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ABSTRACT
Next-generation turboelectric aircraft aim to decouple power generation from propulsion by
using gas turbines driving electric generators connected to electric propulsion motors. The power
density requirements for these electric machines can only be achieved with superconductors, which
in turn require lightweight, high-capacity cryocoolers. However, current cryocooler technologies
offer cooling capacities that are too low and masses that are too high to meet projected aircraft needs.
For turbo-Brayton cryocoolers, the recuperative heat exchanger historically has been the largest and
most massive component, and offers the most potential for size and weight reduction. Improvements
PD\EHDFKLHYHGWKURXJKWKHXVHRIVPDOOHUÀRZSDVVDJHVRUWKRWURSLFFRUHWKHUPDOUHVLVWDQFHWR
GHFUHDVHUHVLVWDQFHEHWZHHQÀRZVWUHDPVZKLOHLQFUHDVLQJD[LDOUHVLVWDQFHIURPZDUPWRFROGHQGV
and lighter-weight materials. To this end, a recuperator that implements all such improvements has
been developed. The recuperator core consists of a stack of copper-polyimide plates. Miniature
ÀRZIHDWXUHVDUHHWFKHGLQWRWKHFRSSHUWRSURYLGHWKHÀRZSDWKIRUWKHUHFXSHUDWHGJDVVWUHDP
7KHVPDOOÀRZIHDWXUHVHWFKHGLQWRWKHFRQGXFWLYHFRSSHUVXEVWUDWHSURPRWHKHDWWUDQVIHUUDGLDOO\
EHWZHHQÀRZVWUHDPVZKLOHWKHSRO\LPLGHDFWVDVDWKHUPDOUHVLVWRULQWKHD[LDOGLUHFWLRQ7KH
ODPLQDWHVDUHERQGHGWRJHWKHU7KHUHVXOWLVDFRPSDFWPRQROLWKLFFRUHWKDWDFKLHYHVKLJKVSHFL¿F
FRQGXFWDQFH7KLVQHZUHFXSHUDWRUWHFKQRORJ\¿OOVDYRLGEHWZHHQKLJKSHUIRUPDQFHOLJKWZHLJKW
recuperators for space applications and commercial high-capacity cryocoolers. This paper describes
the design and testing of a prototype recuperator.
INTRODUCTION
Turboelectric propulsion with superconducting electric generators and motors has the potential
WRUHYROXWLRQL]HDLUWUDQVSRUWDWLRQ$NH\HQDEOLQJWHFKQRORJ\ZLOOEHHI¿FLHQWOLJKWZHLJKWFU\RFRROers to cool the superconductors below their critical temperature. However, the weights of current
FRPPHUFLDOFU\RFRROHUVDUHWRRKLJKDQGWKHLUHI¿FLHQFLHVDUHWRRORZWREHSUDFWLFDOIRUDLUFUDIW
Turbo-Brayton cryocoolers are well-suited for this application, as their performance scales well
WRKLJKHUORDGV(I¿FLHQF\RIWKHWXUER%UD\WRQFU\RFRROHULPSURYHVDQGWKHUDWLRRIFU\RFRROHU
mass to input power decreases with size [1]. This is because the losses in the turbomachines used
in the refrigeration cycle become a smaller fraction of the delivered cooling as the machine capacity increases. Nevertheless, meeting the weight challenges for the turbo-Brayton cryocooler will
require innovation in design of all of the major cryocooler components. Advancements in highcapacity compressors and turboalternators [2] have been previously developed, and are suitable in
the present study to obtain on the order 1000 Watts of cooling down to 15 K, although additional
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development is needed to optimize the size and weight of the turbomachines. The recuperative
heat exchanger has historically been the heaviest and largest component, however, and thus offers
the most potential for mass and size reduction of the cryocooler system.
