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Abstract In this paper, new relations for calculating heat transfer and pressure drop characteristics

of oscillatory flow through wire-mesh screen regenerator such as Darcy permeability, Forchheimer’s

inertial coefficient, and heat transfer area per unit volume, as a function of the wire diameter are

presented. According to the derived relations, thinner wires have higher pressure drop and higher

heat transfer rate. The relations are applicable for all regenerative cryocoolers. Embedding the

new relations into a numerical model, three Stirling-type orifice pulse tube cryocoolers with three

regenerators different in length and diameter but same volume in a variety of wire diameters, have

been modeled. The results achieved by the model reveal that the local heat transfer coefficient

decreases with increase of the wire diameter and the length-to-diameter ratio. In addition, it was

shown that the mean absolute gas–solid wire temperature difference is a linear function of wire

diameter in the range investigated. The results show that for larger length-to-diameter ratios,

Forchheimer’s effect will dominate frictional losses, and the variations of the frictional losses are

proportional to the inverse of the wire diameter. Wire diameter has been optimized to maximize

the coefficient of performance of the cryocooler. Shorter regenerators have thinner optimum wires.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The key role of the regenerator in the regenerative cryocoolers

such as pulse tube and Stirling cryocoolers is well recognized,
and improving the performance of various types of regenera-
tors is of great importance. The regenerator in a regenerative
cryocoolers has a micro-porous metallic structure which is

typically the largest source of power loss in cryocoolers.
Axial heat conduction, imperfect gas–solid heat transfer, and
frictional losses are the main origins of irreversibility. The

results presented in the works done by Radebaugh [1],
Flakes and Razani [2], Cha et al. [3], demonstrated that the
numerical models can be used to simulate cryocoolers as an

acceptable design and analysis tool. However, the accuracy
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Nomenclature

A cross sectional area

cF Forchheimer’s inertial coefficient
CP specific heat at constant pressure
CV specific heat at constant volume
Cd flow coefficient of orifice

COP coefficient of performance
dh hydraulic diameter
dw wire diameter

dReg regenerator diameter
f friction factor
h heat transfer coefficient

k thermal conductivity
K Darcy permeability
LReg regenerator length
l mesh distance
_mor mass flow rate through orifice
N number of packed screens
n number of packed screens per unit length

p pressure
V volume
VCom compressor total volume

Pr Prandtl number

R ideal gas constant

Reh hydraulic Reynolds number
t time
T temperature
u velocity

Vd dead volume of compressor
VS swept volume of compressor
x longitude coordinate

Greek symbols
a heat transfer area per unit volume
b opening area ratio of the screen
c specific heat ratio

e porosity
C dimensionless parameter
k matrix conductivity factor

l viscosity
q density
x angular frequency of operation

r pitch

Figure 1 Photo of wire-mesh screen and the schematic of its

lateral view.

788 A.A. Boroujerdi, M. Esmaeili
of these numerical predictions depends on the accuracy of the

closure relations they used. The dependence of the hydrody-
namic parameters (such as Forchheimer’s inertial coefficient
and Darcy permeability) and heat transfer parameters (such

as heat transfer area) on geometry is thus among the most
important closure relations. An efficient regenerator must
have: (1) a large heat transfer area to result in high gas–solid

heat transfer rate to make it tend to gas–solid thermal equilib-
rium; (2) a large thermal inertia to decrease temperature oscil-
lations; and (3) small pressure drop to decrease power
consumption. Meeting all these goals is of great importance,

and optimization and compromise are often needed.
In a regenerator as a porous medium, larger solid particles

result in larger heat transfer area and hence, better thermal

performance of the regenerator. Consequently, the enthalpy
flow from the hot end to the cold end of the regenerator as a
loss mechanism will decrease and cooling power will be

increased. But, increase of size of solid particles causes a higher
pressure drop through the regenerator, so that the mechanical
performance of regenerator will be disrupted. A part of com-
pressor work is consumed to overcome the resistance forces

of the packing material of the regenerator. Thus, for a regen-
erator with specified dimensions, increase of size of particles,
increases both cooling power and compressor power.

Apparently, there is an optimum size that maximizes COP of
the cryocooler. Some of the common solid matrixes for regen-
erators are wire-mesh screens, perforated disks, spherical pow-

ders, and foam metal. Most of regenerators are constructed by
wire-mesh screens (Fig. 1). Wire-mesh screens are categorized
into two types: plain and twill.

