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Abstract:  High power pulse tube cryocoolers are expected to be a very promising candidate for high temperature supercon-
ductors (HTS) cooling. Unfortunately there are still some problems significantly deteriorating the performance of these cry-
ocoolers, one of which is temperature inhomogeneity. Several different theories have been proposed to explain the mechanism and
many factors have been indicated as contributors to the generation and development of temperature inhomogeneity. However,
some relations between these factors are seldom noticed, nor classified. The underlying mechanisms are not yet clear. The paper
classifies, as internal and external, factors leading to temperature inhomogeneity based on their location. We examine some ap-
parently unreasonable assumptions that have been made and difficulties in simulation and measurement. Theoretical and exper-
imental research on the driving mechanism and suppression of temperature inhomogeneity is reviewed, and potential analysis and
measurement methods which could be used in future are identified.
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1 Introduction

Recent developments in high temperature su-
perconducting technology create a great demand for
high power cryocoolers. Stirling type pulse tube
cryocoolers (SPTC), having the benefit of no moving
parts at the cold end, could be more reliable and re-
quire lower maintenance than Gifford-McMahon
(GM) and Stirling cryocoolers (Li ef al., 2014; Zhang
et al.,2014). However, there are still serious unsolved
problems in large scale SPTC. Temperature inho-
mogeneity is one of the most important.

By ‘temperature inhomogeneity’ we mean that
some temperature difference appears around the shell
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of the regenerator. This normally happens with in-
homogeneous flow and leads to regenerative ineffi-
ciency and performance deterioration. There are some
typical characteristics as follows:

1. The temperature difference (AT) appears
around the shell of the regenerator at the same cross
section, and AT increases dramatically with larger
input powers. Also it has been reported that the loca-
tion of maximum and minimum temperatures could
change during an experiment (Dietrich et al., 2007).

2. Normally temperature inhomogeneity occurs
in a small length/diameter ratio regenerator (the
largest ratio reported is 1.5 so far (Ercolani et al.,
2008)), or in some regenerators connected in parallel.

3. The regenerator fillings with high thermal
conductivity could suppress temperature inhomoge-
neity effectively (Gromoll et al., 2006).

4. There is some direct current (DC) flow in the
regenerator (Fig. 1).

5. The performance deteriorates significantly,
along with the increase of loss and no load cooling
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temperature, and the decrease of the coefficient of
performance (COP) (Yuan and Maguire, 2004).

Since temperature inhomogeneity was reported
for the first time (Kirkconnell, 1999), many re-
searchers worldwide have been attracted to this area.
There have been many theoretical and experimental
studies exploring the underlying mechanism and to
attempt suppression of temperature inhomogeneity.
But the generation mechanism is still unclear, and
now possible differences between the micro channels,
non-uniform flow resistance, as well as natural con-
vection in the regenerator and exterior temperature
perturbation are considered to contribute to the tem-
perature inhomogeneity (Gedeon, 2004; Sun et al.,
2009a; 2009b; Fang et al., 2012; de Waele et al., 2013).

In this study, the factors leading to temperature
inhomogeneity have been classified as interior factors
(inside cryocoolers) and exterior factors (out of
coolers’ physical boundary). We also examine some
of the assumptions and difficulties in simulation and
measurement. The theoretical and experimental re-
search on underlying mechanisms and suppression of
temperature inhomogeneity are explored, and poten-
tial analysis and measurement methods that could be
used are identified.

2 Generation mechanism

The existing theoretical and experimental results
show that many factors could generate temperature

inhomogeneity in a regenerator. Interior factors can
be further divided into the regenerator factors and
variable flow channels factors. Exterior factors in-
clude natural convection and exterior temperature
perturbation.

2.1 Regenerator factors

Some studies offer several regenerator factors,
such as flow resistance distribution, thermal conduc-
tivity in the radial direction, pressure behavior at both
ends of the regenerator, difference between micro
channels, the ratio of energy flow to PV power flow in
the axial direction, and the ratio of cold end temper-
ature to the ambient temperature.