Some advancements in lightweight recuperator alternatives have been developed and demonstrated, including the shell-and-microtube recuperator [3], which is being qualified for NASA space
applications. This recuperator has achieved a recuperated heat transfer of 5.2 kW and a specific
conductance of 320 W/K/kg for helium down to 20 K. Advanced micro-tube designs under development may achieve up to 700 W/K/kg. Ultimately, however, the microtube recuperator is limited by a
relatively high axial conduction penalty of the stainless steel tubes and shell, and requires relatively
long aspect ratios to achieve the high effectiveness generally required for turbo-Brayton cryocoolers.
Furthermore, the higher material density of the mostly stainless steel design is a drawback relative
to more lightweight aerospace materials. An ideal recuperator for such high-capacity aerospace
applications would achieve the required mass gains with a more compact core, by reducing sizes of
flow passages, reducing axial conduction, increasing heat transfer between flow streams, and using
lighter-weight materials. This paper discusses the design of a novel type of lightweight, compact
laminated slotted plate recuperator (LSP) that implements these improvements. Additionally, the
paper describes the development and testing of a hardware prototype that validates the core fabrication processes and performance.
SIGNIFICANCE OF DEVELOPMENT
A trade study for the lightweight, high-capacity cryocooler revealed a potential for significant
weight and size reduction for the LSP recuperator relative to alternative technology, resulting in
overall cryocooler mass reduction. While the extensive use of polyimide in the LSP recuperator
would be a drawback for systems where long life with no maintenance is critical (as in space applications), for more maintenance-accessible terrestrial and airborne applications, the LSP recuperator could fill a niche need for lightweight recuperators where the component life and material
outgassing rates are not critical.
Factors contributing to the potential weight reduction of the LSP are the smaller characteristic
dimension for heat transfer, the reduced axial conduction, and continuous reset of the thermal boundary layer for heat transfer enhancement. The present embodiment of the LSP offers characteristic
hydraulic diameter of around 128 micron, which bests the smallest demonstrated microtube tube
diameter of 360 micron. Additionally, the polyimide spacer of the LSP boasts a thermal resistance
that is 30-60 times as resistive as the stainless steel microtube; it also forms an axial gap between
the thermally conductive portions of the laminate core, allowing for boundary layer reset. The result
for the LSP is a much smaller axial length required to achieve the same effectiveness. However, a
key technical challenge is to provide a reliable means of sealing to prevent cross-stream leakage and
for attaining sufficient axial compression strength to prevent buckling. The goal is thus to attain a
low-leak design that can withstand the compression pressures required to keep the stack intact, all
while providing maximum flow area for high-capacity heat transfer.
RECUPERATOR DESIGN AND ANALYSIS
The innovation in this technology is a compact core consisting of a stack of bonded laminated
slotted plates; the plates themselves comprise a conducting copper layer and an insulating polyimide
layer. The copper layer contains the fin and slot features for convective heat transfer between axial
countercurrent flow streams, and the polymer layer provides sealing, structural support, and thermal
resistance against parasitic axial heat transfer.
The plate layout is arranged into a set of annular rings containing a pattern of involute arrays of
heat transfer fins and flow slots, with alternating counter-current flow streams separated from one
another by the polymer sealing surfaces. Each plate has axial height of approximately 86 microns.
The fin and slot features have nominal width of 64 microns each. A magnified image of these features is shown in Figure 1.
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Figure 1. Prototype LSP plate features

In order to demonstrate the feasibility of the bonded LSP technology, a smaller prototype
recuperator core was designed with 5.1 cm diameter and 1060 LSP plates, constituting a core of
approximately 9.8 cm in axial length.
The core is bonded to a pair of machined stainless steel headers that transition the flow from
tube ports to an array of flow distribution features matching the layout of the core plates. To make
the module hermetically sealed to the exterior environment, the core is compressed into a stainless
steel shell, and the shell is welded to the headers to close out the module. Figure 2 shows the assembly drawing of the prototype module.

