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1. SUMMARY

Art extensive evaluation of a modified Model 21 cryocooter 'with various

regenerator matrices is reported. The matrices examined are 0.015 11 diam Pb

spheres and 0.008 11 , 0.015"o and 0.030 11 diam rods of a 0.2%—Sn01 
2— 
doped cer-

amic labelled LS-8A. Specific, host and thermal conductivity data Olt these

rod materials are also reported (literature dat ► exist ov ► the Pb spheres).

The primary goal of those studies was to overcome the chronic pulveriza-

tion/dusting problem common to Pb spheres. This goal was achieved- During a

1000—hr life test with 0.008 11 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 characteristics for the rod-packed regenerators were

inferior to that for the Pb spheres, the effect being to shift the Pb-spheres

load curve up in temperature. This temperature shift was 5.0, 7.4 1 and

11.6K for the 0.008 11 , 0.015 11 , and 0.030 11 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 packing fractions are in-

cluded in these analyses). For the 0.030 11 diam rods, the slow thermal,

relaxation time (N38ms) and small surface area compound the reduced specific

heat and enthalpy.

Packing fractions w 80% were obtained With the rod-packed regenerators

compared to 61% for the Pb sphere regenerator. The insertion of fine copper

screens in the rod-packed regenerators did riot affect the packing fraction

arid resulted in improved periormar ► ce in the case of the 0.015 11 diam rods.

This is due to the turbulent conditions obtained with the screens (estimates

of the Reynold's Numbers indicate that the lie flow through the packed-rod.
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regenerators without screens is laminae). Metallizing the 0.030" diam rods

to improve the heat transfer coefficient resulted 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%-SnC1 2-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 riot only

alleviate the Pb-sphere-pulverization problem but also result in improved

refrigerator performance.

-2-

-,



It

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.)

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 tilOK), and the packing fraction for spheres is large (theor.

w	 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 unAesirable 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 Pb-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 possih;lity 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, Evaluation 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 than Pb. 2 The goal of this

first study was to evaluate doped versions of LS-8A to examine the resulting

hardness and low-temperature thermal properties, and the dopants selected

were SnC12, Cs" and AgCl. Also, double dopings (SnC1 2 + CsI) were examined,
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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 io the specific heat.

Specifically, the SnCl 2 dopant had a remarkable effect in increasing the

specific heat, and an analytical model was developed based on which the 0.2%-

SnCl 2-doping level was determined to be the optimal level.2

Going further, it was determined that rods rather that ► spheres of this
doped LS-8A would be appropriate regenerator matrix materials. That is,
the thermal conductance of a column of Pb spheres 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 30% larger than for spheres (theor., 91%.);

(2) The rod arrangement is inherently more stable mechanically that ► 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%a-St)Cl 2-doped LS_ 8A rods in an actual cryocooler (Model

21, Cryogenic Technology, Inc.). Additionally, some of these rods were eval-

uated 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 arid pressure--drop variations. The measurements here involved

t	 Load curves under these various conditions, and the specific heats and ther-

mal conductivities of the three rod-diameter materials were measured, 2-30K.

n	 Additionally, the Model 21 was thoroughly characterized with Pb spheres in

the regenerator to provide base-line data.

T
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111. EXPERIMENTAL METHODS

Specific Heat and Thermal. 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 sample .-preparation tech-
niques were different.

For thermal conductivity measurements, the sample consisted of several

(ti20-50) rods bundled so that the heat Clow was parallel to the rods" axes.
This bundling was accomplished by stacking the rods in a section of a 1 /81"

diam. plastic straw, varnishing the exposed ends of the bundle, then removing

the straw when the varnish cured (G.L. 703'1 varnish). Two carbon resistors

were hollow ground with a 1/8 1" diant. grind to fit over the bundle saddle-
fashior ► , 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 ( ,-300n), and the other end of the bundle was Ag-
epoxied to a copper mounting stud which bolted into the y 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

(<_5 mm) of the rod material into a 3/8 1 " diam. pellet using the 7031 varnish.
A Teflon mold was used, and care was taken to use the maximum amount of rod

material arid 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 solver ► t after the measurement, separ-

ating arid rinsing the rods and weighing them. Although the G.E. 7031 varnish

has a rather large specific heat at low temperatures, the addenda cont;ri-

bution to the specific heat was typically <15%.

Model 21 Refrigerator

The Model 21 refrigerator is a two-stage machine, and calibrated

germanium resistance thermometers were mounted on both stages. These

thermometers were measured by the four-lead, poter"tiometric method wherein

I
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the current (1OPA) was supplied by a constant current sourev and the voltage

displayed on a digital voltmeter.