Gedeon (2004) studied the correlation of non-
uniform layers spacing in the regenerator and flow
circulations with temperature inhomogeneity, dis-
cussing the contribution of geometry difference be-
tween micro-channels in the regenerator to the in-
homogeneity. A formulation of gas velocity in the
micro-channel was derived based on Darcy’s law:

u__GZG_P 1
12 ox’ D

where u refers to the section mean flow velocity, u is
the gas viscosity, OP/Ox is the pressure loss per
length in x direction, and G refers to the channel width
in parallel regenerators A and B.

Substituting the pressure variation equation, the
ratio equation of DC flow to the whole AC flow of the

Circulating streaming flow
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Fig. 1 Temperature inhomogeneity caused by DC flow in a single regenerator. Reprinted from (So ef al., 2006), Copyright

2006, with permission from American Institute of Physics

T,, refers to the working end temperature, 7, refers to the ambient end temperature, 7}, refers to the average temperature of the
middle cross section of regenerator, and AT refers to the temperature variation
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regenerator was obtained:

(PW)e
(pu),
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where p means density, y means ratio of specific heat,
T means temperature, kK means gas conductivity, and L
means regenerator length. The subscript dc means DC
flow, w means working end, 1 means amplitude, and
cen means central point of the regenerator.

Egs. (1) and (2) indicate that the geometry of
micro-channels in the regenerator could generate the
DC flow and inhomogeneity directly. Using the
software SAGE, Gedeon (2004) built a parallel re-
generators model and reproduced the inhomogeneity
caused by different channels between two regenera-
tors (Fig. 2).
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Fig. 2 Degradation in cryocooler COP (heat/PV power) as
a function of gap variations between two foil-type regen-
erator parts. Ag/g, may be thought of as the amplitude of
the gap variation between the two regenerator parts: (a)
COP vs. gas variation, no thermal connection; (b) COP vs.
gas variation, good thermal connection. Reprinted from
(Gedeon, 2004), Copyright 2004, with permission from
Springer Science+Business Media

Focusing on the non-uniform flow resistance, we
built a 2D regenerator model by the computational
fluid dynamics (CFD) method (Fang er al., 2012).
The regenerator was divided into five zones with
different porosities to produce temperature inhomo-
geneity. The results showed that when the porosities
of zones of the same cross section are different, two
net mass flows with opposite direction appeared (such
as in the cross section of both Zones 1 and 3, shown in
Figs. 3 and 4), which meant there was a DC flow
circulating between Zones 1 and 3, and temperature
inhomogeneity was generated. It proved the contri-
bution made by non-uniform porosity.
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Fig. 3 Non-uniform porosity model structure (Fang et al.,
2012)
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Fig. 4 Average mass flow rate on middle face of Zones 1
and 3 (Fang et al., 2012)

C1 and CO mean Cases 1 and 0 in (Fang et al., 2012); Z1 and Z3
mean Zones 1 and 3, respectively

Non-uniform flow resistance at the same cross
section is not the only factor. Dietrich et al. (2007)
reported that during some experiments with the same
operating conditions, the location of maximum and
minimum temperature points around the middle cross
section of the regenerator were moving, and the
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structure of their cryocooler is shown in Fig. 5. If the
temperature inhomogeneity was only caused by the
non-uniform flow resistance, the temperature profile
around the regenerator should be stable if there were
no change of operating conditions when the cry-
ocooler reached the steady state. This experiment
indicated that the mechanism of temperature inho-
mogeneity was more complicated than the contribu-
tion of non-uniform flow resistance. Imura et al.
(2008) verified this conclusion. They changed the
azimuthal connection angle of the compressor and the
heat exchanger to the regenerator, compared the
former temperature distributions around the regener-
ator and found that temperature distribution was not
rotated with the regenerator’s rotation.

