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ABSTRACT

The growing demand for long-life infrared and submillimeter imaging instru-
ments for space observational applications, together with the emergence of the
multi-year-life Oxford University Stirling-cycle cooler, has led to a rapidly expand-
ing near-term commitment to second-generation Stirling-cycle cryocoolers based on
the Oxford heritage. The precision space-science instruments in need of these
coolers have especially demanding requirements in the areas of lifetime and relia-
hility, where many require continuous operation over 5 to 10-year timeframes with
reliabilities of 0.95 to 0.99, and in the area of allowable generated vibration and
EMI. To support the success of these near-term applications, the Jet Propulsion
Laboratory (JPL) has initiated an extensive cooler characterization test and analysis
program. This activity is focused at developing special sensitive performance
measurement techniques for quantification of vibration, EMI, and thermal perform-
ance, and to developing carefully instrumented accelerated reliability screening tests
to uncover long-time-constant degradation mechanisms.

In January of 1990, JPL took delivery of one of the first Oxford-heritage Stir-
ling-cycle coolers manufactured by British Aerospace, and began the characteriza-
tion activity with an initial emphasis on thermal and vibration performance. This
paper describes the research results to date including the design and construction of
JPL's special 6-degree-of-freedom force dynamometer, and special instrumentation
used to measure the force spectra and reliability attributes of emerging first- and
second-generation space Stirling-cycle cryocoolers.

INTRODUCTION

In recent vcars a growing number of space-instrument developers have proposed
using long wavelength infrared and submillimeter imaging detectors to perform
systematic mapping of earth and astrophysical subjects. The demand for low back-
ground noise requires that these detectors, and often portions of the electronics and
optical subsystems, be cooled to cryogcnic temperatures in the range of 60 to 150K.
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The expense of these instruments -- often over $100\M -- together with science
objectives of continuously monitoring subject changes over multi-year time spans,
demands cryogenic cooling systems with lives of 5 to 10 years with reliabilities
greater than 0.95. The emerging line of second-generation miniature Stirling-
cycle cryocoolers, which are building on the successful Oxford University ISAMS
cooler,'2 , are ideally suited to these applications. However, to satisfy the demand-
ing application requirements, these emerging Stirling cryocoolers must successfully
address not only the critical reliability requirement, but also a broad array of
complex interface requirements that critically affect successful integration to the
sensitive instrument detectors. Low vibration and EMI, and improved cooling
performance at lower temperatures (55 to 60K) are particularly important para-
meters. Many of the space instruments baselining the use of these second-gener-
ation coolers are associated with NASA's Earth Observing System (Eos) space
platforms and require that the advanced coolers be developed, qualified, and
delivered between now and the mid 1990's.

Because the time available for design, fabrication and qualification is signifi-
cantly less than the required operational life, the design and qualification process
must rely on a thorough and accurate technical understanding of the cooler's
performance-determining parameters and on sophisticated testing techniques and
facilities. Examples include:

1) Accurate standardized thermal performance measurement techniques.
2) Sophisticated vibration/EMI characterization facilities and techniques.

3) Special non-destructive accelerated reliability screening tests for early
diagnosis of life limiting failure mechanisms and eventual flight hardware
acceptance testing. This task is made particularly difficult by the strong
sensitivity of Stirling-coolers to manufacturing parameters such as conta-
mination, machining and assembly tolerances, and dimensional stability.

4) Carefully instrumented long-duration life tests to discover, quantify and
allow successful early resolution of long-time-constant failure and degrada-
tion mechanisms.

In January of 1990, JPL took delivery of one of the first Long-life 80K Stirling
crvocoolers manufactured by British Aerospace (BAe)3 , and began an extensive
characterization activity designed to learn from and build upon the Oxford-heritage
in a program to assist industry in meeting the demands of NASA's near-term space-
science instruments. Research results to date are described in the areas of thermal
performance characterization, vibration characterization, and reliaoility character-
ization.

THERMAL PERFORMANCE CHARACTERIZATION

Because of the demands of long-wavelength (up to 15jm) HgCdTe infrared
detectors, important NASA Eos instruments are requiring greater than I watt of
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cooling at temperatures as low as 55K. This level of cooling places increased
emphasis on accurately understanding cooler thermal performance at the lowest
achievable temperatures, and on accurately estimating and minimizing the heat
load that the crocooler must accommodate. This heat load includes both active
power dissipation, from detectors for example, and the sum of all parasitic loads
-- both conduction down wires and supports, and radiation from surrounds.

