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A two-dimensional axis-symmetric CFD model of a miniature coaxial Stirling-type pulse tube cryocooler
with an overall weight of 920 g operating at 128 Hz is established, and systematic simulations of the per-
formance characteristics at different temperatures are conducted. Both thermal equilibrium and non-
equilibrium mechanisms for the porous matrix are considered, and the regenerator losses including
the gas and solid conduction, the pressure drop and the imperfect interfacial heat transfer are calculated,
respectively. The results indicate that the pressure drop loss is dominant during the first 85% and 78% of
regenerator length for the thermal equilibrium and non-equilibrium models, respectively, and it
decreases monotonously from warm to cold end due to the steadily decreasing Darcy and Forchheimer
terms, whereas other entropy generations share similar changing tendencies, going up gradually near
the warm end, increasing dramatically from about 60% of length and then decreasing sharply near the
cold end. The reasons for these entropy variations are discussed.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The recent years have witnessed the rapid development and
miniaturization of low-temperature sensors. Many of the sensors
are optical and electronic based technologies, which actually
require only a relatively small heat lift, such as 1–2 W or even less,
but normally, they do need short cooldown times. Traditionally, a
certain recuperative cryocooler, namely, the open-loop JT cry-
ocooler, is the main force used for the needed short cooldown time.
One of the main reasons for the choice is that there is no any mov-
ing part at the cold end of the JT cryocooler, and thus the cold head
can be miniaturized easily. The miniaturization, together with a
considerably high pressure, such as 20–50 MPa, results in a very
rapid cool-down, typically a few seconds to reach 77 K, thereby
making the open-loop JT cryocooler a relatively ideal choice for
cooling infrared sensors used in missile guidance. The main disad-
vantages of the open-loop JT cryocooler include the very high
charging pressure, the susceptibility to plugging of the orifice in
the valve, the low cooling efficiency, and especially, a very short
cooling duration. For example, in the open-cycle mode, cooling
lasts for only a few minutes until the gas is depleted. Most
applications, either in space or on ground, actually require a much
longer cooling duration, and thus an alternative, namely, the
miniature closed-loop JT cryocooler is suggested. Unfortunately,
the great difficulties in design and optimization have severely
hampered the development of the practical closed-loop JT cry-
ocooler. Therefore, there has been a growing interest in miniatur-
izing regenerative cryocoolers, especially the Stirling-type pulse
tube cryocooler (SPTC). The charging pressure in the regenerative
cryocooler is much lower, typically only in the range of 1–5 MPa,
however, the cooling efficiency is generally much higher than that
of the open-loop JT. Especially for those regenerative cryocoolers
employing linear compressors, such as Stirling cryocooler and
SPTC, the relative Carnot efficiencies at 80 K could be generally
more than five times that of the open-loop JT. The SPTC is also well
known for its long life, for example, an excellent space SPTC could
continuously operate for over 10 years. Another important reason
for the strong interest in miniaturizing the SPTC is that, similar
to JT, there is no moving part at the cold end either, thereby also
greatly facilitating the miniaturization.

Besides the attractive merit of rapid cool-down, when used in
space, the miniature cryocooler can bring the benefit of low mass,
small volume and resultant low cost. A miniature space SPTC with
high reliability and high cooling capacity is desirable for some
small infrared focal planes, filters or cold optics that currently
use heavier cold radiators.
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Nomenclature

Areg cross-sectional area of regenerator (m2)
Afs interfacial area density (m�1)
C2 inertial resistance factor (m�1)
Cp heat capacity (J/kg K)
dh hydraulic diameter (m)
dw wire diameter (m)
E specific energy (J/kg)
f operating frequency (Hz)
fosc friction factor
h specific enthalpy (J/kg)
hfs heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
keff effective thermal conductivity (W/m K)
m mesh number
Nu Nusselt number
p pressure (Pa)
p0 charging pressure (Pa)
Dp amplitude of the dynamic pressure (Pa)
Pr Prandtl number
_Qc cooling capacity (W)
Re Reynolds number
Si moment source term (N/m3)
_Sgen;f entropy generation for gas conduction (W/K)
_Sgen;s entropy generation for solid conduction (W/K)

