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Abstract

Pulse tube and Stirling cryocoolers are widely used in aerospace and other high-demand application. A key component in these sys-
tems is the regenerator, which is typically a microporous metallic structure that is subject to periodic flow of a cryogenic fluid. The ther-
mal and hydrodynamic irreversibilities in the regenerator, which play crucial roles with respect to the efficiency of the aforementioned
cycles, are poorly understood, however.

In this investigation experiments were performed where pressure drop associated with steady-periodic (axial and lateral (radial)) flows
of helium in test sections packed with several widely used pulse tube and Stirling cryocooler regenerator fillers were measured under
ambient temperature conditions. A computational fluid dynamic (CFD) – assisted method was developed for the analysis and interpre-
tation of the experimental data, whereby the permeability and inertial coefficients that lead to agreement between the data and the pre-
dictions of CFD simulations were iteratively obtained. The directional permeability and Forchheimer inertial coefficients were thus
obtained for the tested regenerator fillers, and were found to be independent of the frequency of flow oscillations for the frequency range
5–60 Hz. The results also show that the oscillatory flow hydrodynamic parameters are different than steady-flow parameters representing
similar flow conditions.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Pulse tube cryocoolers (PTCs) are a class of rugged and
high-endurance refrigeration systems that operate without
a moving part at their cold ends, and are capable of easily
reaching 120 K or lower. PTCs also can be configured in
multiple stages to reach temperatures below 10 K. PTCs
are particularly suitable for applications in space, missile
guiding systems cryosurgery, superconducting electronics,
magnetic resonance imaging, liquefaction of nitrogen, and
liquid nitrogen transportation. PTCs utilize the oscillatory
compression and expansion of a gas (usually helium) within
a closed volume to achieve refrigeration. Useful reviews of
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PTCs can be found in [1–4], among others. Despite extensive
research in the past, some aspects of PTC performance are
not fully understood, and consequently systematic modeling
of PTC systems has been difficult. Early models as well as
recent models that are suitable for scoping and design calcu-
lations have primarily been lumped parameter-type [5–7],
and semi-mechanistic models based on the numerical solu-
tion of relevant differential conservation equations, which
have been reported only in the past several years [8–10].
Very recently, some computational fluid mechanics (CFD)
analyses of entire PTC systems have been successfully per-
formed and demonstrated [11–13].

A key component of all PTCs, as well as Stirling refriger-
ation cycles, is the regenerator. The regenerator in these sys-
tems is typically a microporous metallic structure that is
subject to periodic flow of the working fluid. The porous
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Nomenclature

C Fluent’s inertial resistance coefficient tensors
(m�1)

cf Forchheimer inertial coefficient tensors (–)
cf,j directional Forchheimer inertial coefficient (–)
f friction factor
freq frequency (Hz)
h enthalpy (J/kg)
I unit identity tensor (–)
k thermal conductivity (W/m K)
K Darcy permeability tensors (m2)
Kj directional Darcy permeability (m2)
P static fluid pressure (N/m2)
T local instantaneous temperature, volume aver-

age temperature in porous media (K)
t time (s)
~u local instantaneous velocity vector, volume aver-

age intrinsic velocity (m/s)
|| magnitude of quantity

Notation

D diameter
HWA hot wire anemometer
ID inner diameter
L length
OD outer diameter
P1 regenerator inlet pressure measurement location
P2 regenerator exit pressure measurement location

P3 buffer volume pressure measurement location
RTS1 axial test apparatus regenerator housing module
RTS2 axial test apparatus regenerator housing module

for micro-machined disks
V1 regenerator inlet velocity measurement location

Greek symbols

b Fluent’s viscous resistance permeability tensors
(m2)

e porosity tensors (–)
l dynamic viscosity (kg/m s)
q density (kg/m3)
s stress tensors (N/m2)
$ gradient operator
Cn pressure amplitude (N/m2)
Dn pressure phase angle (�)

Subscripts
f fluid
osc oscillating flow conditions
r, x radial and axial coordinate directions
s solid
steady steady-flow condition