Because the cryocooler cold finger becomes an integral part of the instrument
cryo-assembly, it is important that it be designed to minimize parasitic heat loads.
Conduction down the cold finger is especially critical if redundant coolers are to be
used without heat switches. Minimizing radiation transfer to the cold tip requires
the incorporation of low-emittance surfaces and radiation shields into the cold fing-
er and its interface design.

Because parasitic loads are systematically included into the design of the instru-
ment cryo-assembly, it is important that accurate estimates of cooler-generated
parsitics be available, and that cooler performance be measured and quoted for
carefully defined boundary conditions. JPL's preference is that cooler performance
be defined in teims of total external refrigeration load -- where external includes
external parasitic loads encountered in the performance measurement setup such as
radiation and instrumentation wiring; loads internal to the cryocooler, such as
conduction down the cold finger, are not counted as refrigeration load.

Initial characterization of the thermal performance of JPL's BAe 80K Stirling
cooler has highlighted the strong sensitivity of the measurements to thermal bound-
ary conditions and instrumentation parasitics. Figure 1 illustrates the significant
performance increase achieved at the lowest temperatures by carefully incorpor-
ating low-conductivity (Constantan) instrumentation wiring to the cold finger and
thermal shields to minimize radiation parasitics transferred to the cold finger from
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Fig. 1. Improved low-tcmpcrature performance of BA- 80K cooler
rcsultir,g from minimizing cold-finger parasihics.
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Fig. 2. Thermal and power performance of the BAe 80K cooler over
the extended operating range from 50 to 160K.

its surroundings. The enhancement represents over a doubling in performance a!
60K -- and more accurately reflects the true cooling performance of the cooler.

Another factor complicating the comparison of competing cooler designs is the
strong dependency (shown in Fig. 2) between cooler input power and operating
temperature for a fixed compressor piston stroke. Although cooler input power is
the appropriate universal parameter for comparing competing coolers of different
designs, the physical limitations imposed by control of piston stroke greatly compli-
cate taking data using input power as an independent parameter. Note that for a
fixed compressor stroke, the input power of this cooler drops from 31 watts to 19
watts as the maximum cold-end load increases from 0 watts at 50K to 2 watts at
160K. This reduced power required at higher temperatures can be an important
consideration for some instrument designs.

VIBRATION CHARACTERIZATION

In addition to a cooler's thermal performance, cooler-generated vibration is
another particularly important parameter for precision imaging instruments; it thus
has been targeted as a key area for improvement in the emerging second-genera-
tion space Stirling crvocoolers.

In characterizing cooler-generated vibration it is useful to speak in terms of the
peak vibrato-, force imparted by the cooler into its supports when rigidly mounted.
This force is the reaction force to moving masses within the cooler that undergo
peak accelerations during various phases of the cooler's operational cycle. The
accelerations can be from controlled motion such as the reciprocating motion of
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the Stirling compressor piston and displacer, or natural vibratory resonances of the
cooler's elastic St.uCtural. c' i ........

Problems occur when the vibrating interface forces excite elastic deflections and
resonances within the instrument structure and components that either adversely
affect optical alignment, or generate spurious electrical signals. The latter are
generated when electrical current-carrying or capacitively-coupled components
undergo relative motions. Although no formally agreed upon requirements exist
for acceptable vibratory force levels, a value on the order of 0.2 N (0.05 Ibs) has
gained acceptance as a reasonable design goal.

To help quantify and undersind the force levels generated by present cooler
designs, JPL has developed the 6-degree-of-freedom force dynanmiometer shown in
Figure 3. This dynamometer has a frequency range from 10 to 5(O) I L, and a force
sensitivity from 0.005 N (0.001 lb) to 445 N (100 lbs) full scale ". Dui ing operation
the forces and moments generated about each of the cooler's axes are avaiiah!r
sinultaneously for real time quantitative analysis.

Research to date has centered on characterizing and understanding the vii.;
tion attributes of first-generation Stirling cooler., of the Oxford type in support of
achieving significant reductions in second-generation units. The overall test sCtup) is
shown in Figure 4.