Figure 2. Prototype LSP recuperator assembly
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9DULRXVWKHUPRÀXLGDQGVWUXFWXUDODQDO\VHVZHUHSHUIRUPHGXVLQJERWKVSUHDGVKHHWDQGFRPSXWDWLRQDOÀXLGG\QDPLFVPRGHOVWRDVVHVVWKHSHUIRUPDQFHRIWKH/63UHFXSHUDWRUDQGWKHLPSDFW
of various design features on the performance of the core. The nominal operating conditions of
the recuperator prototype are 1.36 g/s of helium with warm-end temperature of 300 K and coldend temperature of 20 K. The recuperator was designed for a high-side pressure of 9.9 atm and
ORZVLGHSUHVVXUHRIDWP7KHWHPSHUDWXUHDQGSUHVVXUHÀXLGVWDWHVPDWFKH[SHFWHGFU\RFRROHU
conditions. The expected prototype recuperator effectiveness and non dimensional pressure drop
at design conditions are 0.9893 and 1.7%, respectively. Approximately 10% of this pressure drop
is due to losses in the headers.
The prototype represents an approximately 1/8th scale version (in terms of UA) of a larger set
of recuperator modules that were designed to be integrated into a high-capacity cryocooler. The
larger recuperator modules provide cooling for a two-stage cryocooler, and are subdivided into an
upper stage, cooling to 100 K, and a lower stage, cooling to 20 K.
RECUPERATOR FABRICATION
The key steps in the fabrication of the recuperator are photochemical etching of the miniature
ÀRZIHDWXUHVDQGVHDOVDQGERQGLQJRIWKHSODWHVDQGKHDGHUVLQWRDPRQROLWKLFFRUH)ORZIHDWXUH
sizes must be minimized to improve stream-to-stream heat transfer, and seals must be uniform in
width and height to minimize core leaks. Any core leakage manifests itself as cross-stream leakDJHIURPWKHKLJKSUHVVXUHWRORZSUHVVXUHÀRZVWUHDPVDWWKHFU\RFRROHUOHYHOWKLVFURVVVWUHDP
leakage bypasses the turboalternator and degrades cooling performance.
0LQLPXPOLPLWVRQ¿QDQGVORWIHDWXUHVL]HVZHUHGHYHORSHGWKURXJKDVHULHVRIHWFKLQJWULDOV
in cooperation with an etching vendor. Sealing structural limits were determined through a series of
VSUHDGVKHHWDQG¿QLWHHOHPHQWDQDO\VHVDVZHOODVH[SHULPHQWDOWULDOVUHVXOWLQJLQDPLQLPXPVHDO
width. The seal width is a function of several variables: geometric layout of the sealing features,
required compression force to prevent tensile failure from delamination, stacking misalignment
WROHUDQFHVGXULQJDVVHPEO\DFKLHYDEOHOLPLWVRQZLGWKVIURPWKHHWFKLQJSURFHVVDQGVWUXFWXUDO
yield limits for buckling and crushing. Etching trials and plate inspections honed the process of
UHSHDWHGO\SURGXFLQJÀRZIHDWXUHVDQGVHDOLQJIHDWXUHVWKDWPHWGHVLJQUHTXLUHPHQWVLQSUHSDUDtion for core assembly.
Following assembly and bonding, the core is closed out with a thin, stainless-steel shell that
acts as both a hermetic boundary and a tension member to keep the core in compression. The
ZDUPHQGKHDGHUFRQVLVWVRIWZRVHFWLRQVDÀRDWLQJKHDGHUWKDWLVERQGHGWRWKHFRUHODPLQDWH
VWDFNDQGDÀRZSRUWKHDGHUWKDWLVZHOGHGWRWKHRXWHUVKHOO$ZDYHVSULQJDQGVSULQJVKLPDUH
inserted between the two warm-end header sections to maintain a more uniform compression load
on the core during all foreseeable operating conditions. The core compression load prevents tensile failure of the stack by protecting against thermal contraction mismatch between the core and
shell, and also by accommodating stress relaxation of the material under load. To facilitate the
ability to disassemble the prototype recuperator, the shell consists of two sections with a pair of
EROWHGÀDQJHVWKDWDUHVHDOHGZLWKDULQJRILQGLXP)LQDOFORVHRXWRIWKHUHFXSHUDWRULVFRPSOHWHG
E\FRPSUHVVLQJWKHVKHOOWRWKHPDWLQJÀDQJHRQWKHFROGKHDGHURYHUWKHFRUHDVVHPEO\XQWLOWKH
ÀDQJHVDUHLQFORVHFRQWDFW7KHQEROWVDUHXVHGWRPDLQWDLQORDGDWWKHÀDQJHGMRLQW)LJXUHVKRZV
the completed prototype assembly.