Superscript

T transpose
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solid structure absorbs heat from the working fluid during
one-half of a period, and releases the absorbed heat to the
working fluid in the remaining one-half period. The fre-
quency of the flow oscillations vary from 1 to 100 Hz in con-
ventional PTCs, but is expected to be much higher in future
miniature PTCs. The design parameters of the regenerator
such as its aspect ratios (length-to-diameter ratios), physical
dimensions, pore structure, and regenerator materials are
known to have a significant impact on the coolers’ overall
performance. In the past the selection and/or optimization
of these design parameters have been either empirical, or
based on relatively crude lumped parameter or one-dimen-
sional semi-mechanistic models. Recent CFD analyses,
although still limited in scope and depth, have shown that
much improvement can be achieved with respect to the
design and optimization of PTCs [11–13]. However, an
important deficiency with respect to the state of art models
dealing with PTCs, which applies to well-established as well
as novel and forthcoming designs, is the poor understanding
about the hydrodynamic and thermal transport parameters
associated with periodic flow in microporous structures.
This is particularly troubling with regards to the regenera-
tor, where friction and thermal non – equilibrium between
the fluid and the structure play crucial roles. Little attention
has been paid to this issue primarily because of the difficulty
of experimental measurements, and friction factors for some
regenerators have been measured only recently [14–15].

This investigation is aimed at the measurement and cor-
relation of the anisotropic hydrodynamic parameters asso-
ciated with steady-periodic gas flow in several widely
applied PTC regenerator fillers. A novel, CFD assisted
method has been developed for the analysis and interpreta-
tion of the experimental data, whereby the permeability
and Forchheimer inertial coefficients that lead to agree-
ment between experimental measurements and the results
of detailed CFD are rigorously determined.

2. Experiments

2.1. Regenerator fillers

Table 1 summarizes the regenerator fillers that were stud-
ied, and their important geometric and structural character-
istics. Five regenerator fillers were used in the experiments.
The micro-machined disks are novel, and will be discussed
shortly. The common approach for constructing a regener-
ator is to load it with a stack of screen sheets or other filler
material, and adjust its porosity by properly packing the
stack. As a result of the stacking, the hydraulic resistance
of the porous structure in axial and lateral direction will



Table 1
Characteristics of the tested porous structures

Porous matrix
type

Length/
diameter
(mm)

Wire diameter/
pore diameter

Porosity
(%)

Material

Tested regenerators for axial flow experiments

325 mesh screen 38.1/7.94 35.6 lm 69.2 Stainless
steel

400 mesh screen 38.1/7.94 25.4 lm 69.2 Stainless
steel

Sintered 400 mesh 38.1/7.94 Sintered 62 Stainless
steel

Foam metal 38.1/7.94 Sintered 55.47 Stainless
steel

Micro-machined
disks*

31.4/15 36–40 lm 26.8 Nickel

Porous matrix
type

OD/ID/
length (mm)

Wire diameter/
pore diameter

Porosity
(%)

Material

Tested regenerator for radial flow experiments

Sintered 400 mesh/
annular geometry

20/4/14.28 Sintered 62 Stainless
steel

* Provided by International Mezzo Technologies Inc. Baton Rouge,
Louisiana.
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be different. In light of the randomness of the stacking
process for various screens, and the regular pattern of per-
forations in the micro-machined disks, the porous struc-
tures can be assumed to be axi-symmetric. The nickel
micro-machined disks were provided by International
Mezzo Technologies Inc. (Baton Rouge, Louisiana). They
are specially designed so that once properly stacked their
perforations end up perfectly aligned.
2.2. Oscillatory axial flow experiments

The axial flow test apparatus is schematically displayed
in Fig. 1, and includes a function generator, a data acqui-
sition system, an amplifier, a compressor, three PCB piezo
pressure transducers, a constant temperature hot wire ane-
mometer, a buffer volume, and a specially designed module
that houses the porous structure sample.

The working fluid in all the tests was research grade
Helium with a nominal purity of 99.9999%. A 4.29 cubic
centimeter (cm3) swept volume Hughes Tactical Condor
compressor is used to impose oscillatory flow. Two regen-
erator test sections, RTS1 and RST2, were designed and
Regen
Porou

P1

Compressor

V1

Amplifier 

Function  
Generator 

Fig. 1. Schematic of the axial p
fabricated. The details of the RTS1 test section are depicted
in Fig. 2. It includes a specially designed regenerator hous-
ing module that has flange type end-connections, Viton O-
ring seals, and two flange type connecting components. The
RTS2 test section was similar to RTS1, except that its inner
diameter and length were 15 mm and 31.4 mm, respec-
tively, and its end connecting components had an inner
diameter and length of 12.7 mm and 19.05 mm, respec-
tively. RTS1 was used for tests with all the porous struc-
tures, except for the micro-machined disks. Tests with
micro-machined disks were performed using RTS2.