_Sgen;p entropy generation for pressure drop (W/K)
_Sgen;fs entropy generation for interface heat transfer (W/K)
T temperature (K)
v velocity (m/s)
h _Wpv i time-averaged input PV power (W)
Dx node distance (m)

Greek symbols
a permeability (m2)
e porosity
l viscosity (Pa s)
q density (kg/m3)
��s stress tensor (N/m2)
u phase angle (rad)

Subscripts
f fluid
s solid matrix
h warm end
c cold end
i node i
i + 1 node i + 1
avg cycle averaged
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For the regenerative cryocooler, the cooling capacity decreases
sharply with the reducing size. The guiding principle of solving
the problem is to increase the charging pressure and the cycle fre-
quency to compensate for the decrease in working fluid volume.
Peterson and Al Hazmy [1] studied the size limits for Stirling cycle
refrigerators, and Shire et al. [2] also conducted investigations of
microscale cryocoolers. The above studies tried to establish a the-
oretical lower size limit to the regenerative cryocooler miniaturiza-
tion. Radebaugh and O’Gallagher [3] investigated the heat transfer
in small dimensions and at higher frequency operation, and tried to
establish the necessary operating parameters and regenerator
geometries necessary to design viable high frequency miniature
cryocoolers.

Some impressive progress has also been made in the experi-
mental development of miniaturizing the SPTC. For example,
Petach et al. [4] designed a 782 g miniature coaxial SPTC prototype
for space applications, which could lift 1.1 W at 77 K with an input
power of 50 W operating at about 100 Hz, which was further
developed into an Engineering Model version [5,6], weighting
857 g, and achieved a cooling capacity of 1.3 W at 77 K with an
expected lifetime of more than 10 years. Olson et al. [7] developed
a very lightweight SPTC, with the micro compressor and the cold
finger weighting 190 g and 120 g, respectively, which achieved a
cooling capacity of 650 mW at 150 K with an electrical power of
10 W at around 100 Hz, having the potential for both tactical and
space applications. Vanapalli et al. [8] ever designed a miniature
SPTC cold finger operating at 120 Hz and Radebaugh et al. [9] did
another resonating at 150 Hz by employing commercial miniature
linear compressors, and Lopes et al. [10] also developed a 100 Hz
miniature SPTC cold finger prototype. But please note that in the
last three cases, either the miniaturization of the linear compres-
sors was not realized [8,10], or the mismatch of the compressor
and the cold finger happened [9].

As discussed in the above survey, although some theoretical and
experimental investigations have been conducted on the miniatur-
ization of the SPTC, systematic studies about the physical mecha-
nism and flow characteristics inside the miniature system,
especially in a coaxial miniature system at such high frequencies,
are seldom made. Since the CFD method based on two- or three-
dimensional models is an effective approach to detailed analyses
of the internal process in a SPTC, we will establish a two-
dimensional axis-symmetric CFD model of a miniature coaxial
SPTC operating at 128 Hz, with the moving-coil linear compressor
and pulse tube cold finger weighting about 650 g and 270 g,
respectively. Based on the model, the regenerator losses and the
cooler performance characteristics will be analyzed and summa-
rized. Both thermal equilibrium and non-equilibrium models for
the porous matrix will be considered.
2. CFD simulation model

2.1. CFD simulation approaches for the PTC

The one-dimensional (1-D) model [11] was widely used for the
analysis and optimization of the PTC. In recent years, in order to
achieve more accurate and detailed description of the flow and
heat transfer processes, several 2-D models have been suggested.
For example, Flake and Razani [12] presented 2-D axis-
symmetric models of a basic and an orifice PTC using Fluent�

and demonstrated circulation patterns near the heat exchangers
(HXs) and a steady streaming effect in the pulse tube. Cha et al.
[13] simulated two inertance tube PTCs using a CFD code and
showed that significant multi-dimensional effects and secondary-
flow recirculation occurred when components had relatively small
L/D ratios. Ashwin et al. [14] modeled an inertance type PTC with
thermal equilibrium and non-equilibrium conditions of porous
zones, in which the effect of finite wall thickness of the compo-
nents was taken into account.

