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1. SUMMARY

An extensive evaluation of a modified Model 21 cryocooler with various
regenerator matrices is reported. The matrices examined are 0,015" diam Pb
spheres and 0.008", 0.015", and 0,030" diam rods of a 0.2%~Sn012—doped cer—
amic labelled LS-B8A, Specific heat and thermal conductivity data ou these
rod materials are also reported (literature data exist on the Pb spheres).

The primary goal of these studies was to overcome the chronic pulveriza~
tion/dusting problem common to Pb spheres. This goal was achieved: During a
1000-hy life test with 0,008" diam rods there was no degradation of the
refrigerator performance, and a subsequent examination of the rods them-
selves revealed no evidence of breakage or pulverization.

The load-temperature charvacteristics for the rod-packed regenerators were
inferior to that for the Pb spheres, the effect being to shift the Pb-sphares
load curve up iu temperature. This temperature shift was 5.0, 7.4, and
11,6K for the 0.008", 0.015", and 0.030" diam rods, respectively (i.e., the
no-load, second stage temperatures were 12.4, 14.8, and 19.0K, respectively,
compared to 7.4K for the Pb spheres case).

The ordering of the load curves obtained with the three rod diameters
is explained as being due primarily to the diminished volumetric specific
heat and enthalpy of the rods in the higher temperature portion of the re-
generator compared to Ph spheres (the measured packiug fractions are in-
cluded in these analyses). TFor the 0.030" diam rods, the slow thermal
relaxation time (v38ms) and small surface area compound the reduced specific
heat and enthalpy.

Packing fractions =80% were obtained with the rod-packed repenerators
compared to 61% for the Pb sphere regeneratorv. The insertion of fine copper
screens in the rod-packed regencrators did not affect the packing fraction
atid resulted in improved performance in the case of the 0.015" diam rods.
This is dve to the turbulent conditions obtained with the screens (estimates
of the Reynold's Numbers indicate that the He flow through the packed-rod
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regenerators without screens is laminar). Metallizing the 0.030" diam rods
to improve the heat transfer coefficient resuvlted in degraded refrigerator

performance.

The conclusions reached from these studies are reinforced by the finding
that the optimum operating conditions determined for both the Pb-spheres
and the packed-rod regenerators are the same: 3.3 Hz coldhead speed and 190

psid pressure drop.

The most confusing finding in this study was that the extruded rods of
0.2%—Sn012—doped LS-8A had a significantly lower specific heat than that

of the bulk material on which the program was based. Surprisingly, extrud-
ing rods of undoped LS-8A results in dramatically increased specific heat
values which are larger than, or equivalent to, Pb spheres, 2-31K. It is
suggested that a pressure-induced phase transformation occurs during extru-

sion to explain these results.

Whatever the cause of this extrusion effect, the clear recommendation
from this study is to evaluate these undoped rods in the Model 21 regener-
ator. It is anticipated from this study that such rods would not only
alleviate the Pb-sphere-pulverization problem but also result in improved

refrigerator performance.
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11. INTRODUCTION
The effectiveness of regenerators in Stirling-cycle type refrigerators

depends critically on matching the volumetric specific heat of the regener-
ator matrix material to the volumetric specific heat of the working fluid.
This effectiveness in turn plays the dominant role in determining the re-
frigerator efficiency.1

In cryocoolers, the working fluid is He.gas, and because He gas retains
a large specific heat at low temperatures, small Pb spheres have commonly
been used as the regenerator matrix material. The reasons for this usage
are that Pb has a large volumetric specific heat at low temperatures (Debye
temperature ~110K), and the packing fraction for spheres is large (theor.
68%). Also, the use of spheres insures a small thermal conductance loss
across the regenerator because of the point-contact thermal resistance be-

tween the spheres.

Mechanically, Pb spheres are undesirable due to the chronic pulveriza-
tion that occurs in reciprocating regenerators. This pulverization leads
to segregation and gas channeling which not only degrade the performance
of the cryocooler but also often result in machine failure (We remark that
in our tests here we observed evidence for pulverization in a Ph-sphere re-
generator after only 80 hours of operation.). Often a small amount of Sb is
alloyed with Pb to improve the hardness, but the improvement gained is mar-

ginal at best.

The possihility of replacing Pb spheres with a new ceramic, labelled
LS-8A, led to the first JPL-funded study in this series (JPL Contract No.
955446, Evaluvation of a High-specific-~heat Ceramic as a Possible Replace~
ment for Pb in Regenerators). It was known prior to this first contract
that the LS~8A ceramic had a low-temperature, volumetric specific heat equiv-
alent to Pb and a hardness about 13 times larger thanm Pb.2 The goal of this
first study was to evaluate doped versions of LS-8A to examine the resulting
hardrness and low-temperature thermal properties, and the dopants selected

were SnClz, Cs1, and AgCl. Also, double dopings (SnCl, + Csl) were examined,

2
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and the doping levels ranged from 0.1 to 2.0%.2

Although the dopants increased the hardness of LS-8A by up to 20%, a
more dramatic and unexpected improvement took place in the specific heat.
Specifically, the Sn012 dopant had a remarkable effect in increasing the
specific heat, and an analytical model was developed based on which the 0.2%-