Three PCB piezo transducers (model A101A05, from
PCB electronics, less than 2 ls response time, 0–689 kPa
range, 0.014 kPa resolution, 7.3 mV/kPa sensitivity) mea-
sured the local instantaneous pressures. A constant temper-
ature hot wire anemometer was used to measure the local
instantaneous velocities at the inlet of the regenerator,
V1, and it was calibrated using a steady-flow test loop with
a pre-calibrated mass flow meter (TopTrack Model 1500)
at room temperature. The mass flow meter had a maximum
flow rate of 1.5 g/s. Based on this flow meter limit the hot
wire anemometer was calibrated to a maximum velocity of
11 m/s (at 400 psig operating pressure). This anemometer is
fully capable of measuring gas velocity up 50 m/s at near
atmospheric pressure conditions, however.

A total of seven oscillatory axial flow tests were conducted
for each of the porous structures, covering the frequency
range 5–60 Hz. In each test, the time histories of local instan-
taneous pressures at the inlet and exit of the regenerator and
the buffer volume were measured under steady-periodic con-
ditions. The time variation of regenerator inlet velocity was
also measured for the sintered 400 mesh and metallic form
metal structures using hot wire anemometry. In all of the
tests excluding the tests at 5 Hz the peak-to-peak sinusoidal
voltage amplitude was first increased until either the maxi-
mum compressor piston displacement or the maximum cur-
rent limit were reached. The voltage amplitude was then
maintained constant and the steady-periodic pressures at
P1, P2, and P3 and velocities at V1 (see Fig. 1) were recorded.
For the 5 Hz frequency low flow conditions were sought so
that the permeability in Darcy flow conditions could be mea-
sured, therefore the peak to peak sinusoidal voltage ampli-
tude was increased only sufficiently to ensure that pressure
sensor signals were viable.
erator/
s Media

P2 P3 Helium

Tank line 
Buffer 
Volume 

Axial flow test section 

ressure flow test apparatus.



Fig. 2. Details of RTS1 test section.
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All the tests were performed in ambient temperature.

2.3. Oscillatory radial flow experiment

The radial flow test apparatus, and the test section and
its vicinity are shown in Figs. 3 and 4, respectively. The
annular test section was filled with stainless steel sintered
400 mesh screens. For this purpose, annular-shaped sin-
P1

Compressor 

Amplifier

Radial fl

Function
Generator 

Annular p
Regenera

Fig. 3. Schematic of the radial os

Fig. 4. The radial oscillatory flow
tered regenerator with inner and outer diameters of 4 mm
and 20 mm, respectively, were prepared by diffusion-bond-
ing and electron discharge machining. The annular regen-
erator was fitted between the depicted rubber seals. One
end of the regenerator (the right side in Fig. 4) was sealed
off by pressing a circular, 5.08 mm-thick aluminum plate
against the regenerator. The constructed test section thus
formed a leak free system, where gas could only leave
Helium
Tank 
line

P2 P3

Buffer 
Volume 

ow test section

orous media/
tor 

cillatory flow test apparatus.

test apparatus and its vicinity.



Table 2
Frequency domain parameters representing the metal foam regenerator inlet and exit pressures in axial flow tests

Freq (Hz) 5 10 20 30 40 50 60

P1

C1 (Pa) 35974.7 32697.2 39487.6 117866.1 70639.1 48387.1 47183.4
C2 (Pa) 216.5 312.1 458.1 1176.5 180.9 199.1 249.0
C3 (Pa) 1162.3 970.8 2232.8 8121.9 4854.7 3191.8 2974.2
D1 (�) �94.2 �104.2 �113.8 �123.0 �136.1 �148.5 �159.1
D2 (�) �167.5 154.9 86.5 86.2 �14.4 �111.6 �174.6
D3 (�) �136.4 �170.1 105.2 31.4 -32.4 �85.7 �132.9