Dietrich et al. (2007) reported simulation of the
temperature inhomogeneity. A model with two par-

allel regenerators was built with SAGE. To
Hot heat
exchanger P Inertance
2
Second P.
buffer Q :
Main
buffer
Pulse tube T,
b T
Cold heat
exchanger T
—T,
Regenerator ——]
—T,
After cooler ——]
\ [
Compressor —
X |::I—Xz

Fig. 5 Schematic of the inline pulse tube cryocooler with
linear compressor

T means thermometer, P means pressure sensor, X means
displacement sensor, and V is the valve
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investigate the effect of radial conductivity on the
temperature inhomogeneity, two parallel regenerators
were connected by some thermal-bridges in the radial
direction (Fig. 6, where Qins~AT refers to the heat
transferred along the radial direction with temperature
difference AT). With different initial temperatures of
two regenerators, the temperature inhomogeneity was
reproduced. The temperature difference decreased
when the thermal conductivity of the thermal-bridges
increased, as shown in Fig 7. These results proved in
theory that temperature perturbation from outside
could generate temperature inhomogeneity, and high
radial thermal connection in the regenerator may
suppress it effectively (Fig. 8).

Andersen et al. (2007) reported analysis and
simulation results of temperature inhomogeneity
generation, focusing on the shape and phase of pres-
sure waves at hot and cold ends of the regenerator.
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Fig. 7 Calculated axial temperature profiles in the two
regenerators (Reg. 1 and Reg. 2) for different transverse
thermal coupling factors (Cians)
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tion AT,/ for the five tested regenerator matrices

Figs. 5-8 are reprinted from (Dietrich et al., 2007), Copyright
2007, with permission from Elsevier
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Based on the Euler method, a single regenerator
model and a whole pulse tube cryocooler model were
built. The cryocooler model contains two parallel
regenerators, without any radial mass and thermal
connection between them. To find generating mech-
anisms of temperature inhomogeneity, the models
were kept in steady state, and a temperature pertur-
bation was introduced when f'#=0 (f means frequency
and ¢ means time) at the middle position of the re-
generators. Andersen et al. (2007) monitored the
change of temperature distribution around the regen-
erators. Although the temperature perturbation was
eliminated in the cryocooler model, the inhomogene-
ity was produced in the single regenerator model
(Figs. 9 and 10).

Tmaix (K)

Position

Fig. 9 Evolution in time of the asymmetry in the tem-
perature profiles in the two regenerator channels. At
f=0 a notch is introduced in the temperature profile of
one channel. Reprinted from (Andersen et al, 2007),
Copyright 2007, with permission from Elsevier
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Fig. 10 Regenerator instantaneous mass flow rate (7t)

relative to regenerator instantaneous mass flow rate at
200 K (71, ) as a function of the pressure difference

(Apreg) between the ends of the regenerator. Reprinted
from (Andersen et al., 2007), Copyright 2007, with per-
mission from Elsevier

Andersen et al. (2007) pointed out that the
temperature inhomogeneity was caused by two fac-
tors: one was the shape of the pressure difference
wave, and the other was the dependence of the in-
stantaneous mass flow rate on the instantaneous
pressure difference and on the temperature in the
regenerator. The oscillation of temperature in the
regenerator amplified the DC flow, and the variation
of average pressure could weaken it.

Furthermore, Andersen ef al. (2007) summarized
the inhibiting factors for temperature inhomogeneity:
thermal conduction in mesh, gas and radial thermal
conduction enhanced by turbulence, and cross flow
caused by the temperature distribution around the
regenerator. The gas viscosity’s effect is not only
because of its correlation with the temperature. Even
when the gas viscosity was constant, the inhomoge-
neity would be amplified because of the gas temper-
ature difference when gas flows through the regener-
ator over a period.

Gedeon (1997) reported on the DC flow in a
pulse tube cryocooler, discussing the contribution of
the thermal boundary difference between micro-
channels in the regenerator. With the assumption of
isothermal and adiabatic channels, the mass flow rate
in each channel was derived (Eq. (3)). Finally it was
concluded that DC flow could be generated in the
channels with different boundary conditions (iso-
thermal and adiabatic) when they formed a closed
loop.

