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PROJECT SUMMARY

The subject Small Business Innovation Research project is Phase I in the development
of a new form of high effectiveness regenerators which are critically needed to develop
efficient, long-life cryocoolers for producing temperatures to below 10 K, such as for
spaceborne instrumentation. The best current 10 K cryocoolers are impractically
large, inefficient, and unreliable for aerospace applications. This is largely due to
fundamental problems with regenerator ineffectiveness at very low temperatures.

High' regenerator effectiveness is critical to optimizing the power, speed, weight, size,
and service life of Stirling cryocoolers, and, even with multiple stages, is essential to

-= reaching temperatures much below 65 K. Regenerator ineffectiveness can
overwhelmingly increase required drive power and impose limits on highest operating
speed and lowest refrigeration temperature. Increase in the currently achievable
effectiveness of regenerators for 10 K cryocoolers would allow increase in operating
speed and reductions in machine power consumption, size, and drive loads. Higher
operating speed is essential to employing flexure suspension, linear drive systems for
prolonged operating life.

Regenerator ineffectiveness results from deficient heat transfer between the matrix and
the working fluid due to insufficient matrix heat capacity or heat transport rate, and
heat dissipation due to compression/expansion of working fluid in the regenerator void
volume. Heat flow resulting from regenerator ineffectiveness directly subtracts from
the refrigeration produced in a cryocooler, thereby necessitating a larger machine and
greater power input for a given amount of refrigeration. Regenerators must trade flow
restriction, axial heat conduction, and void volume for adequate heat transfer and
storage capacity. These parameters are intimately interrelated and must be carefully
balanced to minimize ineffectiveness and other parasitic losses.

The heat capacity and conductivity of solids fall off steeply while gas density rises with
decreasing temperature below 100 K, making it difficult to provide sufficient effective
regenerator heat capacity and necessitating a slow operating speed. Due to the
fundamental nature of matter and heat, known regenerator materials and forms do not
allow cryocoolers to operate near 10 K at speeds above 5 to 10 Hz, and thus preclude
employing linear resonant drives and nonrubbing piston suspensions and seals for
prolonged service.

The Phase I research reported herein defines the analytical modeling, thermofluid
trade-offs, material properties, production and test methods, and feasibility for
developing a new type of regenerator for higher effectiveness and operating speed in
very low temperature cryocoolers. These results provide the basis and methods for
the design, fabrication, and testing of prototype regenerators in Phase II of the
development.
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NOMENCLATURE

Symbol Definition Unis

Ag gas flow cross-section area m2

Aht total gas-to-matrix ('wetted') heat transfer area m2

Am matrix material cross-section area m2

-• A] aluminum

Cm matrix specific heat J/kg .

cp gas constant pressure specific heat J/kgI(

CV gas constant volume specific heat J/kg-K

C9 gas heat capacity J/K

Cm matrix heat capacity J/K

Cso fullerene molecule of 60 carbon atoms

D diameter m

De effective screen wire diameter = L Ag/(A9 + Am) m

F flow friction factor

G actual/ideal gross refrigeration

hH gas specific enthalpy at warm end of regenerator J/kg

hL gas specific enthalpy at cold end of regenerator J/kg

hTHP gas specific enthalpy at high temperature, high pressure J/kg

hHLP gas specific enthalpy at high temperature, low pressure J/kg

hLTHP gas specific enthalpy at low temperature, high pressure J/kg

hLTu, gas specific enthalpy at low temperature, low pressure J/kg

HT gas-to-matrix heat transfer coefficient W/m 2"K

i regenerator inefficiency = 1 - c

ka matrix axial thermal conductivity W/m-K

k9  gas thermal conductivity W/m-K

km matrix material conductivity W/mX

K temperature on Kelvin scale, or potassium
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NOMENCLATURE (CONT'D)

Symbol Definition Units

L regenerator length along flow axis m

tn natural logarithm

m mass kg

rk gas cyclic mass flow rate amplitude kg/s

SrnH gas mass flow rate at warm end of regenerator kg/s

ril gas mass flow rate at cold end of regenerator kg/s

mgS gas mass displacement of expansion space kg

mgr gas mass displaced through regenerator kg

Mg magnesium

Na sodium

P pressure Pa

Pa pressure cycle amplitude Pa

PH pressure cycle maximum Pa

PL pressure cycle minimum Pa
PO pressure cycle average Pa

Pr Prandtl number = /cp/k

AP pressure change Pa

PC power coefficient = input power per unit gross refrigeration

PCC Carnot power coefficient = (TH - TI)/TL

PC 3  Carnot power coefficient for each of 3 equal stages

PC1* equivalent power coefficient for single stage

PC3, effective power coefficient for each of 3 equal stages

6C conducted heat rate W/s

OE heat absorbed in expansion space W

6p refrigeration rate reduction due to flow pressure loss W/s

OR heat exchanged in regenerator W

vii
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NOMENCLATURE (CONT'D)

SymboI Definition Units

Qnet refrigeration available after losses W

rh hydraulic radius = LAO/Aht m

R gas constant per unit mass J/kgIK

Re Reynolds number = 4pvrh/;-

t time s

tg gsgap thickness m

tm matrix material thickness m

T temperature K

TE expansion space temperature K

Tg gas temperature K

TH high temperature K
TL low temperature K

TM matrix temperature K

TO temperature cycle average K

Tin gas temperature entering regenerator K

Tout gas temperature exiting regenerator K

T, first-stage regenerator cold-end temperature K

T2 second-stage regenerator cold-end temperature K-

AT temperature change K

ATm matrix temperature change K

U internal energy J

v velocity m/s

VE expansion space volume displacement m3

VM matrix material volume = LAm m3

Vrq regenerator gas (void) volume = L% m 3

St thermal penetration depth = (2 km/pmCm.) 1/2  m
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NOMENCLATURE (CONT'D)

Symbol Definition Units

e regenerator effectiveness = actual/perfect heat exchange

gas dynamic viscosity (Pas) kg/ms

8 pressure cycle phase angle rad

0 temperature cycle phase angle rad

angular frequency rad/s

ir geometric constant pi

p9  gas density kg/m 3

Pm matrix material density kg/m 3

ix /x
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1.0 INTRODUCTION

Currently the mission lives of spacecraft requiring cryogenic cooling for instrumentation

are seriously limited by dependence on stored cryogens such as liquid helium.

Cryocoolers capable of 5 to 10 years of continuous orbital operation are needed to

cool the focal planes, optics, baffles, etc., of infrared sensor systems. But the power,

weight, size, and life penalties of current 10 K cryocoolers are prohibitive for spacecraft

applications. Development of compact, lightweight, power efficient, high reliability, long

-• life cryocoolers capable of producing temperatures down to 10 K while rejecting heat

at temperatures in the range of 300 K has become a critically pacing technology.

Proposals for new and innovative approaches for cryogenic cooling of space-based

sensors and their associated systems were invited under Topic No. SDIO93-003,

Sensors, in the Department of Defense Small Business Innovation Research Program

Solicitation 93.1. In response, research was proposed to employ the new carbon

materials, fullerenes, in an innovative concept for high effectiveness regenerative heat

exchangers which are critically needed to develop efficient cryocoolers for operation at

temperatures of 10 K and below, such as for spaceborne instrumentation. Phase I of

the subject research was to analyze the potential thermofluid properties of candidate

forms of fullerenes as related to the feasibilityand prospective advantages of using

them in high effectiveness regenerators for Stirling cryorefrigerators, and to define

methods for producing and testing candidate materials and representative

regenerators in Phase I1. Phase I was conducted under Contract F29601-93-C-0085

(effective April 23, 1993) administered by the Directorate of Space and Missile

Technology of the Air Force Phillips Laboratory, and is reported herein.

2.0 STIRLING CRYOCOOLERS

The Carnot cycle defines the theoretic minimum work required per unit of refrigeration,

which is equal to (TH - T3/TL where TH and TL are, respectively, the cycle maximum
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(sink) and minimum (refrigeration) absolute temperatures. However, the Carnot cycle

is an unimplementable mathematical ideal. The cycle most closely approaching the

performance of the Carnot cycle, upon which to base a cryorefrigerator with a sink

temperature in the range of 300 K, is the Stirling cycle.

Progressively smaller, lighter Stirling cryocoolers have been developed over the past

40 years, principally for infrared night vision equipment and missile guidance systems

requiring cooling in the range of 80 K. In competition with many other types of

cryocoolers, including Vuilleumier, Linde-Hampson, Brayton, Claude, Gifford-

McMahon, and Solvay, Stirling cryocoolers have emerged as the choice for small

systems, being smaller, lighter, lower in cost, and more efficient.

Recently, a new generation of miniature Stirling cryocoolers, typified by the Oxford

cryocooler (Bib. 18) and the Standard Spacecraft Cooler, has been developed

employing nonrubbing clearance seals, flexure suspensions, and resonant linear

motors for greatly improved life and reliability. But there are fundamental problems in

reaching temperatures much below 65 K with these machines.

3.0 REGENERATORS

3.1 Function

A regenerator cyclically absorbs heat from and releases heat back to the working fluid.

In the ideal Stirling refrigeration cycle, diagrammed in Figure 1 of Appendix I, the

working fluid takes on heat at constant volume as it passes through a regenerator

from a cold expansion space to a warmer compression space. Heat is rejected from

the system by isothermal compression in the compression space. The working fluid

then passes back through the regenerator for constant volume regenerative cooling.

Heat is stored in the regenerator for transport out in the next cycle. Finally,

refrigeration occurs by isothermal expansion in the expansion space where heat is

absorbed by the working fluid.

2



In a real Stirling machine the flow surges back and forth so that little or none of the

working fluid (typically helium) passes completely through the regenerator matrix.

This, combined with the axial temperature gradient, complicates the energy flows so

the incremental details are not well understood and theories of regenerator operation

in Stirling machines are highly idealized. It is common, for example, to assume a

linear axial temperature gradient and to ignore the local temperature variations in both

matrix and gas that must occur. Ideally, the regenerator should have highf heat

capacity and heat transport capabilities such that heat exchange with the helium

working fluid at a high rate does not cause significant temperature fluctuation in the

regenerator. Also, the regenerator should introduce minimal axial heat conduction,

flow restriction, void (compressible gas) volume, and clogging susceptibility in the

helium flow path. Void volume is volume in the working space, e.g., in the heat

exchangers, which does not vary cyclically and therefore reduces compression ratio

while causing power losses due to heat flows resulting from compression and

expansion of the gas in the void. For ideal Stirling machines, void volume increases

the size required for a given power or refrigeration capacity by reducing the cycle

pressure ratio but does not reduce the power efficiency or coefficient of performance

below the Carnot value. In real Stirling machines, void volume causes thermal and

pressure power losses.