A one-dimensional theoretical analysis of the regenerator of
a typical pulse tube refrigerator has been carried out by Roach
et al. [4] based on assuming simple sinusoidal oscillation. In
their study, by using the numerical solution of the derived
equation along with boundary conditions, optimum regenera-

tor length to diameter ratio (L/DÞ for two different regenera-
tors with 150-mesh screens and 250-mesh screens has been
achieved. Qiu et al. [5] investigated theoretically and experi-

mentally the effect of mesh size of woven wire screens of a
three-layer regenerator on the performance of the single-
stage G–M (Gifford–McMahon) type pulse tube cryocooler

and obtained a lowest no-load refrigeration temperature of
11.1 K with an input power of 6 kW.

In this paper, new relations are derived for characterization
of a wire mesh screen regenerator by using geometrical and

empirical relations. Then, all parts of a pulse tube cryocooler
have been modeled numerically, and optimization of the
regenerator has been performed based on the derived

relations.



Figure 2 Schematic of Stirling-type orifice pulse tube cryocooler.
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2. Physical domain

A schematic of the Stirling-type pulse tube cryocooler is illus-
trated in Fig. 2. The horizontal coordinate x is adjusted at the
piston face. The cooler contains a piston compressor, heat

exchangers, a regenerator, a pulse tube, an orifice, and a buffer
(reservoir).

3. Numerical model

3.1. Governing equations

For simplicity, the following assumptions are made:

1. Flow is one-dimensional.
2. Working fluid is an ideal gas.

3. Solid material of porous media is incompressible.
4. The heat exchangers have constant wall temperature.
5. Body forces are negligible.
6. Properties of the solid and the gas are temperature

dependent.

With the above assumptions, governing equations will be

[6]:

Continuity equation:

@
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ðqeÞ þ 1

A

@

@x
ðqeAuÞ ¼ 0 ð1Þ

Momentum equation:

@

@t
ðqeuÞ þ 1

A

@

@x
ðqeAu2Þ ¼ �e

@P

@x

� e
l
K

eu|{z}
Darcy term

þ cFqffiffiffiffi
K
p e2ujuj|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Forchheimer’s term

0
BB@

1
CCA
ð2Þ

Energy equation of the gas:

@

@t
qe CVTþ

u2

2

� �� �
þ 1

A

@

@x
qeAu CPTþ

u2

2

� �� �

¼ 1

A

@

@x
keA

@T

@x

� �
þ haðTs � TÞ ð3Þ

State equation of the gas:

P ¼ qRT ð4Þ
Energy equation of the solid:

@

@t
½qsð1� eÞCsTs� ¼

1

A

@

@x
kksð1� eÞA @Ts

@x

� �
þ haðT� TsÞ

ð5Þ

Also, the momentum equation for the orifice is as follows
[7]:

_mor ¼ Cd
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3.2. Initial and boundary conditions

Reciprocation of the compressor’s piston has been imple-
mented as left boundary condition. Compressor volume
changes with time as the following relation:

Vcom ¼ Vd þ 0:5VSð1� sinðxtÞÞ ð7Þ

No penetration (zero velocity) condition must be satisfied at
two ends of the cooler.

Initial conditions: In the present problem, mechanical

behavior of the system rapidly reaches to periodic steady state.
But, because of large heat capacity of solid matrix, thermal
behavior takes a long time to reach to periodic steady state.

Hence, to reduce the CPU time, we guess the final temperature
distribution as initial condition. A linear temperature profile
assumed for regenerator and pulse tube parts and a constant

temperature guessed for heat exchangers. Other parts that
are adjacent to ambient have ambient temperature. Initial
velocity is zero in whole domain and initial pressure distribu-
tion is uniform and equals mean pressure of the system.

3.3. Solution method

Finite volume approach is implemented for discretization of

differential Eqs. (1)–(5). The second order backward method
is used for time derivatives except for the first step calculations
in which first order backward (Euler implicit) method is used.

The second order upwind is used for convective (enthalpy
flow) terms as well as momentum flow. For boundary nodes
the first order upwind is used. Thermal conductive terms are

approximated by central difference scheme. Other details
about the numerical method and solution procedure were
explained in the previously published paper of Boroujerdi
et al. [8].
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4. Characteristics of the regenerator

4.1. Pressure drop characteristics

In this section, crucial pressure drop characteristics of the
regenerator are related to its geometrical parameters.