The abovementioned CFDmodels were primarily focused on the
mid-sized SPTCs with the in-line arrangement, and the operating
frequencies are mainly below 60 Hz, while the miniature SPTC
with the coaxial arrangement operating at very high frequencies
are seldom conducted. In this paper, a 2-D axis-symmetric CFD
model of a miniature coaxial SPTC with the overall mass of about
920 g operating at 128 Hz will be established with the aid of



Table 1
Geometrical dimensions and boundary conditions.

Component Radius (mm) Length (mm) Boundary condition

Aftercooler 6.5 5 Tw = 300 K
Regenerator 6.5 24 Adiabatic
CHX 6.5 5 Adiabatic
Pulse tube 2.5 30 Adiabatic
WHX 2.5 2 Tw = 300 K
Inertance tube 1 0.85 560 Tw = 300 K
Inertance tube 2 1.05 720 Tw = 300 K
Reservoir 15 40 Tw = 300 K
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Fluent� package [15], and the systematic simulations of the perfor-
mance characteristics of it will be presented.

2.2. Model building

Fig. 1 shows a schematic of the miniature PTC with its main
components, and Fig. 2 shows its 2-D axis-symmetric geometry,
which consists of an aftercooler, a regenerator, a cold heat
exchanger (CHX), a pulse tube, a warm heat exchanger (WHX),
two inertance tubes with different diameters and lengths, and a
reservoir. The shaded parts represent porous zones. Table 1 gives
the geometric dimensions and boundary conditions of these
components. The geometries of the cold finger and operating
parameters have been optimized initially by the one-dimensional
numerical simulation method developed in the same laboratory
[16,17].

In the simulation of the cold finger, the micro compressor is
replaced by a pressure inlet at the left side of the aftercooler. The
operating frequency f and the charging pressure p0 are set at
128 Hz and 3.6 MPa, respectively. A User Defined Function (UDF)
is used to define the inlet pressure which is given by:

pin ¼ p0 þ Dp sin 2pft ð1Þ
where the amplitude of the dynamic pressure Dp is valued to be
0.377 MPa. The pressure ratio at the inlet of the WHX is 1.23, which
is obtained from the previous 1-D simulation results [16,17].

The working fluid of helium is regarded as an ideal gas, and its
thermal properties, such as the thermal conductivity and viscosity,
are temperature-dependent. Based on the previous empirical data
and simulation results, the Reynolds number of the fluid in the cold
finger does not reach the critical value, and thus the laminar flow
model is employed.

2.3. Governing equations

The governing equations for the 2-D axis-symmetric model
include mass, momentum and energy conservation equations
[15]. For the gas domain, the conservation equations are given by:

@qf

@t
þr � ðqf~vÞ ¼ 0 ð2Þ
Fig. 1. Schematic of a miniature coaxial SPTC.

Fig. 2. 2-D axis-symmetric CFD mod
@

@t
ðqf~vÞ þ r � ðqf~v~vÞ ¼ �rpþr � ð��sÞ ð3Þ

@

@t
ðqf Ef Þ þ r � ½~vðqf Ef þ pÞ� ¼ r � ½kfrT þ ð��s �~vÞ� ð4Þ

where qf, ~v , p, T, kf and Ef are the density, velocity, static pressure,
temperature, thermal conductivity and total energy of the fluid,
respectively. ��s is the stress tensor.