SnC12~doping level was determined to be the optimal 1evel.2

Going further, it was determined that rods rather than spheres of this
doped LS-8A would be appropriste regenerator matrix materials. That is,
the thermal conductance of a column of Pb sphevres was measured,3 and based
on thermal conductivity measurements of the doped LS-8A it was found that
the thermal conductance loss across a rod regenerator would actually be
smaller than that across an equivalent Pb-sphere regenerator. There are
several compelling reasons for considering a packed-rod regenerator:
(1) The packing fraction is about 50% larger than for spheres (theor., 91%);
(2) The rod arrangement is inherently more stable mechanically than the
sphere arrangement; and (3) The LS-8A can be continuously extruded.2

The present contract, the second in the JPL-funded series, was based
on evaluating 0.2%—Sn012—doped LS~-8A rods in an actual cryocooler (Model
21, Cryogenic Technology, Inc.). Additionally, some of these rods were eval-
vated in the Model 350 refrigerator at JPL. Three rod diameters were studied
(0.008, 0.015, and 0.030-in diam.), and the Model 21 was modified to allow
for both speed and pressure-drop variations. The measurements here involved
load curves under these various conditions, and the specific heats and ther~
mal conductivities of the three rod-diameter materials were measuvred, 2-30K.
Additionally, the Model 21 was thoroughly characterized with Pb spheres in

the regenerator to provide base-line data.
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111. EXPERIMENTAL METHODS

Specific Heat and Therma) Conductivity
The methods used for measuring thermal properties have been documented

previously.2 In the studies here, however, thermal properties were measured
on small rods rather than on bulk samples, so the gample~preparation tech-
niques were diffevent.

For thermal conductivity measurements, the sample consisted of several
(v20-50) rods bundled so that the heat flow was parvallel to the rods' axes,
This bundling was accomplished by stacking the rods in a section of a 1/8"
diam. plastic straw, varuishing the exposed ends of the bundle, then removing
the straw when the varuish cured (G,E. 7031 varnish). 'Two carbon resistors
were hollow ground with a 1/8" diam. grind to fit over the bundle saddle-
fashion, and about 2 cm of the manganin leads for these thermometers were
tempered to the bundle at the thermometer locations. A heater was wrapped
on one end of the bundle (v300Q), and the other end of the bundle was Ag-
epoxied to a copper mounting stud which bolted into the reservoir of the
calorimeter. The linear-heat-flow measurement method was used, as discussed

previously.2

A specific heat sample was prepared by "potting" several short sections
(25 mm) of the rod material into a 3/8" diam. pellet using the 7031 varnish.
A Teflon mold was used, and care was taken to use the maximum amount of rod
material and the minimum amount of varnish. After the pellet cured, the
heater, thermometer, etc were fixtured and the sample measured, as reported
previously.2 The actual weight of the rods in the sample was determined
by dissolving the sample with the 7031 solvent after the measurement, separ-
ating and rinsing the rods and weighing them. Although the G.E. 7031 varnish
has a rather large specific heat at low temperatures, the addenda contri-
bution to the specific heat was typically <15%.

Model 21 Refrigerator

The Model 21 refrigerator is a two-stage wachine, and calibrated
germanium resistance thermometers were mounted on both stages. These

thermometers were measured by the four-lead, potentiometric methed wherein
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the curreut (10uA) was supplied by a constant current source and the voltage
displayed on a digital voltmeter.

* A 25-0 heater (resistance calibrated 7-30K) was mounted on the second
stage for measuring load curves, and this heater was powered by a constaut
current source., This load current was measured by displaying the voltage
drop across a series, 1kR, standard resistor on the digital voltmeter.

In all the measurements made on the Model 21, the voltage outputs from
the two germanium thermometers were displayed on a chart recorder and the
measurements recorded when the thermometers indicated stabiliry. 1In general,
the lowest temperatures were recorded since any transients or instabilities

S s et g e T

in the entire system would act to increase the stage temperatures. It was
established early in the study that these minimum temperatures were repro-
ducible from run to run and from day to day.

The pressure~drop variations were achieved by the use of a pressure
by~pass manifold between the inlet and outlet pressure lines. The speed
variations were achieved using a stepping motor, and a schematic diagram
of the stepping motor is shown in Figure 1.

Finally, a 3/8-in thick Pb shim was added to the second stage to dampen j

the temperature excursions; this shim does not, however, otherwise affect .

the operation of the refrigerator. f .

f I

In all the tests with the Model 21 using both Pb spheres and the doped
LS-8A rods, the temperature of the hot end of the second stage remained

fairly constant, 30-31K, and so is not reported in the sections below.