In the present numerical model, resistance force of solid
(wire-mesh screen or tube wall) and the pressure gradient are
related as

@p

@x
� � l

K
euþ cFqffiffiffiffi

K
p e2ujuj

� �
ð8Þ

On the other hand, some researchers (especially in experimen-
tal works) such as Nam and Jeong [9], Zhang et al. [10], and

Banjare et al. [11] used the following form to describe the resis-
tance force based on correlation of Miyabe et al. [12] which
presents the steady flow pressure drop over the wire-mesh

screen:

fF ¼
ned2h
4lb

33:6

Reh
þ 0:337

ne2d2h
4b2

ð9Þ

Hydraulic Reynolds number is defined as

Reh ¼
qjujdh

l
ð10Þ

The following empirical equation was implemented by Nam
and Jeong [9], Zhang et al. [10], and Banjare et al. [11] to eval-
uate the pressure gradient in the porous medium of the

regenerator:

@p

@x
¼ �fF

2

dh
qujuj ð11Þ

By comparing Eqs. (8), (9), and (11), Darcy permeability and

Forchheimer’s inertial coefficient, can be obtained as

K ¼ 2lb
33:6n

ð12Þ

cF ¼
0:337n

ffiffiffiffi
K
p

2b2
ð13Þ

Now, geometrical parameters of Eqs. (12) and (13) must be

expressed in terms of two main parameters of wire diameter
and pitch. In packing wire-mesh screens, the actual porosity
can vary by several percent based on the degree of nesting.
The half thickness of one screen is very close to the wire diam-

eter suggesting that the screens were not nesting (Harvey [6]).
Ideally, the length of screen is twice the wire diameter. Pitch,
opening area ratio and porosity are as follows [9]

r ¼ lþ dw ð14Þ

b ¼ l

r

� �2

ð15Þ

e ¼ 1� p
4

dw
r

ð16Þ

Also, the number of packed screens per unit length for the case

of perfect stacking of square-mesh screens in which the
weaving causes no inclination of the wires and screen layer
not separated, can be calculated as

n ¼ N

LReg

¼ N

NLScreen

¼ 1

2dw
ð17Þ
We have defined dimensionless parameter C as the ratio of the

wire diameter to the pitch, so we have

C ¼ dw
r
; 0 < C < 1 ð18Þ

e ¼ 1� p
4

C ð19Þ

By substituting l from Eq. (14), b from Eq. (15), n from Eq.
(16), r from Eq. (17) in Eqs. (12) and (13), Darcy permeability,

and Forchheimer’s inertial coefficient can be expressed as
follows:

K ¼ 4

33:6
d2w
ð1� CÞ3

C
ð20Þ

cf ¼
0:337

2
ffiffiffiffiffiffiffiffiffi
33:6
p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Cð1� CÞ5
q ð21Þ
4.2. Heat transfer characteristics

Heat transfer coefficient of the gas–solid thermal interaction in

the regenerator is given by Bin-Nun and Manitakos [13]:

h ¼ k½1þ 0:99ðReh PrÞ0:66�e1:79
dh

ð22Þ

Heat transfer area per unit volume is the ratio of the total
perimeter of wires to total volume of the regenerator:

a ¼ pdwLw

VReg

ð23Þ

So Lw is the sum of length of wires inside regenerator.

By using definition of the porosity we have

1� e ¼ VSolid

VReg

¼ Lwpd
2
w=4

VReg

ð24Þ

Combining Eqs. (19), (23), and (24) gives the heat transfer area
per unit volume as a function of C and wire diameter:

a ¼ pC
dw

ð25Þ

The Eqs. (20), (21), and (25) provide a better understanding of

effects of geometrical parameters on the characteristics of the
regenerator. The porosity of most wire-mesh screen
regenerators used in pulse tube cryocoolers has a value
between 0.65 and 0.7. If porosity is specified and constant,

then from Eq. (19) C will be known. Thus, Darcy permeability,
Forchheimer’s inertial coefficient, and heat transfer area
per unit volume will be only a function of the wire

diameter.
It is interesting to ask how the performance of a pulse tube

cryocooler depends on the wire diameter and length-to diame-

ter ratio of the regenerator. For a specified geometry (length
and diameter) of the regenerator, there should be an optimum
wire diameter, since when porosity is constant, according to

the Eqs. (20), (21), and (25), heat transfer area per unit volume
and inertial resistance term are proportional to the inverse of
the wire diameter, and Darcy term is proportional to the
inverse of the square of the wire diameter, so increase of the

wire diameter, increases pressure drop as unfavorable phe-
nomenon, and thermal performance of the regenerator as a
favorable phenomenon.