Regenerator ineffectiveness results from deficient heat transfer between the matrix and

the working fluid due to insufficient matrix heat capacity or heat transport rate, and

heat dissipation due to compression/expansion of working fluid in the regenerator void

volume. Heat flow resulting from regenerator ineffectiveness directly subtracts from

the refrigeration produced in a cryocooler, thereby necessitating a larger machine and

greater power input for a given amount of refrigeration. The requirement for a larger

machine compounds the reduction in power efficiency by proportionately increasing

the void volume and heat transfer losses.

3



Conventional regenerators have contained stacked fine wire mesh, coiled foil, porous

sintered powder, or, in the coldest stages, snugly packed lead/antimony

microspheres. Heat capacity is a serious problem in very low temperature

regenerators because the specific heat and thermal conductivity of solids decrease

with temperature while density remains constant, whereas the specific heat and

density of helium increase with decreasing temperature. This makes it very difficult to

effectively couple enough regenerator heat capacity to the helium working fluid. The

specific heat capacity of materials falls off steeply with decreasing temperature below

100 K. This is due to the inherent decrease, with temperature, in lattice vibration

energy, which is the primary form of thermal energy, and to a lesser degree in electron

energy. Thus, as atomic freedom is diminished by decreasing temperature, so is a

material's capacity to store thermal energy. As depicted in Figure 2 of Appendix I, a

few materials undergo magnetic moment transitions in internal energy over narrow

temperature changes below 20 K, which has the effect of a spike in heat capacity.

Because such transitions occur over only a few degrees in temperature change, they

are of limited value in providing a small supplemental heat capacity. Various

combinations of these magnetic transition compounds are being researched for very

cold regenerators but offer marginal benefits and are very difficult to produce in

suitable forms, quantities, or uniformity.

Helium at only 1 MPa pressure has a higher specific heat capacity than virtually all

other materials below 12 K. For size and weight practicality, cryocoolers typically have

helium charge pressures of 1 to 2 MPa. Consequently, a relatively large amount of

regenerator material is required to provide more heat capacity than the helium working

fluid itself. Adding regenerator material creates problems with flow restriction, void

volume, axial conduction losses, and time required to transfer heat into and out of the

regenerator matrix. The last factor necessitates a low flow rate which, in Stirling

machines, results in slow operating speed and high drive mechanism loads for a given

power level (torque x rad/sec).

4
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Currently, 10 K cryocoolers are limited to operating speeds in the range of 0.5 to 5 Hz

and consequently weigh several hundred kilograms and require 1.5 kW or more of

power per watt of refrigeration, because of the very poor effective heat capacity and

transport rate of conventional regenerators. In contrast, 80 K cryocoolers operate at

speeds of 30 to 60 Hz and weigh on the order of a kilogram per watt of refrigeration.

Increases in the effectiveness of regenerators for 10 K cryocoolers would allow

proportionate increases in operating speed, which would allow more than

proportionate reduction in machine size and weight, since parasitic losses also

decrease with machine size.

Since refrigeration is produced in proportion to the rate of doing work, operation at

higher speed and power efficiency corresponds with much lower drive forces and

bearing loads. Higher operating speed is also essential to employing flexure

suspension, linear resonant drive systems, which require very short strokes of less

that 1 mm (for flexure life) and resonant operating frequency in the range of 30 to 60

Hz (for weight and power efficiency). Such systems have been found to be key to

extending the operating life of 80 K cryocoolers from a few 1000s of hours to several

10,000s of hours.

3.2 Effectiveness

The heat absorbed (gross refrigeration produced) OE by isothermal expansion of mass

M. of an ideal gas from high pressure PH to low pressure PL at expansion

temperature TE is

QE = meRTE tn (PH/PD.

In real Stirling machines, expansion and compression are due to sinusoidal volume

changes and are not purely isothermal, which reduces OE by the product of factors of

0.6 to 0.8 and approximately 0.5, respectively, so that

5
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QE = G mQ.RTE f n (PH/PJ

where G is approximately 0.3 to 0.4.

Ideally, the heat OR exchanged in a regenerator by a mass mgr of gas with constant

specific heat cp passing through between high temperature TH and low temperature TL

is

OR = mgr Cp (CH - To).

, If mgr = Mi, (i.e., there is no void volume) and TL = TE, then the ratio of heat cycled in

the regenerator per unit of gross refrigeration produced is

OR _ cp ( T - T)
03 G RT, fn (PHI/PL)"

Noting that the gas constant R = cp - cv, where cp and cv are the gas specific heats at

constant pressure and constant volume, respectively, then

For helium, cp/(cp - cj) is approximately 2.5 for temperatures from about 300 K to

below 30 K, and typically for Stirling refrigerators, PH/PL is approximately 2 and G is

approximately 0.36, so that

R 1( TH-T)

Thus, with a heat sink temperature TH = 300 K, the ratio of heat cycled in a perfect

regenerator per unit of gross refrigeration produced at temperature TE is 27.5 at 80 K,

140 at 20 K, and 290 at 10 K. (The values given in Appendix I are from an idealized

Schmidt analysis which did not correct for nonisothermal expansion.)
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Regenerator effectiveness is defined as

actual heat exchange QR actual
perfect heat exchange QR maximum"

Since cp for real gases varies with temperature and pressure, for alternating flows of

mgr at different pressures, PH and PL, between fixed temperatures, TH and TL, the

maximum heat available for exchange is mgr Cp (TH - TJ for the flow with the lower

overall cp.

Regenerator ineffectiveness, the relative heat exchange deficiency, is

1 -e = QR maximum - QR actual
QR maximum

The heat not transferred, due to regenerator ineffectiveness, directly subtracts from the

gross refrigeration produced. The net possible refrigeration available is then

Q.et = QO -(1- e) QR.,n = --Q I - (I- e) OR,

For OR/QE = 10(TH - T.)/TE as previously derived,

S= QE [O - (1- e)1O (1E-TE)]

The minimum effectiveness required for a regenerator to reach from TH = 300 K to TE

(at which QOnt = 0) is 0.964 for 80 K, 0.993 for 20 K, and 0.997 for 10 K. As the

lowest achievable temperature for a given regenerator effectiveness is approached, the

net available refrigeration diminishes to zero and the power input required per unit of

useful refrigeration increases prohibitively. It is therefore evident why single-stage

7



Stirling cryocoolers operating with a heat sink near 300 K do not reach much below 65

K.

3.3 Multiple Stages

Stirling cryocoolers with multiple stages of expansion spaces and regenerators can

reach temperatures near 10 K from 300 K, although with very high power input

required per unit of net refrigeration. Multiple stages reduce the regenerator

effectiveness required as follows.

Designate power input required per unit of refrigeration as the power coefficient PC.

Between temperatures TH and TL, the Carnot power coefficient is PCc = (TH - TL)/TL.

Choose T1 and T2 to be intermediate temperatures between TH and TL such that there

are 3 stages of equal PCcs:

-T1-_ T1- T - T2 - TL
T, T2 •TL

T2 (TH-Tj) =T,(Tl-T2 ) - T, 2 =TITH

TL (r - T = T2 ( 2 -TL) - , T22 = T'TL

= T2
2 TH2 = T, TL TE 2 

- T1
3 = TLTH2

T24 = T1
2 TL2 = t 2 TH TL2 

-, T2
3 = THTL2.

For TH = 300 K and TL = 10 K,T1 = 96.55 K and T 2 = 31.07 K. The PCc for 1 stage

from 300 K to 10 K is (300 - 10)/10 = 29. The PCc for each of 3 equal stages is

(31.07-10)/10 = 2.107. Since these are all Carnot PCs, the heat loads and power

inputs to the 3 stages must combine to equal 29, the PCc for 1 stage from TH to TL.
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Z Heat Load x .Q = Power Input

10 K 1 x 2.107 = 2.107

- 31.07 K (1 + 2.107) x 2.107 = 6.546

96.55 K (1 + 2.107 + 6.546) x 2.107 20.339

Total PCc from 10 K to 300 K =28.992

From the above example, if PC, = PCc for the single stage, and PC 3 = the PCc for

each of 3 equal stages, then:

-- PC1= PC3 (1) + PC3 (1 + PC.) + PC3 11 + PC3+ PC 3 (1 + PC3)]

PC1 = 3 PC3 + 3 PC 3
2 + PC 3 .

Check: 3(2.107) + 3 (2.107)2 + (2.102)3 = 28.993 = 29 within rounding error.

Recall from Section 3.2, QR/QE = 10(TH - TE)/TE = 10 PCc. If i = regenerator

ineffectiveness, (1 - e), then net refrigeration Qnet = E - tQR = QE (1 - ilOPCc), and

(power input/QO) = QEPCc/Qf.t = PCc/(1 - i1OPCc).

For the maximum allowable t for a single stage from 300 K to 10 K, (1 - i1OPC1) > 0,

i :5 1/10(29) = 0.0034, e > 1 - 0.0034 = 0.9966. If i = 0.003, e = 0.997, then

(power input/Qne.) = 29/[1 - 0.003(10)29] = 223.

For each of the 3 stages of equal PCs from 300 K to 10 K, (1 - i1.PC3) > 0, i <

1/10(2.107) = 0.047, e > 0.953 (compared to allowable i < 0.0034, E > 0.9966 for the

single stage). For each stage, (power input/Qnt) = PC3/1 - 010 PC3), which is the

effective PC per stage, PC3,. The equivalent overall PC is PC1, = 3 PC3 + 3 PC 230 +

PC 3
3U. For t = 0.003, e = 0.997, total (power input/Qn.) = PC1* = 33.3 (compared

to 223 for the single stage). For 1 = 0.03, e = 0.97, PC,. = 303. For i = 0.04, c =

0.96, PC,, = 2987.
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It is apparent that as the maximum allowable ineffectiveness is approached, the power

input required per unit net refrigeration (at TL) increases rapidly. It can also be seen

that ineffectiveness in the lower stages, where it is most difficult to minimize,

compounds the heat load on upper stages, increasing the need for effectiveness in

them.

The foregoing simplistic example of multiple stages is based on equal PCcs and es

among the stages and no other parasitic loads. It illustrates the greater regenerator

ineffectiveness allowable in multiple stages compared to a single stage, although the

allowance is still quite tight (0.047 maximum ineffectiveness or an overall effectiveness

of about 0.96) to reach from 300 K to 10 K in 3 stages. Another major advantage of

multiple stages is the interception of parasitic heat loads, such as conducted and

radiated heat, before they get to lower temperatures and require more input power for

removal.

