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Future progress with respect to improvement in the efficiency of PTRs depends on the
development of a new regenerator filler material that can provide low hydrodynamic resistance,
low thermal conduction in the main flow direction, and most importantly high thermal capacity at
low temperatures. In this paper a CFD study is performed on a novel, non-rare-earth micro
structured regenerator filler (Creare Microchannel Regenerator, CMR) that is under develop
ment. CMR is a microfabricated, multi-layer structure and provides a complex flow passage for
the working fluid. Pore-level CFD analysis is performed by defining and finely nodalizing peri
odically repeating unit cells. The pore-level CFD-based study leads to the development of em
pirical correlations for friction factor, as well as heat transfer coefficient between the regenerator
filler structure and the working fluid. The validity of the results of the pore-level study is verified
by CFD simulations where large segments of an entire regenerator consisting of a large number
of unit cells are modeled.
INTRODUCTION
The regenerator is a key component of any Stirling or pulse-tube cryocooler. While playing
a crucial role in rendering a positive heat lift possible, the inefficiency of the regenerator is also
often the main cause of losses in a cryocooler. An ideal regenerator is a porous structure that has
a low friction factor, low thermal conductivity in the main flow direction, and high thermal
capacity. These requirements pose a challenge, in particular for small size cryocoolers in which
high performance is crucial.
While linear cryocoolers in general benefit from reduced pressure drop and high Nusselt
number in the heat exchanger components, microstructured regenerators such as the CMR are of
particular interest in small, high frequency (say, >100 Hz) cryocoolers. These miniature cryo
coolers often feature high internal flow velocities arising from small cross sectional flow areas,
and because small size is at a premium, increasing the flow areas to mitigate the problem is not
generally permissible. Traditional random and pseudo-random matrices, such as stacked screens,
packed sphere beds, and packed fibers, yield intolerably high pressure drop losses, thus motivat
ing a microstructured approach to mimic parallel plates or parallel tubes, which are inherently
lower in flow resistance.
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A novel, microstructured and synthetic regenerator filler has been under development at
Creare, Inc. that can offer an excellent overall performance. Stirling and pulse tube cryocoolers
are currently under development in which this microstructured regenerator filler will be utilized.
In this paper we report on a methodology for deriving friction factor and solid-fluid heat transfer
correlations for the aforementioned microstructured regenerator filler using pore-scale CFD simulations.
PHYSICAL SYSTEM
The regenerator core consists of a stack of thin disks with low thermal conductivity. The
disks have long and slender involute slots. The longitudinal centerline of a slot thus makes an
angle with the disk radius (i.e., a line drawn from the disk center to the location of interest), ï, that
varies along the slot (see Fig 1). This angle will be referred to as the crossing angle. Pairs of disks
with slots in opposite directions are stacked. These plates thus come together in opposite direction
to make the involute geometry and porous medium as noted in the paired disk that is shown in
Figure 1. The stacked disks thus form a porous annular flow passage where the pore-level flow
passages have a hydraulic diameter equal to about 30 ìm.
Operational conditions and scaled dimensions are summarized in Table 1. The outer diameter
of the disk is used as the reference length for scaling. The regenerator is made of a polymer with
low thermal conductivity and the working fluid is Helium. Temperature dependent properties are
used for this study.

Figure 1. A pair disk of regenerator (a) the disk in its entirety, (b) zoom on the annulus section