P2

C1 (Pa) 34557.9 27614.2 22675.1 36920.5 19120.4 11451.1 9163.3
C2 (Pa) 281.5 191.8 141.3 261.8 76.3 38.3 35.2
C3 (Pa) 787.1 196.2 82.9 245.4 90.2 27.9 20.3
D1 (�) �109.8 �135.4 �167.9 166.7 150.9 136.3 123.3
D2 (�) 154.0 104.7 38.7 52.6 36.8 �4.7 �27.5
D3 (�) 161.0 54.3 �55.0 150.9 137.2 98.8 �102.1

Table 3
Frequency domain parameters representing the 400 mesh sintered regenerator inlet and exit pressures in radial flow tests

Freq (Hz) 5 10 20 30 40 50 60

P1

C1 (Pa) 9425.1 9223.8 16998.2 25026.7 10271.4 10042.8 4353.9
C2 (Pa) 99.0 64.8 154.7 255.6 84.3 99.9 50.6
C3 (Pa) 311.3 175.4 211.8 933.0 306.1 440.5 202.5
D1 (�) �110.7 �129.5 �147.9 �159.7 �169.7 �175.7 173.9
D2 (�) 164.9 118.3 40.2 �21.5 �48.7 �81.2 �111.2
D3 (�) �156.1 146.8 124.9 65.5 3.7 �44.7 �102.7

P2

C1 (Pa) 9571.9 9313.6 16836.8 23377.5 9689.4 8991.0 3977.3
C2 (Pa) 100.3 66.3 128.2 133.0 41.2 37.3 20.0
C3 (Pa) 314.8 170.3 23.1 104.0 39.3 49.7 26.5
D1 (�) �113.9 �136.8 �164.7 170.8 156.2 140.8 125.7
D2 (�) 158.7 102.4 12.2 �68.8 �124.2 34.7 123.2
D3, (�) �167.4 119.4 28.9 22.8 �136.8 163.7 114.9

Table 4
Component dimensions for RTS1 and RTS2 test sections

Component index Radius, r (mm) Length (mm)

A (regenerator) 3.97 38.1
B (transfer line) 3.81 40.64
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through the outer surface of the annular porous structure.
A 96 cm3 stainless steel chamber was used to fully enclose
the entire porous medium.

The instrumentation and test procedures were similar to
those used for the oscillatory axial flow tests.
C (transfer line) 2.29 71.12
D (transfer line) 1.59 22.54
E (buffer volume) 33.06 27.94
F (transfer line) 2.286 127
G (transfer line) 6.35 15.24
H (regenerator) 7.49 31.39
I (transfer line) 6.35 19.05
J (transfer line) 2.29 83.82
K (transfer line) 1.59 22.54
L (buffer volume) 33.06 27.94
M (transfer line) 2.29 127

A B
C D

E F

r

Fig. 5. Component index notation of RTS1 test section.
3. Data analysis and interpretation

3.1. CFD based modeling and governing conservation

equations

The CFD code Fluent� [16] was used to model the entire
test sections, shown in Figs. 1 and 3. Mesh generation was
performed using GAMBIT [17]. Axi-symmetric, two-dimen-
sional flow was assumed everywhere, and this assumption
was justified in view of the axi-symmetric test apparatus
and boundary conditions. The two simulated systems evi-
dently each have two completely different parts. For the
open parts, the transient mass, momentum and energy equa-
tions solved by Fluent are



G H I J K
L M

r

Fig. 6. Component index notation of RTS2 test section.

Table 6
Component radii and lengths of radial test section for oscillatory flow

Component index Radius, r, (mm) Length (mm)

A (transfer line) 2.29 71.12
B (transfer line) 1.59 22.54
C (inner section of annular regenerator) 2.00 14.28
D (annular porous media) 10.0 14.28
E (enclosure volume) 33.06 27.94
F (circular aluminum plate) 29.21 5.08
G (buffer volume) 2.29 108
H (buffer volume) 6.35 19.05
I (buffer volume) 19.58 31.39
J (buffer volume) 6.35 19.05
K (buffer volume) 2.29 127
L (buffer volume) 13 130

Table 5
Summary of solution time steps for axial flow tests

Freq (Hz) Time steps (s)

60 5.005e�5
50 6.006e�5
40 7.5075e�5
30 1.001e�4
20 7.5075e�5
10 8.3333e�5
5 9.0909e�5

A B C

D

E

F

G H

r

I J K
L

Fig. 8. Component index notation for the radial test section.

