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THE CESIGN OF A SHALL LIMEAR-RESUNANT, SPLIT
STIRLING CRYQGENIC REFRIGERATOR COMPRESSOR

R.A. Ackermann

MECHANICAL TECHNOLOGY INCORPORATED
968 Albany-Shaker Recad
Latham, New York 12110

For tihe past two years, Mechanical Technology Incorporated (MTI) has been
. engaged in the development of & swmall linear-resonant compressor for use - in a
1/4-watt, 78K, split Stirling cryogenic refrigerator. The compressor contains .
the following special features: 1) a permanent-magnet linear motor; 2) resonant
dynamics; 3) dynamic ba‘ancing; and, 4) a close-clearance seal between the com-
pressor piston and cylinder. This paper describes the design of the compressor,
‘and presents component test data and system test data for the compressor dr1v1ng
a 1/4-watt expander,
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dynamics; split Stirling; 1/4-watt expander

1. INTRODUCTION

The objective for this program was to design, fabricate, and test a linear compressor that could
be used in the military's 1/4-watt split Stirling cooler. The compressor was designed te demonstrate
that it could ultimately meet the existing specifications for size, weight, ard input powar when
driving an cxisting expander. The important requirements designed for in the compressor are: :

1) h’gh reliability, and MTBF's greater than 3000 hou.s.
2) the elimination of all lubricants;

- 3) low mechanical vibration; and,
4) the elimination of contacting seals,

Items 1 and 2 were achieved by using a linear drive system that eliminated mechanical Tinkages
and the nzed for lubricants.:. Item 3 was achieved by incorporating into the compressor a balancing
technique previously developed and patented by MTI, and Item 4 was achieved by using a close-clear-
ance piston/cylinder seal.

2., COMPRESSOR DESCRIPTION

The prototype Yinear cooler developed is shown in Figure 1, and the design of the compressor is
shown in Figure 2. Beginning at the left end, the compressor consists of the p1ston/cy1~nder, with
the piston connected to the motor piunger through a flexible rod. The plunger, which is made up of
radially erergized Sm Cog permanent magnets and a back iron, is supported on either end by teflon
bearing pads that pos1tion the plunger inside the motor stator. The stator contains the electric
coils and the end caps rigidly fastened to the siator on either end form the compression cylinder and
bearing assemblies described abcve. On the right end of the compressor is the counterbalance weight,
which is connected to the plunger through a mechanical spring and attached to the outer case, along
with the stator, through a flexible support configuration. Mechanical springs betwzen the plunger
and end caps provide the resonant characteristics. The outer pressure case, gas transfer tube, and
displacement sensor located in the center of {he plunger complete the design.

250


https://core.ac.uk/display/42843013?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

e’ ST o}

AR R

Figure 1 HMTI Linear 1/4-Hatt Split Stirling Breadboard Cooler
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Figure 2 Compressor Layout {Dimensions in inches)
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The specifications for the compressor were:

Freguency 22 Hz
Hean Pressure 600 psia
Pressure Differential 400 psia®
input Power >30 watis
KHeight >2.5 1b

In the design, it turned out that the critical design trade-off parameters were:

* bore-to-stroke ratio;

* resonant frecguencys

» mecharnical spring design;

* weight ot the motor plunger; and,
* pressure differential.

The bore-to-stroke ratio was f{mpsortant 1in establishing the stze of the sotor, the
cozpression-space spring component, the stress in the mechanical springs, and the piston leckage and
frictional losses. A trade-off analysis of these parazeters with the bore-to-stroke ratio showed
(Figure 3} that an upper limit on strce2 of 0.6 inch was set by the stress in the mechanical springs,
‘and a Tower limit of 0.3 inch uas set by the outside diemeter of the motor amd the amount of gas
spring developed in the cozpression space. The mechanical springs were linited to a stress of 60,030
pst, the gas spring was limited by a maxizus plunger weight of 0.5 1b, and the cotor size was Timited
by the maxirum diameter specification of 1.750 inch. As for the bore-to-stroke retio, the other four
items also relate to the dynamic operation of the compresscr. For this desien.. the operating fre-
quency of the cospressor was specified as 22 Hz. Achieving resonant operaticn in a high-pressuve
differential, low-stroke cozpressor at this low frequency is difficult because of thz large spring
compensat derived from the compression space. falancing this spring with the ireriva coomponent of
the toving assemdly requived a lavge plunger weight. To minimize this weight, & maxiau stroke of
0.6 inch was selected. :
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The final design criteria for the comprassor were:

Frequency - 2

2 Hz
Swept Voluze -~ 0.82 ol
Strake - 15.29 rm
Bore - 7.9 =
Hotor Diameter - 44.45 m
Plunger UWeight - 0.25 kg

-2.1. Hotor Characteristics

. The lincar motor used s one of a family of permanent-magnet {Sa Cog) linear motors develeped at -
HTI. Figure 4 schematically shows a section of the motor with the plunger in the center position.
The motor consists of stationary outer electrical coils wound on a steel bobbin, and an inner parsan-
ent-magret plunger. The wagnets are radially magnetized, with alternate magnets having north polar-

ity on the outside diazeter and south polarity on tha inside diameter. The design characteristics
for the motor are: -

Freguency 22 Hz
Stroke . 15 mm
Static Ferce. 35.6 nt @ 2.0 amp 0.C.
Electrical Input Power <30.0 watts
Yoltage 17.5 Y.A.C.
Hedght < 1.0 Kg
Stator Bobbin

lSm €O, f Piunger
bagnals

Figure & Permanent-Magnet Motror

2.2._ V'ibraticn Isolation

Vibration isolation is echicved by enploying a counterweight system with the isclation charac-
teristics described in Figure 5. For this {solaticn technique, the counterweight is attached to the
stator through a mechanical spring, and both the stator and counterweight are supported frca the
housing by mechanical springs. Through the proper design of this spring mass systew, the coualer-
weight (M) is tuned so that the tronsaitted force to the case through the two springs (K3 and Kg)
may be designed to cancel one another, producing zevo transmissibility. The advantages of this sys-
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tem are that the counterweight mass and azplitude are kept scall, and good force fsolation can be ob--
tainmd over a broad operating range of frequencies (w) egual to or ne2ar w,. The characteristics of
the isolatfon system are: ‘

Kl = 363 nt/m
K2 = 820 nt/m
K3 = 491 nt/m
Wy, = 0.09 kg
4, = 18 Hz
W, = 22 Hz

Type of lsclslon: Dynamic Two-Dsgico-oi-Freadom
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--Vibration Isolation Technigue—

2.3. Test Results

Testing of the cozpressor was perforiced using both 2 1/4-watt split Stirling conler expander anrd
a stmilated test volume that matches the expander and transfer tube voiumes at the design operating
point of 80°K, Tests conducted con the cozpressor shoved that the corpressor performed better at 30
Hz than at 22 Hz. Rather than chanze the plunger @ass to reduce the cperating resensni frequency, it
was felt that at this point in the development, testing at the highor frequency should centinve, and
the inefficiences from the aismatch between the compressor and expander should bz accepted.

burfing the initial checkout tests of the compressor, it tosk significantly wore than ) vatts to
develop the required prassure differential of 400 psi. The problem was diagnosed as too targes &
clearance between the compressor piston and cylinder. By inspecting the hardware, it was found that
instead of a radial clearance of .0002 to .0004 fnch, the actual clearance was .COC6 inch, After ve-
furbishing this hardware and achieving a .0003-inch radial clearance, the machine performed much
better. The pressure difference gensrated by the machine §s given in Figure 6. AS shown, at the de-
sign specification of &00-psi pressure difference, the input power vas less than 30 watts.

The cooling capacity of the compressor driving the 1/4-watt expander (shewn in Figure 1) §s gliven
in Figure 7. The resuits of these tests showed that the lowest temperature achieved was 35°K: at
77°K, the machine produced 0.35 watts of refrigeration for an irput power of 34.5 watts. The
cool-down time to 80°K was four minutes. ' .
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Figure 7 1/4-Watt Cryocooler Cooling Capacity
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Another intaeresting test result was that the number of electrical coils in the stator could be
reduced without affecting compressor performance. In the fabrication of this machine, the five
cofls were wound individually, and separate power leads were brought out of the machine, enabling the
coils to be disconnacted and the effect studied. The result (shown in Figure 8) was that the two
auter cofls could be eliminated without a reduction in the pressure differential (the right-hand or-
dinate), or an increase in input power (the left-hand ordinate). The implicatfon of this is that the
- motor length can be reduced by two cofl segments (1.44 inches), and the overall length of the cc'a—
pressor can be reduced from 7.00 inches (Figure 1) to less than 5.5 inches. .

3. CONCLUSION

The concept of using a linear drive for the mﬂitary 1/4-watt split Stirling cooler cc:mressor is
practical, as demonstrated bty the program; in particular, the program showed the following:

1. It {s difficult to design for a low frequency of 22 Hz and a large pressure difference because of
the large spring force produced by the compression space and the large moving weight requ‘!red to
balance the spring component. Increasmg the frequency will eliminate this problem. -

2. A linear compressor can ba developed for the 1/4-watt split Stirling cooler that will meet an of
the present cooler specifications,

3. Effective vibration {solation can be incorporated and still meet the design specified envelape. '
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Figure 8 Bffect of Eliminating Coils
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