7DEOH2SHUDWLRQFRQGLWLRQVDQGGLPHQVLRQVRIWKHUHJHQHUDWRUVFDOHGGLPHQVLRQVDUHQRU
PDOL]HGZLWKWKHGLVNRXWHUGLDPHWHU

ANALYSIS OF NOVEL MICRO-STRUCTURED REGENERATOR

237

UNIT CELLS AND DISK SLICE
$OOVLPXODWLRQVZHUHSHUIRUPHGXVLQJ)OXHQW>@,QYLHZRIWKHJHRPHWULFFRPSOH[LW\RIWKH
SRUHOHYHOIORZSDVVDJHVHYLGHQWO\DULJRURXVDQGDFFXUDWHGHILQLWLRQRIXQLWFHOOVLVDFULWLFDOVWHS
)XUWKHUPRUHGXHWRJHRPHWU\FRPSOH[LW\DQGYDULDELOLW\RIXQLWFHOOVLQERWKUDGLDODQGD[LDOGLUHFWLRQV
SRUHOHYHOVLPXODWLRQRIWKHHQWLUHUHJHQHUDWRUZLOOUHTXLUHWRRPXFKFRPSXWDWLRQDQGLVLPSUDFWLFDO
7ZR DSSURDFKHV DUH WKXV DGRSWHG  )LUVW VLQJOH XQLW FHOOV DUH H[WHQVLYHO\ VLPXODWHG XVLQJ
DSSURSULDWHO\ILQHQRGDOL]DWLRQDQGWKHUHVXOWVDUHXVHGIRUWKHGHYHORSPHQWRIHPSLULFDOFRUUHOD
WLRQV6HFRQGDQDSSUR[LPDWHO\VOLFHRIDQHQWLUHGLVNLVVLPXODWHGXVLQJDILQHQRGDOL]DWLRQ
VLPLODUWRWKHQRGDOL]DWLRQXVHGIRUVLQJOHXQLWFHOOVLPXODWLRQV,WLVVKRZQWKDWWKHWZRDSSURDFKHV
OHDGHVVHQWLDOO\WRWKHVDPHUHVXOWV7KHXQLWFHOOFRQFHSWKDVEHHQVXFFHVVIXOO\XVHGIRUGLIIHUHQW
JHRPHWULHVDQGDSSOLFDWLRQVLQ&)'PRGHOLQJLQWKHSDVW>@
,QWKHXQLWFHOODSSURDFKWKHPLQLPXPVHFWLRQRIUHJHQHUDWRUJHRPHWU\WKDWFRUUHVSRQGVWRD
SHULRGLFDOO\UHSHDWLQJXQLWLQWKHIORZD[LDOGLUHFWLRQDVZHOODVWKHUDGLDOGLUHFWLRQLVVSHFLILHGDQG
PRGHOHG7KHXQLWFHOOVWKXVSURYLGHIRUSHULRGLFERXQGDU\FRQGLWLRQV %&V LQWKHD[LDOGLUHFWLRQ
SHUSHQGLFXODUWRIORZGLUHFWLRQ RIWKHUHJHQHUDWRUDVZHOODVWKHGLUHFWLRQSDUDOOHOWRWKHIORZ
3HULRGLF%&VDUHXVHGWRDSSUR[LPDWHWKHHQWLUHGRPDLQE\RQO\FRQVLGHULQJWKHXQLWFHOO7KHXQLW
FHOOVZLOORIFRXUVHLQFOXGHVROLGPDWHULDODVZHOODVIOXLGYROXPHV SRUHV 7KHVROLGJHRPHWU\FDQ
EHUHPRYHGIURPWKH&)'PRGHOKRZHYHUDQGUHSODFHGVLPSO\ZLWKZDOO%&V
)RUSHULRGLFERXQGDU\FRQGLWLRQVDWWKHLQOHWDQGRXWOHWWKHLQOHWDQGRXWOHWIDFHVPXVWEH
FRPSOHWHO\PDWFKHG$VDUHVXOWWKUHHRSSRVLWHGLVNVDUHFKRVHQLQDZD\WKDWWKHVHFRQGGLVNLVLQ
WKH WUDQVYHUVH GLUHFWLRQ RI WKH ILUVW GLVN +DOI RI WKH ILUVW DQG WKLUG GLVNV DORQJ ZLWK WKH HQWLUH
WKLFNQHVVRIWKHVHFRQGGLVNDUHLQFOXGHGLQWKHXQLWFHOO)LJXUHLOOXVWUDWHVWKHXQLWFHOOV
As shown in Figure 2(a), the unit cells that are in the middle of the porous-zone have a
ï angle of 45°. The other unit cells at the inner and outer radii of the annular regenerator need to
be considered. The ï angles of the inner and outer unit cells are 35.8° and 55.3°, respectively.

