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ABSTRACT
NASA is considering multiple missions involving long-term cryogen storage in space. Liquid
K\GURJHQDQGOLTXLGR[\JHQDUHWKHW\SLFDOFU\RJHQVDVWKH\SURYLGHWKHKLJKHVWVSHFL¿FLPSXOVH
for chemical propellants. The net heat load to a hydrogen tank storing 38 metric tons of liquid
hydrogen is estimated to be 20 W at 20 K. To enable long-duration zero boil-off storage, this heat
load must be lifted using an active refrigerator. Creare is addressing this need by developing a
turbo-Brayton cryocooler that provides 20 W of refrigeration at 20 K.
The key components in the 20 K, 20 W cryocooler are the electronics, compressors, turboalWHUQDWRUDQGUHFXSHUDWRUV7KHUHFXSHUDWRUIRUWKH.:FU\RFRROHULVD¿YHPRGXOHPLFUR
shell-and-tube heat exchanger developed jointly by Creare, Mezzo Technologies and Edare. It has
a predicted effectiveness exceeding 0.995, enabling the cryocooler to deliver 20 W of refrigeration
IRUDQLQSXWSRZHUDURXQGN:FRUUHVSRQGLQJWRDVSHFL¿FSRZHURIDERXW::7KLVLV
VLJQL¿FDQWO\EHWWHUSHUIRUPDQFHWKDQDQ\.FU\RFRROHUH[LVWLQJRU WRRXUNQRZOHGJH XQGHU
development. In preparation of the cryocooler integration, a recuperator module was tested beWZHHQ.DQG.XVLQJKHOLXPDWGHVLJQÀRZUDWHV7KHWHVWUHVXOWVLQGLFDWHGWKHUHFXSHUDWRU
exceeded its target effectiveness.
INTRODUCTION
NASA is evaluating long-term liquid hydrogen and oxygen storage in low Earth orbit to support
the chemical propulsion needs of future missions. Researchers at NASA investigated a co-storage
concept for these cryogenic propellants [1]. Here the liquid oxygen tank at 90 K intercepts a large
fraction of the heat load to the hydrogen tank at 20 K. The shielding provided by the oxygen tank
FDQEHDXJPHQWHGXVLQJDQDFWLYHO\FRROHGVKLHOG$VDUHVXOWWKHUDGLDWLYHKHDWÀX[WRWKHK\GURJHQWDQNUHGXFHVIURP:P2WR:P2. The net heat load to a hydrogen tank storing
38 metric tons of liquid hydrogen is estimated to be 20 W at 20 K, including design margin. To
enable long-duration zero boil-off storage, this heat load must be lifted using an active refrigerator.
Unfortunately, this heat load exceeds the capacity for any space cryocooler demonstrated to date.
Creare is addressing this shortcoming by developing for NASA a turbo-Brayton cryocooler that
provides 20 W of refrigeration at 20 K [2]. Turbo-Brayton cryocoolers are ideal for long-term liquid
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Figure 1. Creare’s 20 K, 20 W cryocooler for liquid hydrogen storage.

