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PROJECT TITLE: 10 K CRYOCOOLER DEVELOPMENT
PROJECT MANAGER: Brian M. Whitney
CONTRACTOR: Lockheed - 3 Stage Stirling Cryocooler
CONTRACT NUMBER: F29601-92-C-0110

DESCRIPTION: Cryocooler designs with minimal weight, high efficiency and reliability
are sought by this program. This project will develop the technology to provide
continuous cooling at 10 K. Cryocoolers at this temperature range are enabling
technology for future satellites the use VLWIR focal plane arrays or low temperature
superconducting devices. Such low temperatures are required for IR sensor cooling to
increase the signal-to-noise ratio.

OBJECTIVES: This program was broken into three separate phases. The objective of
Phase 1 was to identify cooling methods and critical components necessary for the
development of a continuous 10 Kelvin cryocooler. This Phase was to contain several
contractors, each with their own conceptual design. The objective of Phase 2 was to
design, develop and fabricate the critical components of the cryocooler and then to
characterize and evaluate these components. This would essentially be a “proof-of-
principle” phase that would give an initial GO/NO-GO decision point for any of the
contractors in Phase 2. The objective of Phase 3 was to downselect to the most
promising technology and bring that program through building an engineering design
model (EDM) and evaluating the performance of that EDM at Phillips laboratory.

TECHNICAL DEFICIENCIES: Thermodynamic efficiency decreases as temperature
decreases (i.e. it takes increasing amounts of power to cool to lower and lower
temperatures). To reach temperatures as low as 10 Kelvin the thermodynamic
efficiency drops to a few percent of what is theoretically possible. Much of this is due to
losses in the system, such as regenerator (heat exchanger) losses in the cold end.
Regenerator materials naturally lose heat capacity and thermal conductivity below
approximately 20 Kelvin, thus making cooling to these temperatures increasingly difficult.
The 10 K Cryocooler program is designed to advance technology to make these systems
more efficient.

TECHNICAL APPROACH: Begin with system engineering to define cryocooler
design/performance requirements of future space systems at 10 K. Begin development
of critical components which need advancement beyond state-of-the-art to reach these
requirements. These components will be fabricated and tested to demonstrate the
improvement in cryocooler performance they would enable. This demonstration will allow
selection of the most promising approach for the engineering model. Design, fabricate
and test an engineering development model (EDM) cryocooler to demonstrate
continuous 10 K cooling.

Accesion For .

SYSTEM REQUIREMENTS: NTIS CRA&I a
DTIC TAB

Cooling 0.15W@ 10K Unannotnced 1
20W@ 35K Justification |
50W@ 80K _

Input power <1000 W By

Weight <100kg Distribution]

Total satellite penalty < 250 kg

Operational life 10 years Availability Codes

_ Avall and/or
Dist Special

C-&




Reliability > .85
Vibration <.05N

USER NEED / PRIORITY: Supports LWIR, VLWIR requirements

COST / PERFORMANCE PAYOFF: Enabling technology for future satellites that use

VLWIR focal plane arrays or low temperature superconducting devices.

KEY MILESTONES: Oct 92 : Begin Phase 1 (3 contractors)
Mar 93 : Downselect to one contractor (Aerojet Corp)
-Mar 93 : Lockheed contract canceled

SUMMARY:

This contract was let in Oct 1992 as part of a three pronged effort to pursue
cryogenic cooling at 10 Kelvin. TRW, Lockheed, and Aerojet were contracted to
perform preliminary component designs, trade studies, critical component
identification and Phase 2 test plan under Phase 1 of this program. Lockheed
proposed a three stage Stirling cryocooler to satisfy the requirements of this

program .