)LJXUH8QLWFHOOVHOHFWLRQ D FURVVVHFWLRQRIXQLWFHOO E 'XQLWFHOOLQLQYROXWHJHRPHWU\ F ILQDO
XQLWFHOO G VROLGSDUWRIXQLWFHOO H IOXLGSDUWRIXQLWFHOO

238

REGENERATOR & RECUPERATOR INVESTIGATIONS

Figure 3. Schematic of different unit cells, (a) ï= 35.8° Ö= 0.35, (b) ï= 35.8° Ö= 0.5, (c) ï= 35.8°
Ö= 0.65, (d) ï= 45° Ö= 0.35, (e) ï= 45° Ö= 0.5, (f) ï= 45° Ö= 0.65, (g) ï= 55.3° Ö= 0.35,
(h) ï= 55.3° Ö= 0.5, (i) ï= 55.3° Ö= 0.65.

Also, the porosity, referred as Ö, of the baseline model is 0.5. Sensitivity analysis was performed on the porosity of 0.35 and 0.65 of unit cell to find the friction factor and Nusselt number
and perform optimization using the Sage computer code [6].
Figure 3 shows the front view of nine different unit cells (only solid part is shown). The
hydraulic diameters of the unit cells with porosities of 0.35, 0.5, and 0.65 are 21, 30, and 39 ìm,
respectively, based on the following definition:
(1)
where Vf is the fluid volume in the unit cell, and Af represents the total wetted surface area of
the unit cell.
Figure 4 shows the different boundary conditions for a unit cell with a cross angle of 45°, and
0.5 porosity.

Figure 4. Boundary condition, (a) inlet-outlet periodic, (b) right-left periodic, (c) top-bottom
periodic, (d) wall.
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)LJXUH6OLFHSRUWLRQRIUHJHQHUDWRU

In the disk slice analysis approach, a small slice of the regenerator is chosen as shown in
Figure 5. To specify the optimum size of the slice, slices with 2 to 25° were tested by simulation.
A 9° slice was found to be the most appropriate because larger angles did not change the simulation results. Since the slice disk is identically repeated in the axial direction, the periodic boundary
condition is applied at its front and back faces. Only fluid flow passages are considered in the CFD
simulations. The solid body of the regenerator is not included, and all other boundaries are walls.
METHOD OF ANALYSIS
We are interested in developing empirical correlations for friction factor and solid-fluid heat
transfer coefficient for the porous structure that can be used with workable volume-averaged
conservation equations. This is done by performing detailed pore-level simulations and using the
results for deriving volume-average based friction factor and heat transfer coefficients.
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wall average temperature in the unit cell, and (Tf ) is the volume-average fluid temperature. These
quantities are all found from CFD simulations described later. In the forthcoming analysis and
correlations the Reynolds number, defined below, will be used.
(6)
where ìf is the fluid viscosity.
+H[DJRQDOPHVKHVZLWKHOHPHQWVL]HVRIPDQGPWHWUDKHGURQHOHPHQWVZHUHXVHGIRU
WKHXQLWFHOODQGWKHGLVNVOLFHUHVSHFWLYHO\7KHDQDO\VLVLVWKUHHGLPHQVLRQDODQGVWHDG\VWDWH7KH
6,03/(VFKHPHZDVXVHGIRUSUHVVXUHYHORFLW\FRXSOLQJWRFRUUHFWWKHSUHVVXUHDQGYHORFLW\ILHOGV
0RUHGHWDLOVRQWKHQXPHULFDOIRUPXODWLRQVFDQEHIRXQGLQ3DWDQNDU>@DQG1DND\DPD>@
7KHUHVLGXDOVIRUWKHFRQWLQXLW\DQGPRPHQWXPHTXDWLRQVLQDOOWKUHH&DUWHVLDQFRRUGLQDWHVZHUH
VHWWRZKLOHWKHUHVLGXDOIRUWKHHQHUJ\HTXDWLRQZDVVHWWR:LWKDSSURSULDWHLQLWLDOL]D
WLRQWKHVLPXODWLRQVFRQYHUJHGDIWHUDURXQGLWHUDWLRQVIRUDOORIWKHFDVHV
5(68/76$1'',6&866,21
The relation between friction factor and Reynolds number can be found by writing
(7)
where C1, C2 , m, and C3 are constants that need to be found from pore-level CFD simulation.
With respect to heat transfer, the Nusselt number can be found by curve fitting the pore-level
simulation results according to
(8)
where Pr is the Prandtl number, and D1, D2, k, and n are constants.
A least square approach [13] is used for curve fitting and finding aforementioned constants in
Equations 7 and 8. Since the flow is laminar, Nu should be a weak function of Re. For thermallydeveloped laminar flow, the Nusselt number should in fact be independent of Reynolds number.
The figure of merit, which characterizes the performance of regenerators, can be defined as
(9)
Figure 6 compares typical simulation results obtained with the unit cell and disk slice approaches. As noted, the two approaches lead to very similar results and therefore show that the
unit-cell based approach, which is far less demanding in terms of computation, is perfectly adequate. Figure 7 compares the simulation results for various unit cells with Ö=0.50 as well as a
disk slice with an angle of 9°, at 300 K temperature. As noted in Table 2 and Figure 6, the friction
factor correlations vary slightly with the unit cell type (i.e., the crossing angle), and are independent of temperature. The experimental and computational investigation of Perrella [14, 15] and
Pathak [16] also showed that the friction factor in widely-used regenerator fillers is independent
of temperature. In practice, however, the difference between unit cell-based and disk slice-based
correlations is small (see Figure 7). In fact, using the average friction factor for the three unit cell
types will be essentially identical to the disk slice friction factor.
For the current geometry, when the slot crossing angles are not orthogonal, the effective
width of the solid webs in the crossing slot direction will get larger as the crossing angle moves
further away from 45°. Consequently, flow separation at the entrance and exit will be more severe
and therefore the total pressure losses will increase. That is why the effective frictional factor
(including form losses) near the inner and outer radii of the annular porous structure will be
slightly larger than the midline area.
Table 2 summarizes the results of the simulations where friction factors and Nusselt numbers
have been curve-fitted to Equations (7) and (8). Figure 8 shows these curve fittings and CFD data
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Figure 6. Fanning friction factor versus Reynolds number at different temperatures for unit cells
with (a) Ö= 0.50 ï= 45.0°, (b) Ö= 0.50 ï= 45.0°, (c) Ö= 0.50 ï= 35.8°, (d) and slice disk with angle 9°.
Table 2. Fanning friction factor correlations for Re range 2-18, average Nusselt numbers, and figure
of merits at Re= 10.
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Figure 7. Fanning friction factor versus Reynolds number for different unit cells with Ö=0.50 and
slice disk with angle 9°.

