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Abstract
Objectives: The principles of cryogenic regenerator operation, its design and optimization procedures are reviewed in 
this paper. Recent and ongoing developments of these regenerators are highlighted. Due to the non linear behaviour of 
geometry and operating parameters with performance parameters, design and optimization of regenerator performance 
has not been possible in conventional mathematical terms. Methods: Methodologies of design to determine the volume 
having maximum heat transfer ability with minimum losses are listed. The optimization in terms of mathematical, analytical 
and experimental approaches with their inherent difficulties is discussed. Findings: The regenerator mesh with a lower 
hydraulic diameter in the cold region and a larger hydraulic diameter in hot region will lead to lower regenerator losses. 
Thus a regenerator consisting of layers of different matrix geometry would have a better performance than a regenerator 
with single mesh geometry. Regenerators that incorporate heat transfer components in a parallel orientation with respect 
to the oscillating flow theoretically provide a better performance than screen mesh regenerators. An optimum regenerator 
would have a continuous variation in its hydraulic diameter along the length of the tube. Applications: This review is 
expected to be a catalogue of principles needed for effective simulation, design, and optimization of regenerators for 
cryogenic refrigerators. The optimum regenerator has the potential to significantly improve the performance of cryogenic 
refrigerators and make them suitable for more applications.
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1.  Introduction

A regenerator is a thermal storage material that peri-
odically absorbs energy when exposed to a hot fluid and 
releases it to the same fluid at a later stage in a cycle. 
Thermodynamic cycles include regenerative heat transfer 
via a regenerator, in order to attain low temperatures and 
high performance. The regenerator used in these cycles 
has a flow conduit that is filled with a porous matrix hav-
ing high surface area and heat capacity leading to large 
heat transfers. The hot fluid entering at constant tem-
perature, heats the matrix for half of the cycle, and cold 
fluid cools the matrix for the second half of cycle while  

flowing in the reverse direction, thus periodically heating 
and cooling the matrix while reversing the flow. Since the 
first intuitive use of regenerator in the year 1816 by Robert 
Stirling in his hot air engine, regenerative heat exchang-
ers, based on this principle have evolved to become one of 
the important components in achieving low temperatures 
in Cryogenic Refrigerators or Cryocoolers.1

Investigation of regenerators have been carried out, 
both on a theoretical and experimental basis, because of 
their significant impact on the performance of cryocool-
ers and due to their complicated internal flow phenomena 
associated with the fluid-solid interactions. Mathematical 
modeling of the regenerator and its solutions have aided 
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in the theoretical prediction of its performance. With the 
use of computers and Computational Fluid Dynamics 
(CFD), simulation of the regenerator model has improved 
the understanding of its functioning. This has led to a sys-
tematic search for materials, its shapes and positioning 
of matrix elements inside the regenerator. The individual 
and combined effects of the heat capacity of matrix, heat 
transfer between the working fluid and matrix and pres-
sure drop of the flow determines the performance of the 
matrix.2,3 Difficulty in theoretical simulation of regenera-
tor and therefore its performance prediction has led to 
experimental analysis. Experimental analyses have been 
carried out to vary the operating parameters, material, 
geometry and volume of the regenerator so as to under-
stand its working and thereby improve its performance.

Research on finding the right combination of vol-
ume or porosity, material, geometry and dimensions of 
the regenerator having a maximum thermal effectiveness 
with minimum losses including a low pressure drop has 
been a challenge for researchers. Due to the non linear 
behaviour of geometry and operating parameters with 
performance parameters, optimization of regenera-
tor performance has not been possible in conventional 
mathematical terms. The difficulties inherent in regenera-
tor design are highlighted in this review. The procedure 
adopted by researchers for optimization will be discussed.

2.  Regenerator Design

Static regenerators are constructed by packing geometries 
into a cylindrical housing. Regenerator design calculates 
the volume of this packing required to absorb and release 
heat energy for reducing the temperature of working 
fluid as it leaves the regenerator. The design parameters 
are length, matrix material and geometry, frontal area 
and porosity. The material selected should have a heat 
capacity higher than the working fluid for effective heat 
transfer.  Simultaneously the design should also minimize 
the losses and pressure drop. Besides the matrix material, 
the operational parameters dependent on regenerator 
performance are the frequency of oscillation of working 
fluid, phase difference and initial pressure in the system.  