However, for porous zones, the properties of the solid matrix
should be taken into account. Thus, the mass and momentum con-
servation equations are rewritten as:

@ðeqf Þ
@t

þr � ðeqf~vÞ ¼ 0 ð5Þ

@

@t
ðeqf~vÞ þ r � ðeqf~v~vÞ ¼ �erpþr � ðe��sÞ þ Si ð6Þ

where e is the porosity of the medium, Si is the source term for the
momentum equation, which is composed of two parts: the Darcy
term and the Forchheimer term [15]:

Si ¼ � l
a
~v þ C2

2
qf j~v j~v

� �
ð7Þ

where a is the permeability and C2 is the inertial resistance factor.
The energy conservation equation based on the thermal equilib-

rium mode is given by:

@

@t
½eqf Ef þ ð1� eÞqsEs� þ r � ½~vðqf Ef þ pÞ� ¼ r � ½keffrT þ ð��s �~vÞ�

ð8Þ
where keff is the effective thermal conductivity in the porous med-
ium, qs and Es are the density and total energy of the solid, respec-
tively. The thermal equilibrium mode assumes that there is no
temperature difference between the fluid and the solid matrix in
the porous zone, and thus the imperfect heat transfer loss between
them is ignored and the effectiveness is assumed = 1.

In order to achieve more accurate results, the thermal non-
equilibriummode is also considered, in which the temperature dif-
ference between the fluid and the solid matrix is taken into
account, and the energy conservation equations for the fluid and
the solid matrix should be solved separately. For the fluid zone,
it can be written as:

@

@t
ðeqf Ef Þ þ r � ½~vðqf Ef þ pÞ� ¼ r � ½ekfrTf þ ð��s �~vÞ�

þ hfsAfsðTs � Tf Þ ð9Þ
el of the miniature coaxial SPTC.



Table 3
Parameters in different cases.

Case
number

Operating frequency
(Hz)

Porous zones Cold end

1 128 Thermal equilibrium Adiabatic
2 128 Thermal equilibrium Tc = 80 K
3 128 Thermal equilibrium Tc = 100 K
4 128 Thermal equilibrium Tc = 150 K
5 128 Thermal non-

equilibrium
Adiabatic
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For the solid zone, the energy conservation equation can be
written as:

@

@t
½ð1� eÞqsEs� ¼ r � ½ð1� eÞksrTs þ ð��s �~vÞ� þ hfsAfsðTf � TsÞ ð10Þ

where ks represents the thermal conductivity for the solid material.
hfs is the heat transfer coefficient for the interface and Afs is the
interfacial area density. Tf and Ts are static temperatures of the fluid
and the solid matrix, respectively.

2.4. Parameters setting

The porous zones consist of stacked mesh screens. The porosity
can be calculated by [18]:

e ¼ 1� pmdw

4� 0:0254
ð11Þ

where m is the mesh number and dw is the wire diameter. The
hydraulic diameter is given by:

dh ¼ e
1� e

dw ð12Þ

The interfacial area density is:

Afs ¼ 4ð1� eÞ
dw

ð13Þ

The pressure drop through the porous zone in axial direction
can be expressed as:

dp
dx

¼ � f osc
2dh

qfv2 ð14Þ

where fosc is the screen friction factor under the oscillating flow con-
ditions, which is a variation of the Ergun equation [19]:

f osc ¼
129
Re

þ 2:91Re�0:103 ð15Þ

where Re is the Reynolds number of the fluid in porous zones.
Based on Eqs. (7), (14) and (15), the permeability and inertial

resistance factor are determined by the following equations:

a ¼ d2
h

64:5
ð16Þ

C2 ¼ 2:91
dh

Re�0:103 ð17Þ

For the woven screen, keff can be obtained by [20]:

keff ¼ kf eþ ksð1� eÞ ks
kf

� ��0:835 3 ks
kf
� e

� �
þ 2þ ks

kf

� �
e

3ð1� eÞ þ 2þ ks
kf

� �
e

2
4

3
5 ð18Þ

The heat transfer coefficient hfs for the interface between fluid
and solid matrix is:

hfs ¼ Nu � kf
dh

ð19Þ

where the Nusselt number Nu is given by [21]:

Nu ¼ ½1þ 0:99ðRe � PrÞ0:66�e1:79 ð20Þ
Table 2
Parameters of mesh screens.

Components Material m dw (lm) e dh (

Regenerator SS304 635 20 0.607 31
Aftercooler Copper 100 100 0.691 222
CHX Copper 100 100 0.691 222
WHX Copper 100 100 0.691 222
where Pr is the Prandtl number. All of fluid and solid thermal prop-
erties are temperature-dependent and then expressed by mean val-
ues through porous zones.