This effort by lockheed proved to be unsatisfactory at the end of Phase 1 due to
the inability to meet all of the specified requirements. Although Lockheed"s design
theoretically could have met the cooling requirements it used more than the allotted
1000 W of input power and more than the allotted 350 kg of total spacecraft
penalty weight. Because of the requirements issue, Lockheed was not chosen to
continue into Phase 2 of the 10 K program and the program was canceled.
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SUMMARY

e Low porosity regenerators improve performance
significantly, particularly in 2nd and 3rd stages

3rd stage: 0.30 porosity spheres, 2 sizes

2nd stage: 0.55 porosity screen (flattened)

1st stage: 0.60 porosity screen (flattened)
e Optimum mean pressure is 1.5 MPa

e Minimum clearance gap occurs in 3rd stage -

Both 20 Hz and 40 Hz cases studied

REGENS3.1 used for analysis of all regenerators

¢ Degradation factor of 0.85 used to convert isothermal
PV expansion work to gross refrigeration power in each

stage
o Real gas properties used in calculations

o Actual input PV power taken as 1.5 times calculated
isothermal PV power to account for compressor losses

o Efficiency of 85% assumed for conversion of electrical
to PV power in linear resonant compressor
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Nomenclature:

V. (cm® |Expansion space swept volume (or volume of gas passing through regen.)(magn.&phase)
d (mm) [Diamater of displacer ’

ty (mm) |Thickness of cylinder wall

t (um) Thickness of gap between displacer and cylinder wall

Regen. mat.  |Regenerator matrix material

Porosity Porosity of regencrator matrix

Mesh Mesh size of screen used for regenerator matrix (if screen is used)

Par. diaum | Diameter of sphericle particles in regenerator matrix (if spheres are used)

A (em®  |Total cross sectional area of regenerator (matrix plus gas)

D {mm) Diameter of regenarator

L (mm) Length of regenerator

Vo (exn®)  |Volume of gas in regenerator

_\_/a/V. Ratio of regenerator gas volume to expansion spacs swept volume

P, Pressuro ratio at cold end of regenerator

P./P, Ratio of dynamic pressure amplitude to the mean pressurs

AP/P, Ratio of average pressure drop in one direction to the mean pressure

T, ¢:9] The log-mean tomperature of the regenerator, T, = (T,-T.)in(T,/T.)

M, (g/s) Mass flow rate into the expansion space volume (magnitude and phase)

Hh, (&) Maes flow rate at the cold end of the rogenerator (magnitude and phase)
PV&,(M Rato of change of mass within the regenerator due to pressure change (magn. and phase)
h, @ Mass flow rate at hot end of regenerator (magnitude and phase)

W. (W) _ |Total work flow at cold end of regenerator

W, (W) |Work flow into expansion apace volume (isothermal conditions)

@, (W) |Maximum gross refrigoration power in expansion space (includes roa) gas effects)
QR ™ Actual gross refrigeration power in practical system
Qg W) Ragonarator loss due to ineffectivencss of regencrator
[ L)) Conduction loss in regencrator matrix
__Q_ﬂ )] Conduction loss in tube (pressure confining tube)
&_ w) Conduction down displacer (excJuding any regencrator matrix)
_Q‘A w) Loss dua to flow in gap between displacer and cylinder

Q W Shuttle heat Joss
3,_,& ") Net refrigeration power

W, W Work flow at hot end of regenerator (neglecting presstre drop)

Woe ) Work flow at hot end of regenerator (including prassure drop in regencrator)
ﬁ,ﬁ (W) | Compressor PV work required to providae flow work into expansion apace volume
.Y”'.eﬂ (W) | Sum of compressor PV work required for specified stage plus all colder stages
REGEN3.1 Run number from REGENS.1 analysis used for these ealeulatinns

Factor Factor that is used to multiply the mass flows, cross-sectioal areas, volumes, and powers in