. A 25-n heater (resistance calibrated 7-30K) was mounted on the second

stage for measuring load curves, and this heater was powered by a constant

Current source, This load current was measueed by displaying the voltage

drop across a series, IkR, 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 stability. In general,

the lowest temperatures were recorded since any transients or instabilities

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 11b shim was added to the second stage to dampen

the temperature excursions; this shim does riot, however, otherwise affect

the operation of the refrigerator.

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.

r
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IV. EXPERIMENTAL RESULTS - REFRIGERATOR TESTS

Pb Sphere Ra end erator

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. In

Figure 2 are shown load—curve data mes,ibured 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: First, the speed was held constant at 3.3 Hz and the pressure

drop varied from 100 to 190 psid; and second, with the pressure drop main-

tained at 190 psid, the speed was varied from 1 to 5 liz.

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 temperature 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 second stage

temperature centered at 2.5 Hz. Below 2 Hz, the temperature rapidly in-

creases to 12K, demonstrating how critically the refrigerator performance

depends on the mass—flow rate.

The next step was to measure load curves under non—optimal co^lditi.ons.

One intuitively suspects that the optimum load curve (i.e., minimum tempera—

tures at maximum power levels) will be obtaied 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. a'n Figure 4 are shown load

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

-8-
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^.	
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LIVIWA4	 16,
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w

0.5
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1.0

O
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TEMP (K)
FIGURE 4. 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 showt; load curves at 1.5, 3.3 0 avid 5.0 IN maintainitig the pressure drop

at 190 paid.

The Vigure 4 data show that the load curve rapidly degonerAtes when the

pressure drop in decreased from 140 paid, avid these data correlate well with

the data Ill the left—havid Plot Of Fi9%lrV 1-

The Vigure 5 data are somewhat surprislug on comparison with the righter ,

haud plot of Vigure 3. 
That 

in, from rigure 3 tho ito—lond, second stage tem-

pernture at 1.5 liz Is below the 5.0 ft tompti,,ature, yet 
Ill 

Figure 5 there

is as major degradritiovi ill the load curve at 1. 9, liz compared to either 3.1

or 5.0 liz. Apparently, the 1.5 IN mass-flow rate Is 'Mat large e%iough to

yield a low, ztro—power tomperature but riot large, enough to support loaded

conditions.

The Pb splieres wre rvtiiovc1 d from tho regener-ator tiiid welglied. The (s-

titnatod fillitig factor was 61.7 tl.1%. The felt pads, which tire pinv.ed at

the top and bottom of the l lb-sphore voltinivi, showed a dull grey stain whet,

the regeiterntor was opoiied. The total rinining time with the llb—spliere re -

geiierator 
was 

nbout 80 hmir q -

0.015 1, Diameter Rods Regetierator.

The rods of 0.2%—STiC1 
2— 

doped LS-8A were received as extruded sections.

3-4 ft. long. These sections were cut Ivito regenerator rods 2,75 ifl, long

with a razor blade, avid a nitrogen nviti—static gun was used to de—dust the

rods prior to loading 
Ill 

the regovierator. 'Tice kerf—loss from thin rod—

cutting providod rod nintorial for preparing thermal cotiductivity and specific

heat -salliples.

Following the tests with Pb spheres, the regovierator cartridge was

cleaned, and clean felt spacers were inserted. A total of 450 rods were

loaded into the rege-tiernroro correspovidi rip, to a packilig factor of 78.2

The first stop was to measure the load curve at 3.3 11z and 00 paid

(i.e., the optimal conditions 
for 

Pb spheres), avid 
there 

data are shown Ili

—13—



figure G. As seen, the load curve to significantly inferior to the Pb-
spheres curve. Interestingly, the slows of the two load curves are prac-
tically identical near 15K (O.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 replaced, and undoubtedly these had been broken in the

f irst loading. Consequently, the data shown iii Figures 7, 8, and 9 are

referenced as "First Loading" and "Second Loadiugll.

The Figure 7 data show the results of no-,'o ►d variations in the speed

avid 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 Q show load curves for those rod ,.; vtoler various speed and

pressure drop conditions .. The ito-loAd speed viriation, Vigure 7, indicates

a minimum at 2.5 11z, but as sect, 
In both Figures 

8 and Q there is a signifi-

cant loss 
in 

pvrtormanco at 2.6 11^. The majo• difference between Figures 8

avid q is the difference In pressure drops (194 and 161 psid), arid it is

clear that the performance degrades rapidly as the pressure is reduced below

190 psid.