Table 2 provides the parameters of mesh screens used in porous
zones. Table 3 gives the different cases considered in the models, in
which Case 1 is used as the basis of optimization.
2.5. Solution approaches

This CFD model uses a first order implicit unsteady pressure
based segregated solver with PISO pressure–velocity coupling.
The pressure discretization employs the standard method while
the second order upwinding is used for density, momentum and
energy terms. The convergence criterion is 10�3 for continuity
and velocity and 10�6 for energy. A time step of 5 � 10�5 s and
50 maximum iterations per time step are set for cases. The number
of grid nodes is up to 6285 and no noticeable difference about the
cooling performance is observed when this number is increased to
18,237.
3. Results and discussions

3.1. Thermal equilibrium model

As shown in Table 3, Case 1 represents the no-load condition
and Cases 2–4 are used for predicting the cooling capacity with
cold end temperatures of 80 K, 100 K and 150 K, respectively. The
above four cases are based on the thermal equilibrium mode for
porous zones and all operate at 128 Hz.

Fig. 3 shows the cool-down curve for Case 1. The lowest cycle-
averaged no-load temperature of 64.5 K is achieved from an initial
temperature of 300 K after about 100 s, about 9.5 K higher than the
1-D simulation result of 55 K. This difference is primarily caused by
the additional loss due to multi-dimensional flow effects consid-
ered in the 2-D simulation, which is closer to the actual conditions.

Table 4 summarizes the cooling performance for Cases 2–4,
when Tc is 80 K, 100 K and 150 K, respectively. A cooling capacity
of 1.25 W at 80 K can be achieved with an input PV power of
49.3 W. It also shows that the input PV power increases when
the cold end temperature decreases, which indicates that the lower
cold end temperature leads to the lower impedance along the cold
finger.

Fig. 4 compares the cooling capacities from 60 K to 100 K simu-
lated by the 2-D CFD model with those by the previous 1-D numer-
ical simulation, which indicates that there exists a difference of
lm) a (m2) C2 (m�1) hfs (W/m2 K) Afs (m�1)

.4 1.5 � 10�11 81,460 15,813 77,448

.6 7.7 � 10�10 12,173 8604 12,360

.6 7.7 � 10�10 12,173 19,464 12,360

.6 7.7 � 10�10 12,173 11,714 12,360



Fig. 3. Cool-down curve for Case 1.

Table 4
Cooling performance in Cases 2–4.

Case number Tc (K) _Qc (W) h _Wpv i (W)

2 80 1.25 49.3
3 100 2.35 44.1
4 150 3.76 35.6

Fig. 4. Comparison of cooling capacities between 2-D and 1-D models.

Fig. 5. Variations of the dynamic pressure and the mass flow rate at the inlet and
outlet of the regenerator for Case 1.
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about 0.5 W for each case, with the values in the 2-D CFD model
always smaller. As discussed above, the multi-dimensional flow
effects are primarily responsible for the additional loss.

Fig. 5 shows the temporal variations of the dynamic pressure
and the mass flow rates at the inlet and outlet of the regenerator
in Case 1. The pressure drop along the whole regenerator is about
0.063 MPa, and the phase shift of the pressure wave from warm to
cold end is below 0.01p, which is very slight and can be ignored.
The phase of the mass flow rate leads that of the pressure wave
about 0.05p at the inlet, but lags 0.16p at the outlet. Therefore,
the impedance in the regenerator causes a phase shift of nearly
0.21p for the mass flow rate.