Regenerator design becomes more complicated as its 
operating temperature reduces to the cryogenic region. 
These complications arise from the fact that the thermal 
properties vary over the temperature range of the opera-
tion of regenerator. The influence of each loss mechanism 
differs as a function of temperature. At low temperatures, 

the heat exchange loss is very large, while pressure drop 
in this region can be neglected. The heat transfer effec-
tiveness is a function of fluid properties, solid material 
properties, and the flow geometry and changes in these 
parameters affect the regenerator performance. The con-
flicting design requirements, and their solution, for a 
regenerator are shown in Table 1.

Table 1.  Requirements of a good Regenerator
Requirements Solution

Maximum heat capacity
Minimum flow losses
Minimum dead space
Maximum heat transfer
Minimum contamination

Large solid matrix
Small porous matrix
Small dense matrix
Finely divided matrix
No obstruction

To satisfy the conflicting solutions for a given applica-
tion, permutations of regenerator material, geometries and 
working fluids have been used. The material and working 
fluid properties vary with temperature and therefore affect 
heat transfer, thereby affecting the regenerator effectiveness 
significantly. Effectiveness is defined as the ratio of heat 
transfer surface area to the fluid pressure drop. A major 
design consideration is to select the mesh size of a regen-
erator with high effectiveness at minimum cost.1,4  

Geometric factors of the mesh with high effective-
ness are always a compromise of either a mesh with 
high heat transfer area or one having a low pressure 
drop. Geometrical configurations and materials that are 
appropriate for regenerator operation throughout the 
temperature range of the working fluid are discussed in 
the following sections.

2.1  Geometry
The porosity requirement dictates the size of regenera-
tor. The area of the regenerator matrix has to be large to 
improve its heat transfer rate and thereby reducing the 
temperature difference between gas and matrix. However, 
a large regenerator may also have a large void volume. 
The large void volume can be eliminated by using a fine 
structure resulting in a higher frictional pressure drop 
between gas and matrix. The overall size of the regenera-
tor does not necessarily influence the heat conduction or 
pressure drop in isolation. A short and wide regenerator 
leads to a low pressure drop, whereas a long and narrow 
regenerator reduces the heat conduction rates.5,6 For a 
constant volume, a low aspect ratio leads to a short and 
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wide regenerator. In such a case, the velocity of fluid in 
the regenerator is low, giving a low pressure drop and 
a low heat transfer coefficient. This gives rise to a large 
temperature difference between the gas and matrix, con-
sequently increasing the heat exchange losses. On the 
other hand, if the regenerator diameter is small and its 
length is long, the flow velocity will be high, leading to a 
large pressure drop.

In wire mesh screen geometry, the influence of 
hydraulic diameter by both wire diameter and porosity 
are similar. A lower hydraulic diameter means a finer 
mesh and the fine structure causes a large pressure drop 
but high heat transfer.  For large hydraulic diameter, the 
flow is less obstructed so the pressure drop is low. The first 
to report that an optimum regenerator structure would be 
having a varying hydraulic diameter was Andeen.2

Since the first intuitive use of a bundle of thin wires 
as a regenerator by Stirling, different geometrical config-
uration has been analyzed to improve the performance 
of Cryocoolers.1 Woven screen materials, spherical balls, 
powders, random fibers, sintered glass, perforated plates, 
foam metal, dimpled ribbon etc., are the commonly used 
regenerator geometries. To date, most regenerators have 
been assembled from materials originally created and 
manufactured for other purposes. Woven wire mesh 
screens and lead balls are widely used for a myriad of 
other things and, as a result of mass production, reason-
ably cheap. Different sizes of meshes and balls have been 
used to control the porosity. While these materials have 
relatively large surface areas, their pressure drop charac-
teristics are not ideal. They are not engineered specifically 
for cryocooler application.7  

Regenerators that incorporate heat transfer com-
ponents in a parallel orientation with respect to the 
oscillating flow theoretically provide a better perfor-
mance than screen mesh regenerators. Using gas gaps 
between parallel plates made of conventional materials 
and rare earths produces significantly better performance 
below 50 K.8,9 Etched foil regenerators can be treated as 
“parallel plate” configurations and in turn, are expected 
to offer a superior relationship between heat transfer and 
pressure drop.10,11 The flow channels are created through 
a photochemical etching process that generates slots in 
disks. The disks are then stacked in the regenerator align-
ing the slots to produce parallel channels in the axial 
direction. Dimpled metal foil and perforated etched foils 
have been engineered specifically as regenerator materials. 
The dimensions of these regenerators including size of 

flow passages, porosity, and direction of the flow path can 
be appropriately engineered.11 Usage of parallel wires and 
concentric tubes also in the low temperature region of 
regenerator has been reported.12 Efforts are on to achieve 
in practice the improvements in cryocooler performance 
predicted by regenerator theory.11  