-6




INdINO 3d0DSOTNISO

| 18
ORIGINAL PAGE
OF POOR QUALITY

“IZ 1°PPOR 3yl ur suoijeliep paadg Ioj pasn io3lof Surddelg ayi jo weaderq DIJBWAYDS T FIANOII

—
A -
d T & loTaaas
L 23
— ’ r'H > QM X 00S
9 X
Y Y = m H d3345
L 0
430 O n e —
/=2y m 2 NNg 132,
ang O s - S
Uz=1Y 1o q i
0O —
] o )8
Y v 3 N~ Thon 1S
AOGr Q4N Ol Q d <
. “_T ' g W I ’ -
| ﬁ dddns |
VW
MOL ML
JaAve~
Aiddns

Jomod
D= V9o “.uo>v.m

WVJOVId ONIJdIM
AlddNS 43IMOd
JOLOW OSNIdd31S

. o me—— Dl i ipsdmisiupntnitysisabid i T T T T

-7~

L RS S R R Wi i g



1V, EXPERIMENTAL RESULTS - REFRIGERATOR TESTS

Pb Sphere Regenerator

The first phase of our study was to gain experience with and character-
ize the Model 21 with the as-received Pb spheres in the regenerator. 1Im
Figure 2 are shown load-curve data messured on two different days, and the
circles and triangles represent the second-stage minimum temperatures, as
discussed above. The error bars represent the temperature excursions, but
as seen in Figure 2 the minimum second-stage temperatures reproduce very
well. The operating conditions shown in Figure 2 are the manufacturer's
specifications (3.3 Hz and 190 psid).

The next step was to measure the second-stage temperature as a function
of speed and pressure under no load conditions, and these data are shown
in Figure 3: TFirst, the speed was held constant at 3.3 Hz and the pressure
drop varied from 100 to 190 psid; and secend, with the pressure drop main-
tained at 190 psid, the speed was varied from 1 to 5 Hz.

The Figure 3 data show that the nominal operating conditions are very
nearly the optimum conditions also, As the pressure drop decreases from
190 psid, the second stage temperatvre rapidly increases to about 15K,
Conversely,‘as the speed is increased or decreased from about 2.5 Hz, the

second stage temperature also increases.

The speed data in Figure 3 indicate a broad minimum in the éecond stage
temperature centered at 2.5 Hz. Below 2 Hz, the temperature rapidly in-
creases to 12K, demonstrating how critically the refrigerator performarnce

depends on the mass-flow rate.

The next step was to measure load curves under non-optimal ceoaditions.
One intuitively suspects that the optimum load curve (i.e,, minimum tempera-
tures at maximum power levels) will be obtained for those operating condi-
tions which give the minimum temperature under no-load conditions. Such is
indeed the case, as seen in Figure 4 and 5. %n Figure 4 are shown load

curves at 190 and 140 psid maintaining the speed at 3.3 Hz, and in Figure 5

. -
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POWER (W)

2.0

8

b
o

AP=190 psid

AP=140 psid

MODEL 21
Pb SPHERES
3.3 Hz

FIGURE 4,

TEMP (K)

Model 21 load curves at 190 and 140 psid with the speed
maintained at 3.3 Hz, Pb-sphere regenerator.
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FIGURE 5. Model 21 load curves at 1.5, 3.3, and 5.0 Hz with the pressure
drop maintained at 190 psid, Pb-sphere regenerator.
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are shown load curves at 1.5, 3.3, and 5.0 Hz maintainiug the pressure drop
at 190 psid.

The Figure 4 data show that the load curve rapidly degenerates when the
pressure drop is decreased from 190 psid, and these data correlate well with
the data in the left-hand plot of Figure 3.

The Figure 5 data are somewhat surprisiug on comparison with the right-
hand plot of Figure 3. That is, from Figure 3 the wo-load, secoud stage tem=
perature at 1.5 lz is below the 5.0 Hz temperatuve, yet in Figure 5 there
is a major degradation fiu the load curve at 1,% Uz compared to either 3.3
or 5.0 Hz. Appavently, the 1,5 Hz mass-flow vate is lust large ewough to
vield a low, zoro-power temperature but not large cnough to support loaded
conditions.

The Pb spheves were rvemoved from the regenerator and weighed. The es-
timated £111ing factor was 61,7 %1.1%, The felt pads, which are placed at
the top and bottom of the Ph=gphere column, showed a dull grey stain when
the regeneraror was opened. ‘The total runniug time with the Pbh-sphere re=~
generator was about 80 hours.

0.015" Diameter Rods Regencyator

The rods of 0.2%~Snnlz~doped LS=8A were received as extruded sections,
3-4 ft. long. These sections were cut futo regenevator rods 2,75 in. long
with a razor blade, and a nitrogen anti-static gun was used to de-dust the
rods prior to loading in the regenerator, The kerf-loss [rom this rod-
cutting provided rod material for preparing thermal conductivity and specific
heat samples.

Following the tests with Pb spheres, the regenerator cartridge was
cleaned, and cleaun felt spacers were ingerted., A total of 450 rods were

loaded into the regenerator, corresponding to a packing factor of 78,2 20.3%.

The first step was to measure the load curve at 3.3 Nz and 190 psid
(i.e., the optimal conditious for Pb spheres), and these data are shown in

[ )
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Figure 6. As secen, the load curve is significantly iuferior to the Pb-
spheres curve. Ilnterestingly, the slopes of the two load curves are prac-
tically identical near 15K (0,2W/K).

After about 20 hours of these tests, the regenerator was opened and
examined and the bundle of rods was pulled half-way out and rotated. A
few broken rods were veplaced, aud undoubtedly these had been broken in the
first loadiug, Consequently, the data shown iu Figures 7, 8, and 9 are
referenced as "Fipst Loadiug" and "Second Loading'.