The regenerator losses are mainly caused by gas conduction,
solid conduction, the pressure drop, and the imperfect interfacial
heat transfer. In the thermal equilibrium model, the interfacial
heat transfer loss is neglected. The entropy generations caused
by other three factors can be calculated separately. The above three
entropy generations in each cell are given by:

_Sgen;f ¼
_Qf

Tf ;i
�

_Qf

Tf ;iþ1
¼ ekf AregDT

2
f ;i

Tf ;iTf ;iþ1Dx
ð21Þ
_Sgen;s ¼
_Qs

Ts;i
�

_Qs

Ts;iþ1
¼ ð1� eÞks;eff AregDT

2
s;i

Ts;iTs;iþ1Dx
ð22Þ
_Sgen;p ¼ � _mR ln
piþ1

pi

� �
ð23Þ

where _Sgen;f , _Sgen;s and _Sgen;p represent entropy generations caused by
gas conduction, solid conduction and the pressure drop, respec-
tively. The static temperature and dynamic pressure are area-
averaged values for each node, subscript i and i + 1 represent two
adjacent nodes, and Dx is the distance between them. There is no
temperature difference between the fluid and solid matrix in the
thermal equilibrium model.

Fig. 6 shows the distributions of different entropy generations
inside the regenerator. It is observed that, from warm to cold
end, the pressure drop loss is dominant during the first about
85% of regenerator length. However, from about 80% of length,
the solid conduction loss begins to increase dramatically, which
surpasses the pressure drop loss at about 85% of length and
becomes dominant. Along the whole regenerator length, _Sgen;p
decreases monotonously. The reason is the fluid velocity drops
steadily through the porous matrix, and the Darcy and Forch-
heimer terms are proportional to the velocity and the square veloc-
ity, respectively, thereby resulting in less viscous and inertial

losses near the cold end. By contrast, _Sgen;f and _Sgen;s share similar
changing tendencies, which go up gradually during the first about
60% of length, then increase dramatically, and finally decreases
sharply at about 93% of regenerator length, at which both the gas
conduction loss or the solid conduction one reaches their respec-
tive maximum values. The main reason for the variations of _Sgen;f
and _Sgen;s is due to the temperature profiles along the regenerator.
Table 5 gives total entropy generations inside the regenerator, in
which the pressure drop loss accounts for about 84% of the total.



Fig. 6. Distribution of different entropy generations inside the regenerator for Case
1.

Table 5
Total entropy generations inside the regenerator in Case 1.

Terms Entropy generations (mW/K)

_Sgen;f 0.78

_Sgen;s 5.24
_Sgen;p 30.80

Fig. 7. Comparison of cooling capacities between thermal equilibrium and non-
equilibrium models.

Fig. 8. Variations of the facet averaged temperature at the midpoint of the
regenerator for Case 5.
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3.2. Non-thermal equilibrium model

In the above simulations, Cases 1–4 are all based on the thermal
equilibrium model for porous matrix, in which the heat transfer
coefficient between the fluid and solid matrix is assumed to be infi-
nite, thereby the imperfect interfacial heat transfer losses are
neglected. In order to provide the more accurate simulations, Case
5 employs the thermal non-equilibrium model. Two different
energy conservation equations are calculated for the fluid and
solid, respectively. The heat transfer coefficient and interfacial area
density for porous zones are given in Table 2.

When the simulation of Case 5 reaches the steady-periodic
state, the no-load temperature of the thermal non-equilibrium
model increases to about 77 K, about 12.5 K higher than 64.5 K in
the thermal equilibrium model. In addition, the amplitude of the
temperature variations is about 0.3 K, slightly smaller than 0.5 K
in Case 1.

Fig. 7 shows the cooling capacities at 80 K, 100 K and 150 K of
cold end temperatures for two different models. A cooling power
of 0.36 W at 80 K can be achieved with the thermal non-
equilibrium model. The cooling power difference between two
models remains about 0.9 W within the simulated temperature
range. The irreversible interfacial heat transfer losses in the regen-
erator, WHX and CHX are responsible for this constant difference.