RECUPERATOR TESTING
The recuperator was tested for external leakage, cross-stream leakage, proof pressure based on
WKHUHTXLUHPHQWVRIWKHWHVWIDFLOLW\SUHVVXUHÀRZSHUIRUPDQFHDQGWKHUPDOSHUIRUPDQFHDWFU\RJHQLFWHPSHUDWXUHV7KH¿UVWWKUHHRIWKHVHWHVWVYHUL¿HGZRUNPDQVKLSDQGHVWDEOLVKHGYLDELOLW\RI
WKHKHDWH[FKDQJHUIRULQVWDOODWLRQLQWRDFU\RFRROHURUWHVWIDFLOLW\7KHSUHVVXUHÀRZDQGWKHUPDO
performance tests were compared with model predictions to validate the recuperator performance.
The cross-stream leak test was completed by pressurizing one side of the recuperator to design
SUHVVXUHGLIIHUHQWLDOZKLOHWKHSRUWVIRUWKHRSSRVLWHÀRZVWUHDPZHUHRSHQWRDOORZÀRZWRH[LWWR
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Figure 3. Completed LSP prototype

ambient. The result, with gas state corrected to operating conditions, was a 0.3% leak rate relative
WRGHVLJQÀRZPHHWLQJWKHJRDORIOHDNDJH
Pressure drop through the recuperator was measured with room-temperature steady-state niWURJHQÀRZXVLQJDODPLQDUÀRZPHWHUWRPHDVXUHÀRZUDWHDQGDQDEVROXWHSUHVVXUHWUDQVGXFHUWR
measure pressure drop. Dynamically similar conditions were achieved for slots in the core plates,
between design and test conditions, by matching the test Reynolds number to the average Reynolds
number at cryogenic design conditions. Flow rate was varied to develop a performance curve for
ÀRZUDWHYHUVXVSUHVVXUHGURSIRUERWKKLJKDQGORZSUHVVXUHÀRZVWUHDPV7KHUHVXOWVDVVKRZQ
LQ)LJXUHVKRZDJRRGDJUHHPHQWEHWZHHQPRGHOSUHGLFWLRQVDQGWHVWFRQGLWLRQVSDUWLFXODUO\DW
WKHG\QDPLFDOO\VLPLODUFRQGLWLRQ$WKLJKHUÀRZUDWHVWKHDFWXDOSUHVVXUHGURSGHYLDWHGVRPHZKDW
from the design predictions, indicating that kinetic losses were somewhat lower than predicted by
the model.

Figure 4.3UHVVXUHÀRZWHVWGDWDIRU/63UHFXSHUDWRU$W5H\QROGVQXPEHUFRUUHVSRQGLQJWRWKDWRI
DYHUDJHGHVLJQWHPSHUDWXUHWKHPRGHOLVLQJRRGDJUHHPHQWZLWKUHVXOWV$WKLJKHUÀRZUDWHVWKHPRGHO
appears to over-predict kinetic losses.