The Figure 7 data show the results of nowload variacious in the speed
and pressure drop on the second stage temperature. These results are very
similar to the Pb-spheres results, Figure 3, and indicate that the optimal
operating conditions for the Pb spheres are also optimal for these rods,

Figures 8 and 9 show load curves for these rods uuder various speed and
pressure drop conditions. The no-load speed variation, Fipure 7, indicates
a minimum at 2.5 Hz, but as scew iu both Figures 8 and 9 theve is a signifi-
cant loss in performance at 2.6 Hz. The major difference between Figures 8
and 9 i{s the diff{erence in pressure drops (194 aund 161 psid), and it is
clear that the pexformance degrades rapidly as the pressure is reduced below
190 psid.

The performance of the Model 21 refrigerator with the 0.01§~in diam rods
as shown in Figures 6-9 was considerably inferior to the performance with Pb
spheres. It was suggested by W. A, Steyert that {f copper screens were
placed in the rod regeuerator, two advantages would be gained: (1) Flow
would be wade more turbuvlent, and (2) The screens would constitute isother-

mal planes.

Fine mesh copper screen was obtained from W. A. Steyert and cut into
3/8"~in and 5/8"-in diam screen, the latter for delivery to the JPL. After
cutting, the screens were given an oXygen anneala to improeve the low-temp-

erature thermal conductivity.
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/
"Z/Pb Spheres //
i 3.3 Hz o
7’ . AP =193 psid /
1.9 First Loading /’.‘ S
- 3.3 Hz <_ = / A /
_ AP=194 psnd ~
//QA ,. ¢
B / /
1.0
- // /AODEL 21
- 0.015" RODS
B / Second Loading
s // / AP= 194 psid
05 ¥ A 4 e 35 Hz |
B / | s 31 "
B // =26 "
,/Aﬁn ® ® :2.() !
- //
-/
00 LZn N TR NN AN NN TR TN SN NN N BN B
15 20 25

SECOND STAGE TEMP (K)

FIGURE 8. Load Curves for the 0.015" diam rod-packed regemnerator,
variable speed coldhead at constant pressure drop.
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FIGURE 9. Load Curves for the 0.015" diam rod-packed regenerator at
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The regenerator was unloaded, and the rods were cut into "half-length"
sections. The regenerator was reloaded with the half-length sections
separated by two adjacent 3/8-in diam screens. The packing factor for this
loading was 79.4%0.3%, showing that the procedure did not substantially
affect the packing factor compared to the '"full-length" case (78,2%). The
antistatic nitrogen gun was always used to de-dust the rods for every load-

ing.

The results obtained with these "half-length' rods are summarized in
Figures 10-12 and compared to the '"full-length'" results. There is a signifi-
cant improvement in the performance of the Model 21 due to the half-length
rods with separating copper screens. This is particularly evident in Figure
12 where the load curve has increased “40% compared to the "full length"

curve.

These findings were pursued further: The regenerator was unloaded, the
rods cut in half again to produce ‘'quarter length" rods, and the regenerator
reloaded with three copper screens between the rod bundles. The packing

factor for these '"quarter length" rods was 80.2%1,0%.

The results of the refrigerator tests with the '"quarter length'" rods
are shown in Figures 13-15 where the data are compared to the '"full length"
and "half length" data. ;
1

The data in Figures 13-15 show a éignificant improvement in refriger-
ator performance omn going to shorter rod segments with interspersed copper
screens. For example, the '"quarter length" load curve in Figure 15 is about

64% higher than the '"full length" load curve.

These experiments completed the tests with the 0.015-in diam rods of
0.2%-8nCl
regenerator of the Model 350 was submitted to the JPL.

2-doped LS~8A. A quantity of these rods sufficient to load the

~19-
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0.030" Diameter Rods Regenerator
The testing program for these 0.030'" diam rods of 0.2%—Sn012~doped
LS-8A was an outgrowth of our findings on the 0.015" diam rods discussed

above, the goal being to discern trends between the .015" and 0.030" rod

results.

The program here was to test "full-length" and "half length" rod re-
generat&rs, and the procedures used were the same as with the 0,015" rods
above. The packing factors obtained were: "full-length", 80.5%; '"half-
length", 79.4%. These packing factors compare favorably to those obtained
with the 0.015" rods.

The test results obtained on the '"full-length' rod regenerator are shown
in Figures 16-18, where comparisons are made with both the Pb-spheres and
0.015"-rods regenerators. As seen, the refrigerator performance continually

degrades in going from Pb spheres to the 0.015" rods to the 0.030" rods.

These results with the 0.030" diam rods suggest that the thermal dif-
fusivity with these larger rods may be a problem, but this had been examined
earlier2 and it had been concluded that thermal diffusivity should not be
compromised at this large rod diameter (see also below). The suggestion was
made, therefore, that perhaps the heat transfer coefficient between the sur-

face of the rod and the He gas was poor,

To examine this heat-transfer aspect, a nichrome coating was evaporated
on the full-length rods, and the .030" rods were ideal for this because far
fewer rods (n120) were involved than would have been involved with the
0.015" diameter. Three evaporations were required to coat the rods, the

rods being rotated between evaporations.

The test results obtained with these coated, full-length rods and with
the "half-length" rods are shown in Figures 19 and 20 compared to the un-
coated, full-length rod results, These results show only marginal improve-
ment in going to '"half-length" rods and a significant degradation due to

the nichrome coating.