Different materials become attractive in different 
temperature zones within the regenerator due to the 
varying properties of materials from 300 K to the cold 
temperature. Hence, the regenerator mesh material 
properties viz. specific heat capacity, radial heat con-
ductivity, density etc. are a direct function of the cooling 
power of Cryocoolers.13

2.2  Material 
The regenerator material is selected in such a way that 
its heat capacity must be larger than that of working gas. 
Based on the temperature range in which the regenerators 
operate, its design and analysis can be divided into three 
main groups. The first group is the efforts to find the opti-
mum regenerator from 300 K to 30 K and the second is 
the research below 30 K. The first group from 300 K to 30 
K are the stainless steel and copper alloy materials which 
are ductile and can be woven into screen meshes. Lead 
and lead-antimony spheres are used in the range between 
100 K and 30 K because of their higher heat capacity com-
pared to mesh screens. The specific heat of copper or lead 
decreases rapidly in the low temperature region and is 
close to the value of the working fluid, helium gas, lead-
ing to increased losses. Helium gas specific heat is around 
0.2 J/cm3 K depending on its pressure up to 15 K and 
then increases with a sharp peak below 10 K as shown in 
Figure 1. At temperatures below 20 K, the solid proper-
ties have a significant influence on the overall regenerator 
performance making it impossible for copper or lead to 
obtain refrigeration capacity at 4 K.

Figure 1.  Specific heat of (a) Stainless Steel, Phosphor 
bronze and (b) magnetic materials and helium at 17 bar.15
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This barrier has been broken by the use of magnetic 
materials. Rare-earth compounds like Lanthanide materials 
with low magnetic ordering temperatures at less than 10 K 
could be used as cryogenic regenerators.14 These materials 
have large specific heats below 10 K caused by the magnetic 
specific heat anomaly during magnetic phase transition.

Erbium, Neodymium and other rare earth alloys have 
been developed as regenerator materials.15 Research on 
regenerator materials below 30 K is experimental in nature 
as theories predicting the transition temperature and heat 
capacity of an alloy or inter-metallic compound are lack-
ing and materials are discovered by intuition or trial and 
error. Therefore, extensive studies on search of materials 
or combination of them with higher performance have 
been carried out.16 Research on the theoretical and exper-
imental analyses is reviewed in the following section.  

2.3  Analysis of Regenerator
Design of regenerators is to determine the volume 
required for regeneration having maximum heat transfer 
ability with minimum losses. It is also done by predict-
ing and analyzing their performance with mathematical 
models and simulation for a given geometry and material. 
Mathematical theories to describe regenerator operation 
dates back to 1927 when Nusselt formulated a pair of dif-
ferential equations that govern the steady state behaviour 
of an ideal regenerator.1 Due to the complexity of the con-
servation equations, analytical solutions are difficult to 
obtain.17 Therefore numerical solutions, via a CFD mod-
eling approach, simulate the actual conditions occurring 
in the regenerator of cryocoolers.3,18,19 A numerical model 
provides a powerful tool for estimating parameters, such 
as enthalpy flow, temperature, velocity, phase between 
flow and pressure, mass flow which leads to a deeper 
understanding of heat transfer and fluid-wall interactions 
in oscillating flow of the working fluid influencing regen-
erator performance. One such regenerator-design code, 
developed by NIST is the REGEN 3.2.20–22  

Rules of thumb useful for designing regenerators have 
been proposed using the REGEN 3.2 simulation program.22 
For a given mesh size, at constant pressure the length of 
regenerator is inversely dependent on the cold end temper-
ature and frequency of operation, whereas it is independent 
of the cooling power. Also, an optimized phase angle exists 
between the mass flow and pressure at a particular cold end 
temperature of the regenerator.22 The cooling power varies 
linearly with the regenerator cross section area and is also 

frequency dependent. Use of higher frequencies to increase 
cooling power relies on the development of regenerator 
geometries with smaller hydraulic diameter and operation 
of compressors at resonant frequencies.23