The port ormatice 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

sphores. It w,^s suggested by W. A. Stoyert that if copper screens were

placed 
in the rod rogeuvrator, two Advantages would be gain•d.- (1) Flow

would 
be 

made more turbulent, and (2) The screens would constitute isother-

mal planes.

Fine mesh copper screen was obtained from 14. A. Steyert and cut into

3/8 11-in and 5/8 11-in diam screen, the latter for delivery to the JPL. After
cutting, the screens were given 

an 
oxyReu anneal 

4 to improve the low-tomp-
erature thermal miductivity.

-14-
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FIGURE 6. Load Curve for full-length, 0.015" diam rods at 3.3 Hz,

193 psid, compared to Pb spheres.
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FIGURE B. Load Curves for the 0.015 1 ' diam rod-packed regenerator.,
variable speed coldhead at constant pressure drop.
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FIGURE 9. Load Curves for the 0.015" diam rod-packed regenerator at
various coldhead speeds and pressure drops.
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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 79.410.3%, 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 ti40% 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. j

The data in Figures 13-15 show a significant improvement in refriger-

ator performance on going to shorter rod segments with interspersed copper
r

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%-SnC1 2-doped LS-8A. A quantity of these rods sufficient to load the

regenerator of the Model 350 was submitted to the JPL.

_19-
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FIGURE 10. Comparison between full-length and half-length 0.015"
diam rods, no load, constant pressure drop, variable speed.
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0.030" Diameter Rods Regenerator

The testing program for these 0.030" diam rods of 4.27.-SnC12-doped

LS-8A was an outgrowth of oLr findings on the 0.0115" 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-
generators, 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 Jacking factors compare favorably to those obtained

with the 0.015 1 " 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 1 "-rods regenerators. As seen, the refrigerator performance continually

degrades in going from Pb spheres to the 0.015" rods to the 0.030 1 " rods.

These results with the 0.030 1 " diam rods suggest that the thermal dif-

t

fusivity with these

earlier  and it had

compromised at this

made, therefore, th

face of the rod and

larger rods may be a problem, but this had been examined

been concluded that thermal diffusivity should not be

large rod diameter (see also below). The suggestion was

at perhaps the heat transfer coefficient between the sur-

the He gas was poor.

<	 M
To examine this heat-transfer aspect, a nichrome coating was evaporated

on the full-length rods, and the .030 1 " rods were ideal for this because far

fewer rods (ti120) were involved than would have been involved with the

0.015 1" diameter. Three evaporations were required to coat the rods, the

c#	 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.
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These tests concluded our study of the 0.030" diam rods of 0.2%—SnCl 2

-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 Regenerator

Because the various rod modifications had

and 0.030 11 rods, only the full—length rods of

Moreover, since these rods were received late

life test was planned with these rods, only o

allowed.

been studied with the 0.015"

0.008" diameter were studied.

in the contract and a 1000-hr

rte regenerator loading was

The de—dusted rods were loaded into the Model 21 regenerator, and a pack-

ing factor of 82.4% was obtained. The test results on these 0.008 1 ' rods

are shown in Figures 21-23, and comparisons are made with the 0.015 1 ' rods.

As seen, there is a considerable improvement in the refrigerator per-

formance with the 0.008 11 diam rods. As with the 0.01:5 11 arid 0.030" diam rods,

the optimum operating conditions are the same as for the Pb spheres, avid

the Figure 23 load curve for the 0.00$" rods represents more than a 100%

improvement over the 0.015" rod load curve. And finally, as seen in Figures

21 and 22, the optimum operating conditions for these rods are essentially

the same as for the Pb spheres.

1000-11r Life 'Test With The 0.008" hods Regenerator
a

	

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

tions (3.3 ttz, 192 psid), arid the refrigerator was run continuously for 1000

hrs i. 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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these power variations are also shown in Figure 25 and 26. In general $ the

load-tamperatur.'a characteristics track very well (note, in particular, the

2.0 W curve in Figure 26).

The conclusion here is that there was no appar4nt degradation in the

performance of the refrigerator during this 1000-hr lifA test.

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

was no apparent pulverization or breakage of the 0.008 11 rods. This is par-
ticularly significant because the test with these rods was the most demand-

ing given the large number of rods and their fragility compared to the

0.015 11 or 0.003 11 rods.

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.