-26~



ORIGINAL PAQE (S

30 r s OF POOR QUALITY
MODEL 21
28 =194 psid
26 |-
24 - !
\
\
22 - |'. //0.0BO"dia. Rods
x \ a Full Lengtn
S~ ]
o0t ". \
ﬁ \\\\ 6\‘\ o~ 2.“‘#‘ /‘
\
n 18 - \\
<
=16 I Y
V) . [
(A S = -
Z14 \ |
S 0.015"dia. Rods
L) Full Length
niar
\
\\‘.
101 \"_pp Sph
\ pneres
‘\\ 4/(
8 [ \\ 3
| \\‘\ | | e ’,—L
1 2 3 4 5
FIGURE 16, SPEED (HZ)

Comparison of the second-stage-temperature dependence on caldhead
speed for Pb spheres and full-length rods of 0.015" and 0.030" diam
at constant 194 psid pressure drop aud no load. 27

BT I - AP T Lo P PRt = 335 Tttt Lol

I )



QINAL PRGE 18
g? : POOR QUALITY

MODEL 21
26 | \ ‘ . =3.3 Hz
\\ PY
24 . \
\ 0.030"dia. Rods
\
2o | \ , Full Length
\\ K‘/
X20 \,
a
s N
18 AN
— N
<6 T
= . 5 TS ~—
7)) \ '
214 - \ 0.015"dia. Rods
o \, Full Length
w2
n \\
10 |~ \
\\)/Pb Spheres
8 I RN
6 PR SN NN S NN A NN N RN SN A

100 150 200
AP (psid)

FIGURE 17. Comparison of the second-stage-temperature dependence on
pressure drop for Pb spheres and for full-length rods of

© 0.015" and 0.030" diam at constant speed and no load. 98




-p1sd ¢pF DPUB ZH €°€ T SPOX WEIP .OEO°0Q PUE oGl

(M) dIN3L FOVIS ANODI3S

0 0 ‘y3adusi-iin3 I03j S3aInd PpEOT IO nostiedwoy g1 FEAOIA

9

gL 9Ol
8¢ 9¢ v_m N_N ON‘_ _

Bl 1

7

yibua 1ingd ,°
spoy "elp,0£00 \ ;
M e \\ ; \
v \\ \

/ /
\ / yibus |IN4 \
v / spoy elp,5L0°0 \ //

OF POOR QUALITY
<

ORIGINAL PAGE IS

/ /
VR / sessuds aa
/ /

/’ / pisdeggl=
~ ) \\ ZH g'e=
- / 12 13AONW

4 ¢l Ol 1]
| I .

I
! , “
! )
’ ’

00

0
o

o
(M) ¥3IMOd

Gl

0°¢

29

iomart L L e as DR o e

R oo ot i o s e et e e e e




/// - \\\\\.l// _.ﬁ.__b._
o ZHEE= v\ . w\\ v // _ '®)
Wm / : P4 v z/ mw m
23 / ] Voo v O
Mm /. ] —_— N B
55 Pa1e0 S \Tse \ o >
SWwo. 7] \ —0Zm
Uibusy ﬁu o - Pisd €61 = | -
43buaq 1 p— _ ._ : m
| <
o | | —_
SAoy BIP,,0£00 o€ | LS
L2 13aqon ] v
gﬁ

Y R




-
=
=
ve
L]
=
O
o

y

§

e CA MODEL 21
i 0.030"dia. RODS
1.5 o 4
/
J
/
I’
= /!
,I
II
Ij,
1.0 ;s’ a
=3.3 Hz /]
=193 psid
- ’,I
'I
l"
. a
0.5} //‘
/ ---- Full Length
! o Half Length
- /] ° & Nichrome
’," Coated
ST TN N N R T M NN N M B
%95 50 25 30
SECOND STAGE TEMP (K)
FIGURE 20. Load curves for various 0.030" diam rods: Full-lerngth, half-

m e et

length, and nichrome-plated at 3.3 Hz and 193 psid.

-31-

L




These tests concluded our study of the 0.030" diam rods of O.ZZ—SnCXZ-
doped LS-8A. A quantity of these rods sufficient to load the regenerator
of the Model 350 was shipped to the JPL,

0.008" Diameter Rods Repenerator

Because the various rod modifications had been studied with the 0.015"
and 0.030" rods, only the full-length rods of 0.008" diameter were studied.
Moreover, since these rods were received late in the contract and a 1000-hr
life test was planned with these rods, only one regenerator loading was
allowed.

The de~dusted rods were loaded into the Model 21 regenerator, and a pack-
ing factor of 82.4% was obtained. The test vesults on these 0.008" rods
are shown in Figures 21-23, and comparisons are made with the 0.015" rods.

As seen, there is a considerable improvement in the refrigerator per-
formance with the 0.008" diam rods. As with the 0,015" and 0.030" diam rods,
the optimum operating conditions are the same as for the Pb spheres, and
the Figure 23 load curve for the 0.008" rods represents more than a 100%
improvement over the 0.015" rod load curve. And finally, as secen in Figures
21 and 22, the optimum operating conditions for these rods are essentially
the same as for the Pb spheres.

1000-Hr Life Test With The 0.008" Rods Regenerator

The coldhead-compressor system was set at the optimum operating condi-

tions (3.3 Hz, 192 psid), and the refrigerator was run continuously for 1000
hrs. At approximately 150-hr intervals, the load characteristics were mea-

sured, and the resulting data are shown plotted in Figures 24-26.