A number of different geometries, focusing on the 
heat capacity of material, heat transfer and fluid flow 
friction characteristics and losses in the regenerator 
have been compared.12,24–27 Regenerator shapes with a 
higher ratio between the Colburn factor ‘j’ and fric-
tion factor ‘f ’, performed better, independent of the 
Reynolds number.7 The factor NPH / NTU has been 
used to identify the suitability of a geometrical con-
figuration as a regenerator. NPH is the Number of 
Pressure Heads and NTU is the Number of Transfer 
Units.  Smaller values of the ratio NPH/NTU leads to 
better regenerator performance. The parallel plates 
and lenticular shaped geometric elements give the 
best possible performance limits, against which other 
geometries can be compared. The performance shows 
minor dependence on the Reynolds number.7 

The minimum required volume of a regenerator is cal-
culated by using estimates of the losses due to regenerator 
ineffectiveness, conduction, and pressure drop within 
the system.26 The matrix configuration and size is then 
selected to the designed regenerator volume

Simultaneously experimental studies of regenerators 
have been conducted to generate correlations for heat 
transfer and fluid flow friction.27–31 These experiments were 
also used to validate the theoretical analysis prediction. 
Single mesh regenerator or also called a homogeneous 
regenerator geometry could not satisfy the overall perfor-
mance parameters required for a given Cryocooler. The 
search for a best regenerator that is a configuration having 
maximum effectiveness and minimum losses continued.  

An ideal regenerator is one with zero losses throughout 
its length. In general, regenerator performance is improved 
when losses are decreased. A regenerator mesh with a lower 
hydraulic diameter in the cold region and a larger hydrau-
lic diameter in hot region will lead to lower regenerator 
losses. The influence of individual regenerator loss mecha-
nism differs at different temperatures. At low temperatures, 
the heat exchange loss is large, while the pressure drop in 
this region is negligible. This implies that a homogeneous 
regenerator will not give an optimum performance.

Varying the volume and the length combinations 
of mesh sizes is possible, and methodologies have been 
devised theoretically and experimentally to generate 
combinations conforming to the physical and geometrical 
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constraints. A regenerator consisting of varying matrix 
geometry called the hybrid regenerator could outperform 
a homogeneous or single mesh regenerator. Cryocoolers 
with hybrid regenerators have been reported to exhibit 
improved performance compared to single mesh regen-
erators. A single mesh size and a multi-layered structure 
of mesh sizes, or hybrid regenerator is shown in Figure 2. 
The combination of mesh sizes, lengths of uniform mesh 
size sections, and overall volume for a given area that 
would give an optimum performance of the regenerator 
has to be designed. Theoretical and experimental studies 
have been carried out to arrive at the optimum combina-
tion which is discussed in the next section.

   
Figure 2.  Schematic of a single mesh and hybrid 
regenerator.
  a. Single mesh Regenerators.   b. Hybrid regenerator.

3.  Optimization of Regenerators

The commonly used configuration in hybrid regenerators 
are the wire mesh screens and spheres as their porosity 
can be quantified. A hybrid regenerator consisting of dif-
ferent sizes arranged sequentially in the regenerator tube 
is shown in Figure 2. Empirical methods for development 
of hybrid regenerator outnumber the theoretical efforts. 
The experimental analyses have mainly depended on the 
empirical understanding of regenerator functioning for 
the geometrical design of the combination of regenerator 
configuration. The experimental and theoretical methods 
of optimization are discussed.

3.1  Experimental Methods
A hybrid regenerator was first used in a Stirling machine by 
Andeen, consisting of two zones where the matrix geom-
etry differed.2 The modification produced an increase of 
5% in the system efficiency. It was concluded that decreas-
ing the hydraulic diameter as the gas temperature decreases 
can reduce the sum of the losses due to pressure drop,  

ineffectiveness and conduction loss. The regenerator perfor-
mance was improved by maintaining a low pressure drop 
across the regenerator while allowing the required surface 
area for heat transfer. A regenerator consisting of layered 
mesh screens with high mesh numbers at the cold-end and 
smaller mesh numbers at the warm end would improve 
the performance of the Stirling cyocooler, and a Stirling 
type pulse tube cryocoooler.32,33 Experimental results on 
hybrid regenerators were obtained in a single stage Gifford-
McMahon refrigerator.34 The hybrid regenerator utilized a 
nickel microsphere bed in the warm end and lead micro-
sphere bed at the cold end of the regenerator. A minimum 
temperature of 35 K and a net refrigeration power of 6 W at 
77 K were attained.  