Fig. 7. Detailed view of the RTS1 regenerator section and imposed (P1)
and predicted (P2) pressures.
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oq
ot
þr � ðq~uÞ ¼ 0 ð1Þ

oðq~uÞ
ot
þr � ðq~u~uÞ þ rP �r � ð��sÞ ¼ 0 ð2Þ

r � ðkrT þ ��s �~uÞ � oðqEÞ
ot
�r � ð~uðqE þ PÞÞ ¼ 0 ð3Þ
Fig. 9. Radial pressure drop model f
where

E ¼ h� p=qþ u2=2 ð4Þ

s ¼ lððr~uþr~uT Þ � ð2=3Þr �~uIÞ ð5Þ

These equations apply to all sections except for the regen-
erator filler. The latter region is modeled as a porous med-
ium with local thermal equilibrium assumption. The time
dependent mass, momentum, and energy equations for this
region can be represented as
or oscillatory flow with meshing.



Table 7
Summary of solution time steps for the radial flow tests

Freq (Hz) Time steps (s)

60 0.00016667
50 0.0002
40 0.00025
30 0.00033333
20 0.0005
10 0.0005
5 0.001
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oðeqÞ
ot
þr � ðeq~uÞ ¼ 0 ð6Þ

oðeq~uÞ
ot
þr � ðeq~u~uÞ þ erP þr � ðesÞ

¼ � l

b
�~uþ Cq

2
� j~uj~u

 !
ð7Þ
Table 8
Results for the oscillatory axial hydrodynamic parameters

Regenerator type bx (m2) Cx (m�1) Kx (m2)

325 mesh screens 6.4247e�11 67000 3.077e�
400 mesh screens 2.5295e�11 120000 1.211e�
400 mesh sintered 1.9828e�11 110000 7.622e�
Metallic foam 3.7689e�11 66000 1.160e�
Micro-machined disks 4.0000e�11 192000 2.873e�
400 mesh screens 3.3297e�11 70000 1.5853e�

Fig. 10. Predicted pressure [(P � Pmean), in (Pa), at P2] variation vs. time and it
in axial flow tests, 5–30 Hz.
r � ½ðekf þ ð1� eÞksÞrT þ ðs � e~uÞ�

¼ o

ot
ðeqf Ef þ ð1� eÞqsEsÞ þ r � ðe~uðqf Ef þ P ÞÞ ð8Þ

where e is the porosity and b ðmÞ2 and C ðmÞ�1 appearing
in Eq. (7) are the viscous and inertial resistance coefficient
tensors according to Fluent’s notations [16]. The velocity~u
in Eqs. (6)–(8) in fact represents the volume-averaged
intrinsic (physical) fluid velocity in the porous structure.

The porous regenerator is axi-symmetric, and its axial,
and any radial direction are principle directions. Therefore,
for axial flow the coefficients in the last two terms of Eq. (7)
are related to Darcy permeability, Kj, and Forchheimer’s
inertial coefficient, cf,j, by

Kj ¼ e2bj ð9Þ

cf ;j ¼
CjK0:5

j

2e3
ð10Þ
cf,x (–) Porosity, e (%) Mean pressure (MPa)

11 0.561 69.2 2.78
11 0.630 69.2 2.78
12 0.637 62 2.78
11 0.658 55.47 2.78
12 8.453 26.8 2.78
11 0.424 69.2 2.07

s comparison with the experimental data for the foam metal porous matrix
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where j = x for axial flow and j = r for radial flow. An
alternative to these definitions is the friction factor defined
according to

0:5
fj

b0:5
j

qj~ujuj ¼
l
bj

uj þ
Cjq

2
j~ujuj ð11Þ

By non-dimensionalizing Eq. (11) the friction factor can be
recast as

fj ¼
2

Rebj

þ Cjb
0:5
j ð12Þ
Fig. 11. Predicted pressure [(P � Pmean), in (Pa), at P2] variation vs. time and it
in axial flow tests, 40–60 Hz.