Figure 24 shows the variation of the no-load second-stage temperature
with time. The pressure drop varied somewhat during the life test, and
these pressure variations are also shown in Figure 24. The temperature vari-

ations match the pressure variations very well.

Figures 25 and 26 summarize the load characteristics during the 1000-hr

test. There was some variation in the applied power in these tests, and

~32-
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FIGURE 25. Lifetime characteristics of the Model 21 with 0.008" diam rods

for power levels up to 0.75 Watts, 3.3 Hz and 193 psid.
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these power variations are &lso shown in Figure 25 and 26. 1In general, the
load-temperatuye characteristics track very well (note, in particular, the
2.0 W curve in Figure 26).

The conclusion here is that there was no apparent degradation in the
performance of the refrigerator during this 1000-hr life test.

Following this test, the regenerator was opened and examined. There

D A S s b S e

was 1no apparent pulverization or breakage of the 0.008" rods. This is par-
ticularly significant because the test with these rods was the most demand-
ing given the lavge number of rods and their fragility compared to the
0.015'" or 0.003" rods,

BN SRl itanionstn it

There was a slight yellow stain on the felt pads following this life
test; whether this was due to incomplete de-dusting prior to the initial
loading or to abrasion during the test cannot be determined. 1

A photograph of felt pads and of some of the 0.008" rods is shown in
Figure 27,
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FIGURE 27.

ORIGINAL PAGE
COLOR PHOTOGRAPH

Regenerator-filter felt pads and 0.008" diam rods
after 1000-hr test run. The pad on the left is
clean and unused. At center and right are pad
sides which were, respectively, -oward and away
from the regenerator rod bundle auring the test
run.
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V. EXPERIMENTAL RESULTS~THERMAL PROPERTIES

Specific Heat

A composite plot of the volumetric specifie heats of the 0.008",
0.015", and 0.030" diam rods of 0,2%-SnC12-doped LS~8A is shown in Figure
28, Tor comparison, the specific heat of the bulk material is also shown

in Figure 28. The data are plotted as (}/'l.‘3 for convenience because both €

and T3 are changing by several orders of magnitude on this temperature rauge.

Tt is immediately clear from Figove 28 that the extruded rods have a
smaller specific heat than the bulk material, suggesting that the extrusion
process iltself has a deleterious effect on the specific heat. There ave
two possible causes for this effect: (1) The SuCl, dopant is driven into
the grain boundaries, or (2) A pressure~induced phase transformation is

occuring.

This was pursued by annealiug the 0.015" diam rods for 22 hr at 370°C and
measuring their specific heat. These data are shown iu Figure 29 where the
data for bulk LS-8A, both doped and undoped, are also showu for comparison.

The Figure 29 data show that annealing the rods only marginally improves
the specific heat. Moreover, the specific heat of the doprd LS-8A vods is
practically the same as the specific heat of bulk, undoped 1S-8A.

We happened to have on hand a small amount of 0.015" diam rods of un-
doped L5-8A, and the specific heat of these undoped rods was measured in
the hope of understanding the effect of extrusion on the thermal properties.
These specific heat data are shown in Figure 30 togetheyr with specific heat
data on the doped 0.015" yods and on bulk LS-8A, doped and undoped.

The Figure 30 data reveal a very confusing result: The undoped rods have

specific heat propertics similar to bulk, doped LS~8A, whercas the doped
rods act like bulk, undoped LS5-8A.

These Figure 30 results obviously suggest a mixup in the doped and un-
doped rods. Consequently, both sets of vods were subjected to chemical

-l
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analyses to detect the presence or absence of the SnCn, dopant. These

2
chemical analyses confirmed that the "doped'" rods did indeed contain 0.2%

Sn012 and that the "undoped'" rods did not een contain traces of SnClz.

To re-confirm these surprising results, a small, fresh batch of undoped
0.015" diam rods of LS~-8A was measured, and these specifi¢ heat results are
shown in Figure 31. These data confirm that extruding undoped LS-8A has
a very beneficial effect on the specific heat. )

Thermal Conductivity
Thermal conductivity data on 0.008", 0.015", and 0.030" diam rods of
0.2%—Sn012—d0ped LS-8A are shown in Figure 32 compared to the bulk thermal

conductivity. As one would expect, the peak thermal conductivity progres-—
sively decreases as the sample dimension decreases due to increased houndary

scattering.

The effect of annealing on the thermal conductivity was also examired
(see Specific Heat section, above), and these data are shown in Figure 33.
There is a marked increase in the peak thermal conductivity with annealing,
corresponding to the slight increase in specific heat on annealing (Figure
29). Apparently, the extrusion process causes some crystalline damage that

can be annealed out.

Finally, the thermal conductivity of undoped 0.015" diam rods was meas-
ured, and these data are shown in Figure 34. Here we see again the same
behavior as with the specific heat -- namely, the undoped rods behave as
the doped bulk and vice versa. These Figure 34 data are a valuable con-

firmation of this unexpected finding.
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V1. ANALYSES AND DISCUSSION

In the above sections, an exhaustive study of the pexformance of the
Model 21 refrigerator has been presented with the regenerator filled with
Pb spheres and with rods of SnClz—doped LS~8A of diameters 0.008', 0.015",
and 0.030"(Figures 2-27). 1In addition, the thermal properties of these rods
were thoroughly measured (Figures 28-34). 1In this section we will attempt
to analyze these data.