The effect of a combination of materials on the effec-
tiveness of a regenerator with an oscillating flow in the 
temperature range 50oC to 0oC was experimentally inves-
tigated.10 It was found that a combination of mesh sizes, 
sequenced in size as 60-120-200 from the hot side of the 
regenerator, produced a higher effectiveness and lower 
pressure drop than when using a single 120 mesh size that 
maintained a constant porosity of 0.7. A sequence of mesh 
sizes arranged as 200-120-60 resulted in the lowest effec-
tiveness and highest pressure drop compared to the above 
combination or the single mesh configuration. This shows 
that a proper sequence of regenerator materials is impor-
tant in order to enhance the regenerator effectiveness.   

Based on an empirical understanding of regenerator 
performance, the hydraulic radius of the mesh along the 
stack length was varied experimentally and an improved 
performance was reported.35 A hybrid regenerator with 
400, 200 and 150 mesh screens was used in the single stage 
orifice pulse tube refrigerator (Figure 3). The dimensional 
design or the comparative performance of the hybrid 
regenerator with a single mesh screen regenerator is not 
provided in the paper. The paper also does not provide the 
design method to find the volume of individual mesh sizes.

Figure 3.  Schematic of the single stage Orifice Pulse Tube 
Refrigerator showing the use of a hybrid regenerator.35
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3.2  Theoretical Methods
Some of the theoretical methods in optimization have 
been based on maximizing efficiency of refrigerator, 
losses minimization, entropy generation minimization, 
thermodynamic analysis, harmonic approximation, opti-
mal cooling rate and Carnot efficiency and unconstrained 
optimization.36–38

In general, regenerator performance can be improved 
by decreasing its losses. The summation of energy loss 
terms in a regenerator normalized by the PV work pro-
vides a convenient form for an optimization study.1  

∆ Σ
+ + + + =1regnet z lP

pv pv pv pv pv

QW Q QW
W W W W W � (1)

The NTU, matrix capacity ratio and void volume 
ratio are determined assuming values for the loss ratios. 
The optimization process is continued till the losses are 
a minimum. The optimum NTU of a regenerator mesh 
is one that minimizes the combined losses associated 
with pumping and heat transfer. For specified operating 
conditions and regenerator stack length, it is achieved by 
varying the hydraulic radius.39 To optimize the regenera-
tor operation, the pumping losses and heat transfer losses 
are added. The resulting sum is differentiated with respect 
to the hydraulic radius, set equal to zero, and then written 
in terms of the NTU.39  

1

3/ 2

3 2/3

( /( 1)6( 1) 1
(1 )

( 1)

T
opt

MANTCR fFL NT r
T T prff

NNTU Nf CN f N N N
j

γ γ

δ
α

−

−−
=

+  
− 

 
�(2)

Another theoretical method is to calculate the mini-
mum volume of a regenerator by estimating the losses due 
to regenerator ineffectiveness, conduction, and the pres-
sure drop of the system.8  

Using the efficiency of the engine as the objective func-
tion to be maximised, two optimisations of the regenerator 
matrix were performed.5 In the first optimisation, the wire 
diameter and fill factor were varied uniformly throughout 
the matrix to maximise efficiency. The regenerator matrix 
in the second optimisation was divided into three sections 
with the two end sections at 5 mm length and a central sec-
tion of 51 mm. The 5 mm length end sections were chosen 
such that the sections were used to refine the discretisation 
locally. Now the individual wire diameters and fill factors 
were adjusted to optimise efficiency. MusSim software was 
used to perform the optimisations applying the conjugate 

gradients method. In the second optimisation, the electri-
cal efficiency of the engine improved from 32.9% to 33.2%, 
while the power output and the regenerator loss decreased 
by 3% and 5% respectively.