hydrogen storage in space because of favorable mass and performance scaling to high capacities and
ORZWHPSHUDWXUHV,QDGGLWLRQWKHFRQWLQXRXVÀRZQDWXUHRIWKHF\FOHSURYLGHVDPHDQVWRGLUHFWO\
LQWHUIDFHZLWKD%URDG$UHD&RROLQJ %$& V\VWHPDWWDFKHGWRWKHK\GURJHQWDQNZLWKRXWWKHPDVV
and performance penalties associated with ancillary cryogenic heat pipes or circulation loops. The
cryocooler designed for this application is shown in Figure 1. It delivers 20 W of cooling at 20 K
IRUDQLQSXWSRZHUDURXQGN:FRUUHVSRQGLQJWRDVSHFL¿FSRZHURI::7KHFRHI¿FLHQWRI
SHUIRUPDQFHRIWKHFU\RFRROHULVRIWKH&DUQRWF\FOH7KLVLVVLJQL¿FDQWO\EHWWHUSHUIRUPDQFH
WKDQDQ\.FU\RFRROHUH[LVWLQJ>@RU WRRXUNQRZOHGJH XQGHUGHYHORSPHQW
The key mechanical components in the 20 K, 20 W cryocooler are the compressors, turboalternator, and recuperators. The compressors [4] and turboalternators [5] have been previously demonVWUDWHGDWWKHUHTXLUHGFDSDFLW\DQGRQO\PLQRUPRGL¿FDWLRQVDUHUHTXLUHGIRUXVHLQWKH.:
FU\RFRROHU:KLOHPDQ\UHFXSHUDWRUVKDYHEHHQVSDFHTXDOL¿HGQRQHKDYHWKHFDSDFLW\UHTXLUHG
for a 20 K 20 W cryocooler. Indeed, most turbo-Brayton cryocoolers operating near or below 20 K
have a capacity below 1 W [6]. As a result, an order of magnitude increase in the cryocooler and
recuperator capacity is required. Unfortunately, using many lower capacity recuperators in parallel
OHDGVWRVLJQL¿FDQWSDFNDJLQJFRVWVDQGÀRZGLVWULEXWLRQFRQFHUQV$QHZW\SHRIUHFXSHUDWRULV
required for high capacity turbo-Brayton cryocoolers. The design, fabrication, and testing of a high
capacity recuperator is the subject of this paper.
SIGNIFICANCE AND JUSTIFICATION FOR DEVELOPMENT
After an initial trade study, Creare pursued the development of a micro shell-and-tube heat
exchanger to serve as the recuperator in the 20 K, 20 W cryocooler and enlisted a development
team comprising Creare, Mezzo Technologies, and Edare. While conventional shell-and-tube heat
exchangers are common in industry, their mass is prohibitive for space applications due to the
ODUJHVL]HWXEHV7KHXVHRIPLFURWXEHVDOORZVIRUVLJQL¿FDQWPDVVVDYLQJVDVDODUJHDPRXQWRI
area can be packaged within a small volume. Given prior experience at Mezzo Technologies, the
development team opted to pursue a unit using 0.022 inch diameter micro-tubing. The primary
technical challenge is to fabricate this unit with 100% hermetic joints between the high and low
pressure streams.

449

HIGH EFFECT. RECUPERATOR FOR HIGH CAPACITY BRAYTON
C19_077

3

Vacuum Space
Outer Shell

Shell Flow

T
u
b
e
F
lo
w

le
d
n
u
B
e
b
u
T

Tube Sheet

Mid Plates

Micro-Tubes

Inner Shell

Recuperator Centerline

Vacuum Space

Figure 2. High capacity recuperator schematic.