In actuality, multiple stages probably would not have equal PCs and es due to trade-

offs in axial conduction, pressure drops, and decreasing matrix volumetric heat

capacity with lower temperature. Also, although heat capacity is easier to provide in

upper stages, they must have the capacity to handle the gas and heat flows from the

lower stages. These factors increase the requirement for high regenerator

effectiveness.

Thus, multiple stages allow distributing the regenerators to operate over smaller

temperature differentials, which lowers the effectiveness required and provides more

power efficient interception of heat loads.

3.4 Real Reaenerators and Real Gas

In a perfect regenerator there is no heat transfer with the surroundings, no heat

conduction or pressure loss along the length, and no net heat gain or loss over a

10



complete cycle. The gas exits either end at the same temperature it had entered that

end. This requires infinite heat transfer area and conductance into the heat storage

matrix so that there is no temperature difference between the gas and the matrix, and

infinite matrix heat capacity, so that there is no temperature change in the matrix as it

exchanges heat with the gas. Otherwise, in a real regenerator, the matrix must be

colder than the gas to absorb heat from it and warmer than the gas to return heat to

it. This results in a temperature deficit, AT = Tout - Tin, at each end as shown in Figure

1. At the cold end, the gas enters colder (TL, in) than the matrix, absorbing heat from

the matrix, and exits (later in the cycle) warmer (TL, out) than the matrix, having

returned heat to the matrix. At the cold end, the enthalpy transferred into the

regenerator from the expansion space is mgcp (TL, in). Later in the cycle, the

enthalpy returned to the expansion space is mgeCp (TL, out). The net enthalpy

transferred into the expansion space each cycle is mgecp (TL, out - TL, in) = mg.cpAT.

With ideal gas and no other heat leaks, it can be shown by conservation of energy

that this enthalpy flow must be the same at each end of the regenerator and results in

a net enthalpy flow each cycle from the warm end to the cold end. Such an enthalpy

flow is the heat exchange deficit from regenerator ineffectiveness, which directly

subtracts from the gross refrigeration produced in the expansion space. Thus,

regenerator ineffectiveness is due to limited heat transfer area, conductance, and heat

capacity in the matrix, even with ideal gas.

For real gases, enthalpy is a function of temperature and pressure. This can result in

an additional enthalpy flow in a Stirling refrigerator because the gas enters and exits

each end of the regenerator at different points in the pressure cycle. Gas flows

toward the expansion space during the high pressure part of the cycle and an equal

gas mass flows away from the expansion space during the low pressure part of the

cycle.

Let the specific enthalpy, h, of the gas at each end of a perfect regenerator be

designated as follows:
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PERFECT OR REAL REGENERATOR
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h,.THp at high temperature, high pressure
hHTHP at high temperature, low pressure

hLTHP at low temperature, high pressure

hLTHP at low temperature, low pressure.

Per unit mass, the enthalpy difference in the gas entering and leaving the expansion

space at TL is (hLTHP - hLTLp), and the imbalance in the enthalpy changes in the high

-- and low pressure flows between TH and TL (the lack of capacity in the low pressure

- flow to cool the high pressure flow from TH to TO) is (hHTHP - hLTHP) - (hHTLP - hLTLP).

The net enthalpy flow per unit mass towards the expansion space is

(hLTHP - h.TLP) + (hHTHP - hLTHP) - (hHTLP - hLTLP) = hHTHP - hHTLP-

For helium, enthalpy variation with pressure at constant temperature is significant at

temperatures below 30 K but is negligible (more like an ideal gas) at warmer

temperatures for pressures below about 4 MPa. Therefore, the nonideal gas effect,

(hHTHP - hHTLP), of helium on net refrigeration is negligible with heat sink temperatures

above 30 K and pressures below 4 MPa. The refrigeration added to the isothermal

expansion by the enthalpy change from high pressure to low pressure at TL, (hLTHP -

hLTLP), is balanced out by the excess enthalpy change, (hHTHP - hLTHP) - (hHTLp - hLTLP),

required to cool the high pressure flow to TL. However, the enthalpy excess in the

high pressure flow may affect the apparent performance of a real regenerator since it

results in a temperature excess at the cold end, which represents heat that must be

absorbed by the expansion-induced enthalpy change.

3.5 Regenerator Trade-Offs

Real regenerators must trade flow restriction, axial heat conduction, and void volume

for matrix heat capacity, conductance into the matrix, and heat transfer area. There

must be sufficient effective heat capacity to store the required amount of heat within an
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allowable matrix temperature fluctuation each cycle. Adequate heat transfer and

conductance into the matrix must be provided to transfer the required heat within a

half cycle with an acceptable temperature differential. Temperature differentials

between the matrix and gas, arising from limited matrix heat capacity, heat transfer

area, and conductance, result in an enthalpy flow, mgeCpAT each cycle, which directly

subtracts from the gross refrigeration produced. The matrix must also have enough

porosity to pass the required gas flow without excessive pressure drop and to provide

adequate heat transfer area without excessive void volume. These parameters are

intimately interrelated and must be carefully balanced to minimize regenerator

ineffectiveness and other parasitic losses.

Overall, the regenerator performance objective is to provide adequate heat capacity

and transfer rate with minimal gas versus matrix temperature differential, void volume,

flow pressure loss, and axial heat conduction.

Axial heat conduction along the length of the regenerator is a parasitic heat load on

the refrigeration produced. The axial heat conduction rate is given by

(A/IL)f kadT

where Am = cross-sectional area of matrix material (i.e., total cross-sectional

area minus gas flow cross-sectional area A.)

L = regenerator length

a= matrix axial conductivity.

For given regenerator heat capacity, heat transfer area, and flow area, void volume

and flow pressure drop could be made small by using a short, large diameter

regenerator, except that axial heat conduction would become excessive. Axial

conduction imposes trade-offs in providing sufficient material volume LAm (for heat
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capacity) and flow area A (to limit pressure drop) without excessive void volume Vrg
-LA 9 .

Flow pressure drop through the regenerator adds to the compressor work input

required for a given cycle pressure ratio PH/PL in the expansion space. For laminar

flow with negligible end effects, as is typical in regenerators (Bib. 21), the average

pressure drop is approximately

Ap = F L(mgZIAg) 2 /2Pg r.

where F = Fanning friction factor

rhgr = average gas mass flow rate

p9 = average gas density

rh= hydraulic radius = IAg/Aht = Vro/Aht

Aht= gas-to-matrix heat transfer ('wetted') area.

Substituting rh = LA9/Aht, then AP = F rhgr2 Aht/2pgAg3.

It can be seen that large heat transfer area Aht for high effectiveness to limit the heat

transfer losses (enthalpy flows) causes flow pressure loss, which is limited by

providing flow area A9 resulting in void volume LA9. However, pressure-cycle-induced

enthalpy flow increases with void volume, so that performance improvement requires

that Aht can be increased more than LA, or there is an overriding need to reduce

temperature-gradient-induced enthalpy flow at the cost of increased flow pressure

drop, axial conduction, and/or pressure-cycle-induced enthalpy flow.

The dependence of pressure drop on flow velocity v, regenerator length L, and flow

gap (characterized by rh) is seen by substituting rmgr = pevA9:

AP = F pg V2 AhtM/2Ag = F L pg V2/2rh.
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Radebaugh (Bib. 21) has shown that AP can be equated to a loss 6P in gross

refrigeration rate OE by

6p = 7r 6E AP/(PH - PJ

where AP is the average flow pressure loss for a sinusoidal pressure cycle of (PH " Pj

peak-to-peak amplitude. This shows that 6P can become relatively large for small

pressure ratio PH/PL, which trades off against decreasing pressure-cycle-induced

enthalpy flow for decreasing PH/PL.

Void volume in the regenerator is necessary to provide flow passage and heat transfer

area. Void volume must be limited so that the cyclic compression and expansion of

the gas occur largely in the compression and expansion spaces where the associated

heat transfers are intended. Compression and expansion of gas in the regenerator

void volume, Vro, cause heat transfers to and from the matrix and attendant

temperature differentials between the gas and the matrix. These temperature

differentials result in an enthalpy flow in addition to that previously described arising

from the imperfect heat exchange of the cyclic gas mass flow through the temperature

gradient (TH - TLJ of the regenerator. Thus, regenerator effectiveness e decreases with

increasing pressure ratio PH/PL due to the enthalpy flow arising from

compression/expansion of gas in the void volume.

Minimizing these enthalpy flows is not a simple matter of minimizing regenerator void

volume since void volume is required for flow and heat transfer areas, which are

essential to regenerator effectiveness. The enthalpy flow induced by the pressure

cycle increases proportionately with void volume, but that associated with the

temperature gradient does not. The resultant of these enthalpy flows, and the

reduction in the refrigeration produced, depends on the relative magnitudes and

phasing of the pressure cycle (PH/PL and mass flow, as determined by the

proportioning of the expansion, void, and compression volumes, the phasing between

the expansion and compression swept volumes, and the temperature ratio (TH/TL).
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Although ideally the maximum gross refrigeration is produced with the expansion

volume leading the compression volume by 900, the resultant of the above enthalpy

flows varies with the phase angle such that the maximum net refrigeration (gross

refrigeration minus resultant enthalpy flow) occurs at a smaller phase angle.

Radebaugh (Bib. 20, 21) derived the analytic relationships among these parameters,

as simplified below, and cited examples of the maximum net refrigeration occurring

with expansion/compression spaces phase angles of 700 to 800.

With constant regenerator void volume Vr9, gas mass flow rates rnH at the warm (TH)

end and rn at the cold (T) end, respective specific enthalpies hH and hL, and internal

energy U, the heat transfer rate from the gas is

d=R.=ih-~ drY
6R dt -dt

Assuming ideal gas: U = mcvT = cvPVrg/R, dU/dt (Cv/R) Vrg (dP/dt),

rnH - r.= dm/dt = (Vr,/RT,)(dP/dt), and

-6R = rL Cp (TH - TL) + (Vrg/R)(CpTH/Tg - Cv) (dP/dt).

With sinusoidal pressure P = P0 + P. cos(cot + 8) and mass flow rhL = rk cos (wt) at

an operating frequency w/2r:

6R C=p (TH - TE) mi, cos (t) - (Vrg/R)(cpTH/T. - Cv) Pa w sin ((t + 0)

where rhk = rhg v/2 and P. = (PH - PE/2.

The first component of OR is the heat exchange due to mass flow across the

temperature gradient (TH - TE, which is proportional to the rate of refrigeration

produced. The second component is parasitic heat exchange due to compression/

expansion of gas in the regenerator void volume Vrg. Both components induce

temperature differentials which contribute to regenerator ineffectiveness.
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The heat transfer rate between the gas and matrix is 6R = Ht Aht ("g - Tm), where Ht is

the heat transfer coefficient, Aht is the total heat transfer (wetted) area between the gas

and matrix, and T. and Tm are the corresponding local gas and matrix temperatures,

respectively, along the regenerator length between TH and TL.