Characterization of the frictional losses and heat transfer 791
1

K
/ 1

d2w
;

cFffiffiffiffi
K
p / 1

dw
; a / 1

dw
ð26Þ

Furthermore, since the axial conduction heat leak will become

very large at short lengths and the pressure drop will become
very large at long lengths, it can be concluded that for each
wire diameter there is an optimum length-to diameter ratio.

Another important parameter that affects the performance
of the regenerator is the matrix conductivity factor (kÞ. It is
defined as the ratio of actual heat conduction of solid matrix
to heat conduction of pure solid with the same cross sectional

area ð1� eÞpd2Reg=4
� 	

. There are thermal contact resistances

between screens. For a regenerator with specified length and
porosity, less wire diameter results in a greater number of

packed screens and thermal contact resistances so that matrix
conductivity factor increases with the increase of the wire
diameter.

5. Results and discussion

Three Stirling-type orifice pulse tube cryocoolers with three

regenerators different in length and diameter (short:
L=D = 1.8, mean: L=D = 4.375, and long: L=D= 8.0) but
with the same volume, have been modeled numerically. For

each length-to-diameter ratio, wire-mesh diameter has been
varied from 25 lm to 60 lm. Helium gas with a filling pressure
1.5 MPa is used as the working fluid. Compressor swept and

dead volumes are 15 cm3 and 4 cm3 respectively and its operat-
ing frequency is 20 Hz. Ambient temperature, temperature of
after-cooler and the temperature of the hot heat exchanger
are 300 K, and the cooling temperature is 80 K. The regenera-

tor has a volume of 14.07 cm3. The pulse tube has a diameter
of 8 mm and a length of 70 mm. The orifice hole diameter is
0.70 mm. The volume of the buffer is 250 cm3.

After the solution reaches the periodic steady state, we
focused on the results of the last cycle to investigate the behav-
ior of the system. The local heat transfer coefficient has been

averaged over one cycle. Fig. 3 shows the cycle-averaged
gas–solid wire heat transfer coefficient along the length of
Figure 3 Cycle-averaged heat transfer coefficient along the

regenerator for different regenerator L/D and different wire

diameters.
the regenerator under the different wire diameters and, the dif-
ferent regenerator length to diameter ratios (L/D). According
to this figure the local heat transfer coefficient gradually

decreases along the length of the regenerator from the hot
end to the cold end. From the hot end to the cold end of regen-
erator, thermal conductivity of gas decreases because of the

lower temperature. In addition, because of lower density and
smaller mass flow rate in the cold region, velocity is reduced
toward the cold end. By the mentioned reasons, heat transfer

coefficient decreases from the hot to the cold end.
According to Eqs. (22) and (25), by increasing the wire

diameter, heat transfer coefficient decreases as well as heat
transfer area and consequently, heat transfer and thermal per-

formance of regenerator decrease. Furthermore, from Fig. 3, it
is obvious that the heat transfer coefficient increases by an
increase in length-to-diameter ratio. It can be attributed to this

fact that with decreasing regenerator diameter, the gas velocity
and Reynolds number increase due to the flow cross sectional
area reduction. Moreover, from Fig. 3, for longer regenerators,

the heat transfer coefficient difference between two sides of
regenerator will be higher. Also, it is worth-mentioning that,
there is a good consistency between our result and those

obtained by Qiu et al. [5].
In the compression half-cycle, gas inside the regenerator has

a higher temperature than solid so that heat flows from gas to
wire-mesh, and vice versa for expansion half-cycle.

Fig. 4 illustrates cycle-averaged gas–solid temperature dif-
ference in the middle of the short regenerator
(L=D= 4.375). It is clear that the gas–solid temperature dif-

ference changes linearly with wire diameter in the investigated
range of wire diameter from 25 lm to 60 lm. However, it has
an asymptote at the wire diameter of zero, because with an

extremely fine mesh, heat transfer area tends to infinity, and
then there is no temperature difference. In other words, gas
and solid are in thermal equilibrium.