(ou), =Pl AR’ =L
is 8Pm 7/ 4 (3)
up, =CEn=2L ) 2
{p }ad 8Pm [7

where C means geometrical constant, the subscript is
means isothermal, subscript m refers to mean value,
and subscript ad means adiabatic.

2.2 Variable flow channels factors

Normally there are some flow channels with
different diameters in a pulse tube cryocooler, where
gas parcels with different velocities would mix, which
leads to non-uniform flow, such as the jet flow. It has
been found that this kind of non-uniform flow would
generate a temperature inhomogeneity.
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Garaway et al. (2009a) from National Institute of
Standards and Technology (NIST), USA showed
pictures of the temperature inhomogeneity in the
regenerator. With infrared imaging equipment, the
evident jet flow from the inertance tube was photo-
graphed and a more than 30 K temperature difference
was monitored around the middle regenerator and the
pulse tube (Fig. 11). After the optimization of flow
straighteners at the exit of the inertance tube, both the
jet flow and temperature inhomogeneity were signif-
icantly reduced.

Garaway et al. (2009b) proved that the jet flow
caused by the variation of channels could generate a
temperature inhomogeneity. Compared with tradi-
tional temperature measurement, infrared imaging
equipment may give a more detailed temperature
distribution of the regenerator, and could be a valua-
ble alternative measurement method.

2.3 Natural convection

de Waele et al. (2013) reported on the influence
of natural convection on the temperature inhomoge-
neity generation. The natural convection was intro-
duced into the regenerator and the results led to a
better understanding of the temperature inhomogene-
ity mechanism. They established a 1D perpendicular
regenerator model with the hot end upside. The
pressure head of gas in the regenerator is related to its
density (Eq. (4)). Because of the temperature differ-
ence between the two ends of the regenerator, the
densities are different in the hot and cold areas, which
leads to a pressure difference between those ends, and
a net mass flow is generated.

The calculation showed the relationship between
the DC molar flux and the gravity. Eq. (5) explained
the molar flux driven by the pressure head difference
between the ambient end and cold end of the regen-
erator, and Eq. (6) showed the axial temperature pro-
file of the regenerator.

Pw =ngr’ (4)
. _(p,—pep
1—exp(A.1/L
r=1, -1, -1, P ALTE)
1—exp A,

where g is the gravity, j is molar flux, and 4 refers to a
dimensionless parameter, which determines the im-
pact of the DC flow on the temperature profile. The
subscript g means gas, r means regenerator, and a
means ambient end. Different 4. will lead to different
temperatures at the same section of the regenerator,
which reproduces the temperature inhomogeneity. It
should be pointed that the result also indicated that the
DC flow is independent on the sign of temperature
difference between the two ends of the regenerator,
which means that whether the cold end is above or
under the hot end on the regenerator, the temperature
inhomogeneity can appear because of natural
convection.

The effect of the flow resistance variation on the
temperature inhomogeneity was also discussed. For
an extreme assumption (porosity=0), the relation
between the DC flow and pressure loss in the regen-
erator is presented:

zzzzz

Resulting cold
% 1l profile

Fig. 11 Infrared images of the buffer tube: (a) northeast face showing impinging jet; (b) southwest face showing the

resulting flow instability (Garaway et al., 2009a)
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AP? =Z R(1+ b)%CijfLr, (7)

a

ZrR(l + b)%Cijler = zﬂaZrRz—;jchr’ (8)

a

where Z is the flow resistance, R is the specific gas
constant, f is the volume heat exchange factor, b is a
constant parameter, and C;, is a constant (pressure heat
capacity).

2.4 Exterior temperature perturbation

Dietrich et al. (2007) performed a theoretical
study on the effect of outside temperature perturba-
tion on the temperature inhomogeneity. Sun et al.
(2009a) reported on the experimental results from the
University of Giessen, Germany and Zhejiang Uni-
versity, China.