Figure 5 illustrates the typical time-dependent vibration force generated by a
single uncompensated BAe 80K Stirling compressor in each of three principal axes.
Note that although the largest force is in the piston stroLe direction (longitudinal
direction), as expected, considerable force also exists in the lateral direction, nor-
nial to the piston aLis. and as a moment about the piston LxIs. The lateral force is
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Fig. 4. Vibration charactcrization of back-to-back BAc S0K coolcrs on JPL's forcc dynarnonictcr.

particularly important because it cannot be canceled by running tw.o coolers back-
to-back. Note also the high level of high frequency harmonics present in the gener-
ated forces. This high level of upper harmonics is particularly evident in the
spectral analysis shown in Fig. 6 and has important implications relative to exciting
possible cooler and instrument resonances far removed from the cooler's funda-
mental 40-Hz drive frequency.
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Fig. 0. Influcnce of electronic drive distortion on the vibration force spec'rum
of a siuglk BAe 80K compressor.

During the course of the research it became evident that the harmonic purity
and closed-loop control implementation within the compressor drive electronics
plays an important role in the generation of upper harmonics. As a result, a very
low distortion amplifier and high purity function generator were substituted for the
convIentional clo:,cG loop compressor drivc clcctronics. ihe significani .. ipove-

ment achieved with the low elstortion open-loop drive is illustrated in Fig. 6. Even
greater reductions were achieved in the lateral direction.

With the help of a second cooler from BAe/TRW, a variety of tests have been
conducted with two coolers back-to-back to accfss the levels of vibration cancella-
tion achievable, and the sensitivity of the nulling to various operational parameters.
In general, it was found that open-loop back-to-back nulling of the 40-Hz funda-
mental is relatively easy to achieve with the visibility provided by the force dynamo-
meter; however, when this is done, the 80i-Hz harmonic is nulled to a lesser extent,
and little if any cancellation occurs in the upper harmonics (120 l1z and up). The
poor cancellation of the tipper harmonics makes the net vibration of a back-to-back
compressor pair quite sensitive to the harmonic purity of the drive electronics as
shown in Figs. 7, 8 and 9.

With high )Lirity electronics (Fig. 9), significant (100X) reductions in vibralion
were achievable with back-to-back coolers. Lowering the levels further required
si rtultNZIteOus nulling at multiple frequencies using injected harmonics phase-locked
to the 40-11z drive oscillator. This complex open-loop nulling, shown in Fig. 10,
rcsuilted in most harmolics inear or below the 0.2-N (0.05 lb) goal.

Tests of the vibration force of the displacers revealed vibration spectra similar
in liarmnonic conllte t) those generated by the compressors, but with lower levels,
w., expected. Bccause the level of vibration cancellation achievable with hack-to-
back displacers was less dramatic than with the compressors, the residual forces
wece coiiiptualle. An overvcw of the forces for b,)th compressors and displacers is
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is presented in Table 1. Note that the harmonic purity of the compressor drive
electronics had a modest (2x) effect on the net vibration of back-to-back displacers.

Although the overall level of nulling of both compressors and displacers was
found to be ielatively insensitive to many parameters, such as the radial alignment
of the back-to-back units (up to 1.5 mm) 5, most operating parameters such as
piston stroke and operating temperature had significant effects. This implies that
some sort of active closed-loop nuliing will be required for flight coolers.

Table 1. Summary of RMS Vibration Forces and Moments for BAe Cooler

Longitudinal Lateral Moment about
Configuration Force Force Piston axis

lbs. (N) lbs. (N) in -lbs. (N-cm)

Single Compressor, Conventional Elect. 9.6(0 (43) 1.00 (4.5) 1.20 (135)
Dual Compressors, Low-distortion Elect. (.09 (0.4) 0.12 (0.5) 0.20 (2.26)
Single Displaccr, Convcntional Elect. 0.40 (1.8) 0.80 (3.6) 0.20 (2.26)
Dual Displacers, Conventional Elect. 0.18 (0.8) 0.05 (0.2) 0.03 (0.34)
Dual Disp., Cony. Elcct. w/Low-dist. Comp. 0.(Y) (0.4) 0NY) ((0.4) 0.03 (0.34)

RELIABILITY CIHARACTERIZATION

Although good efficiency and low-vibration are necessary conditions for success-
ful space application, lifetime and reliability are probably the issues currently most
responsible for limiting the use of Stirling cryocoolers in space. There is sharp
contrast between the demonstrated reliability to date with Stirling coolers in space
and the requirement for 5 to 10-year life with 0.95 reliability.