Fig. 12. Instantaneous snap shot of static pressure in
Rebj
¼

qj~ujb0:5
j

l
ð13Þ
3.2. Applied inlet boundary conditions for simulations

In each test, following the establishment of steady-peri-
odic conditions, measurements were performed, including
the time variation of pressures at location P2 in Figs. 1
and 3. Time dependent (periodic) static pressure boundary
condition was imposed at the inlet to the modeled system
s comparison with the experimental data for the foam metal porous matrix

325-mesh regenerator, in (Pa), for freq = 40 Hz.



Table 9
Results for the oscillatory radial hydrodynamic parameters

Annular
regenerator

br

(m2)
Cr

(m�1)
Kr

(m2)
cf,r

(–)
Mean pressure
(MPa)

400 mesh
sintered

6.66667e�12 200000 2.5627e�12 0.672 2.78

Fig. 14. Predicted pressure [(P � Pmean), in (Pa), at P2] variation vs. time and it
flow tests, 5–30 Hz.

Fig. 13. Instantaneous snap shot of velocity vectors at the exit of the 325-mesh regenerator, in (m/s), for freq = 40 Hz.
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to simulate oscillatory flow. For this purpose, the pressure
waveforms measured at location P1 were first transformed
into the frequency domain and represented as Fourier
Cosine Series using Fast Fourier Transformation (FFT).
To simplify the data analysis, the periodic pressure varia-
tions at P2 were also transformed into the frequency domain
s comparison with experimental data for sintered 400 mesh matrix in radial



Fig. 15. Predicted pressure [(P � Pmean), in (Pa), at P2] variation vs. time and its comparison with experimental data for sintered 400 mesh matrix in radial
flow tests, 40–60 Hz.
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using FFT. The boundary steady-periodic pressures for the
simulated system could thus be represented as

P iðtÞ ¼
X1
n¼1

Cn cosðXnt þ DnÞ; Xn ¼ nx;

x ¼ 2pfreq; i ¼ 1; 2 ð14Þ

where i = 1 and 2 represent locations P1 and P2 in Figs. 1
and 3, respectively, and Cn and Dn represent the nth har-
monic pressure magnitudes and phases of the Fourier cosine
series. It was also noticed that the magnitudes at higher fun-
damental frequencies were negligibly small compared to the
magnitudes of the first three fundamental harmonics, and
therefore only the first three fundamental harmonics of
magnitudes and phases were needed to accurately replicate
the actual measured waveform. Tables 2 and 3 are a sum-
mary of all the parameters in Eq. (14) for the metal foam
and sintered 400 mesh regenerator fillers. Thus, in a simula-
tion, Eq. (14) with i = 1represented the inlet conditions to
the system, while the same equation with i = 2 represented
experimental measurements that would be compared with
simulation predictions. A list of parameters representing
other regenerator filler can be found in Cha [12].

A user defined function (UDF) feature in Fluent pro-
vides the capability of imposing various time dependent
flow and heat transport properties, at any desired bound-
ary of the model. A UDF is a function, written in C++,
which can be dynamically loaded with the FLUENT solver
to enhance the default features of the code. E.g. UDF can
be used to define arbitrary boundary conditions, material
properties, and source terms, as well as specify customized
model parameters. In this investigation a transient pressure
UDF was developed according to Eq. (14), and applied in
order to impose time dependent pressure inlet boundary
conditions.

3.3. CFD model for axial oscillatory flow tests

The physical dimensions of the model and component
indices for RTS1 and RTS2 test sections are shown in Table
4 and Figs. 5 and 6. Note that Figs. 5 and 6 are shown in the
cylindrical coordinate system.

Fig. 7 depicts the details of the regenerator component of
RTS1. The test section RTS2 was configured and nodalized
similarly (see Cha [12]). RTS1 and RTS2 were simulated
using approximately 8300 and 9500 nodes, respectively.

The second order upwind discretization scheme (SOUD)
and pressure–velocity coupling scheme of pressure implicit
with splitting of operators (PISO) were used in all the sim-
ulations. The normalized residual convergence criterion of
1.0e�6 for the mass, x-velocity, and r-velocity, and 1.0e�7
for the energy, were used. The isothermal condition of
300 K was applied to the walls of the simulated models.
Near-optimal time steps were found by trial and error
and were used for the simulations. They are summarized
in Table 5.