the REGENS.1 analysis to adjust to the siza needed for this case




Table 4. Characteristics of cold stages, 40 Hz, 1.5 MPa, 4.4 mm stroke.
e — L

L

Parameter | 3rd Stage (Phase) 2nd Stage (Phase) | 1lst Stage (Phase) | Warm end
10K015W  (deg) 3BK2W (dag) ROK 5W (dog) 300 K
V. (m)| 007 .133 0.436 .133 1.688 .133 2.195
] (mm)|  4.63 12.11 25.20 25.20
t, (mm)| 04l 0.41 0.41
t, (sm) 20 25 a5
Regen. mat,| composite phos, bronze 8.8.
Porosity 0.30 Q.55 0.60
Mesh , 250 325
Paz, dia(um 183
A (emb)]| 0900 0.840 3.78
D (mm)| 10.70 10.34 21.94
L (mm) 30.0 25 30
V, ()| 081 1.166 8.80
V.V, 1141 2.85 4.03
P, 1.700 1.735 1.708 1.889
B/, 0.2593 0.2687 0.2852 0.3077
AP/P, 0.00938 0.0165 0.0225 0.0200
T, ® 18.96 54.4 166.4 300.0
b, (3 0.81 .32 0.89 33 1.63 29
M, (g/s) 0.81 -82 143 18 2.70 11
PV,_/RT.(g/s 181 20 1.04 20 2.12 90
h, (g/) 1.13 58 1.82 47 3.56 43
W, W 1.50 14.39 68.34
W, W 1.50 8.14 .17 48
Qn | - 1.52 7.76 33.21
Q ™ 1.29 6.59 26.23
QW 0.76 3.15 10.05
QR.™W 0.12 0.08 2.57
) 0.02 0.18 2.92 (1.18,T4)
QW 0.00 0.02 0.44
3‘ w) 0.13 0.48 0.63
Q @ 0.07 0.51 6.87
QW | 019 821 817 | (109079
w, W 6.03 30.91 242.2 213
| Wir W) 6.26 32.81 261.3 213
Wa W) 60.7 80.8 187.0 :
Wt W) 151.6 308.5 261
REGENS.1 #922 #960 #957
Factor 1.50 0.70 0.90
—-




n. tu (Phase)

300K 320K 320K
.Y.e (cm?) 19 . «203
d (mm) (a=70%
t, (mm) 0*=23"
t (um) (6=38°)
Regen. mat.| copper
Porosity
Mesh
Par. dia(um
A (em’)
D (mm)
1. (mm)
|V, _(em))
Vo .
P, 1,889 1.876
P,/P, 0.3077 0.3277
AP/P, 0.020
T, (1:9] 310 320
th, @)
B, (ge) 3.72 85
PV RT.@m| 0.2 90
h, @ | 387 57
w. W 213
W, W 4.2 49
a. W
QW
Quy W)
P
G
P
1y W
QR W
[
W, W 227 383
Wi W) 242 363 427
W, W
Wy e () (281) (392) (161)

IS
[»]
2
o
-

2|z
§




Table 5. Characteristics of cold stages, 40 Hz, 1.5 MPa, 4.4 mm stroke, smaller 1st.
Paremeter | ard Stage  (Phase) | 2nd Stage  (Phase) | lstStage  (Phase) | Warm end
10K0.15W  (deg) BKIW (deg) 80K 5W (deg) | 300K
V, (emY)| 0071 .133 0.438 -133 1.292 -133 1.799
d (mm)| 4.53 12,11 22.82 22.82
t. (mm)| 041 0.41 0.41
t,  (um) 20 25 86
Regen. mat. | composite phos. bronza 8.S.
Porosity 0.30 0.65 0.60
Mash 250 326
Par. dia(um 183
A (em®]| 0800 0.840 3.38
D (mm)]| 1070 10.34 20.88
L (mm) 30.0 25 30
|V, (em)| 081 1.165 6.06
v, N, 11.41 2.65 4,68
P, 1.700 1.738 1.798 1.889
P,/P, 0.2593 0.2687 0.2862 0.3077
AP/P, 0.00939 0.0168 0.0226 0.0200
T. ® 19.96 4.4 166.4 300.0
h, (&) 0.81 -32 0.89 33 1.25 29
B, (g 0.81 .32 148 18 2.40 11
PV /RT, @/ 1.81 90 1.04 20 1.88 80
By (g/e) 1.13 58 1.82 47 3.16 43
W, W 1.50 14.39 58.97
W, ™ 1.50 8.14 26.16 29
Qe O 1.52 7.5 25.42
Q ™ 1.29 .59 21.61
Q @ 0.78, 3.15 8.94
Qe ™ 0.12 0.08 2.28
Q_._. W) 0.02 0.18 2.64 (1.08,T%)
Q.L ) 0.00 0.02 0.27 ‘
R W 0.13 0.18 0.57
QW 0.07 0.51 8.22
g_m._ W) 0.19 3.27 5.11 G811
W, W 6.03 30.91 215.3 188
Wo W) 8.25 32.81 232.3 198
_\E,_, W) 60.7 90.8 120.2
W, ot (W) 151.5 271.7 233
REGENS,1 #922 #060 #9067
Factor 1.50 0.70 0.80
_—m—m&