The first step iu our analysis will be to develop a table of relevant
operating and thermal properties. Two important parameters are the Reynold's

Number and the thermal relaxation time:

1. Reynold's Number. The Reynold's Number is defined by:

PN = VDp/y (1)

where V 1is velocity, D is the channel diameter, p is the den-
sity, and p is the viscosity. TFor He gas at z10 atmos and x15K,
p=0.035 gm/cm3 and %35 micropoise. For the velocity at the
optimum 3.3 Hz speed, the gas travels through the regenerator

in =0.,15 sec, and since the regenerator is 6.6 cm long, V«43
cm/;ec. Finally, the ratio of channel diameter to rod diameter
is

(v3/7-%)% = 0.23 (2)

The Reynold's Numbers for the three size rods are listed in
Table 1. The Reynold's Number analysis is valid only if the
mean free path of the He atoms is small compared to the channel

diameter. The mean free path is given by

2 = (nd2pv2)~!

where n is the density of He atoms and d is the atomic diameter.

From p above, n=5.3 x 1021 cm"3 and d 10"8 cm. Consequently,
an=7

=4 x 10

channel size.

cm, which is orders of magnitude smaller than the

~50-
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2, Thermal Relaxation Time. A sphere of radius r equilibrates
({.e., »98%) in a characteristic time

L &rzlnzk (3)

where k is the thermal diffusivity, k « K/ C, K and C being the
thermal conductivity and gravimetric specific heat, respectively.
For estimating v from Eq. (3), we have taken the no-load, minimum

temperature of the second stage under optimal conditions for each
case and used K and C at that temperature. Equation (3) has been
applied to the cylindrical rods also as the numerical factors

for rods and spheres are about the same, These relaxation times

are listed in Table I. The K and C data are taken from the lit-

erature where K for bulk Pb was used.3’5 ’

Also listed in Table 1 are the minimum, no-load second-stape temper-
atures, the second-stage temperatures at 1 W load, the filling factors, the
approximate chennel sizes, and the surface area ratlo (ratio of surface area
of rods or spheres to the container volume).

As we've seen above, the refripgerator performance progressively degrades
in going from Pb spheres to 0.008" rods to 0.015" rods to 0.030" rods, and
from Table 1 the relaxation times v show a corresponding trend. However,
except for the 0.030'"rods these t-values are much smaller than the "blow

time'" at 3.3 Hz, 150 msec, so it appears unreasonable to ascribe the refrig-
erator performance entirely to the variation in relaxation times. Mereover,
the variation of the second-stapge temperature with speed for the 0.030"

rods should show an improvement at slower speeds if the relaxation time were
troublesome, yet from Figure 16 the temperature variation with speed is
practically the same as for Pb spheres (except for a scale factor) and is
essentially flat from 2~5 Hz.

The Reynold's Numberc in Table I indicate that except for the 0.030"
rods the flow in the repenerator is essentially laminar. One would expect

w51
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Table 1

Operating Parameters for<a)
Sphere and Rod Regenerators

7 Pb (b) Rod Diameters(c)
Parameter Spheres . 008" 015" . 030"
Minimum No~load Temp. 7.4K 12.5K 14.8K 19.0K
1-W Load Temp. 10.9K 16.6K 19.6K 23, 5K
Reynold's Number - 401 _150 1500
Channel Size ~0, 007! ~0, 002" ~0, 003N v0, 007"
Thermal Equil., T(d) 0.010ms 0.74ms 4,5ms 38ms
Surface-Area Ratio 272 454 241 121
Filling Factor, f 61.7% 82.4% 78.2% 80.5%
(a) At optimum conditions (3.3 Hz and 190 psid).

(b) 0.015" diam, Sb-doped.

(e) Full length, no copper screen spacers.

(d) Estimated at the minimum, no~load temp.
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that as the flow becomes more turbulent, the thermal impedance due to bound-
ary layers would be reduced and the refrigerator performance would be im-
proved, Since at speeds above about 4.4 Hz the flow through the 0.030" rod
regenerator should be turbulent (RN>2000), one would expect by this argument
that the refrigerator performance would improve dramatically at higher
speeds for these rods, but such is not the case (Figure 16), Moreover, the
performance of the :efrigerator with a copper screen between 'half-length'
0.030" rodc was not improved compared to “full-length" rods, Figure 20,

On the other hand, with the 0.015" diam rods there was a progressive
improvement in the refrigerator performance in going from full-~length to

half-langth to quarter-length rods, Figure 15, and certainly the dominant
effect of the separating fine copper screens was to act as turbulizers.

Another feature evident from Table 1 is the increasing channel size
for increasing rod diameter. The concern here is that the larger the chan-
nel size, the more inefficient will be the heat transfer between the He gas
and the regenerator matrix since the He atoms have further to diffuse. VYet,
on strictly geometric comsiderations, the effective channel size for the
.030" rods is equivalent to that for the Pb spheres (bce packing).