The heat stored or returned by the regenerator matrix each half cycle is OR = CmATm,

where Cm is the effective matrix heat capacity and ATm is the matrix temperature

C7- fluctuation. The stored heat exchange rate is 6R = Cm dTm/dt" Assuming Tm = To +

"ATm cos (wt + 0), then 6R -- CmATm ca sin (wt + o).

The heat transfer with the gas must equal that with the regenerator matrix:

6R = Ht Aht (T m)- Tn) Cm ATm w sin (ct + 0).

As heat is absorbed or returned by the matrix, the local temperature must change by

ATm. The gas versus matrix temperature differential to transfer the heat is then T. - Tm

+ ATm, which results in regenerator ineffectiveness. To minimize this temperature

differential requires large Ht Ah and Cm.

The effective heat capacity of the regenerator matrix is Cm = PmCm Aht st, where Pm is

matrix density, cm is matrix mass specific heat, and 6t is the thermal penetration depth,

i.e., the effective depth to which heat can penetrate within a half cycle. For

sinusoidally alternating flow over a semi-infinite flat surface, the thermal penetration

depth is

6t = (2 km/CIPmCm)
1/ 2,

where km is the effective thermal conductivity into the matrix.

The effective regenerator heat capacity is then

Cm = Aht (2 kmpnCm/(c)I/ 2 .
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As previously discussed, km and cm of solids fall off steeply while gas density rises

with decreasing temperature below 100 K, making it difficult to provide sufficient

effective regenerator heat capacity and necessitating a slow operating speed to avoid

excessive void volume.

It has been shown (Bib. 20, 21) by first-order analysis that the ratio of regenerator void

volume to expansion space swept volume, Vrg/VE, is minimized when Cm/Cg = 1.8.

However, first-order analysis neglects the effects of void volume on regenerator and

system performance trade-offs, such as pressure-cycle-induced enthalpy flow and

phasing with temperature-gradient-induced enthalpy flow. Void volume is necessary

for flow passage and heat transfer area, and greater Cm/C 9 tends to reduce ATm, a

contributor to ineffectiveness. As Radebaugh notes in Appendix II, "for temperatures

of about 20 K and below the void volumes in practical regenerators become rather

large and the simplification (of first-order analysis) is no longer accurate." The value of

Cm/C 9 = 1.8 may not be optimum for overall regenerator performance.

The primary design objective of a cryocooler is to produce net refrigeration at a

specified rate and temperature. Gross refrigeration is produced at a rate proportional

to rfgetn (PH/PL). For a given pressure ratio, the mass displacement rate required per

unit of gross refrigeration rate is independent of operating frequency. Operation at a

different frequency requires an inversely proportional expansion space displacement

VE such that VEW = constant. An increase in frequency requires a decrease in

expansion space volume, resulting in a decreased ratio of expansion space to void

volume for the same mass flow rate.

In the range of pressure ratios, 1.5 to 3, typical of regenerative cycle cryocoolers, the

tn (PH/PL varies closely with PH/PL [e.g., tn (2 PH/P) = 2tPn (PH/P)]. A decrease in

pressure ratio would require a proportionate increase in mass flow rate and void

volume, along with the relatively larger loss in gross refrigeration rate for small

pressure ratio described previously.
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Consolidating and summarizing the simplified governing relationships, with material

properties approximated as constant over the temperature range of the regenerator:

6rE-(1- 06 - 6c - OP
Net refrigeration rate: 6net R.

Gross refrigeration rate: 6E = 0.3 rhnRTEtn (PH/PL

Regenerator heat exchange rate:

6R = (irQ'7r/2)cP(TH - ToJ cos (wt) - (Vrg/R)(PH - PF)(&/ 2 )[(CpTH/Tg) - Cv] sin (6)t + 0)

= H;A: (r. - Tm) = Aht (2(a kmpmcm) 1/2 ATm sin (wt + o)

Regenerator ineffectiveness: (1 - 6) 6R = rn.e cp(T. - Tm + ATm)

Axial conduction: 6c = (kSAm/L)(TH - To

Flow pressure loss: 0 = 7rQEF mgr Aht/2pA (PH - P)

It would seem that Qnot could be maximized with high PH/P., &, and long L, except for

the component of OR due to compression/expansion of gas in the regenerator void

volume Vrg = L#%. HrAht is required in proportion to rni9 to limit (T. - Tm). High PH/PL

would increase dE/rýgo, which would reduce HtAht (T9 - Tm), mnge (T. - Tm + ATm),

mgri/(PH - P) and 6P. High w would decrease the matrix volume, Vm = LAm, required

for a given volumetric heat capacity pmcm and ATm. This along with long L would

reduce 6c. However, the parasitic increase in 6R, arising from Vro, increases with the

product of V,,, (PH - PO) = PL (PH/PL -1), and w), and can only be moderated within

narrow limits by optimizing phasing as previously described.

The effect of the product V,, (PH - PL . is to convert drive power input into heat which

is transported to the cold end of the regenerator. Lowering the pressure ratio requires

more mass flow rate per unit gross refrigeration, which increases flow pressure drop

and the need for matrix heat transfer area and heat capacity. Lowering operating
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speed increases the machine size and drive loads. The escalating increase in

regenerator ineffectiveness with increasing speed, pressure ratio, and matrix

"coarseness has been methodically demonstrated by testing of stacked-screen

regenerators (Bib. 14). The key then is to minimize the Vro per unit ri,., Aht, and A9

without excessive kmAm/L

It can be seen by the dependence on Ht, Aht, AN3, and (kmpmcm)1" 2 that the matrix form

governing the relationship of heat transfer, fluid flow, and void volume is at least as

•- -important as the material thermal conductivity and volumetric heat capacity.

Determination of Ht is highly empirical and is usually based on established correlations

with basic heat exchanger types and flow conditions. The relationship of Ht to the

heat exchanger and flow parameters may be expressed in various ways, depending

on the parameter of particular interest, as illustrated below for the common forms of

regenerator matrices with laminar flow, Reyonlds number Re, gas thermal conductivity

k., and Prandtl number Pr 2. 0.7.

Packed spheres of diameter D = 18 rh:

Ht = 0.3 Re2/3 kg/D 0.5 rn.cp/ANRe 1/3

Stacked screens of De = L AN/(AN + Am):

Ht = 0.8 Re2/ 3 k./De 1.3 rcp/ANRe1/3

Parallel plates or concentric cylinders separated by flow gap t9:

Ht = 3 kg/t 9= 1.3 rý9 cp/A. Re1'/

For the low Re's (in the range of 100) typical of cryocooler regenerators, Ht is primarily

due to gas conductivity across the effective flow gap t9 and can be reasonably

approximated for all of the typical matrix forms as Ht • 3 k./t9 . (Accurate confirmation

of actual Hts requires testing.) With smaller flow gaps and more tortuous flow paths,
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packed spheres and stacked screens may have higher Hts than parallel plates.

However, as shown in Appendix II, parallel plates provide the highest ratio

HtAPr 2/3/rhgcpF, a measure of heat transfer versus pressure drop.

A high ratio of heat transfer versus pressure drop alone does not resolve all of the

void volume trade-offs. At very low temperature the primary problem is providing

enough effective matrix heat capacity Cm without excessive void volume or axial

conduction. The need for volumetric heat capacity decreases as w'/2 increases, but

the loss due to void volume increases directly with w. Falling volumetric heat capacity

with temperature requires adding matrix volume Vm = LAm. If added by increasing

length L, then void volume Vro = LA. increases unless flow area A can be reduced at

the cost of pressure drop increasing with 1/N93. Adding matrix cross section Am

increases axial conduction and is ineffective if the material thickness tm is greater than

twice the thermal penetration depth, i.e., tm > 26t. Thus it is critical that matrix volume

be fully utilized as effective heat capacity, which requires that Aht6t = LAm with tm =

26t. For given rhgr, this results in minimum adequate Aht/A to limit pressure loss,

AJL to limit axial conduction, and void volume. Since Cm = Aht (2 krPmCm/w)'/ 2 , at

very low temperature (low kmcm) and practical operating speed, the required Aht

provides ample HtAht for heat transfer.

4.0, FULLERENES

Regenerator ineffectiveness not only increases the drive power requirement of a

cryocooler, it limits the lowest temperature and highest speed at which the cryocooler

can operate. Reaching temperatures below 20 K, even with multiple stages, using

currently available materials requires problematically slow operating speed and high

drive forces. Combinations of rare-earth magnetic transition materials offer only

marginal improvements and are very expensive and difficult to produce in the forms

and uniformity required.
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The analyses in the preceding section and in Appendix II show that maximizing

regenerator effectiveness and operating speed requires providing a high ratio of

effective matrix heat capacity [= Aht( 2 kmPmCm/r/))'12] to void volume (= L AN) while

limiting axial conduction (-kaAm/L) and pressure loss (- At/A,3). At low

temperature, where cm and km are low, a finely divided, low porosity [,9/(Am + ,V)]

matrix with a high ratio of Aht/(Am + AN) is required such that the material thicknesses

tm between flow passages are approximately twice the thermal penetration depth (6s t

(2 km/PmCm(O) 1/2) and A9 is the minimum necessary to suitably limit pressure loss.

Also, it is highly desirable that the conductivity km into the matrix be higher than the

effective axial conductivity k. in the flow direction through the matrix.

In Appendix II it is shown that for a regenerator operating over a temperature span of

10 K to 20 K a porosity of 0.13 is required for reasonably good performance (i.e., loss

due to ineffectiveness is less than 50% of the gross refrigeration rate produced). It is

further shown that losses might be minimized with a porosity as low as 0.02. The

fixed porosity of 0.38 for packed spheres of uniform size results in very little if any net

refrigeration remaining after ineffectiveness and other losses, which explains why

current 10 K cryocoolers using packed lead microspheres require 1.5 kW or more of

drive power per watt of refrigeration. A porosity of about 0.25 can be approached with

packed spheres of different sizes, but proper mixing for even flow distribution is

difficult to ensure. Stacked screens are even less suitable with typical porosities

greater than 0.6.

