tr)+§(Kra>~ (5)

Pressure drop of the gas (in first order)

% = —nzu. (6)

Equation of state for real gas
p=Js(T,p). (7)

The gas velocity here is defined as

_m
(1 _f)pAr7

where m is the mass flow rate and A4, the cross-sectional
area of the regenerator. The forms of above equations
are given by mass quantity, they can be written based on
molar quantity as well. For example the molar flow rate
n =m/G, where G is the atomic mass of helium gas.
The heat transfer coefficient o of the regenerator is
calculated by the correlation equations given in [11]:

u =

o= 0.023D£hRe0‘8Pr°'4. 8)
Here
Re = ’”‘f b, 9)

The flow impedance factor z, of the regenerator is
determined by the experimental data [13] and used in
[10,14]. Here we take z, = 31 x 10° m~2.

It should be noted that the mass flow rate is defined as
positive if the gas flows from the compressor to the
buffers and as negative for the opposite flow. We assume
constant (room) temperature in the compressor that is
the left boundary. The inlet gas temperature at the left
boundary is given as follows:

T = T,y = const  my, =0, (10)
T1 = Tgas min<0. (11)

The right boundary in the simulation is the buffer,
where the gas is regarded as isothermal. It is reasonable
to assume constant wall temperature at the hot and cold
ends of heat exchangers

T = T,y = const, (12)
Thi = ThO = const. (13)

The initial pressure variations inside the pulse tube are
assumed as harmonic variations

P =po+ pisinwt. (14)

It will be modified from the pressure differences in the
regenerator system. Both the orifice and double-inlet
valves are considered as a resistance component. The
mass flow rates through these valves are determined
from the pressure differences [14]

Pt —DPb Po
— 2 15
"=z RT, (15)

Here Z; = z;(Ax/A,) is the flow impedance of the valves
which was determined by the experimental data [13].
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3. Numerical methods

Egs. (1), (4)—(6) with boundary conditions make up
the set of governing equations, which is used for deter-
mining four independent variables of the gas tempera-
tures 7, the matrix temperature 7;, the gas velocity u,
and the gas pressure p. They are non-linear and un-
steady, and can only be solved by numerical integration.

To solve these equations a combination of the Eule-
rian and Lagrangian approaches has been developed.
We use the conventional Eulerian method, a fixed
computational grid, to simulate the variations of dy-
namic parameters in the regenerator. The Lagrangian
approach, a moving grid, is used to follow the tracks of
gas particles as they move with pressure oscillation in
the pulse tube to avoid any numerical false diffusion.

3.1. Eulerian method

The numerical simulation of the governing equations
by Eulerian method is based on the finite difference
methodology. The regenerator is divided into many
subsystems and each subsystem is considered as a uni-
form system which can exchange heat and mass with the
surroundings through its boundaries. The regenerator
domain discretization is made using a control volume
approach by inter-nodal method as described by Pat-
ankar [15]. Egs. (1), (4)—(6) are solved by using the ex-
plicit scheme, thus the temperature, velocity and
pressure are updated in an explicit fashion. Spatial de-
rivatives are approximated using a upwind second-order
difference formula, whose construction has been dis-
cussed in [11,12], to ensure the transportive properties of
the discretization equations. The interface of gas parti-
cles is advanced in time by the Lagrangian translation of
the gas particles (as discussed below). While the normal
mass flow rate is computed from the mass conservation
equation (1).

The physical problems discussed here are strongly
affected by viscous effects and thermal diffusion effects,
to enforce the continuity constraint, the mass conser-
vation over a control subsystem volume is used to up-
date the mass flow rate and the pressure field.
Additional details regarding the numerical simulation
and procedures are given in [11,12], to reduce CPU time
and increase the calculation accuracy.

A solution is obtained from an initial guess (for ex-
ample, linear temperature profile and harmonic pres-
sure variations) through an iterative scheme using a
line-by-line tridiagonal matrix algorithm (TDMA)
method. The iteration results should be satisfied by the
periodic stable conditions for all the time-dependent
parameter and the energy balance condition for the
regenerator matrix over one cycle. After a grid refine-
ment study, all calculations presented below are carried
out using a 200 uniform grid size. Owning to the ex-

plicit nature of the scheme, the time step is restricted by
the convective Courant-Friedrichs—Lewy (CFL) limi-
tations, which is set to ~0.0055 s (time period/180).
With the space size and time step selected in numerical
study, our experiences indicated that the calculated
results are essentially independent of the numerical
discretization.