Table 5b. Characteristics of aftercooler and compressor, 40 Hz, 1.5 MPa,

Parameter | Aftercooler  (Phase) | Conn. tube  (Phase) .| Compressor  (Phase) Electrical
300 K 320 K 320 K

Vo (m)] - 17 -202
(mm) (0=70")

L, (mm) 0"=22"

t, (um) (8=37)

Regen. mat.| copper

Porosity

Mesh

Par. dia(um

A, (cm®)

D (mm)

L (mm)

Vn (em®)

Vo'V,

P, 1.888 1.975

P,/P, 0.3077 0.3277

AP/P, 0.020

T, X 310 320

h, (@)

h  (@e) 3.10 56

bV RT.(gs| o02° )

B, (@) 3.53 58

w. W 193

W, W 32 3.8

Qn W)

QW

a, W

L W

oW

QW
wW)

P

P

W, W 208 329

Wir W) 219 829 387

W, oW

AL

Woww W) | (289 (350) (461)

MLTLUERSA

REGEN3.1

Factor




Table 1. Characteristics of three cold stages, 20 Hz, 1.6 MPa, 6.0 mm stroke.

. e —
Parameter | 3rd Stage (Phase) 2nd Stage (Phase) 1st Stage (Phase) Warm end
J0KO0.16W  (deg) BKIW (deg) 80K 5W (deg) 300 K
V, (m®}] 0.107 -137 0.817 -187 4,76 137 5.884
d (am) 4.77 14.00 34,78 84.73
t, (mm) 0.41 0.41 0.41
t, (um) 23 30 40
Regen. mat. comp, phos hronze 8.8.
Porosity 0.30 0.605 0.843
Mesh - 325 326
Par. dia(um 183 . .
A, (emd| 080 1.078 3.36
D (mam)| (8.74) 11.72 20.65
L (mm) 30.0 25.0 30.5
Vy (mh] 054 1.483 8,57
|V, IV, 5.05 1.815 1.638
P, 1.700 1.721 1.780 1.832
P,/P, 0.2593 0.2649 0.2728 0.2937
AP/P, 0.00555 0.00770 0.0211 0.0200
T, & 19.96 54.4 166.4 300.0
h, (g 0.54 -32 1.24 -30 2.09 25
%, (gle) 0.54 .32 1.27 el 3.00 .11
PV, /RT,(g/s 0.64 90 0.85 20 0.98 90
t, (g8 0.43 -] 112 17 2.91 7
w, ™ 0.99 11.84 71.06 .
W, W 0.99 8.06 45.23 -59
Q, | 100 7.68 43.97
QR ™o 0.85 6.53 37.37
QW) 0.36 2.11 11.78
Q ™ 0.04 0.09 1.14
QU W 0.02 0.20 398 (180, T
QW) 0.00 0.03 2.21
& W) 0.13 0.43 1.85
QA W 0.12 0.92 16.16
Q. W ] 010 B4l 50 |oeT
w, W N 25.10 258 217
W (W) 3.79 25.83 278 217
W, W 38.3 87.2 208.2 .
Wt W) . 125.5 334 275
REGENS.1 #923 #0935 #941
Pactor 1.00 0.70 1.00 |




Table 1b. Characteristics of afterooler and compressor, 20 z, 1.5 Pa.

Electrical

Parameter | Aftercooler  (Phase) Conn. tube  (Phase) | Compressor  (Phase)
300K 320K 320K

V., (cmY 25 -223

d (mm) (a=86"

ty (mm) 8*=43")

t,  (um) (6=58°)

Regen. mat copper

Porosity

Mesh

Par. dia(um

A (em?)

D (mm)

L (mm)

V,y (cm?)

Va V.