3.4. CFD model for radial oscillatory flow tests

Referring to Fig. 3 only the components that appear on
the right side of the pressure measurement location P1 were
modeled and simulated. The physical dimensions of the



Fig. 16. Simulated regenerator pressure (A), in (Pa) and velocity vectors
(B), in (m/s), in a snapshot for the 40 Hz frequency.
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components included in the simulations are shown in Table
6 and in Fig. 8.

Experimentally measured time dependent pressure at
location P1 was imposed as the condition at an observational
point. Here as well the pressure P1 was transformed into the
frequency domains, and was represented by Eq. (14) with the
first three harmonics. This boundary condition was imposed
by using a UDF. Fig. 9 displays the nodalized model system
and its boundary conditions. Note that the boundary condi-
tion at P1 is imposed, whereas the observation point at P2 is
based on the analysis of the steady-periodic pressure mea-
surements in frequency domain, as explained in Section 3.2.

The CFD simulations for the annular test section used
approximately 7700 mesh nodes. The aforementioned
SOUD and PISO schemes were applied. The residual conver-
gence criterion of 1.0e�6 for the mass, x-velocity, and
r-velocity, and the criterion of 1.0e�8 for the energy were
used. Table 7 displays the time steps used in these simulations.

3.5. Determination of the directional oscillatory flow

hydrodynamic parameters

The following procedure was used for each of the tested
regenerator fillers. First, the case of 5 Hz, which had the
lowest experimental pressure drop across the regenerator,
was simulated by iteratively adjusting the viscous resistance
coefficient bj without including the inertial effect (Cj = 0)
until the simulation predictions at P2 matched the experi-
mental data. (Note that j = x or r.) Then the 30 Hz case,
which had the largest experimental pressure drop, was sim-
ulated. This time however, only the inertial coefficient Cj

was iteratively adjusted while bj was kept constant until
good agreement was obtained between the P2 predictions
and experimental data. Using the determined values of bj

and Cj, simulations were then performed for all the mea-
sured frequencies. If good agreement was obtained for all
frequencies then iterative simulations would end, otherwise
bj and Cj would be further adjusted iteratively to match the
experiment data. It should be mentioned, however, that at
this point only minor adjustments were needed to match
all the experiment data and simulation results to reasonable
accuracy. All the iterative adjustments were performed
manually.

4. Results and discussion

4.1. Oscillatory axial flow

For each regenerator a total of seven oscillatory axial
pressure drop tests were conducted, with each test repre-
senting a fixed compressor frequency. The seven tests cov-
ered the frequency range 5–60 Hz. CFD simulations were
performed for all the measured data using the methodology
described in the previous section. Excellent agreement
between data and simulation results were obtained using
the bx and Cx (or, alternatively, Kx and cf,x) values summa-
rized in Table 8.
CFD simulations using the aforementioned parameters
led to excellent agreement with measurements. The simu-
lated results for the metallic foam regenerator matrix are
depicted in Figs. 10 and 11, as an example. These figures
display the measured and predicted pressure fluctuation
(P � Pmean), and the phase lag between P1 and P2 for dif-
ferent operating frequencies. Figs. 10 and 11 indicate that
the phase angle between the pressures at P1 and P2 is neg-
ligible at very low frequencies, and increases with increas-
ing the frequency. However, for each regenerator type the
hydrodynamic parameters were evidently independent of
frequency. Fig. 12 displays the predicted pressure distribu-
tion in the 325-mesh regenerator at a snapshot, for 40 Hz
frequency. The pressure gradient in the regenerator at the
depicted snapshot indicates that fluid is flowing from left
to right at this time instant of the cycle period. Fig. 13,
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which illustrates the predicted local velocity vectors in the
regenerator at the same snapshot, further confirms the flow
direction in the regenerator. Careful review of these and
other simulation results indicated that overall, the flow
field in the entire tested regenerators was predominantly
one-dimensional, as expected. Significant multi-dimen-
sional flow effects occurred at location where flow distur-
bance were present, however. The main cause of these
multi-dimensional flow effects is the step change in the flow
area.