A photograph of felt pads arid of some of the 0.008 1, rods is shown in
Figure 27.
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V. EXPERIMENTAL RESULTS-THERMAL PROPERTIES

Specific Heat

A composite plot of the volumetric specific heats of the 0.00811,

0.015 ► 1 , and 0.030 10 diem rods of 0.2%-SnCl 2-doped LS-8A is shown In Figure

28. for comparison, the specific heat of the bulk material. is also shown
3

In 
Figure 

28. The data are plotted as G/T for cotiveiiience because both C'

aitJ T3 are changing by several, orders of magnitude ou this temperature rat ► ge.

It is immediately clear from Figure 28 that. Clio extruded rods have a

smaller specific heat than the bulk material, sugge!',tlng that the extrusion

process itself has a deleterious effect on the specific heat. There a. re

two possible causes for this effect., (1) The SKI 2 dopant is driven into

tile grain boundaries, or (2) A pressure-induced phase transformation Is

occuring.

This was pursued by annealing the 0.015 1, diam rods for 22 hr at 37000 and

measuring their specific heat. These data are shown iti Figure 2 1) where the

data for bulls 	 both doped nand ondopod, tire also shown for comparison.

The Figure 29 data show that annonling the. 	 only marginally improves

the specific heat. Moreover, the specific heat 
of 

the dor-ld L$-8A rods is

practically the same as the specific heat of bulk, undoped LS-8A.

We happened to have 
on 

hand a small n 1liotint of 0.015 11 diam rods of un-

AaL)ed LS-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 together with specific heat

data on the doped 0.015 11 rods and on 
bulk LS-8A, doped and uvidoped.

The Figure 30 data reveal a very !onfusing result: Tile undoeed rods have

specific heat properties. similar to bulk, doped LS-8A, whereas the doped

rods act like bulk ) undoped 1,$-8A.

These Figure 30 results obviously suggest a mixup in the doped and un-

doped rods. Consequently, both sets of rods were Subjected to chemical

-41-
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,

analyses to detect the presence or absence of the SnCn 2 dopant. These

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

SnCl 2 and that the "undoped" rods did not e, rev contain traces of SnC12.

To re-confirm these surprising results, a small, fresh batch of undoped

0.015" diam rods of LS-8A was measured, and these specific 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 11 , 0.015 11 , and 0.030" diam rods of

0.2 -SnC1 2-doped 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 11oundary

scattering.

The effect of annealing on the thermal conductivity was also examined

(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 1 ' diam rods was meas-

ured, and these data are shown in Figure 34. Here we see again the same

M 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.
.t

t

^	 n
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}	 VI. ANALYSES AND DISCUSSION

In the above sections, an exhaustive study of the performance of the

Model. 21 refrigerator has been presented with the regenerator filled with

Pb spheres and with rods of SnCl z-doped LS-8A of diameters 0.005", 0.01511,

and 0.030"(Figures 2-27), In addition, the thermal properties of these rods

were thoroughly measured (Figures 28-34). In this section we will attempt

p„	 to analyze these data.

The first step in 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 bye

PN = VCp/u	 (1)

where V is velocity, D is the channel diameter, p is the don-

sity, And N is the viscosity. For Ile gas at »10 atmos And --15K,

P-0.035 gm/cm3 and uu35 micropoise. For the velocity at the

optimum 3.3 Hz speed, the gas travels through the regenerator

in X 0.15 sec, and since the regenerator is 6.6 cm long, Vix43

cm/sec. Finally, the ratio of channel diameter to rod diameter

is 2

( 33/n-'k)k = 0.23	 (2)

The Reynold's Numbers for the three size rods are listed in

Table 1. The Reyriold's Nu;aber 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

R = (nd2n3 2)^1

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

From p above, n=5.3 x 10 21 cm-3 and d 10-8 cm. Consequently,

R=4 x 10-7 cm, which is orders of magnitude smaller than the

channel size.
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2. Thermal Relaxation Time. A sphere of radius r equilibrates

(i.e., *98%) in a characteristic time

T ;, 4r 2 / 7f 
2 
k	 (3)

where k is the thermal diffusivity, k c K/ C, K and C being the

thermal conductivity and Aravimetric specific heat, respectively.

For estimating -r 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 some, These relaxation times

are listed in Table 1, The K and 0 data are taken from the lit-

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

Also listed 
in 

Table I are the minimum, no-load second-stage temper-

atures, the second-stage temperatures at I W load, the filling factors, the

approximate chis tinel sizes, and the surface area ratio (ratio or surface area

of rods or spheres to the container volume).