RECUPERATOR DESIGN AND ANALYSIS
A recuperator was designed based on the requirements of the cryocooler, resulting in the need
for over 6,600 micro-tubes having an outer diameter of 0.022 inch, each over 150 inches long. Due
to the excessive length, the recuperator was divided into 5 serial modules for ease of fabrication and
packaging. Each module is nominally 40 inches long, including its headers. The heat transfer zone
within the module is 30 inches long. The cross section of the core is annular in nature with an inner
GLDPHWHURILQFKHVDQGDQRXWHUGLDPHWHURILQFKHV LOOXVWUDWHGLQ)LJXUH 9DULRXVWKHUPDO
ÀXLGDQDO\VHVZHUHSHUIRUPHGXVLQJFRPSXWDWLRQDOÀXLGG\QDPLFVWRDVVHVVWKHSHUIRUPDQFHRIWKH
PLFURWXEHKHDWH[FKDQJHUDQGWKHLPSDFWRIYDULRXVGHVLJQIHDWXUHVRQÀRZGLVWULEXWLRQZLWKLQ
WKHFRUH7KHFRUHRYHUDOOHIIHFWLYHQHVVLVDVVHVVHGWDNLQJLQWRDFFRXQWORFDOÀRZPDOGLVWULEXWLRQ
HIIHFWVUHVXOWLQJLQUHJLRQVRIORFDOÀRZFDSDFLWDQFHLPEDODQFH7KHQRPLQDORSHUDWLQJFRQGLWLRQV
RIWKHUHFXSHUDWRUDUHJVRIKHOLXPWXEHVLGHLQOHWSUHVVXUHRIDWPDQGLQOHWWHPSHUDWXUHRI
300 K, and shell-side inlet pressure of 5.6 atm and inlet temperature of 20 K.
7KHSUHGLFWHGUHFXSHUDWRUORVVRIWKH¿YHPRGXOHUHFXSHUDWRULV:LQFOXGLQJSDUDVLWLFV
7KHUHFXSHUDWRUORVVLVGH¿QHGDVWKHFROGHQGVWUHDPWRVWUHDPHQWKDOS\GLIIHUHQFHPXOWLSOLHGE\
WKHUHFXSHUDWRUPDVVÀRZUDWH7KLVORVVPXVWEHDEVRUEHGE\WKHWXUERDOWHUQDWRURIWKHFU\RFRROHU
in addition to the cryocooler heat load. The parasitics depend highly on the packaging and con¿JXUDWLRQRIWKHFU\RFRROHU)RUWKHFRQ¿JXUDWLRQVKRZQLQ)LJXUHWKHUHFXSHUDWRUDVVHPEO\LV
mounted to a 300 K platform and the conductive and radiative parasitics are predicted to be 5.8 W.
7KHWKHUPDOSHUIRUPDQFHRIWKHLQGLYLGXDOPRGXOHV LQFOXGLQJFRQGXFWLYHDQGUDGLDWLYHSDUDVLWLFV 
is shown in Table 1. The variation in the log mean temperature difference is the result of real-gas
HIIHFWVRIKHOLXPQHDU.DQGWKHUPDOSDUDVLWLF7KHGHFUHDVHLQPRGXOH8$ FRQGXFWDQFH DV
Table 1. Predicted recuperator module performance with parasitic losses.

Warm Temperature (K)
Cold Temperature (K)
Minimum Stream Capacity (W/K)
Log Mean Temperature Difference
(K)
UA (W/K)
Total Heat Transfer (W)
Effectiveness