3.2. Lagrangian method

In order to use Lagrangian method we need to know
the time variations of the temperature of the gas element
and the position of the gas element traveling inside the
pulse tube with pressure oscillation. We will derive be-
low the respective expressions. The general thermody-
namic equations for real gas are given by

dHy = TdSy + Vadp (16)
o
dH, = CpdT Vo — T —= d
ars {1 ( ) Jo
= deT+ (1 — TO(v)dep, (17)

with ay the volumetric thermal expansion coefficient

1 [ OVy

av_7m<67>P. (18)
Combining Egs. (16) and (17) yields
TdSm = CPdT — Tochmdp. (19)
So we have

or 1

— =—oyTV,. 20
( op )Sm Cr Otv 20)

In the adiabatic compression process the change of gas
temperature related to the change of gas pressure can be
expressed as

dr or\ dp
— =) —. 21
dr ( op )Sm dr 1)

Substituting Eq. (20) into Eq. (21) gives
Ce

The temperature of the gas element with the pressure
inside the tube is given by solving Eq. (22)

1
T = T°+C—PaVTVm(p—p°). (23)

The superscript 0 means variables at last time; variables
without superscript stand for the value at present time.
In general, we have

oT or
TdS, = Cy| — d C
V<ap>Vm pE P<6Vm

)Pde. (24)
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With the isothermal compression coefficient xr
1 [0V,
or=—— (22 (26)
Vo \ O /¢
Eq. (25) can be rewritten as
Wy Cy
—-— = ——x1tVa- 27
< op ) Sm Cr “ 27

The change of a volume ¥; under adiabatic compressions
is given by

dn; LoV dp
— = —2) E£dN
de /0 < p )Sm dr

dp [ [(Va\ A4,
== — | —dL 28
dz /0 ( op >Sm Vi @)
Substituting Eq. (27) into Eq. (28) gives
th - dp L CV

Therefore the velocity of the gas element at cold end of
the tube, related to the gas velocity at the hot end of the
tube, is given by

dp (" Cy
uL—uH-‘ra/(; C—PKle (30)

The gas velocity at the hot end of the tube, can be cal-
culated from the molar flow rate

- I’IHRTH
DPoAy .

(31)

The position of gas element traveling with the pressure
inside the pulse tube, leaving the hot heat exchanger at
x = L at a time ¢ = ¢, is given by solving Eq. (30)

0 b Cv
li P

By using Egs. (23) and (32) we can obtain the gas tem-
perature profile and the position of the gas element
traveling with pressure oscillations inside the pulse tube.
Therefore, we can follow the tracks of gas particles in
the pulse tube.

It should be noted that by using the Eulerian method
it is impossible to obtain the explicitly analytical ex-
pression, like Egs. (23) and (32), since Egs. (1),(4)—(6)
are non-linear and unsteady in Eulerian fixed grids. The
temperature and the position (velocity) of the gas ele-
ment have to be solved from an initial guess through an
iterative scheme, as discussed in Section 3.1. Knowing
the gas temperature profile and the position of the gas
element traveling with pressure oscillations inside the
pulse tube by using Lagrangian method, we can directly

(2331

obtain the time variations of the gas and wall tempera-
tures at the cold ends of first- and second-stage regen-
erators and the heat exchange rate (cooling power) in
them. Then we use Eulerian methods, the fixed com-
putational grids, to solve the variations of dynamic pa-
rameters in the regenerator through an iterative scheme.

4. Thermal properties of helium gas and regenerator
materials

In the present simulation, the thermal properties of
real helium gas, including density p (or molar volume
Vi), heat capacity Cp, thermal conductivity &, viscosity
n, volumetric thermal expansion coefficient oy, and
isothermal compression coefficient xt were obtained by
the 32-term Jacobsen equation of state that is a modi-
fication of Benedict-Webb-Rubin equation of state [16].
The wide-ranging real thermal properties of helium of
NIST TN-12 Helium Database were also obtained by
using this equation. The density p,, heat capacity C; and
thermal conductivity x, of the regenerator material were
obtained by curve fitting.

5. Predicted results and discussions

A typical calculation is made for a two-stage PTC.
The operating first stage temperature is 40 K, and the
second stage is 4.2 K. The temperature of the hot-end
heat exchanger is 300 K. The operating frequency is 1
Hz, and the mean pressure is 1.4 MPa. The main
structure parameters are given in Table 1. The first-stage
regenerator is filled with 250-mesh stainless steel screens,
and its filling factor is 0.4. The second-stage regenerator
is filled with lead spheres in 50% of the length and with
Er;Ni for 50% of the length, and its filling factor is 0.6.