P, 1.832 1914

P,/P, 0.2987 0.3137

AP/P, 0.020 '

T, [0:9] 310 320

h, (g

f, (g/s) 2.63

/R g

h, (&) 2.70

w. W) 217

W, ™ 4.7 5.5

oW

QW

P

_QR_ W

P

W)

P

Q ™

D W)

W, W 231 371

Wi (W) 247 3 486

Woma W) | @75) (413) (485)

REGEN3.1

Factor




Table 2. Charactemucs f cold stages, 20Hz 1.5 MPa,

6 mm stroke, 1onger 1st stage,

! '
3

3rd Smge (Phase) 2nd Stage (Phase) 1st Sm;e (Phane) Warm ead

10K01EW  (deg) BE2W (deg) BOK 5W (deg) 300 K
V. (em%)] 0.107 187 0.817 137 4,78 -137 5.884
d  (mm)] 477 14.00 34.73 34.73
t, (mm)| 041 0.41 0.41
t,  (um) 23 30 40
Regen. mat. comp, phos bronze 8.8.
Porosity 0.30 0.56 0.60
Mesh . 325 250
Par. dia(um 183 . .
A, (cm?) 0.60 1.078 4.00
D (mm) (8.74) 11.72 22.57
L {mm) 30.0 25.0 38.0
V,, (emhH| 054 1.483 8.64
V.V, 5.08 1.815 1,818
P, 1.700 1.721 1.750 1815
P,/P, 0.2683 0.2649 0.2726 0.2804
AP/P, 0.00555 0.00770 0.0168 0.0200
T, ® 10.96 54.4 166.4 300.0
B, (@ 0.54 .32 1.24 .80 2.09 26
t,  (ge) 0.54 .32 1.27 .11 3,00 11
PV, RT,(g/a| 064 80 0.85 90 1.28 80
W (gls) 0.13 66 1.12 17 2.95 14
w, ™ 0.99 11.84 70.18 .
W, W 0.99 8.05 44,30 -58
Q. W] 100 7.88 42.80
R W 0,85 6.53 36,48
Qe W) 0.38 2.11 10.25
Qe W 0.04 0.09 181
QR W 0.02 0.20 3.38 {187, T
Q ™ 0.00 0.03 1.67
Q W 0.13 0.43 0.71
Q G| o012 0.92 12.84
Qo W | 018 341 980 |UL79.TH
W, W 3.1 26.10 264 211
W (W) 3.79 25.83 269 211
_\Ig:_ W) 37.8 86.9 201.0 .
W, W) . 123.7 326 267
REGEN3,1 #023 #0936 #959
Factor 1.00 0.70 1.00

—




Conn. tube  (Phase) -

e
Electrical

Pexameter | Aftercooler  (Phase) Compressor
300K 320K 320K
V. (em" 27 -218
d (mm) {a=81%
t. (mr) ©*=389
Y um) (9%53%
Rogen. mat.| copper
Porosity
Mesh
Par. dia(um
A (em"
D (mm)
L (mm)
V., m)
Vv, NV,
P, 1.815 1.808
P/, 0.2804 0.3094
AP/P, 0.020
T, X 310 320
h, (/8 :
m, (gh) 2.63
m, (@) 2.70
W, W 211
w, o 4.7 5.5
Qn W
Q ™
QW
QW
Q@ W
QW)
Q W
R W
Q. W
W, W 225 362
Wiy W) 241 362 426
W, W)
;ﬁm_w W) | (287 (401) “71)
REGEN3.1
Factor




Table 3. Cold stages, 20 Hz, 1.5 MPa, 6 mm stroke, longer and smaller dia. st stage.

Parameter | 3rd Stage  (Phase) | 2nd Stage  (Phase) lst Stage (Phase) | Warm end
10K015W  (deg) BKIW (deg) 80K 5W (deg) 300 K

V., (mY] 0107 .137 0.817 137 4.28 .137 5.204
d (mm)| 477 14.00 33.23 33.23
t, (mm)| 041 0.41 0.41

t, (um) 23 30 40

Regen. mat.| comp. phos hronze 8.8.