As we've seen above, the refrigerator performance progressively degrades

in going from Vb spheres to 0.008 11 rods to 0.015 11 rods to 0.030 11 rods, and

from Table I the relaxation times T show a corresponding trend. However,

except for the 0.0301'rods these T-values are much smaller than the "blow

time" at 3.3 liz, 150 cosec, so it appears unreasonable to ascribe the refrig-

erator performance entirely to the variation in relaxation times. Moreover,

the variation of the second-stage temperature with speed for the 0.03011

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 liz.

The Reynold's Number-, in Table I indicate that except for the 0.03010

rods the flow in the reganerator is essentially laminar. One would expect



Table 1

Operating Parameters for
Sphere and Rod Regenerators(a)

Pb	 (b)	 Rod Diameters( c)
Parameter	 Spheres	 .008"	 .015"	 .030"

Minimum No-load Temp. 7.4K 12.5K 14.8K 19.OK

1-W Load Temp. 10.9K 16.6K 19.6K 23.5K

Reynold's Number - 401	 ^. 750 1500

Channel Size NO. 007" ,0.002" '-0.003" ti0.007"

Thermal E u 1.	 T (d) 0.010-MS 0174ms 4.5ms 38ms

Surface-Area Ratio 272 454 241 121

Filling Factor,	 f 61.7% 52.4%, 78.2% 80.5%

1
a) At optimum conditions (3.3 Hz and 190 psid).

(b) 0.015" diam, Sb-doped.

(c) 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 11z the flow through the 0.030" rod

regenerator should be turbulent (RN>2000), one would expect by this argument

that the refrigerator performance Mould improve dramatically at higher

speeds for these rods, but such is not the case (Figure 16). Moreover, the

performance of the refrigerator with a copper screen between 'half-length"

0.030" rode was not impr6ved compared to "full-length" rods, Figure 20.

On the other hand, with the 0.015" diam rods there was a progressive

improvement in tfie refrigerator performance in going from full-length to

half-length 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 I 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 sifice the lie atoms have further to diffuse. Yet,

on strictly geometric considerations, the effective channel size for the

.030" rods is equivalent to that for the Pb spheres (bcc packing).

The surface-area ratios in Table I show that the 0.030 1 " 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 some cannot

be said for the rod regenerators. 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. It 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 >1OK 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 I 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 r^ileasured data for 0.015" diam Pb spheres  using the Pb-sphere packing

factor in Table I.

The Figure 35 data show unmi.stakenly 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 `or the 0.0151' 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 findings below.

r
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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 ri bure 36.

The Figure 36 data show that with the doped rods of LS--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 0.00$" rods of doped LS-8A. Interestingly,

the undo ed rods have an enthalpy relative to 15K that is everywhere larger

than that for Pb spheres.
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VII. CONCLUSIONS 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%-SnCl2-

doped LS-8A in the refrigerator;

1. The chronic pulverization /dusting problem associated with Pb

spheres car ► apparently be solved by using rods of LS-8A.

2. The power-temperature load characteristics for the doped, LS-BA

rods are the same as for Pb spheres except for a shift op in

temperature; +5K for 0.008" diem rods; 4 . 7.4K for 0.015 11 diam

rods; and +11.6K for 0.030" diam rods.

3. The optimum operating conditions for the 1'b spheres oiid for all

the rod diameters are the same (3.3 iiz and 190 psid).

4. The primary reasons that the 0.008" diam doped rods perform better

than the larger diameter rods are the increased specific beat

and enthalpy compared to the other. rods (Figures 35 arid 36) at

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

5. The primary reasons the 0.030" diam doped rods perform poorly

compared to the smaller diameter rods are the combination of re-

duced specific heat, smaller surface area, and slower thermal

relaxation ► time.

6. The insertion of fine copper screens with high thermal conductivi-

ties significantly improves the performance of the rod-rogener-

ators due primarily to the turbulence caused by these screens
in the lie gas flow.

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

rods of LS-8A in the model 21. The compelling reasons for this recommenda-

tion are;
i
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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 sipvificant pulverization/dusting

with the 0.008 11 diam doped rods will be true for the ondoped

0.015 11 rods also.

3. The 0,015 11 diam rod geometry has a favorable thermal relaxation

time, a surface area equivalent to 0.015 11 diam Pb spheres, and

these rods are convenient to handle.

The authors are grateful to Dr. C. F. Clark for assistance in reducing

the thermal properties data and to W. Pierce Lor assistance with the
stopping motor for the Model 21.
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