Low porosity can be achieved with parallel plates, concentric cylinders, or coiled foil,

for which porosity equals tg/(tm + t9). At an average regenerator temperature of 15 K

and speed of 10 Hz, thermal penetration depths st of suitable materials vary from

about 0.3 mm for G-10 fiberglass/epoxy to about 0.9 mm for lead. For a porosity of

0.13 with tm = 26t, the respective flow gaps t. would be 0.09 mm and 0.27 mm. Such

thin sections and close spacing are somewhat difficult to fabricate, control, and

maintain. Operation at 50 Hz (to employ resonant linear drives with nonrubbing piston
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suspensions and seals) would require a porosity approaching 0.02 with material

thicknesses and flow gaps of approximately tm = 0.3 mm and t9 = 0.007 mm for G-10,

and tm = 0.8 mm and = 0.02 mm for lead, which are probably not practicable.

The prospective advantages of using fine powders for the matrices of very low

temperature regenerators are described in Bib. 21. Very high surface area to volume

ratio, small particle size, and low porosity can be easily achieved, and the ratio of

km/ka is inherently much higher in a matrix of discrete particles than in a continuous

"matrix such as parallel plates. However, it is noted that suitable materials having high

volumetric heat capacity at low temperature, such as lead, tend to be soft and have

low melting points so that the powder readily sinters together and loses the high

surface area and km/ka advantages.

As described in Appendix I, the objective of the current project was to investigate the

possibility that helium-impregnated fullerene carbon (probably as a compressed

powder) might be used to form an effective, high heat capacity, very low temperature

regenerator matrix. The very low temperature heat capacity of fullerenes was analyzed

for this project at Arizona State University (ASU), Tempe, as reported in Appendix Ill,

using computer models developed especially for the study of the quantum molecular

dynamics of fullerenes. Methods for producing, purifying, forming, and testing

impregnated fullerenes were defined for this project, as described in Appendix IV, by

the Materials and Electrochemical Research (MER) Corporation, Tucson, Arizona, the

leading producer of fullerenes.

The ASU study confirmed that the carbon-carbon bonds make fullerenes very

incompressible and allow efficient transmission of thermal energy into endohedral

(impregnated) fullerenes. However, it was found that encapsulation of a single helium

atom in C. (the most common fullerene molecule) probably would not offer a

volumetric heat capacity approaching that of lead. (Encapsulation of 2 helium atoms,

which is thought to occur, would provide more heat capacity enhancement but is very
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complex to analyze and better left to test.) Rather, it was determined that

encapsulation of a metal ion, such as that of Na, K, Mg, or Al, in C60 could result in a

volumetric heat capacity approximately equal to that of lead at 10 K and about half that

of lead at 15 K. Considering the dependence of regenerator effectiveness on Aht,

porosity, and (kmpmcm) 112 , some compromise in pmcm would still be advantageous to

achieve a simple matrix form which provides a high ratio of Aht to porosity and of

km/ka.

MER has demonstrated the production and test of high purity fullerenes in various

forms, dimensions, controlled porosities, and with impregnants such as helium and

metal ions. The MER report (Appendix IV) describes established methods for

producing and concentrating helium-impregnated fullerenes in suitable quantities. In

consultations with MER subsequent to the ASU analyses, it Was learned that

impregnation with metal ions is easier and produces higher yields than with inert gases

(e.g., helium), and concentration/purification is facilitated by greater molecular weight

and solubility differences. The theoretical voidage of 48% and lattice porosity of 12%

referred to in the MER report do not correspond to regenerator void volume or

porosity, which would be controlled by particle size and compressing and would have

to be tested.

5.0 CONCLUSIONS AND RECOMMENDATIONS

High regenerator effectiveness is critical to optimizing the power, speed, weight, size,

and service life of Stirling cryocoolers, and, even with multiple stages, is essential to

reaching temperatures much below 65 K. Because of the high ratio of heat cycled in

a regenerator per unit of gross refrigeration produced, regenerator ineffectiveness can

overwhelmingly increase required drive power and impose limits on highest operating

speed and lowest refrigeration temperature. Increase in the currently achievable

effectiveness of regenerators for 10 K cryocoolers would allow more than

proportionate increase in operating speed and reductions in machine power
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consumption, size, and weight. Operating at higher speed and power efficiency

corresponds with lower drive forces and mechanism loads.

The effect of the product of regenerator void volume, cycle pressure swing, and

operating frequency is to convert drive power into heat which is transported to the

cold end of the regenerator. To provide effective regenerator heat capacity at very low

temperature with minimal void volume and allow increased operating frequency, the

matrix must be finely divided such as to optimize the required material and flow cross-

sections and thereby minimize void volume without excessive axial conduction or flow

pressure loss. The material thicknesses must be approximately 2 times the thermal

penetration depth and the flow gaps must be much smaller to provide sufficient

material and flow cross-sections with minimum necessary porosity. Low porosity, to

minimize void volume, inherently entails a high ratio of material/flow cross-section,

even if finely divided, making a high ratio of material/axial thermal conductivity

important and favoring powder rather than plates for very low temperature

regenerators.

Due to the fundamental nature of matter and heat, known regenerator materials and

forms apparently do not offer the prospect of cryocoolers operating near 10 K at

speeds above 5 to 10 Hz, and thus preclude employing linear resonant drives and

nonrubbing piston suspensions and seals for prolonged service.

Metal-ion-impregnated fullerenes are a new form of material which offers the prospect

of providing an adequate volumetric heat capacity, comparable to that of lead in the

10 to 15 K temperature range, without the proclivity to fuse together in powder form,

such as when compressed or subjected to the cyclic pressure and flow in a Stirling

regenerator. As such, fullerenes may make possible matrices which provide intimate

thermal coupling to the working gas and a high ratio of effective heat capacity to

compressible void volume, axial conduction, and pressure loss, allowing higher

regenerator effectiveness and operating speed than other currently known materials.
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Further development of fullerene-based high-effectiveness regenerators for very low

temperature will require making material and matrix samples and complete

regenerators for testing as outlined below using methods described in Appendix IV.

Therefore, Phase II of the development will be to determine:

o Most suitable impregnant, raw materials, and as-produced material form.

o Production, concentration, verification, and matrix forming methods.

o Matrix density, helium permeability, compressible gas void volume, and helium

"flow resistance.

o Matrix volumetric heat capacity, thermal diffusivity and conductivity at 10 K.

o Matrix cohesive strength, resistance to breakdown by cyclic helium flow, and

coefficient of thermal expansion from 300 K to 10 K.

Basic heat capacity will be measured by calorimeter test for standard reference to

other materials. However, calorimeter tests are not representative of the effective

matrix heat capacity in a cryocooler regenerator. For measurement of regenerator

effectiveness near 10 K, agreement will be sought for testing in the National Institute of

Standards and Technology's Regenerator Test Facility, Boulder, Colorado, (described

in Bib. 21), in continuing collaboration with Dr. Radebaugh. Finally, regenerator

performance in an actual Stirling cryocooler will be tested in General Pneumatics' four-

stage Stirling test-bed cryocooler, which is capable of variable operating speed and

pressure.
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C) IDENTIFICATION AND SIGNIFICANCE OF THE PROBLEM OR OPPORTUNITY

1) Introduction

Proposals were sought to develop advanced components for cryogenic
refrigerators for spacecraft applications under Topic No. AF93-065,
Advanced Crvocooler Components, in the Department of Defense Small
Business Innovation Research Program Solicitation 93.1. In
response, research is proposed to employ fullerenes in an
innovative concept for high effectiveness regenerative heat
exchangers which are critically needed to develop efficient
cryocoolers for operation at temperatures of 10 K and below such as
for spaceborne instrumentation.

Currently the mission lives of spacecraft requiring cryogenic
cooling for instrumentation are seriously limited by dependence on
stored cryogens such as liquid helium. Cryocoolers capable of 5 to
10 years of continuous orbital operation are needed to cool the
focal planes, optics, baffles, etc. of infrared sensor systems.
But the power, weight, size, and life penalties of current 10 K
cryocoolers are prohibitive for spacecraft applications.
Development of compact, light weight, power efficient, high
reliability, long life cryocoolers capable of producing
temperatures down to 10 K while rejecting heat at temperatures in
the range of 300 K has become a critically-pacing technology.

2) Stirling Crvocoolers

To absorb heat at a low temperature and reject it to a higher
temperature, i.e. generate refrigeration, requires the application
of work on a thermodynamic medium. The medium may be fluid,
elastic, magnetic, or electric, but in general only fluids
(specifically gasses) allow sufficient operating range to achieve
a temperature change of more than a few tens of degrees Kelvin.
Therefore, to generate cryogenic refrigeration with a heat sink in
the range of 300 K requires the cyclic compression and expansion of
a gas having a suitably low boiling point.

The Carnot cycle defines the theoretic minimum work required per
unit of refrigeration. The Carnot cycle, however, is an
unimplementable mathematical ideal. The cycle most closely
approaching the performance of the Carnot cycle, upon which to base
a cryorefrigerator with a sink temperature in the range of 300 K,
is the Stirling cycle.

For applications where thermodynamic efficiency, mechanical
simplicity, and minimum weight and size are priorities, Stirling
cryocoolers offer the best potential.

Progressively smaller, lighter Stirling cryocoolers have been
developed over the past 40 years, principally for infrared night
vision equipment and missile guidance systems requiring cooling in
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the range of 80 K. Stirling cryocoolers have been developed in
vigorous competition with many other types of cryocoolers,
including Vuilleumier, Linde-Hampson, Joule-Brayton, Claude,
Gifford-McMahon, Solvay and Postle. Stirling cryocoolers have
emerged as the system of choice for miniature systems, being
smaller, lighter, lower in cost, and more efficient than the
competitive systems.

Recently, a new generation of miniature Stirling cryocoolers,
typified by the Oxford cryocooler (Orlowska and Davey, 1987) and
the Standard Spacecraft Cooler, have been developed employing non-
rubbing clearance seals, flexure suspensions, and resonant linear
motors for greatly improved life and reliability. But there are
still fundamental problems in reaching temperatures much below 65
K with these machines.

3) Regenerators

Figure 1 shows the ideal Stirling refrigeration cycle. In process
A-B the working fluid takes on heat at constant volume as it passes
through the regenerator from a cold space (at temperature TR) to a
warm space (at temperature Tr). A regenerative heat exchanger is
comprised of a single channel filled with a porous heat storage
medium in which a fluid cyclically reverses flow. The regenerator
may be thought of as thermodynamic sponge cyclically absorbing heat
from and releasing heat back to the working fluid. The heat
absorbed from the regenerator is the area A-B-H-F. Heat Qc,
corresponding to area B-C-G-H, is rejected from the system in the
isothermal compression process B-C. The working fluid then passes
back through the regenerator in the constant volume regenerative
cooling process C-D. Heat corresponding to the area C-D-E-G is
stored in the regenerator for transport out next time around in
process A-B. Finally, refrigeration occurs in the isothermal
compression process D-A where heat QR, corresponding to area D-A-F-
E, is absorbed by the working fluid.