The surface-area ratios in Table 1 show that the 0.030" diam rods have
a surface area less than half that of the Pb spheres, and this is probably
the most compromising problem with these diameter rods, The surface area

of the 0,015" diam rods is equivalent to that of the Pb spheres, and for
the 0.008" diam rods the surface area is almost double that of the Pb
spheres.

We are, of course, dealing with complex phenomena in the regenerator
matrix wherein all the above parameters play an interactive role. The gas
flow through the Pb spheres is certainly very turbulent, and this turbulence
may overcome the effect of the large channel size, whereas the same cannot
be said for the rod regemerators. The heat transfer coefficient between

the He gas and the matrix material is certainly a critical parameter which
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we can only speculate on in the case of the rods. 1Tt has been demonstrated

that a metallic coating on the rods actually degrades the refrigerator per-

formance, Figure 20. One suspects, however, that if the heat transfer coef-
ficient for the rods were seriously inferior to that for the Pb spheres,

the performance of the refrigerator with the rods would not be so similar

to the performance with the Pb spheres (e.g., optimum operating conditions,

identical power-temperature slopes).

Turning next to the measured thermal properties of the rods, the thermal
conductivity data of Figure 32 show that there is little difference between
the thermal conductivities of the various rod diameters above about 10K (note

that all second-stage temperatures were 10K for the rod regenerators).

The specific heat data, however, show significant differences between
the various rod diameters. These data are collected in Figure 35 (note the
volumetric basis), where the packing factors, f, from Table T have been taken
into account. The Figure 35 data are limited to temperatures 15-31K for
three reasons: (1) The second-stage temperatures achieved with the rod re=
generators are generally >15K; (2) The volumetric specific heats of all these
rod materials are equal to, or greater than, that of Pb spheres below about
15K; and (3) We intuitively suspected that specific heats were being 'lost"
at the higher temperatures in the regenerator. Also shown in Figure 35 are
the measured data for 0.015" diam Pb spheres3 using the Pb-sphere packing
factor in Table 1.

The Figure 35 data show umnmistakenly that the specific heat for the
doped LS8A rods falls considerably below that of the Pb spheres in the higher
temperature range of the regenerator. The C/T3 plot somewhat masks how
significant this reduction is. For example, at 25K, the Pb-spheres specific
heat is about 33% higher than the 0.030"-rod specific heat. Significantly,
the specific heat data for the (doped) 0.008" rods in Figure 35 is larger
than for the 0.015" and 0.030" rods, and the specific heat of undoped 0.015"
rods is larger than, or equivalent to, that of the Pb spheres on the 15-30K

temperature range. We shall return to these {indings below.
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The He gas flowing through the regenerator exchanges heat with the
matrix material over a range of tempratures throughout the regenerator, and
so the specific heat at any one temperature is not as important as the in-
tegral of the specific heat -- that is, the enthalpy. The specific heat

 data in Figure 35 were numerically integrated to yield the enthalpy relative
to 15K, and these enthalpy data are shown in Fizure 36.

The Figure 36 data show that with the doped ;ods of LS5-8A there is a
considerable "loss" of enthalpy in the regenerator, 15-31K, compared to the
case of Pb spheres. Also, this enthalpy loss is more serious for the 0.015"
and 0.030" rods than for the 0.008" rods of doped LS-8A. Interestingly,
the undoped rods have an enthalpy relative to 15K that is everywhere larger
than that for Pb spheres.
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FIGURE 36. Comparison enthalpy data calculated from the specific heat
data in Figure 35.
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VIT. CONCLUSTIONS AND RECOMMENDATIONS

The data presented above point to the following conclusions regarding

the performance of the Model 21 refrigerator with the rods of 0.2%~Sn012~

doped LS~-8A in the refrigerator:

1,

The chronic pulverization/dusting problem associated with Pb

spheres can apparently be solved by using rods of LS-B8A.

The power-temperature load characteristics for the doped LS~8A
rods are the same as for Pb spheres except for a shift up in
temperature: +35K for 0.008" diam rods; +7.4K for 0.015" diam
rods; and +11.6K for 0.030" diam rods.

The optimum operating conditions for the Pb spheres wnd for all
the rod diameters are the same (3.3 Hz and 190 psid).

The primary reasons that the 0.008" diam doped rods perform better
than the larger diameter rods are the increased specific heat
and enthalpy compared to the other rods (Figures 35 and 36) at

the upper end of the regenerator and the large surface area.

The primary reasons the 0.030" diam doped rods pevform poorly
compared to the smaller diameter rods are the combirnation of re-
duced specific heat, smaller surface area, and slower thermal

relaxation time.

The insertion of fine copper screens with high thermal conductivi-
ties significantly improves the performance of the rod-regener-
ators due primarily to the turbulence caused by these screens

in the He gas flow.

The findings here clearly suggest a study of the undoped 0.015" diam

rods of LS-BA in the Model 21. The compelling reasons for this recommenda-

tion are:
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1. The undoped rods have specific heats and enthalpies larger than,
or equivalent to, that of Pb spheres over the range 2-31K.

2. The demonstrated absence of sigvificant pulverization/dusting
with the 0.008" diam doped rods will be true for the undoped
0.015" rods also.

3. The 0.015" diam rod geometry has a favorable thermal relaxation

time, a surface arca equivalent to Q.015" diam Pb spheres, and

these rods are convenient to handle.
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