For any of the regenerator, if we assume a sinusoidal mass
flow rate and a sinusoidal pressure wave, the mass flow rate
can be separated as two parts. One is in phase with the pres-
sure. Zhu and Matsubara [14] called it ‘‘progressive wave’’.

The other one is in �90� or 90� phase with the pressure. Zhu
and Matsubara called it ‘‘standing wave’’. The pressure oscil-
lations and mass flow rate oscillations at the cold end of regen-

erator for three different length-to-diameter ratios are shown
in Fig. 5. It can be concluded that pressure and mass flow oscil-
lations are not sinusoidal and the phase shift for different L=D
Figure 4 Mean cyclic gas–solid temperature difference at the

middle of regenerator for L=D= 4.375.



Figure 5 The pressure oscillations and mass flow rate oscilla-

tions versus compressor crank angle for three different length-to-

diameter ratios.
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values is about 30–38�. So that, there exists both standing wave

and traveling wave. However, the standing wave has less
amplitude than traveling wave. This is the condition of an ori-
fice pulse tube cooler.

Frictional power dissipation which is the mean cyclic value
of power dissipated by resistive forces (Darcy effect and
Forchheimer’s inertial effect) has been calculated as follows:

_Wfriction ¼
x
2p

I ZZZ
Reg

l
K

euþ cFqffiffiffiffi
K
p e2ujuj

� �
udVdt ð27Þ

The cycle-averaged frictional power dissipation as a function

of wire diameter for three ratios of regenerator length to diam-
eter has been depicted in Fig. 6. Curve fitting of the three
graphs of Fig. 6 gives

_WfrictionðL=D ¼ 1:8Þ / 1

d1:53w

; _WfrictionðL=D ¼ 4:375Þ

/ 1

d1:31w

; _WfrictionðL=D ¼ 8:0Þ / 1

dw
ð28Þ
Figure 6 Mean cyclic frictional power dissipation as a function

of wire diameter.
As depicted in Fig. 6, frictional power dissipation decreases as

wire diameter increases. It is because of the fact that frictional
power dissipation is a function of interface area of gas and
wire-meshes. The larger contact area yields the more frictional

power dissipation. From Eq. (25), as wire diameter increases,
interface area decreases and consequently frictional power dis-
sipation decreases.

Increase of L=D implies that L increases and/or D decreases

(because the volume is constant). Then, from continuity, the
velocity increases. So, growth of Forchheimer’s inertial term

(cFqe2ujuj=
ffiffiffiffi
K
p
/ u2=dwÞ which is proportional to square of

the velocity will be greater than Darcy term (leu=K / u=d2wÞ
which is proportional to the velocity. It can be concluded that,

for larger ratios of length to diameter (i.e. at higher velocities),
Forchheimer’s effect is the dominant frictional losses.
Therefore, variations of the frictional losses are proportional

to the inverse of the wire diameter (Eq. (28)). On the contrary,
for smaller L/D, about unity, Darcy and Forchheimer’s effects
have equal contribution to dissipate the power.

Compressor power has been calculated by the following
formula:

_Wcom ¼
x
2p

I
Pcom

dVcom

dt

� �
dt ð29Þ

Calculated values of the compressor power as a function of the
wire diameter have been presented in Fig. 7. For three ratios of
length to diameter, it is clear that for a long regenerator, the

main part of compressor power is consumed to overcome the
frictional losses in the regenerator. The variations of the com-
pressor power versus wire diameter are due to the variations of

frictional power loss, so the increments in Figs. 6 and 7 are
approximately equal. The percentage of dissipated power of
compressor for short regenerator varies from 16% (for wire
diameter of 25 lm) to 5% (for wire diameter of 60 lm), and,

for a long regenerator variation is between 49% (for wire
diameter of 25 lm) and 30% (for wire diameter of 60 lm).

As the wire diameter decreases, gas–solid heat transfer, and

consequently, thermal performance of the regenerator improve
while the pressure loss increases. On the other hand, for a
constant wire diameter, if the regenerator length is increased,

conductive losses (gas, solid matrix, and wall conductions)
Figure 7 Compressor power as a function of wire diameter for

three ratios of length to diameter.