Two factors critical to a Stirling cryocooler's power efficiency
and ability to reach low temperature are the dead volume and the
thermofluid performance of the regenerator. Dead volume is volume
in the working space, e.g. in the heat exchangers, which does not
vary cyclically and therefore reduces compression ratio. Favorable
thermofluid characteristics are low fluid friction and thermal
conductivity in the flow (axial) direction, and high radial
conductivity, surface area, and heat capacity to promote heat
transfer with minimum temperature difference between the matrix and
the working fluid.

Providing effective regenerator heat capacity is a fundamental
problem in achieving temperatures below 15 K with regenerative
cycle cryocoolers (e.g. Stirling, Gifford-McMahan, etc.). Ideally,
the regenerator should have high heat capacity and heat transport
capabilities such that heat exchange with the helium working fluid
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at a high rate does not cause significant temperature fluctuation
in the regenerator. Also, the regenerator should introduce minimal
axial heat conduction, flow restriction, and void (compressible)
volume in the helium flow path.

Regenerators have typically contained fine wire screen, gauze,
wool, or lead shot. Heat capacity is a serious problem in very low
temperature regenerators because the specific heat of solids
decreases with temperature while density remains constant, whereas
the specific heat and density of helium increase with decreasing
temperature. The specific heat capacity of materials falls off
steeply with decreasing temperature below 100 K. This is due to
the inherent decrease, with temperature, in lattice vibration
energy, which is the primary form of thermal energy, and to a
lesser degree in electron energy. Thus, as atomic freedom is
diminished by decreasing temperature, so is a material's capacity
to store thermal energy. As depicted in Figure 2, a few materials
undergo magnetic moment transitions in internal energy over narrow
temperature changes below 20 K, which has the effect of a spike in
heat capacity. Because such transitions occur over only a few
degrees in temperature change, they are of limited value in
providing a small supplemental heat capacity and are not very
effective during start-up from ambient temperature.

Making matters worse, helium at only 1 MPa pressure (10 atm) has a
higher specific heat capacity than virtually all other materials
below 12 K. For size and weight practicality, cryocoolers
typically have helium charge pressures of 1 to 2 MPa. Thus, a
large amount of regenerator material is required to provide more
heat capacity than the helium working fluid itself. Adding
regenerator material creates problems with flow restriction, void
volume, axial conduction losses, and time required to transfer heat
into and out of the regenerator matrix. The last factor
necessitates a low flow rate which, in Stirling machines, results
in slow operating speed and high drive mechanism loads for a given
power level (torque x rpm).

A means of achieving increased heat capacity in a very low
temperature regenerator would be to use helium itself as the heat
storage medium. But to do so, the heat storage helium must be
mechanically uncoupled from the working fluid helium so as not to
increase the volume of compressible gas (void volume) in the
regenerator. Compressible gas in the regenerator lowers the
refrigerator's compression ratio and causes power losses due to
dissipating heat of compression in the regenerator. A prior
concept was to use a packed bed of tiny helium-filled glass beads
for a regenerator. But such has not been widely implemented, if at
all, perhaps due to problems in producibility or in encapsulating
helium at sufficiently high density (pressure) in the beads.

Use or diselawre of proposal data u subject to the restction on the cover page of this proposal
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The proposed new concept for entraining helium in a regenerator is
to encapsulate helium atoms in fullerene carbon molecular cages.
Fullerenes are large, closed, carbon molecules (e.g. C6,0 C7, etc.)
which are described as hollow, geodesic, microscopic balls or
cages. It has been shown that atoms of various elements, notably
helium, can be inserted and confined inside fullerene molecules.
It is also known that fullerenes can form a highly permeable bulk
mass. It is proposed here that helium-impregnated fullerene
molecules could be used to form a regenerator matrix which would
effectively be a packed bed of microscopic helium-filled carbon
balls. It is expected that, because of their discrete, closed,
geodesic, carbon-carbon bonds structure, the fullerene balls would
be extremely rigid (incompressible) with good thermal conductivity
from exterior to interior, but not from ball to ball.

Such a regenerator matrix would preclude the compressibility of the
heat storage helium from the working fluid helium, while providing
intimate thermal coupling between the two, without introducing high
conducted heat losses through the regenerator.

4) Advancement Prospects

Power

Two primary forms of regenerator ineffectiveness are deficient heat
transfer between the matrix and the working fluid due to
insufficient matrix heat capacity or heat transport rate, and heat
dissipation due to compression/expansion of working fluid in the
regenerator void volume. Regenerator ineffectiveness directly
subtracts from the refrigeration produced in a cryocooler, thereby
necessitating a larger machine and greater power input for a given
amount of refrigeration. The requirement for a larger machine
compounds the reduction in power efficiency by proportionately
increasing the void volume and heat transfer losses.

The criticality of regenerator ineffectiveness in cryocoolers is
illustrated by noting that, with a heat sink temperature of 300 K,
the ratio of heat cycled in a perfect regenerator per unit of
refrigeration produced at various temperatures is: 14 at 77 K, 70
at 20 K, and 140 at 10 K. Thus, for each watt of refrigeration at
10 K, a 0.5% regenerator inefficiency causes a 0.5% X 140 = 0.7
watt refrigeration loss requiring increased size and power input by
a factor of more* than 1/(1 - 0.7) = 3.3 (*due to the compounding
effect of increasing size).

To translate this into terms of input power required, the minimum
theoretical (Carnot) input power required per watt of refrigeration
at 10 K, with a 300 K heat sink, is (300 - 10)/10 = 29 watts/watt.
Real cryocoolers have typically achieved less than 1 to 2% of
Carnot efficiency at 10 K, requiring 1500 to 3000 watts/watt,
largely due to regenerator inefficiency.

Use or disclosre of proposal data a subject to the retricion on the cover page of this proposal
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A regenerator inefficiency of only 1/140 = 0.7% would result in
zero power efficiency, i.e. no refrigeration producible at 10 K.
An improvement of only 0.1% in regenerator efficiency might well
double power efficiency, reducing input power required by 750 to
1500 watts/watt.

Size and Weight

In addition to size and weight savings associated with increased
power efficiency, improved regenerators offer the prospect of
higher operating speed with proportionate reduction in system size
and weight. Currently, 10 K cryocoolers are limited to operating
speeds in the range of 0.5 to 5 Hz, and consequently weigh several

* hundred kg per watt of refrigeration, because of the very poor
specific heat capacity and transport rate of conventional
regenerators. In contrast, 80 K cryocoolers operate at speeds of
30 to 60 Hz and weigh on the order of a kg per watt of
refrigeration. Improvements in the specific heat capacity or
transport rate of regenerators for 10 K cryocoolers would allow
proportionate increases in operating speed. For the same amount of
refrigeration, this would allow more than proportionate reduction
in machine size and weight, since parasitic losses also decrease
with machine size.

Reliability and Life

Since refrigeration is produced in proportion to the rate of doing
work, operation at higher speed and power efficiency corresponds
with much lower drive forces and bearing loads. Higher operating
speed is also essential to employing flexure suspension, resonant
linear drive systems, which require very short strokes of less than
1 mm (for flexure life) and resonant frequency in the range of 30
to 60 Hz (for weight and power efficiency). Such systems have been
found to be key to extending the operating life of 80 K cryocoolers
from a few 1000's of hours to several 10,000's of hours.

Thus, improvements in regenerators for 10 K cryocoolers are
critically fundamental to reductions of 100's of watts of power and
kilograms of weight per watt of refrigeration, and extension of
operating life by 10,000's of hours.

D) PHASE I TECHNICAL OBJECTIVES

The objectives of the proposed Phase I research are to analyze the
potential thermofluid properties of helium-impregnated fullerenes
as related to the feasibility and prospective advantages of using
them in high effectiveness regenerators for Stirling
cryorefrigerators, and to define methods for producing and testing
candidate materials and representative regenerators in Phase II.

Use or disclosure of proposal data is sbjec to the restriction on the cove page of this proposal
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Factors to be evaluated include: the density to which helium atoms
can be encapsulated in fullerenes and the effect on the molecular
vibration modes; the thermal transfer effectiveness into and
between the fullerene molecules in a pressurized helium medium; and
the achievable combination of heat capacity, transfer rate, flow
restriction, and void volume for operation in a Stirling cryocooler
down to temperatures reaching 10 K.

E) PHASE I WORK PLAN

The tasks for Phase I of the proposed research for fullerene-based
regenerators for very low temperature cryocoolers will consist of
the following:

1. Define specific performance requirements and relationships in.
terms of heat capacity, transfer rate, conductivity, fluid
flow restriction, and void volume for prospective cryogenic
applications using the REGEN series of regenerator analysis
computer models in collaboration with Dr. Radebaugh of NIST.

2. Analyze the vibrational modes of prospective fullerene
molecules, which are the principal means for transferring and
storing thermal energy, as affected by the encapsulation of
helium atoms, using computer models developed especially for
the study of the quantum molecular dynamics of fullerenes at
Arizona State University.

3. Translate the results of Task 2 into terms of thermal
properties, e.g. heat capacity, conductivity, temperature and
pressure dependency, and correlate with the findings of Task
1 to determine the most suitable candidate fullerene/helium
combinations and physical forms.

4. Compose a plan for making candidate helium - impregnated
fullerenes, in collaboration with Dr. Withers of MER Corp.
(the sole licensee for the production of fullerene materials),
for testing in Phase II.

5. Define the equipment and procedures for testing the key
thermofluid and mechanical properties of the helium-
impregnated fullerene material as related to regenerators,
e.g. heat capacity, conductivity, porosity.

6. Devise a regenerator test apparatus for testing the
performance of helium-impregnated fullerene regenerators at
temperatures in the range of 10 K in Phase II.

Use or didsucbre of proposal data a subject to the rentriction on the cover page of this proposal
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7. Prepare a final report describing the results of each of the
foregoing tasks, and the feasibility and prospective
performance of helium/fullerene regenerators for very low
temperature cryocoolers.

* The schedule for completing the Phase I tasks is given below:

Months After Start of Contract

1 2 3 4 5 6 7I:.:.......j........... .....

Regenerator Requirements Analyses ..

Molecular Modes Analyses ....... I ...

Determine Suitable Candidates

Compose Fabrication Plan

Define Material Testing .