Fig. 8 shows the temporal variations of the facet averaged tem-
perature of the gas and solid matrix at the midpoint of the regen-
erator. It shows that the phase of solid temperature variations lags
about 0.12p behind the gas, and thus the solid temperature is
higher than the gas temperature in half a cycle, whereas the case
reverses in the next semi-cycle. In addition, the amplitude of solid
temperature variations is about 0.63 K, which is slightly smaller
than 0.67 K of the gas. The reason for the difference of 0.04 K is that
the stainless steel material has a larger ratio between the thermal
capacity and the heat transfer coefficient than the helium.
For this thermal non-equilibrium model, the imperfect interfa-
cial heat transfer loss is taken into account. The entropy generation
caused by this factor in each cell is given by:

_Sgen;fs ¼
_Qfs

Tf ;i
�

_Qfs

Ts;i
¼ AfshfsjTs;i � Tf ;ij2

Tf ;iTs;i
AregDx ð24Þ

The distributions of entropy generations along the regenerator
are shown in Fig. 9. It is observed that the pressure drop loss is
dominant during the first about 78% of regenerator length, about
7% smaller than 85% of the thermal equilibrium model, while the
imperfect interfacial heat transfer loss begins to increase dramati-
cally from about 60% of length, which surpasses the pressure drop
loss at about 78% of length and becomes dominant. Compared with
the thermal equilibrium model, the solid conduction loss becomes
less important due to the separate energy conservation equation
for solid matrix. Similar to Case 1, the pressure drop also decreases
monotonously from warm to cold end, while _Sgen;fs, _Sgen;f and _Sgen;s
share similar changing tendencies, which increase steadily during
the first about 60% of length, then go up dramatically and reach
the maximum values at about 91% of length, very close to 93%
in the thermal equilibrium model, and finally decrease sharply
near the cold end.



Fig. 9. Distribution of entropy generations along the regenerator for Case 5.

Table 6
Total entropy generations inside the regenerator in Case 5.

Terms Entropy generations (mW/K)

_Sgen;f 0.67

_Sgen;s 3.99
_Sgen;fs 7.83

_Sgen;p 31.03
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Table 6 provides total entropy generations caused by all of four
factors inside the regenerator for Case 5. Compared with Case 1,
conduction terms fall slightly and pressure drop shows little
change. The interfacial heat transfer losses are almost twice as
large as solid conduction losses, and the pressure drop losses are
still dominant, which are 1.5 times larger than the sum of other
terms.

The investigation of entropy generations can offer us guidance
about optimizing the solid matrix to reduce the regenerator loss.
For example, the pressure drop loss can be decreased effectively
by using coarser screens near the warm end, and the material with
lower heat conductivity and larger specific heat capacity as well
can be adopted near the cold end to reduce the solid conduction
loss, etc.

5. Conclusions

In order to investigate the physical mechanism and flow charac-
teristics inside a coaxial miniature system at very high frequencies,
this paper establishes a two-dimensional axis-symmetric CFD
model of a miniature coaxial SPTC weighting about 920 g and
operating at 128 Hz. Based on the model, the systematic
simulations of performance characteristics are firstly conducted
with the thermal equilibrium model, and the results show that
the cooling performance is worse than that of 1-D simulation
due to the multi-dimensional flow effects. The regenerator losses
including gas and solid conduction and the pressure drop are
calculated, respectively, and it indicates that the pressure drop loss
is dominant during the first about 85% of regenerator length, and it
decreases monotonously fromwarm to cold end due to the steadily
decreasing Darcy and Forchheimer terms. The gas and solid
conduction losses share similar changing tendencies, and the solid
conduction loss begins to increase dramatically from about 80% of
length, which surpasses the pressure drop loss at about 85% of
length and becomes dominant. The main reason for the variations
is the temperature profiles along the regenerator. The investigation
of entropy generations can offer us guidance on optimizing the
solid matrix to reduce the regenerator loss.

In order to provide the more accurate simulations, the thermal
non-equilibrium model is employed for solid matrix. Because of
the additional irreversible interfacial heat transfer losses, the no-
load temperature increases to about 77 K, and the cooling capacity
is down to 0.36 W at 80 K. The pressure drop loss is dominant dur-
ing the first about 78% of regenerator length, while the imperfect
interfacial heat transfer loss increases sharply from about 60% of
length and surpasses the pressure drop loss at about 78% of length.
Unlike the thermal equilibrium model, the solid conduction loss
becomes less important due to the separate energy conservation
equation for solid matrix.
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