Mod 1
300.0
248.4
18.6

Mod 2
248.7
203.0
18.6

Mod 3
203.4
145.6
18.6

Mod 4
146.1
79.7
18.6

Mod 5
80.4
20.0
18.9

0.235
4082
960
0.987

0.258
3310
854
0.992

0.372
2905
1081
0.993

0.525
2364
1242
0.992

0.748
1521
1138
0.989
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the recuperator temperature decreases is the result of decreasing gas thermal conductivity which
GHFUHDVHVWKHKHDWWUDQVIHUFRHI¿FLHQW
,QDGGLWLRQWRWKHUPDOÀXLGDQDO\VHVVWUXFWXUDODQDO\VHVZHUHFRQGXFWHGWRDVVHVVWKHPHFKDQLFDO
SHUIRUPDQFHRIWKHXQLWLQDODXQFKHQYLURQPHQW6SHFL¿FDOO\WKHUHFXSHUDWRUZDVGHVLJQHGWRPHHW
WKHUHTXLUHPHQWRI1$6$¶V*HQHUDO(QYLURQPHQWDO9HUL¿FDWLRQ6WDQGDUG *(96 DVGHVFULEHGLQ
NASA TM GSFC-STD-7000A, a standardized set of environmental exposure standards for payloads,
VXEV\VWHPVDQGFRPSRQHQWV7KHDQDO\VHVSHUIRUPHGZHUH  DK\GURVWDWLFSUHVVXUHDQDO\VLVDQG
 DUDQGRPYLEUDWLRQDQDO\VLV3UHVVXUHVWUHVVHVZHUHFRPSXWHGIRUDDWPPD[LPXPGHVLJQ
SUHVVXUH 0'3 $QDO\VLVZDVSHUIRUPHGDW0'3DQGVWUHVVHVZHUHFRPSDUHGDJDLQVWDOORZDEOH
YDOXHVSHU$60(% LQFRUSRUDWLQJSURRISUHVVXUHFRQGLWLRQVDQGGHVLJQPDUJLQV 5DQGRP
YLEUDWLRQDQDO\VLVZDVSHUIRUPHGFRQVLVWHQWZLWK*(96UDQGRPYLEUDWLRQWHVWOHYHOVIRUDNJ
system based on the expected mass of the cryocooler. The random vibration analysis assumed a
GDPSHQLQJUDWLR 4  7KHUHFXSHUDWRUVH[KLELWHGPDUJLQUHODWLYHWRWKH\LHOGVWUHVVXQGHU
all analysis conditions.
RECUPERATOR FABRICATION
The key step in the fabrication of the heat exchanger is the joining of the micro-tubes to the
tubesheets. %DVHGRQDQDO\VLVLWFDQEHVKRZQWKDWVLJQL¿FDQWSHUIRUPDQFHGHJUDGDWLRQFDQEH
caused by even a few non-hermetic joints between the high and low pressure stream. For this
VSHFL¿FGHVLJQDZHOGMRLQWUHOLDELOLW\LVUHTXLUHGWRHQVXUHWKHFU\RFRROHUGHOLYHUHGRI
its design cooling capacity. Laser welding was pursued to join the micro-tubes to the tubesheets.
The primary advantage of laser welding is the ability to repair joints, allowing the fabrication of
100% hermetic recuperators.
The weld reliability of each joint is dependent on the laser settings as well as the geometric
features of the joint. Therefore, laser welding process parameters were developed through an iterative process. Sectioning of weld joints was performed in small sample sets to identify potentially
suitable conditions. Once reasonable geometric features and laser parameters were established, a
reliability study was performed by welding thousands of joints with the desired settings. An iteraWLYHSURFHVVZDVXVHGXQWLOWKHUHVXOWLQJZHOGMRLQWUHOLDELOLW\ZDVVXI¿FLHQWO\KLJK ! VXFK
that repair options were practical.
To aid the welding process, off-axis cameras were installed to enable real-time pre- and postLQVSHFWLRQRIWKHZHOGMRLQW )LJXUH  This allows for the inspection of critical weld joint features
such as the protrusion of the micro-tube above the tubesheets prior to completing the welding process.
)XUWKHUPRUHDYLVXDOLQVSHFWLRQRIWKHFRPSOHWHGMRLQWDOORZVIRUWKHUHDOWLPHLGHQWL¿FDWLRQRI
leaky joints. An example of pre- and post-welding images is shown in Figure 3. In the pre-weld
FRQGLWLRQZHFDQYLVXDOL]HWKHDOLJQPHQWRIWKHODVHUDQGWKHZHOGMRLQW OHIWLPDJH DQGWKHSUR-

Figure 3. Micro-tube laser welding system.
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Figure 4. Completed recuperator following proof-pressure testing.

WUXVLRQRIWKHWXEHDERYHWKHWXEHVKHHW ULJKWLPDJH ,QWKHSRVWZHOGFRQGLWLRQZHFDQVHHWKH
FRPSOHWHGZHOGMRLQWDOORZLQJXVWRLGHQWLI\SRWHQWLDOÀDZVLQWKHMRLQW
When both tubesheets are welded, a bubble-point leak check is performed to identify nonhermetic joints. These joints are subsequently repaired until a fully hermetic unit is obtained.
Headers are then welded to the recuperator core, and the unit is proof-pressure tested based on the
requirements of the cryocooler. The completed recuperator module is shown in Figure 4. Following fabrication, a variety of workmanship screening tests are performed, including external leak
FKHFNFURVVVWUHDPOHDNFKHFNDQGSUHVVXUHYHUVXVÀRZWHVWV7KHXQLWSDVVHGDOOWHVWV
RECUPERATOR THERMAL TESTING
The recuperator was tested under cryogenic conditions to evaluate its thermal effectiveness.
While the expected operation of each recuperator module spans a smaller temperature range, the
UHVXOWLQJVWUHDPWRVWUHDPWHPSHUDWXUHGLIIHUHQFHLVWRRVPDOOWRHQVXUHDGHTXDWH¿GHOLW\LQRXUWHVW
GXHWRPHDVXUHPHQWXQFHUWDLQW\7KHUHIRUHWKHVWUHDPWRVWUHDPWHPSHUDWXUHGLIIHUHQFHLVDUWL¿FLDOO\
increased to allow us to more reliably characterize the recuperator performance. To accomplish
this, the warm end of the recuperator was held at room temperature, while the cold end was operated between 20 K and 50 K. The test facility schematic is shown in Figure 5. Temperatures are
PHDVXUHGDWWKHLQOHWVDQGRXWOHWVRIWKHUHFXSHUDWRUXVLQJUHGXQGDQWLQOLQH3ODWLQXP5HVLVWDQFH
7KHUPRPHWHUV 357V DQGWKHÀRZUDWHLVPHDVXUHGXVLQJDVSULQJORDGHGURWDPHWHU7KHIDFLOLW\