In their two stage U-shape pulse tube cryocooler
with thermal coupling of the stages, the thermal
bridge used for precooling created a 13 K temperature
difference at the connection area of the second stage
regenerator (middle part) due to the non-uniform
thermal conduction, which was amplified to a dif-
ference of 30—40 K at the cold end of the regenerator.

Sun et al. (2009b) tried to suppress the temper-
ature inhomogeneity by inserting 80# and 11# copper
screens. The temperature difference at the cold end of
the regenerator was reduced, but copper screens had
little effect on the temperature difference at the mid-
dle of the regenerator (Table 1).

3 Driving mechanism

Several theories on the mechanism driving the
temperature inhomogeneity have been raised since its

first observation. One widely supported view, both by
theory and experiment, was that the dependence of
viscosity on the temperature creates a positive feed-
back loop in the flow resistance and temperature of
the regenerator.

3.1 Feedback loop between the flow resistance and
the temperature

Kirkconnell (1999) reported on experiments re-
sults on a cryocooler composed of three regenerators
and four pulse tubes. A 10 K temperature difference
was measured between the middle cross sections of
three regenerators (Figs. 12 and 13).

Kirkconnell (1999) explained that because of
slight differences in the tubes, the efficiencies could
be different in these regenerators, and the temperature
of the most efficient regenerator could be lower, re-
sulting in a lower pressure drop and more gas flow in
it. More mass flow will lead to a lower temperature in
the regenerator and so a positive feedback loop is
formed.
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Table 1 Radial temperature difference with different filling matrixes in middle heat exchanger

Matrix Number of copper screens Radial AT in middle  Circumferential AT in lower
S0# 11# heat exchanger (K) part of regenerator (K)
1 4 1 12.02 7.25
2 24 1 11.59 13.43
3 8 4 11.54 8.12
4 8 2 11.65 9.80

(a) Radial temperature difference (A7) in middle heat exchanger is defined as (Trux2—Trux1); (b) Circumferential temperature difference (A7) in
regenerator is defined as (Trego25a— Trego250); (€) Working conditions: working pressure is 2.12 MPa, working frequency is 55 Hz, and input PV
power is 2.8 kW; (d) Wire diameters of 80# and 11# copper screens are 0.14 mm and 1 mm, respectively. Reprinted from (Sun e? al., 2009b),

Copyright 2009, with permission from Springer
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Kirkconnell (1999) also indicated that the tem-
perature distribution could be suppressed by en-
hancing the thermal connection between regenerators.
The experimental results agreed well with Gedeon
(1997)’s conclusion, and proved that high radial
thermal conductivity would be efficient in reducing
temperature inhomogeneity.

Martin and Martin (2002) measured the temper-
ature inhomogeneity in a single regenerator for the
first time in pulse tube cryocoolers, and the temper-
ature difference between four points on the middle
shell of the regenerator was 15 K.

A feedback loop of temperature and flow re-
sistance was also employed to explain the driving
mechanism of temperature inhomogeneity. Different
from Kirkconnell (1999)’s viewpoint, Martin and
Martin (2002) mainly focused on the effect of gas
viscosity on temperature inhomogeneity. Due to the
positive correlation of temperature, viscosity, and
flow resistance, a low temperature leads to a small
flow resistance, which causes the cold area to become
colder and the hot area hotter in the regenerator, and a
temperature inhomogeneity appears. This theory is
becoming well accepted.

3.2 Other characteristic effects

Besides the temperature and flow resistance
feedback loop, So et al. (2006) reported other char-
acteristic parameters contributing to the development
of temperature inhomogeneity, including the ratio of
cold end temperature to the ambient temperature, the

ratio of energy flow to the PV power in the regener-
ator, thermal conductivity of the screen, as well as
flow resistance.