Devise Regenerator Testing

Prepare Final Report

All of the work for the proposed fullerene-based cryogenic
regenerators Phase I research will be performed at the General
Pneumatics Western Research Center in Scottsdale, Arizona. The
Principal Investigator will be Mr. Woody Ellison, who has nineteen
years of research experience in heat transfer, thermal analysis,
cryogenics and development of high precision electromechanical and
thermal control devices for aerospace applications. The program
will be fully supported by the extensive experience of the Western
Research Center staff in cryocooler development, and by the
consulting services of Dr. Graham Walker and Dr. Ray Radebaugh,
both leading authorities on cryorefrigerators, and Dr. James
Withers, an expert in materials science and the production and
analysis of fullerenes. Resumes for the program team are presented
in Section I, Key Personnel, and Section K, Consultants.

F) RELATED WORK

1) Related R & D at General Pneumatics

The Western Research Center of General Pneumatics was specifically
established to research and develop cryorefrigerators, Stirling
engines and refrigerators, and new approaches for thermal
management and energy conversion. Previous and current development
projects, in addition to internal research and development,
include:
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"o A methane or radioisotope fuelled Ross-Stirling engine/
generator for use as a battery charger for remote, unattended
data gathering and communication systems for DARPA (NO0014-
85-C-0856, Sept. 1985)

"o A Ross-Stirling refrigerator for NASA-MSFC to refrigerate
food and biological stores in spacecraft using the cabin
atmosphere as the working fluid to preclude any hazardous
leakage to the crew (NAS8-36260, Dec. 1985)

"o A compact high-pressure gas compressor and a low-temperature
helium rotary expander for a closed-cycle cryorefrigerator
for DOE (DE-AC02-80271-85ER80271, Oct. 1985 and DE-ACO2-

- 85ER80272, Sept. 1985)

"o A nitrogen-cycle Linde-Hampson cryorefrigerator, featuring a
non-clogging, variable-flow cryostat, for condensing liquid
oxygen boil-off in a distillation column for NASA-KSC (NASI0-
11144, Jan. 1985 and NASI0-11322, Aug. 1986)

"o A combined Stirling/Linde-Hampson cryorefrigerator for
reliquefying helium boil-off from spacecraft cryogen storage
tanks for SDIO (F04611-88-C-0003, Nov. 1987 and F04611-89-C-
0055, Jan. 1990)

"o A natural-gas-powered duplex Stirling cryorefrigerator to
liquefy natural gas for automotive fuel for DOE (DE-AC03-
89ER80730, Aug. 1989 and DE-FG03-90ER80860, Mar. 1990)

"o A triple-fluid, closed-cycle, Linde-Hampson helium liquefier
to cool spaceborne sensors and stored cryogens for NASA-ARC
(NAS2-12990, Feb. 1989)

"o A Stirling cryocooler for direct circulation of refrigerant
to instruments, shields, and dewars without need for a
cryogenic pump for NASA-MSFC (NAS8-39321, Jan. 1992)

The above work involves thermal, flow, materials, heat exchanger
and Stirling system design experience which is directly applicable
to the proposed advanced cryogenic regenerators research.

2) Related References

Bar-Cohen, A., et al, 1986, "Research Needs in Electronic Cooling",
National Science Foundation and Purdue Univ., Andover, MA

Barron, R., 1984, Crvocenic Systems, 2nd Ed., Oxford University
Press, Oxford, U.K.
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Bradshaw, T. W., 1986, "First Results on a Prototype Two Stage
Miniature Stirling Cycle Cooler for Spaceflight Applications",
Fourth International Cryocoolers Conf., Easton, MD

Castles, S. H., 1988, "Current Developments in NASA Cryogenic
Cooler Technology", Advances in Cryogenic Engineering, Vol. 33

Chan, C. K., 1987, "Survey of Cooling Techniques for Electronic and
Sensor Devices", Symposium on Low Temperature Electronics and High
Temperature Superconductors, Honolulu, HI

Chan, C. K., 1989, "Survey of Cooling Techniques", JPL Invention
- Report NPO-17457/6964

Fieldhouse, I. B., Porter, R. W., 1986, "Cryogenic Cooling of
Infrared Electronics", GACIAC SOAR-86-02

Gasser, M. (Ed.), 1983, Refrigeration for Cryogenic Sensors, NASA
Conference Publication 2287

Green, G., et al, 1986, "Low Temperature Ribbon Regenerator",
Second Interagency Meeting on Cryocoolers, Easton, MD.

Hands, G. A., 1986, Cryogenic Engineering, Academic Press, San
Diego, CA

Keung, C. S., Lindale, E., 1984, "Effect of Leakage Through
Clearance Seals on the Performance of a 10 K Stirling-Cycle
Refrigerator,, Third Cryocooler Conf., Boulder, CO

Knox, L., et al, 1984, "Design of a Flight Qualified Long-Life
Cryocooler", Third Cryocooler Conf., Boulder, CO

Ledford, 0., 1986, "Cryogenics for Space Systems", Advanced
Technology International, Los Angeles, CA

Marsden, D., 1986, "System Design Requirements for Infra-Red
Detector Cryocoolers", Fourth International Cryocooler Conf.,
Easton, MD

McFarlane, R., et al, 1988, "Long Life Stirling Cryocooler for
Space Applications", Fifth International Cryocooler Conf.,
Monterey, CA

Orlowska, A. H. and Davey, G., 1987, "Measurements of Losses in a
Stirling Cycle Cooler", Cryogenics, Vol. 27

Radebaugh, R., 1986, "Ineffectiveness of Powder Regenerators in the
10 K Temperature Range", Second Interagency Meeting on Cryocoolers,
Easton, MD
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Radebaugh, R., Louie, B., 1984, "A Simple, First Step to the
Optimization of Regenerator Geometry", Third Cryocooler Conf.,
Boulder, CO

Smith, J., et al, 1984, "Survey of the State of the Art of
Miniature Cryocoolers for Superconducting Devices", Mass. Institute
of Tech., Cambridge, MA

Walker, G., 1983, Cryocoolers, Plenum Press, New York, NY

Walker, G., 1989, Miniature Refrigerators for Cryogenic Sensors and
Cold Electronics, Oxford University Press, Oxford, U.K.

Walker, G., et al, 1988, "Microcomputer Simulation of Stirling
Cryocoolers", Twelfth International Cryogenic Engineerinq
Conference, Southampton, UK

Walker, G., Urieli, I., 1990, "An Ideal Adiabatic Analysis of a
Stirling Cryocooler with Multiple Expansion Stages", Low
Temperature Engineering and Cryogenics Conf., Southampton, UK

G) RELATIONSHIP WITH FUTURE RESEARCH OR RESEARCH AND DEVELOPMENT

The results of the proposed Phase I research will define the
analytical modeling, thermofluid trade-offs, material properties,
production and test methods, and establish the feasibility and
advantages for employing fullerenes to develop high effectiveness
regenerative heat exchangers for very low temperature
cryorefrigerators. The results will provide the basis and methods
for the design, fabrication, and testing of representative
fullerene-based regenerators in Phase II, which in turn will
provide for experimental refinement of the modeling and design
approaches for practical applications.

H) POTENTIAL POST APPLICATIONS

The effectiveness of regenerative heat exchangers is essential to
the efficiency of cryorefrigerators. For numerous applications the
best currently available cryocoolers are impractically inefficient,
heavy, large, and short-lived. Development of fullerene-based
regenerators offers the prospect for major advances in cryocooler
power, size, weight, reliability, and operating life. These
advances are critical to the development of practical, long-life
cryocoolers for spacecraft as well as various superconductor,
medical (e.g. magnetic resonance imaging), and research
applications.
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I) KEY PERSONNEL

1) Staff

Mr. Woody Ellison is Engineering Manager. Prior to joining General
Pneumatics in 1987, Mr. Ellison acquired fifteen years experience
at Sperry Space Systems Division in the development of high-
precision electromechanical devices and magnetic suspensions for
spacecraft applications, which included extensive experience in
thermal control, vibration, and vacuum effects analysis, design,
and test. Mr. Ellison graduated from Arizona State University with
a BSME degree in 1972.

Mr. Ernest E. Atkins is a Senior Development Engineer. Prior to
this, he was employed by Goodyear Aerospace Corporation as Sr.
Design Engineer where he worked on various defense programs.
Earlier, he was a Mechanical Engineer for Sperry Flight Systems,
Defense Systems and Space Development (DSSD). Mr. Atkins has been
engaged in research and development on Stirling engines and
advanced cryogenic systems since 1983. He has acted as Program
Manager on various projects to develop Stirling engine cogeneration
systems, Stirling refrigerators and oil-free high-pressure
compressors for closed-cycle Linde-Hampson cryocoolers. Mr. Atkins
has completed engineering courses at the following colleges and
universities towards his BSME: University of Maine, 1975-1979,
Mesa Community College, 1980-1983, Arizona State University, 1984,
Scottsdale Community College, 1985-1988, Paradise Valley Community
College, 1989-1990.

Mr. Randall Kohuth is a Senior Development Engineer in the research
and development of advanced Stirling systems. Prior to joining
General Pneumatics he was employed at McDonnell Douglas Helicopter
Company in the design of conventional control actuation systems,
research and development of advanced integrated actuators, and as
an aerothermal analyst provided thermodynamic and fluid dynamics
analysis for turbine engine installation performance, environmental
control systems and other related energy systems. Before joining
McDonnell Douglas, he was a research assistant at Arizona State
University and designed mechanical, optical, and electronic test
equipment. Mr. Kohuth was also responsible for interfacing
computers to fluid dynamics test systems and developing software
for data acquisition and reduction. Mr. Kohuth graduated from
Arizona State University with a B.S. (1984) and M.S. (1986) in
mechanical engineering.

Mr. Steven G. Zvlstra is General Manager of the Western Research
Center and Director of Engineering for General Pneumatics
Corporation. He was previously employed as Technical Manager on
several space programs with Bendix Guidance Systems Division.
Prior to that, he acted as Responsible Engineer with Ford Aerospace
on the AIM-9M Sidewinder missile program. Before joining FA, he
was a Design Engineer with Ford Motor Company. He obtained his
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bachelor's degree in engineering from Western Michigan University
and has graduate credits toward a MBA from California State
University at Fullerton. Mr. Zylstra is Chairman of the Arizona
Innovation Network, an organization to help stimulate the growth of
small high technology businesses in the State. He also serves on
the Arizona Governer's Science and Technology Council and the U. S.
Chamber of Commerce, Small Business Council.