Figure 5. Cryogenic thermal test facility system.
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Figure 6. Agreement between redundant temperature sensors.

operates as a closed-loop, allowing us to test for extended time periods. The recuperator is covered
ZLWK0XOWL/D\HU,QVXODWLRQ 0/,OD\HUVDWWKHFROGHQGDQGOD\HUVDWWKHZDUPHQG WROLPLW
parasitic losses to below 1 W, which is a small fraction of the total heat transfer rate within the unit
QRPLQDOO\N: %DVHGRQWKHLQVWUXPHQWDWLRQDFFXUDF\WKHDQWLFLSDWHGHUURUVDUHIRUWKH
LQHIIHFWLYHQHVVDQGIRUWKH8$SURGXFW
A total of 19 steady-state test points were collected for a nominal warm temperature of 295 K,
and a cold temperature ranging from 20 K to 50 K. The heat transfer between the two streams varied
between 4.2 kW and 6.2 kW, depending on the test conditions. The heat imbalance between the two
streams averaged 6.0 W or 0.11%, and was within the accuracy of the sensors. Figure 6 illustrates
the agreement between the redundant temperature sensors at the inlets and exits of the recuperator.
7KHLQOHWVHQVRUVKDYHDVWURQJDJUHHPHQW ZLWKLQWKHıXQFHUWDLQW\EDQG DWERWKWKHZDUPDQG
cold end of the recuperator. This is to be expected due to the temperature uniformity in the incomLQJÀRZ7KHH[LWVHQVRUVGHPRQVWUDWHVRPHOHYHORIGLVDJUHHPHQWOLNHO\GXHWRVWUDWL¿FDWLRQLQ
WKHH[LWÀRZDVDUHVXOWRIPLQRUÀRZPDOGLVWULEXWLRQHIIHFWV
7KH WKHUPDO LQHIIHFWLYHQHVV UHVXOWV DUH VKRZQ LQ )LJXUH  DV D IXQFWLRQ RI PDVV ÀRZ UDWH
Throughout the development of the recuperator technology, various iterations were performed on
WKHGHVLJQDQGDVVHPEO\SURFHVV$VLOOXVWUDWHGLQ)LJXUHHDFKLWHUDWLRQVLJQL¿FDQWO\UHGXFHG
WKHUPDOLQHIIHFWLYHQHVV8OWLPDWHO\RXU¿UVWSURGXFWLRQXQLWDFKLHYHGWKHVLQJOHPRGXOHWDUJHW
LQHIIHFWLYHQHVVRIDWWKHGHVLJQÀRZUDWHRIJV,QHIIHFWLYHQHVVKDVDZHDNFRUUHODWLRQWR
WKHUHFXSHUDWRUFROGHQGWHPSHUDWXUHEXWVWURQJO\FRUUHODWHVZLWKWKHPDVVÀRZUDWHWKURXJKWKH
XQLW$VÀRZUDWHLVLQFUHDVHGWKHLQHIIHFWLYHQHVVLQFUHDVHVVOLJKWO\DVGHPRQVWUDWHGE\RXUWHVW
data and predictions.
RECUPERATOR VIBRATION TESTING
In addition to thermal performance testing, a recuperator module was vibrated in both the axial
GLUHFWLRQDQGRQHWUDQVYHUVHGLUHFWLRQ )LJXUH 'XHWRV\PPHWU\RIWKHUHFXSHUDWRUDQGWKH
¿[WXULQJQRWHVWLQJZDVGRQHLQWKLUGGLUHFWLRQ7KHUHFXSHUDWRUZDVWHVWHGZLWKWKH1$6$*(96
VSHFWUXPPRGL¿HGIRUDV\VWHPPDVVRINJ7HVWLQJZDVSHUIRUPHGDWG%G%DQGG%
UHODWLYHWRWKLVVSHFWUXP7KHG%G%DQGG%WHVWVFRUUHVSRQGVWR*UPV*UPVDQG
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Figure 7. Thermal ineffectiveness of the recuperators throughout the development process.