Based on thermoacoustic theory, a 2D regener-
ator model was built to get the mass and temperature
distribution at a steady state in a coaxial regenerator.
With the assumption of no radial pressure gradient,
and no radial temperature gradient or phase shift
between pressure and velocity, an equation for the
perturbation growth rate was derived:

50,2, (- Ppel,

n’E,
:_H/Ea _n2 ky]:lzw'xw/yw (9)
-7 E,
¥ 1—1(5u1R(0)_5u20(0)j 1
y=1 21 L ug(0)  uy(0) ) f(»)

where z is the short transvers dimension, E is the total
acoustic power flux, H is the total energy flux, @dis the
volume porosity, ¢ is the growth rate, 7 is the temper-
ature ratio of working end to ambient end, and # is the
regenerator geometry, which is #»=2 for annular re-
generator, and n=1 for rectangular/circular regenera-
tor. The subscript s means solid, 1R means the
first-order part, 20 means the second-order constant
part, and y means the radial direction.

So et al. (2006) considered that the characteris-
tics in the left side were positive except ¢, so the sign
depended on the right side of the equation. It was
found that the ratio of energy flow to the PV power,
radial thermal conductivity, ratio of cold end temper-
ature to the ambient temperature, geometry charac-
teristic, and the passage distribution in the regenerator
all contribute to the perturbation growth rate. By
comparing characteristics mentioned before in en-
gines and cryocoolers, they explained that the per-
turbation would be intensified in cryocoolers, but
weakened in acoustic engines, even when the regen-
erators were the same. The experimental results also
qualitatively supported this theoretical analysis.

However, note that two assumptions are not
reasonable in their paper. The first one is that no radial
pressure gradient exists at the ends of the regenerator.
Normally the axial flow resistance is much smaller
than the radial one in the regenerator, and to form a
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flow loop, the DC flow would have to flow in radial
direction at the two ends of the regenerator, and this
should be driven by the radial pressure gradient.
Without such a pressure gradient, the flow loop canot
form. The second assumption is that the velocity
perturbation is nonzero only parallel to the acoustic
axis. But this assumption hinders the DC flow to turn
around in the regenerator, so that the flow loop cannot
form.

4 Suppressing methods

Many studies have been done to suppress the
temperature inhomogeneity since it was found to
decrease the performance of cryocoolers. Main
methods were the enhancement of radial thermal
conductivity and optimization of flow at both ends of
the regenerators.

Gromoll et al. (2006) reported their work on a
25 K pulse tube refrigerator. A temperature inhomo-
geneity was noticed, deteriorating the performance of
the refrigerator. To find an effective method for im-
proving the performance, they tested four types of
sandwich screens and firstly verified that an improved
radial conductance in the regenerator leads to a re-
duced temperature inhomogeneity in conjunction
with an improved cooling performance (Figs. 14 and
15). Then Dietrich et al. (2007) reported more de-
tailed results on this effective suppressing method.

140
—o— SS #400
120 F —4&— SS #400 + Brass #325
—e— SS #400 + Cu #80
100 F —— SS #400 + Cu-plates
g 80
S 60
&
S a0t
20+ 7
ok

0 1000 2000 3000 4000 5000 6000
PV power (W)

Fig. 14 Maximum temperature variation around the
middle plane of the regenerator tube vs. PV power for
different regenerator fillings, /=52 Hz. Reprinted from
(Gromoll et al., 2006), Copyright 2006, with permission
from American Institute of Physics

90 F A —=— SS #400
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70k —o— SS #400 + Brass #353 + Cu-plate
g 60
e
50 |
40 F
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Fig. 15 Measured refrigeration temperature vs. PV power
for the five tested regenerator matrices: /=50 Hz for matrix
SS #400, otherwise 52 Hz. Reprinted from (Dietrich et al.,
2007), Copyright 2007, with permission from Elsevier

Imura et al. (2006; 2008) from Nihon University
reported on a high power pulse tube cryocooler.
Temperature inhomogeneity was measured as large as
150 K. They followed the idea of the University of
Giessen (Gromoll et al., 2006) and inserted 60#
copper screen mesh into the regenerator. The tem-
perature difference decreased to 40 K, and the per-
formance was improved (Figs. 16 and 17).