The dynamic parameters, including gas temperature,
pressure, mass flow rate and enthalpy flow, in the first-
and second-stage regenerators during one cycle are
shown in Fig. 2. The time variations of the gas tem-
peratures, at the cold ends of the first-and second-stage
regenerators during one cycle with the rotating valve
angle are shown in Fig. 2(a). The amplitudes of the gas
temperature fluctuation at the cold ends of the first- and
second-stage regenerators are around 10 and 0.5 K, re-
spectively. Much smaller fluctuation at the cold ends of
the second-stage regenerators comes from the reason

Table 1
Main structure parameters of the two-stage PTC

Components First stage Second stage
Regenerator @60 mm x 140 mm @30 mm x 180 mm
Pulse tube @35 mm x 140 mm @18 mm x 330 mm
Buffer 1000 cm? 1000 cm?
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Fig. 2. Variations of dynamic parameters in one cycle: (a) temperature; (b) pressure; (c) mass flow rate; (d) enthalpy flow.

that the isothermal compressibility of helium is very
small around 4.2 K. Fig. 2(b) gives the time variations of
the dynamic pressures at the inlet and outlet of the first-
stage regenerator during one cycle. There is 2-3 bar
(non-linear) pressure drop across the first-stage regen-
erator, but nearly no pressure drop across the second-
stage regenerator since the viscosity of the helium is
much smaller at temperature range of 40-4.2 K than
that of 30040 K. The dynamic mass flow rate and the
enthalpy flow at the first-stage hot end, the first-stage
cold end and the second-stage cold end of the regener-
ators are plotted in Figs. 2(c) and (d), respectively.

Fig. 3(a) shows the average helium temperature dis-
tributions along the regenerator length, in the first- and
second-stage regenerators. Fig. 3(b) shows the average
helium temperature distributions along the second-stage
regenerator. The monotonous, almost linear tempera-
ture distributions in the first-stage regenerator and
non-linear temperature distributions in the second-stage
regenerator were indicted, respectively.

Helium is generally used as the working gas for
cryogenic cooler. Its thermal properties vary greatly in

the low-temperature region (below 20 K), especially its
density and specific heat capacity that increase greatly
and have a sharp peak, as shown in Fig. 4. The specific
heat capacity of stainless steel and lead, materials
usually used in regenerators, decrease rapidly in the low-
temperature region. Some magnetic materials have
larger specific heat capacity below 10 K compared with
common materials. However, it is impossible to cover
the specific heat peak of helium using a single magnetic
material. On the other hand, the different magnetic
phase transitions of these magnetic materials with dif-
ferent temperature dependence of the specific heat allow
the choice of optimal regenerative materials in form of
multi-layered hybrid regenerator.

We will draw our attention here, to study and select
the multi-layered hybrid regenerative materials in the
second-stage regenerator to achieve larger cooling
power and high performance for the 4 K PTC. It should
be noted that the exact gas temperature profile inside the
regenerator is a necessary condition for analyzing the
multi-layered structure of the regenerative materials.
The main structural parameters considered here are the
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Fig. 4. Specific heat capacity of regenerator materials and helium.

same as shown in Table 1. The filling material in the
first-stage regenerator is the same as above.

Below we will pay our attention to study and select
the optimal regenerative materials in the second-stage
regenerator to achieve larger cooling power for the
cooler. We introduce a ratio ¢ of specific heat capacity
of the helium and matrix materials in regenerator in a
cycle to judge the efficiency of the multi-layered hybrid
regenerator:

5t

Several different second-stage regenerator arrangements
and materials were investigated in the simulation. Fig. 5
shows three typical types of regenerator arrangements
and materials investigated in our numerical simulation.

&=

50%Ph  meshscreen  50% Rr,Ni

—w w —ww - v ; L
TG e

Er 3 ot LR _-I_::! Tl g -E: ::_:-.':ﬁi-k;;.:h}.:- i;-':-\.‘::;. H J‘%E-';PEE

S b ?.-.'I.IF-:'E}-\.:'E?'-& ,e,,..aiﬁmmzr:w: @)
end cold end

= o)
warm end cold end
’50% Pb 30% Er,Ni A% RRMMC%J

= -:ﬁ =

% 1 '.'lil'.i ;

wart end

Fig. 5. Second-stage regenerator materials and arrangements.