35



The historical lack of reliability in mechanical coo!ers stems directly from their
extreme sensitivity to both gaseous and particulate contamination. Any gaseous
contaminant such as water vapor or hydrocarbon gases is gettered to the cold end
of the cooler where it condenscs or freezes and inhibits the refrigerator function.
This places rigorous constraints on the purity of initial refrigerant gases, on the
degassing of internal cooler surfaces, on the use of any potential outgassing mater-
ials such as polymers, and on any degradation mechanisms that could lead to the
generation of contaminant gases.

Directly tied to the problem of contamination is the problem of wear, because
the lubricity or wear tolerance of most surfaces is strongly tied to the presence of
lubricants and surface plasticizers -- most of which outgas contaminant gases. The
result has been an unwritten rule that a long-life cryocooler must avoid rubbing
surfaces. The flexure bearings and piston clearance seals incorporated into the
Oxford Stirling-cooler design are examples of the application of this rule.

Unfortunately, in trade for the exclusion of rubbing surfaces, linear Stirling
coolers of the Oxford type must contend with a strong sensitivity to manufacturing
and assembly precision and to cooler dimensional stability. Both this assembly
sensitivity as well as the sensitivity to contamination and leakage raise the possi-
bilitv of modest unit-to-unit variability in life and reliability.

A second challenge, closely related to the challenge of achieving high-reliability,
long-life refrigerators, is measuring their life. This is particularly difficult because
there are no accepted means to accelerate the degradation mechanisms in a quanti-
tative way, and no obvious means of measuring a cooler's reliability other than
running it until failure occurs. This stresses the importance of developing means
for qualifying coolers for space application, and for running acceptance tests on
each flight unit. Dealing with expected unit-to-unit variability will require diligent
manufacturing controls to be developed in addition to the specialized qualification
tests and screening techniques for flight units.

U 0.001 HZ
a:

0. H

-4 .3 -2 -1 0 1 2 3 4

PISTON DISPLACEMENT, mm

Fig. 11. Characteri/ation and verification of piston clearance using ultra-low-frequency drivc.
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In support of these needs, one set of reliability investigations at JPL has cen-
tered on developing non-destructive screening tests for piston and displacer clear-
ance. One trial technique, illustrated in Fig. 11, involves driving the cooler at
extremely low frequencies (0.001 to 1 Hz) and plotting the required drive current
-- which is proportional to drive force -- versus piston displacement. At these low
frequencies, gas pressure is extremely sensitive to piston clearance, and rubbing is
immediately apparent as stiction or discontinuity in the current-displacement plot.
As opposed to the standard "pluck test", which uses piston resonant decay to assess
clearance during construction, this test is useful under a wide variety of post-build
environmental conditions.

A second, related reliability issue is the possibility of dynamic piston contact
during operation; such contact could be caused by radial oscillation of the piston
excited through cross-coupling with one or more of the upper harmonics of the
40-Hz drive frequency. Unfortunately the degree of cross-coupling and the ampli-
fication level can be quite sensitive to the details of the cooler's structural mount.
Figure 12 illustratcs a high-level self-induced resonance in a test cooler as seen on
the force dynamometer. Such resonances could severely impact the reliability of
the cooler during operation and need to be attenuated to the maximum extent
possible.

SUMMARY

Meeting the performance goals of near-term space-science instruments places
demanding requirements on long-life space Stirling-cycle coolers. The most
stringent of the requirements is 1-watt cooling at 55K with minimum levels of
cooler-generated vibration and EMI; this must be achieved continuously over a 5 to
10-year timeframe with a reliability greater than 0.95. These requirements surpass
the demonstrated performance of existing Stirling-cycle coolers such as the ISAM's
Oxford cooler, and require that advanced second-generation coolers be developed
and qualified by the mid 1990's.
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An important element of the development of these advanced coolers is identi-
fying and understanding the detailed user interface requirements of the intended
applications and building on the strengths and limitations of the evolving cooler
technologies. Active collaborative characterization and testing by the user com-
munity is an important step in this process.

This first phase of testing at JPL has highlighted the need for standardized
thermal measurement techniques, particularly with respect to controlling parasitic
heat loads on the cold finger, and has illuminated a number of issues relative to
achieving acceptably low levels of cooler generated vibration. Although just begin-
ning, reliability testing, including the development of special non-destructive
accelerated reliability screening tests, is an important focus and critically needed to
allow the early diagnosis and resolution of potential life-limiting failure mechan-
isms. This area of activity is expected to be a major JPL focus in the future.
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