Other researchers from Air Liquid (Ercolani et
al., 2008), Praxair (Lynch, 2003), Clever Fellows
Innovation Consortium (CFIC) (Spoor, 2012), Eind-
hoven University of Technology (Daniel, 2007), and
Zhejiang University (Sun et al., 2011;2012; Liu et al.,
2011) obtained evidence that high thermal conduc-
tivity mesh could suppress temperature inhomogene-
ity. As mentioned above, the optimization of flow
straighteners has also been proven to be effective for
reducing the temperature inhomogeneity (reports
from NIST (Garaway et al., 2009a; 2009b; Lewis et
al., 2009; 2010), University of Wisconsin-
Madison (Potratz et al., 2006, Potratz, 2007), Air
Liquid (Tanchon et al., 2006; 2007; Ercolani et al.,
2008), and Praxair (Zia, 2007; Chen et al., 2010)).

Another method to avoid temperature inhomo-
geneity is to use several cold heads with increased
length/diameter (L/D) ratio of the regenerators in-
stead of a single cold head with one regenerator with
low L/D ratio. The University of Giessen has reported
on such a cryocooler assembly and demonstrated its
effectiveness in reducing the temperature inhomo-
geneity (Dietrich and Thummes, 2010).
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Fig. 16 Schematic insertion of copper #60 meshes. Re-
printed from (Imura et al, 2008), Copyright 2008, with
permission from Elsevier
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Fig. 17 Temperature distribution in a circumference of the
regenerator center. Reprinted from (Imura et al, 2008),
Copyright 2008, with permission from Elsevier

5 Conclusions

As a main limitation to the performance im-
provement of high power pulse tube cryocoolers,
temperature inhomogeneity has attracted much atten-
tion. Studies on the generation mechanism are mainly
on the interior/internal factors (such as those to do
with the regenerator and variation channel) and exte-
rior/external factors influencing this effect (such as
natural convection and temperature perturbation). It
has been shown that the generation of temperature
inhomogeneity is the result of several factors acting
together, and the positive feedback loop between the
flow resistance and the temperature is the main driv-
ing mechanism. Other characteristics make some
contribution, such as the ratio of energy flow to the
PV power, radial thermal conductivity, the ratio of
cold end temperature to the ambient temperature,
geometry characteristic, and the passage distribution

in the regenerator. The main suppressing methods are
enhancement of the radial thermal conductivity of the
regenerator and optimization of flow straighteners.

At present, traditional thermodynamic analysis,
numerical simulation, and experiment are the main
research methods for temperature inhomogeneity.
The traditional thermodynamic analysis also can be
classified as two kinds: the micro-channel model
analysis and the whole regenerator model analysis.
Normally traditional thermodynamic analysis is 1D,
and has difficulties in describing the radial flow and
heat transfer some unreasonable/
unrealistic assumptions are made. But the CFD
method has the advantage of solving complex and
diverse equations, being able to reproduce more ac-
curately the phenomenon and analyze the weight of
different factors. Thus, this has gradually become the
mainstream method.

There are two points to make about current dif-
ficulties in theoretical research, simulation, and ex-
periment: one is that an accurate 3D model for flow
and heat transfer in a porous volume is hard to build
up, the other is that temperatures in the regenerator
are hard to measure. Future development for temper-
ature inhomogeneity study will move towards 3D
simulation and experimental measurements. For the-
oretical study, the generation process of inhomoge-
neity will possibly be reproduced in 3D models by the
CFD method, which is expected to explain the gen-
eration and driving mechanism reasonably well. Then
the temperature contour could be displayed as a frost
line on the shell of the regenerator, which visualizes
temperature inhomogeneity (Spoor, 2013). In the
future, more advanced measurement methods, such as
the particle image velocimetry method and infrared
observation, will give more accurate results.

even when
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