Figs. 6(a) and (b) show the average specific heat ca-
pacity of regenerative materials along the first- and
second-stage regenerators corresponding to the ar-
rangements in Figs. 5(a) and (c), respectively. There are
two salient protrusions along the regenerator in
Fig. 6(a), which are caused by the strong increase of
specific heat of lead and Er;Ni. Similar features can be
found in Fig. 6(b).

Figs. 7(a) and (b) give the time-averaged ratio ¢ of
specific heat of helium and regenerative materials along
the first- and second-stage regenerators corresponding
to the arrangements in Figs. 5(a) and (c), respectively.
Very large values of & can be seen in the second-stage
regenerator from 30% to 50% of the length (position
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Fig. 6. Specific heat of regenerative materials inside the regenerator.
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Fig. 7. Ratio of specific heat of helium and regenerative materials in the regenerator.

from 0.6 to 0.72 in Fig. 7(a)). This region of the second-
stage regenerator is not efficient, demonstrating that
lead in this section is not suitable as regenerative ma-
terials corresponding to the temperature profile inside
the regenerator. In addition to this regenerative ar-
rangement, predicting results of the case of Fig. 5(b)
indicate that large values of ¢ can be found in the section
of the second-stage regenerator from 65% to the cold
end of the length. This means that the Er;Ni grain in this
section of the regenerator is not suitable as regenerative
material. Therefore, the regenerative materials and ar-
rangements of Figs. 5(a) and (b) are not suitable in the
4 K two-stage PTC.

According to Fig. 4, we can see that the specific heat
capacity of ErNiy9Coy; below 10 K is larger than that of
the other materials, although it is still smaller than that
of helium. The large specific heat is helpful to improve
the regenerator efficiency and heat exchange between the

working gas and regenerative material, resulting in in-
creasing the cooling capacity and lower the cooling
temperature.

Comparing Fig. 7(b) with Fig. 7(a), as well as Fig. 6(b)
with Fig. 6(a), we can find that the regenerative mate-
rials and arrangements of Fig 5(c) is more suitable for
the 4 K PTC than that of Figs. 5(a) and (b). The pre-
dicted results of cooling power of the cooler also dem-
onstrate that the arrangements of Fig. 5(c) can achieve
larger cooling power than that of others, as shown in
Fig. 8. So far, the optimum combinations of materials
studied in the present simulation in second-stage re-
generator were lead, Er;Ni and ErNijoCoq ;. The opti-
mum volumetric ratio of those three materials from hot
end to the cold end of the regenerator were around 30%,
30% and 40%, as shown in Fig. 5(c). In this case, the
predicted cooling power of the cooler is larger by
about 0.2 W and 0.1 than the cases with regenerative
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Fig. 8. The predicted cooling power versus cold-end temperature of
the second-stage regenerator; the experiment data measured in [5] is
also included.

arrangements of Figs. 5(a) and (b). It should be noted
that the efficiency of multi-layered hybrid regenerative
arrangements depends notably on the exact gas and
matrix temperature profile along the regenerator.

Also, the prediction of the simulation is compared
with the experimental results that include measurements
of the temperature profile and the cooling power of
second-stage regenerator. The best cooler performance
was achieved with a three-layer structure of the second-
stage regenerator matrix, filled with ErNiyoCoy; grains
in the lower 40%, Er;Ni spheres in the middle 27% and
lead spheres in the upper 33% of the regenerator length.
The experimental regenerative arrangements were in
good agreement with that of the numerical predictions.
The predicted cooling power is about 35% higher than
the experimental value (as shown in Fig. 8). The author
reasons that the discrepancies can be attributed to the
compressed heat generated inside the regenerator, ad-
ditional heat losses due to radiation, DC gas flow
through the double-inlet tube, transition to turbulence,
which are not incorporated into the present numerical
model.

6. Conclusions

A new mixed Eulerian—-Lagrangian numerical model
for simulating and visualizing the internal process and
the variations of dynamic parameters of a two-stage
PTC operating at 4 K temperature region has been de-
veloped. A variety of physical factors, such as real
thermal properties of helium, multi-layered magnetic
regenerative material, pressure drop and heat transfer in
the regenerators, and heat exchangers, were taken into

account in this model. Some predicted results of the time
variation of the gas temperatures, the pressure, the mass
flow rate and the enthalpy flow, in the first- and second-
stage regenerators were presented in the paper. Atten-
tion was also paid to the effects of different regenerative
materials on the performance of the two-stage PTC. The
presented model can be used as an efficient tool for
designing PTC operating at liquid helium temperature
region.
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