Finding a suitable balance between the losses within 
a regenerator is another method for the optimization of 
regenerator performance.6 An ideal regenerator has no 
entropy production and zero enthalpy flow and heat flow. 
Hence the entropy production rate within the regenerator 
is minimized, thereby increasing the coefficient of perfor-
mance for the entire system. A finer matrix structure can 
reduce the entropy production associated with heat trans-
fer. However, a larger hydraulic diameter, with a coarser 
matrix, reduces the pressure drop. For a constant regenera-
tor volume, a low aspect ratio (short and wide regenerator) 
reduces the pressure drop. A high aspect ratio (tall and nar-
row) regenerator improves the heat exchange. Minimum 
entropy production is at the cold end for smaller hydraulic 
diameter meshes than in the warm end of the regenerator. 
Entropy production is due to heat exchange over a finite 
temperature difference, heat conduction through gas and 
matrix, and flow resistance. Optimizing a regenerator is to 
find the combination between the above contributions, so 
that the total entropy produced is a minimum.  Equation 3 
containing these terms are:6
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From Equation 3, the total rate of entropy production 
is then given by:6   

 
∫= rL
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0
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The entropy produced per cycle is 

 
∫=

ct

irir dtSS
0

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Along the two ends of the regenerator at 300 K and 100 
K, the entropy production rate per unit length as a func-
tion of hydraulic diameter is shown in Figure 4. Near the 
100 K temperature region, the heat exchange contribution 
is very large, while the contribution of pressure drop to 
entropy production in this region is negligible. This implies 
that a regenerator with a single mesh size will have a high 
entropy production. If at the cold end of the regenerator, 
a much lower hydraulic diameter than at the warm end is  
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positioned, a lower entropy production rate can be 
achieved. Hence a regenerator consisting of different matrix 
geometry would lead to better performances than a single 
mesh regenerator. The expected increase in performance is 
predicted with the first 2 cm of regenerator near the cold 
heat exchanger replaced with gauzes of 25 μm gauze.6 The 
regenerator losses decrease by 16.9%, whereas the cooling 
power of the refrigerator increases by 58.3%. The lower 
pressure drop leads to an increase in COP by 38.8%.6

Figure 4.  Entropy production rates per unit of length in 
the regenerator as functions of hydraulic diameter, at the 
cold end of the regenerator (100 K) and warm end (300 K).6  

In a similar work done, the optimum grain size dh was 
determined for a minimum entropy production rate.40 An 
expression for a quantity of regenerator material, giving 
the best heat capacity is obtained by equating ∂Sir/∂δ = 0.
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The unconstrained optimisation technique, wherein 
the search for the optimum mesh combination with a 
maximum effectiveness and minimum pressure drop 
is by a direct search method has been reported by the 
author.41  Th e optimisation method is the univariate 
method of search using the unconstrained optimisation 
technique.  For a three-mesh hybrid regenerator, the 
mesh sizes have to be suitably arranged within the regen-
erator tube for optimal performance. Combinations of 
250, 300 and 400 mesh sizes are possible and a meth-
odology is devised and incorporated in the simulation 
program of the regenerator to generate combinations 
confirming to the physical constraints of the Orifice 
Pulse Tube Refrigerator system.

The design methodology for the three zone matrix is 
as follows:-
a)	 Total Length of the regenerator

L1 + L2 + L3 = tl � (7)

where L1, L2, and L3 are the individual lengths of the 
three meshes.
b)	 Volume of the Regenerator meshes
The regenerator void volume of the meshes should be equal 
to the total regenerator void volume.

Vr1 + Vr2 + Vr3 = Vr and por1 L1 + por2L2 +  
por3L3 = Vr / Ar    	� (8)

The void volume of the regenerator Vr , total length of 
the regenerator t1, regenerator frontal area Ar are design 
parameters obtained from the system optimisation. As 
there are 3 unknowns and 2 Equations., 1 unknown L1 is 
assumed and the other 2 L2 and L3 are calculated.  
c)	 Equations are written in matrix form AX = C, where A 

is the coefficient matrix, X is the unknown matrix and 
C is the constant matrix.  The solution of X is obtained 
by Cramer’s rule X = A-1C.  A-1 is the inverse of matrix 
A and is obtained by Gauss Jordon rule.  
The specifications of Orifice Pulse Tube Refrigerator 

(OPTR) developed by Kral are input into the computer pro-
gram developed and performance parameters are predicted.42 
The regenerator model is integrated with the complete 
OPTR simulation program. Performance of the 400 mesh 
regenerator as shown in Figure 5a is calculated. Next the 
performance of hybrid meshes in Kral’s OPTR configuration 
with the length of 250 mesh size varying from 10 mm to 80 
mm inside the regenerator tube are calculated and shown 
in Figure 5b. For a hybrid regenerator of 250-300-400 mesh 
combination with lengths 20-78.086-4.913 mm respectively, 
the effectiveness is 0.9923 for a pressure drop of 0.0897 bar. 
The regenerator effectiveness has increased by 0.16% and the 
pressure drop during compression has decreased by 29.2% 
when compared to the 400 mesh regenerator.