The above methodology for the analysis and correlation
of the experimental data was pursued for other regenerator
fillers as well, leading to excellent agreement between sim-
ulation results and data. Details can be found in Cha [13].
4.2. Oscillatory radial flow

A total of seven radial pressure drop tests were con-
ducted using the 400 mesh sintered stainless steel regenera-
tor with 62% porosity and charge pressure of 2.78 MPa.
CFD simulations were then performed for all the measured
data, in order to obtain the br and Cr. To do this, bx and Cx

were needed since the simulations were axi-symmetric and
two-dimensional. The values of bx and Cx that were found
in this investigation for the sintered 400 mesh (see Table 8)
were used for this purpose. Very good agreement between
data and simulation results were obtained with the param-
eter values summarized in Table 9. The time variations of
pressure fluctuations are displayed in Figs. 14 and 15,
where the phase angle between the pressure at P1 and P2

can be deduced. The simulation results for P2 are evidently
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in excellent agreement with measurements. Furthermore,
once again, br and Cr (or, alternatively Kr and Cf,r) were
independent of frequency.

Typical pressure contour and velocity vector snap shots
for 40 Hz are depicted in Fig. 16. As expected, most of the
total pressure drop occurred in the annular regenerator.
Careful examination of the volume average fluid velocity
vectors in the regenerator in this and other simulations
showed that the velocity vectors were strongly one-dimen-
sional in the radial direction.
5. Comparison between steady and oscillatory directional

hydrodynamic parameters

The hydrodynamic parameters representing steady,
directional flow of helium in porous matrices similar to
those used in this study have also been measured by Har-
vey [18] and Clearman [19]. The measured steady-flow fric-
tion factors of the latter authors were utilized in Fig. 17,
which shows the ratio between the friction factors repre-
senting oscillatory and steady axial flows (fx,osc/fx,steady)
for all the tested regenerator samples. The measured data
in these figures are depicted with symbols, and the dotted
curves represent extrapolations based on the derived corre-
lations for steady-flow and periodic-flow friction factors.
For the Rebx

6 0:1 range the ratio is essentially one
and the steady friction factor values were virtually identical
to the oscillatory friction factor. The data also showed that
the axial friction factors were essentially the same for all
the fillers for Rebx

6 0:1, furthermore. However, significant
deviations can be noted at higher Reynolds numbers. For
0
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w data were based on Harvey (JPH) [18] and Clearman [19].)



Fig. 18. The ratio between the radial and the longitudinal friction factors for oscillatory flow, for sintered 400 mesh sample.
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the 325 mesh screen regenerator, for example, the extrapo-
lations of the data indicate that this ratio may reach
approximately 1.7, confirming the importance of oscilla-
tory friction factor. Fig. 18 displays the ratio between the
radial and the longitudinal friction factors (fr,osc/fx,osc) for
sintered 400 mesh sample. The radial friction factor is con-
sistently higher than the axial friction factor.
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6. Concluding remarks

We have established a systematic experimental and
CFD-based procedure for the quantification of directional
permeability and Forchheimer’s coefficients for porous
structures under steady-periodic flow conditions. In the
investigation reported here, the methodology was applied
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Fig. A2. Comparison between predicted and experimentally measured regenerator inlet mass flow rates for the metal foam sample, for 60 Hz frequency.
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for the quantification of the longitudinal and radial flow
parameters for some widely used regenerator fillers for
pulse tube and Stirling cryocoolers. The porous regenera-
tor filler structures included 325 and 400 mesh stainless
steel screens sintered 400 mesh screens, a foam metal,
and a stack of micro-machined nickel disks with 36–
40 lm diameter perforations. Periodic axial flow tests were
performed with all of these fillers. Periodic radial flow tests
were conducted using the sintered 400 mesh stainless steel
screens. In the tests the time variations of pressures were
measured in an apparatus that consisted of a modular
regenerator housing containing a porous regenerator, for
inlet pressure oscillations with 5–60 Hz frequencies. By sys-
tematic and iterative CFD simulations, the aforementioned
hydrodynamic parameters were optimized to lead to excel-
lent agreement between simulations and measurements for
the tested regenerator fillers, and were correlated. The
results showed that, except for very low oscillation frequen-
cies the cycle average friction factor under oscillatory flow
conditions is different than the steady-flow friction factor.
Appendix A

The measured instantaneous pressure and mass flow
rate are plotted in Figs. A1 and A2 for the metal foam sam-
ple. These figures show excellent agreement between the
measured data and predictions of the simulations. The sim-
ulation results also show that mass flux was leading the
pressure wave at the inlet to the regenerator. This agrees
well with experimental data and intuition.
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