Figure 8. Fanning friction factors curve fitting for unit cells with different Ö and ï.

points results at different Reynolds numbers. Table 2 represents results of Nusselt numbers for
Re= 10. Simulations with Re= 5 produced exactly the same results, confirming the expected
constant Nu number.
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)LJXUH7HPSHUDWXUHGLVWULEXWLRQ LQ.HOYLQ DIWHUDSSO\LQJDUELWUDU\KHDWIOX[KHUH:P
IURPWKHZDOOVLQDVLQJOHXQLWFHOO

)LJXUH9HORFLW\GLVWULEXWLRQV LQPV LQDVLQJOHXQLWFHOO

Figures 9 and 10 shows typical temperature distributions and velocity profiles in a unit cell
with Ö = 0.50, ï = 45.0° respectively. The complex geometry of the flow passage leads to the
formation of recirculation cells that in turn lead to irreversibility and entropy generation, which
will be investigated in the future.
The figure of merit, predicted by simulations, could be correlated as,
(10)
FOM depends on Re only slightly. FOMslice= 0.21 for Re= 10, and is higher than stacked
screens and packed sphere beds for which FOM is typically lower than 0.1. This value increases
as the porosity increases and eventually will approach that of parallel plates, which is about 0.32.
CONCLUSIONS
A methodology for the prediction and correlation of friction and heat transfer in a novel,
micro-structured regenerator filler was described in this paper. Using detailed pore-scale CFD
simulations, empirical correlations were derived for the friction factor and solid-fluid heat transfer coefficient (Nusselt number). Pore-level analysis was done for single unit cells as well as disk
slices that contained a large number of unit cells. The derived empirical correlations can be used
in CFD simulations when the regenerator is modeled as a porous medium.
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