Porosity 0.30 0.56 0.60

Mesh . 325 260

Par. dia(pm 183 - -

A {em) 0.80 1.078 3.80

D (mm) (8.74) 11.72 22.00

L (mm) 30.0 25.0 36.0

V, (m) 064 1.483 8.21

V_N, 5.05 1.816 1.918

P, 1.700 1.721 1750 1.815
P,/P, 0.2683 0.2849 0.2726 0.2894
AP/P, 0.00555 0.00770 0.0168 0.0200
T, ) 19.98 54.4 168.4 300.0
h, (@) 0.54 .32 1.24 -80 1.92 .25

th, (g/) 0.54 -32 1.27 .11 2.85 11
PV /RT,(2/s| 0,64 80 0.85 %0 1.22 80

h, @) 0.43 65 1.12 17 2.80 14

W, W 0.99 11.84 66.62 .
W, W 0.99 8.05 40.79 53
Q, W] 100 7.88 39.49

QW 0.85 6.58 33.57

Qs W) 0.35 2.11 9.74

QR W 0.04 0.08 1.3

Qe W 0.02 0.20 322 |31, T
(P )) 0.00 0.03 1.49
QW 0.13 0.43 0.68

QR W 0.12 0.92 12.29

Q., W) 0.19 341 840 1003LTD

W, W 3.7 25.10 241 203
Wiw W) 3.79 26.83 256 2083
W. W 37.8 85.9 185.0 .
Weo o W) . 123.7 309 266
REGEN3.] #923 #9365 #959

Fagctor 1.00 0.70 0.95

S T S~




Table 3b. Characteristics of aftercooler and compressor, 20 Hz, 1.5 MPa.
R

[ o
Parameter

Aftercooler
300 K

(Phase)

Conn. tube
820K

(Phase)

Compressor
320K

(Phase)

R —
Electrical

V., (em®)

28

-218

(@=81%

d (mm)
t, (mm)

(6°=38"

4 (um)

(8=58")

Regen. mat.

copper

Porosity

Mesh

Par. dia(um

A (cem")

D (mm)

L (mm)

\/ (cm”)

A

P,

1.815

1.886

PP,

0.2894

0.3084

AP/P,

0.020

310

320

2.83

2.70

203

3.2

307

217

347

231

847

408

(256)

(384)

(452)
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LOCKHEED COMPONENT WEIGHT
BREAKDOWN

Reference Drawing 1061CSK-0006

WEIGHT (Lbm)

DESCRIPTION MATERIAL  |QUANTITY [ EACH | TOTAL
CENTER HOUSING STN STEEL : 4295 | 4.295
DIAPHRAGM 17-4 PH 2| 0.346
INNER SUPPORT ALUM ALLOY 2 | 0850
INNER STATOR HYPERCO LAMS| 2 | 1.680
MOTOR HYPERCO LAMS| 2
(COPPER AND IRON) | SQUARE WIRE | 2 | 4220

5750 | 13.500
(RECIPROCATING MASS) |
*PLUNGER ALUM ALLOY | 2 | 0.199
«CARRIER BODY ALUM ALLOY 2 | 0137
«MTG RING ALUM ALLOY 2 | 0058
«MAGNETS AND WRAP 2 | o918
«MAKE~UP 2| 0369

1682 | 3.364
(PRESSURE VESSEL) |
MAIN BODY | TN sTeRL 2| 1948
«SHELL END STN STEEL 2| 0.446
+BELLOWS INCONEL 718 2 | 0203
“BELLOWS CAP STN STEEL 2 | 0079
*CLAMP - STN STEEL 2 | 0332

3006 | 6012
(MOTOR FRAME)
«MTG RING ALUM ALLOY 2 | 0.0s6.
«SUPPORT CYLNDER | ALUM ALLOY 2 | 0139
“WEBS (x5) 0.06" THK | ALUM ALLOY 2 | o198

0393 | 0.786
(CAPACITANCE PROBE)
xCENTER TIP ALUM ALLOY 2 | 0.007
*GUARD ALUM ALLOY 2 0.053

0.060 | 0.120
oL 2 | 1989 | 3978

32.747

POWER SYSTEMS DIVISION
Mechanical Technology Incorporated (93P12)
93248
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