�
(a)				    (b) 

Figure 5.  Effectiveness and losses along the Nodal length 
of  (a) 400 Mesh Regenerator and (b) 250-300-400 Mesh in 
Kral’s OPTR system.41
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Thus a combination of mesh sizes with continuously 
varying hydraulic diameter gives a higher effectiveness 
with a lower pressure drop compared to a single mesh 
regenerator. 

3.3  Regenerators at Low Temperatures
Rare earth magnetic materials exhibit higher heat capaci-
ties at certain narrow temperature range called the 
inversion temperature. In the colder parts of the regen-
erator, if these materials are placed at appropriate volume 
proportions, an increase in the heat capacity of the 
material is possible. Thus heat capacities of regenerator 
material higher than the working fluid along the entire 
length of the regenerator are possible with combinations 
of conventional and rare-earth materials. This hybrid 
regenerator should have appropriate volumes to ensure a 
maximum effectiveness and minimum pressure drop.

A combination of three regenerator materials - lead, 
Er3Ni and ErNi0.9Co0.1, in the ratio 30%, 30% and 40% in 
sequence was used and predicted a 34% increase in the 
4.2 K cooling power of the refrigerator compared to that 
of a regenerator using only Er3Ni grains.43 An experi-
mental optimization of the structural parameters and 
geometrical configuration of the hybrid refrigerator using 
two zone and three zone mesh types with varying vol-
umes was presented.  

An experimental study utilizing the regenerator 
within a 4K-Gifford McMohan cryocooler was presented 
in the reported article.44 It was found that a large heat-
transfer area and high heat transfer coefficients produced 
by decreasing the size of the Lead spheres resulted in a 
higher NTU, and improved efficiency of the regenera-
tor. Smaller spheres created a higher pressure drop in the 
regenerator, thereby reducing the expansion work at cold 
end. The study established that an optimal diameter exists 
when the porosity of the lead spheres within the packed 
bed is kept constant.  

A layered structural regenerator using magnetic 
regenerator materials in a two-stage GM refrigerator was 
investigated.45 Er0.75Gd0.25Ni was placed in the high tem-
perature part of the second stage regenerator. The NIST 
numerical model REGEN3.3 was used to find the optimum 
set of parameters that yield high second-law efficiency.46 
This software incorporates the properties of 4He and 3He 
and includes 30 regenerator materials. An optimized 4 K 
He-3 regenerator using GOS (Gadolinium Oxysulfate) and 
ErPr with the warm end at 30 K and average pressure of 

1.0 MPa  reduced the regenerator loss to 0.36 and a second 
law efficiency of 25 % was achieved. A regenerator with 
GOS spheres and Er0.5Pr0.5 spheres was found to be the best 
material combination. HoCu2 could be substituted for GOS 
and a slightly higher efficiency could be achieved when the 
hot end temperature was 30 K.

4.  Conclusion

This paper presents the state of the art in the design of 
cryogenic regenerators. An assessment of the methods 
adopted in the optimization of regenerators for 300 K 
to 30 K temperature range is discussed. A hybrid regen-
erator consisting of different mesh sizes would lead to 
higher performances than homogeneous regenerators. 
The regenerator mesh with a lower hydraulic diame-
ter in the cold region and a larger hydraulic diameter 
in hot region will lead to lower regenerator losses. 
Regenerators with components in a parallel orienta-
tion provide a lower pressure drop than screen mesh 
regenerators. Theoretical analyses of hybrid regenera-
tors below 30 K have been difficult due to high heat 
capacities at inversion temperatures. This has led to 
empirical understanding of the regenerator behavior 
with increasing use of hybrid regenerators. Theoretical 
prediction of the transition or inversion temperature 
and the heat capacity of rare earth materials at temper-
atures below 30 K has to be taken up for its economical 
and optimum usage.  

Regenerative cryocoolers in the future will have to be 
designed for higher capacities with smaller geometries. 
They will need to operate at frequencies above 100 Hz 
with reductions in size for a given cooling power. The 
regenerator has been able to keep pace with the develop-
ments in crycooler technology.
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