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Figure 5. Cryogenic thermal test facility

Figure 6. Thermal ineffectiveness of the recuperator
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To evaluate thermal effectiveness, the recuperator was tested under cryogenic conditions. To
PD[LPL]HWKHVWUHDPWRVWUHDPWHPSHUDWXUHGLIIHUHQFHDQGHQVXUHDGHTXDWH¿GHOLW\LQWKHWKHUPDO
measurements, the warm end of the recuperator was held at 300 K and the cold end was varied beWZHHQ.DQG.7KHWHVWIDFLOLW\VFKHPDWLFLVVKRZQLQ)LJXUH7HPSHUDWXUHVZHUHPHDVXUHG
DWWKHLQOHWDQGRXWOHWSRUWVRIERWKÀRZVWUHDPVRIWKHUHFXSHUDWRUXVLQJUHGXQGDQWLQOLQH3ODWLQXP
5HVLVWDQFH7KHUPRPHWHUV 357V DQGWKHÀRZUDWHZDVPHDVXUHGXVLQJDVSULQJORDGHGURWDPHWHU
7KHIDFLOLW\RSHUDWHVLQDFORVHGORRSPRGHDOORZLQJWHVWLQJIRUDVXI¿FLHQWWLPHSHULRGWRUHDFK
steady state thermal conditions at each data point. The recuperator was covered with Multi-Layer
,QVXODWLRQ 0/,OD\HUVDWWKHFROGHQGDQGOD\HUVDWWKHZDUPHQG WROLPLWH[WHUQDOSDUDVLWLF
losses to approximately 80 mW, which is a small fraction of the total heat transfer rate within the
unit (nominally 2 kW).
During the thermal test, a total of 11 data points were collected. The heat transferred between
WKHWZRÀRZVWUHDPVUDQJHGIURPN:WRN:7KHUHGXQGDQWWHPSHUDWXUHVHQVRUVZHUHLQ
DJUHHPHQWZLWKRQHDQRWKHUZLWKLQWKHıXQFHUWDLQW\EDQGIRUDOOEXWWZRRIWKHWHPSHUDWXUH
readings. The calculated thermal ineffectiveness at the design point was 0.0115 with a heat imbalance of 0.37 W. The thermal ineffectiveness is shown in Figure 6 DVDIXQFWLRQRIÀRZUDWH7KH
data are self-consistent and show low magnitude of parasitic heat transfer throughout. The model
predictions compare well with test data at the design point, with an ineffectiveness difference of
RQO\EHWZHHQWKHWZR$WKLJKHUÀRZUDWHVWKHPRGHODSSHDUVWRXQGHUSUHGLFWLQHIIHFWLYHQHVVVOLJKWO\ZKLFKPD\UHVXOWIURPOHVVJDVH[SDQVLRQEHWZHHQ¿QOD\HUVWKDQDVVXPHGLQWKH
PRGHOLQJDQGWKXVOHVVLQWHUDFWLRQZLWKWKH¿QV¶D[LDOKHDWWUDQVIHUVXUIDFHVDWWKHKLJKHUÀRZUDWH
CONCLUSIONS
Creare has developed a novel embodiment of a lightweight, high-capacity, high-effectiveness
laminated slotted plate recuperator using fully-bonded, etched plates that consist of a conductive
metal heat transfer interface with a resistive polyimide spacer. This paper discussed the design,
fabrication, and testing of a prototype LSP recuperator. Thermal performance test results for the
5.1 cm diameter prototype showed an effectiveness of 0.9885 at the design point, which was in
accord with model predictions. While the present effort focused on development of the fabrication
methods and thermal performance of the recuperator, future efforts to reduce weight, including
scale-up of module size, reduction of compression loads, and transition to lightweight titanium alloy
KHDGHUDQGVKHOOPDWHULDOVZLOOOLNHO\JHQHUDWHDZHLJKWVDYLQJVRIDSSUR[LPDWHO\FRPSDUHGWR
similar-performance microtube recuperators. The results suggest that the LSP recuperator is wellsuited for integration into future lightweight, high-capacity turbo-Brayton cryocoolers for airborne
and terrestrial applications.
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