Figure 8 COP of the cooler as a function of wire diameter for

three ratios of regenerator length to diameter.
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decrease, but mechanical losses (pressure drop) increase. For a
specified regenerator length, there is a value for wire diameter

that maximizes coefficient of performance (COP) of the
cryocooler. Furthermore, for a specified wire diameter, there
is an optimum regenerator length. COP is defined as ratio of

heat absorbed by gas in cold heat exchanger (as cooling power)
to the compressor work:

COP ¼
_QCHX

_Wcom

ð30Þ

The optimum wire diameter for longer regenerators is larger

than that of the shorter one. The calculated COP of the cooler
has been shown in Fig. 8. as a function of the wire diameter for
three ratios of regenerator length to diameter. The wire diam-

eter of 25 lm is optimum value for L/D= 1.8, and the wire
diameter of 60 lm for L=D= 8.0 is the optimum. The opti-
mum wire diameter is 45 lm for L=D = 4.375. The maximum

COP for short, mean, and long regenerator is 0.0967, 0.0927,
and 0.0672, respectively. The longer regenerator has lower
COP, because the consumed compressor power by friction is
larger. When the regenerator is made with smaller length to

diameter ratio, the COP is higher at the optimum wire
diameter as shown in Fig. 8. Nevertheless, very small length
to diameter ratio causes manufacturing problems especially

for coupling the regenerator with the other parts of the cooler.
The dependence of COP to L=D is less than the dependence of
compressor power to L=D. The high velocity in larger values of

L/D causes an increase of both heat transfer coefficient and
frictional loss and consequently cooling power and compressor
work increases.

6. Conclusion

New correlations for calculating heat transfer and pressure

drop characteristics of oscillatory flow through wire-mesh
screen regenerator such as Darcy permeability,
Forchheimer’s inertial coefficient, and heat transfer area per
unit volume, as a function of the wire diameter of mesh screens

are presented. The relations are applicable for all regenerative
cryocoolers. Three Stirling-type orifice pulse tube cryocoolers
with three regenerators different in length and diameter but
same volume in a variety of wire diameters, have been modeled
and investigated. The main findings of the present work can be
classified into two categories:

(1) Based on the relations derived in this paper:
� Darcy permeability is proportional to the square of the

wire diameter and Darcy term (leu=KÞ is proportional
to the inverse of the square of the wire diameter.

� Forchheimer’s inertial coefficient is independent of wire

diameter and Forchheimer’s term (cF qe2ujuj=
ffiffiffiffi
K
p
Þ is p-

roportional to the inverse of the wire diameter.
� Heat transfer area per unit volume is proportional to the

inverse of the wire diameter.

� Consequently, an increase of the wire diameter, increa-
ses pressure drop as an unfavorable phenomenon, and
increases thermal performance of the regenerator as a

favorable phenomenon. Hence, there is a value for wire
diameter that maximizes the coefficient of performance
(COP) of the regenerative cryocooler.

(2) Based on the results achieved by the numerical
model of the present work:

� Heat transfer coefficient gradually decreases along the
length of the regenerator from the hot end to the cold
end because of reduction of velocity and thermal con-

ductivity of gas.
� By increasing the wire diameter, heat transfer coefficient

decreases as well as heat transfer area.

� Heat transfer coefficient increases by an increase in
length-to-diameter ratio because of higher gas velocity
induced by smaller cross sectional area.

� Cycle-averaged gas–solid temperature difference
changes linearly with wire diameter in the investigated
range of wire diameter from 25 lm to 60 lm.

� Frictional power dissipation decreases as wire diameter

increases.
� In higher velocities (larger ratios of length to diameter),

Forchheimer’s effect is the dominant frictional loss and

is larger than Darcy effect.
� For a specified regenerator length, there is a value for

wire diameter that maximizes coefficient of performance

(COP) of the cryocooler, and, for a specified wire diam-
eter, there is an optimum regenerator length to diameter
ratio.

� The optimum wire diameter for longer regenerators is
larger than that of the shorter one.

� The dependence of COP to L=D is less than the
dependence of compressor power to L=D. The high

velocity in larger values of L/D causes an increase of
heat transfer coefficient and frictional loss, and con-
sequently, both cooling power and compressor work

increase.
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