*UPVUHVSHFWLYHO\'XHWRVKDNHUWDEOHOLPLWDWLRQVWKHG%WHVWZDVOLPLWHGWR*UPV
8VLQJWKHPRGL¿HG*(96VSHFWUXPWKHIROORZLQJSUR¿OHVZHUHDSSOLHG
 $[LDOGLUHFWLRQG%EHORZVSHFL¿FDWLRQIRUPLQXWHV
 $[LDOGLUHFWLRQDWVSHFL¿FDWLRQIRUPLQXWHV
 $[LDOGLUHFWLRQDWVSHFL¿FDWLRQIRUPLQXWHV
 $[LDOGLUHFWLRQG%DERYHVSHFL¿FDWLRQIRUPLQXWHV
 /DWHUDOGLUHFWLRQG%EHORZVSHFL¿FDWLRQIRUPLQXWHV
 /DWHUDOGLUHFWLRQDWVSHFL¿FDWLRQIRUPLQXWHV
 /DWHUDOGLUHFWLRQDWVSHFL¿FDWLRQIRUPLQXWHV

Figure 8. Vibration test configuration for the transverse tests on the prototype unit.
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7KHPLQXWHWHVWVDUHVXEVWDQWLDOO\ORQJHUWKDQWKRVHUHTXLUHGE\*(96DQGZHUHDFFLGHQWDO
3ULRUWRWHVWLQJFKDUDFWHUL]DWLRQWHVWVZHUHSHUIRUPHGWRGHWHUPLQHWKHGDPSLQJ7KHGDPSLQJZDV
found from the width of the response curve at the half power points. The measured quality factor in
WKHODWHUDOGLUHFWLRQZDV4 DW+]UHVRQDQWIUHTXHQF\DQGLQWKHD[LDOGLUHFWLRQZDV4 DW
135 Hz resonant frequency. The quality factor was considerably less than assumed in the analysis
4  VRQRWFKLQJDWWKHUHVRQDQWIUHTXHQFLHVZDVQRWUHTXLUHG%HIRUHDQGDIWHUHDFKYLEUDWLRQ
test, a 0.5 G sinusoidal sweep, external leakage, and cross-stream leakage tests were performed to
assess recuperator failure. The recuperator module passed all random vibration testing including
the extended duration testing.
CONCLUSIONS
Creare, in collaboration with Mezzo Technologies and Edare, developed a lightweight, highcapacity, high-effectiveness recuperator technology, suitable for use in space missions. This paper
discussed the design, fabrication, and testing of the recuperator. A 5-module recuperator has a predicted effectiveness exceeding 0.995, enabling a 20 K cryocooler to deliver 20 W of refrigeration
IRUDQLQSXWSRZHUDURXQGN:FRUUHVSRQGLQJWRDVSHFL¿FSRZHURIDERXW::,QDGGLWLRQ
to thermal performance testing, a unit was vibration tested successfully under space launch conditions. Future work involves building the remaining recuperator modules, integrating them into a
cryocoolers, and testing the cryocooler.
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