2) Publications and Patents

Atkins, E., Walker, G., Zylstra, S., "Miniature Multistage High-
Pressure Gas Compressor for Linde-Hampson Cryocoolers", Fourth
International Cryocoolers Conference, Easton, MD, Sept 1986

Ellison, W., Walker, G., Zylstra, S., "Low Capacity Helium
Reliquefier", Interagency Meeting on Cryocoolers, Monterey, CA, Aug
1988

Ellison, W., Atkins, E., Walker, G., Zylstra, S., "A Gas-Fired
Duplex-Stirling Cryorefrigerator to Liquefy Natural Gas for
Automotive Fuel", Sixth International Cryocooler Conference,
Plymouth, MA, Oct 1990

Hedegard, K., Walker, G., Zylstra, S., "A Non-Clogging,
Temperature-Sensitive, Closed-Cycle Linde-Hampson Cryocooler, Fifth
International Cryocooler Conference, Monterey, CA, Aug 1988

Hedegard, K., Walker, G., Zylstra, S., "Temperature Sensitive
Variable Area Flow Regulator for Joule-Thomson Nozzles", Fourth
International Cryocoolers Conference, Easton, MD, Sept 1986

Prentice, J., Walker, G., Zylstra, S., "Advancements in Clog
Resistant and Demand Flow Joule-Thomson Cryostats", Cryoqenic
Engineering Conference, Huntsville, AL, Jun 1991

Walker, G., Stirling Cycle Machines, Oxford University Press,
Oxford, UK, 1973

Walker, G., Stirling Engines, Oxford University Press, Oxford, UK,
1980

Walker, G., Crvocoolers, 2 Vols., Plenum Publishing Corp., New
York, NY, 1983

Walker, G., Senft, J. R., Free Piston Stirling Engines, Springer-
Verlag, Berlin, 1983

Walker, G., Ellison, W., Zylstra, S., "Cryocoolers for the New
High-Temperature Superconductors", Journal of Superconductivity,
Vol. 1, No. 2, Plenum Publishing Corp., 1988
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Walker, G., Scott, M., Zylstra, S., "Ross-Stirling Spacecraft
Refrigerator", Journal of Spacecraft and Rockets, Vol. 25, No. 5,
American Institute of Aeronautics and Astronautics, Sept-Oct 1988

Walker, G., Miniature Refrigerators for Cryogenic Sensors and Cold
Electronics, Oxford University Press, New York, NY, 1989

Walker, G., "Micro and Nanno Cryocoolers: Speculations on Future
Development", Sixth International Cryocooler Conference, Plymouth,
MA, Oct 1990

Walker, G., Radebaugh, R., Low Capacity Cryogenic Refrigerators,
Plenum Publishing Corp., New York, NY (in press for publication mid
1991)

Walker, G., "Joule-Thomson Apparatus with Temperature Sensitive
Annular Expansion Passageway", U.S. Patent #4,631,928, General
Pneumatics Corporation, Dec. 30, 1985, 5 pp

Walker, G., "Refrigerant Expansion Device with Means for Capturing
Condensed Contaminants to Prevent Blockage", U.S. Patent
#4,738,122, General Pneumatics Corporation, Apr. 19, 1988, 5 pp

J) FACILITIES/EQUIPMENT

The Western Research Center (WRC) of General Pneumatics Corporation
(GPC) is situated in a 5,600 sq. ft. building on the Scottsdale
Airpark in Scottsdale, Arizona. The facility is divided into three
distinct areas as follows: engineering, laboratory and machine
shop.

The engineering department is equipped with all the necessary tools
to research, analyze, design and draft novel engineering concepts.
There is a technical library with engineering reference materials,
military standards and supplier catalogs. The computing capability
consists of two Hewlett-Packard Vectra computers each with 640K of
internal memory and 40 meg hard disk drives. The software library
consists of Lotus 1-2-3, Wordperfect, Advance Link, Auto-Cad, MS-
DOS, HP-Basic, DOS-Basic, Isothermal 2nd Order Stirling Engine
Simulator and numerous internally written programs.

The machine shop is equipped with all the necessary machine tools
and equipment to fabricate the innovative devices which are
designed at WRC. These include two milling machines, four lathes,
surface grinder, band saw, belt sander, welding equipment, heat
treat oven, drill press, 5-ton mechanical press, inspection
equipment, etc.

The laboratory is set-up with all the necessary instrumentation and
equipment to assemble and test the various devices which are
designed and fabricated at the Center. This equipment includes
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motors, power supplies, function generators, bridge amplifiers,
temperature analyzers, high speed recorders, load cells,
tachometers, oscilloscopes, digital multimeters, pressure gauges
and transducers, pressure regulators, vacuum gauges, flow meters
(turbine and rotameter), gas pressure boost pump, vacuum pumps,
vacuum chambers, hand tools, etc. The facility is almost totally
self-sufficient in nature and requires minimal use of outside
services with the exception of special processes, such as
anodizing, plating, brazing, etc.

The Western Research Center is in close proximity to the expertise
and facilities for the processing and analysis of fullerenes at the
University of Arizona and the MER Corp. in Tucson, and for the
research into the quantum molecular dynamics of fullerenes at
Arizona State University in Tempe.

The company headquarters is located in Orange, New Jersey in three
buildings totaling about 20,000 sq. ft. The facility is an
engineering and production manufacturing entity and is recognized
as the leading producer of pneumatic control valves and pressure
regulators for the emergency raft and slide evacuation systems on
commercial and military aircraft. These components are supplied to
literally every aircraft manufacturer and airline in the free
world.

The company also supplies hydraulic and pneumatic valves (relief,
check, exhaust and regulatory) for the military aerospace industry.
GPC produces components for the Sidewinder, Chaparral, Hawk,
Patriot, and Sparrow missiles and supplies these products to prime-
contractors such as General Dynamics, Loral Aeronutronic, Raytheon
Company, Kollsman Instruments Company, etc.

The Company employs forty persons, ten of whom are located at the
Western Research Center.

K) CONSULTANTS

Dr. Ray Radebauqh is a Research Physicist and Project Leader at the
National Institute of Standards and Technology, Boulder, Colorado.
Dr. Radebaugh is a specialist in cryogenics, with over twenty years
experience in the research of He -He4 dilution, electrocaloric,
thermoelectric, Stirling, and pulse-tube refrigerators and
regenerative heat exchangers. His pioneering work in computer
modeling and analysis of regenerators for cryorefrigerators has
made him a leading authority in the field. Dr. Radebaugh is an
advisory editor for the international journal, Cryogenics, serves
on the boards for the International Cryocooler Conference and the
Cryogenic Engineering Conference, and is regularly an invited
speaker at various international conferences.
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Dr. - -Graham Walker is the Director of Advanced Research and
Development for General Pneumatics Corporation (GPC) and a
Professor of Mechanical Engineering at the University of Calgary,
Alberta, Canada. Dr. Walker joined GPC's Western Research Center
(WRC) in January 1984 on a one-year unpaid leave of absence from
the university. He returned to the University of Calgary in
January 1985 and he presently acts as a consultant exclusively to
GPC.

Walker has been engaged in research and development of power
equipment, heat exchangers, refrigeration systems, and Stirling
engines since 1956. He is the author of 8 books and over 180
papers to the scientific and engineering journals, national and
international conferences, including the Cryogenic Engineering
Conference, Cryogenics, the Intersociety Energy Conversion
Engineering Conference, the International Stirling Conference, and
the ASME and SAE Annual Meetings.

Walker is the inventor of the novel non-clogging General Pneumatics
cryostat, Patent No. 4,631,928, and 4,738,122 presently used on
several of the previously mentioned cryocooler programs. He has
given short courses on Stirling engines and cryocoolers at the
University of California, Los Angeles, the University of Maryland,
various U.S. companies and government agencies, and many foreign
universities, companies and government agencies.

Dr. Walker has project and consulting experience on Stirling
engines and cryocoolers for: the Night Vision Laboratory; U.S.
Army, Fort Belvoir; the U.K. Ministry of Defense Royal Armament
Research and Development Establishment, Fort Halstead; the Canadian
Defense Research Board, Quebec; the Canadian Department of National
Defense, Ottawa; Honeywell Research Center, Minneapolis; Martin
Marietta Corporation, Orlando, Florida; Raytheon Missile Systems
Division, Bedford, Massachusetts; -Argonne National Laboratory,
Argonne, Illinois; Oak Ridge National Laboratory, Oak' Ridge,
Tennessee; Sunpower, Athens, Ohio; Mechanical Technology Inc.,
Latham, New York; and the National Aeronautics and Space
Administration, Lewis Research Center.

Dr. Walker holds the degree of B.S. (1st Class Honors), 1957 and
Ph.D., 1961 in Mechanical Engineering from the University of
Durham, United Kingdom.

Dr. James C. Withers is a Research Scientist and the CEO of MER
Corporation of Tucson, Arizona. Dr. Withers is an expert in
materials science with over 35 years of experience in the fields of
process development, chemical vapor deposition, plasma
technology/processing and electrochemistry. Dr. Withers has
authored 25 U.S. patents, 30 publications in trade magazines,
technical journals & books, and served as principal investigator or
otherwise participated in over 65 SBIR and other government
contracts including several projects involving fullerenes. While
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the process for synthesizing fullerenes was discovered at the
University of Arizona (Dr. Donald R. Huffman and Dr. Kratschmer
from Max Plank Institute), their representative Research
Corporation Technologies (RCT) has applied for a number of patents.MER has the only license, from RCT, to produce and sell fullerenes.
Dr. Withers and MER have an ongoing, collaborative relationshipwith Dr. Huffman and his associates at the U of A.

L) PRIOR, CURRENT OR PENDING SUPPORTA like proposal, titled "High Effectiveness Regenerators for Very
Low Temperature Cryocoolersn is being submitted concurrently to
SDIO/TI/SBIR in response to DOD SBIR Solicitation 93.1, TopicDbM 93-003, Sensors. The Principal Investigator is designated to
be Mr. Woody Ellison, Engineering Manager. Submission of similar
proposals to different agencies is to find the most suitable match
with Federal Government development objectives. There is no
intention of accepting duplicate funding for similar projects.
Otherwise, no other prior or current similar project has been
funded or is pending funding by any agency of the FederalGovernment.
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APPENDIX II

Report on

ADVANCED REGENERATORS FOR CRYOCOOLERS

performed for General Pneumatics Corporation
for the USAF Phillips Laboratory Contract No. F29601-93-C-0085
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ADVANCED REGENERATORS FOR CRYOCOOLERS

Ray Radebaugh
Fluid Systems Group

Process Measurements Division
National Institute of Standards and Technology

325 Broadway
Boulder, CO 80303

Phone (303) 497-3710
FAX (303) 497-5044

Prepared for:

Woody Ellison
General Pneumatics Corporation

Western Research Center
7662 E. Gray Road, Suite 107

Scottsdale, AZ 85260
Phone (602) 998-1856
FAX (602) 951-1934

INTRODUCTION

As part of a Phase I SBIR study being conducted by General Pneumatics for the
Air Force Phillips Laboratory on the use of fullerenes for regenerators, we were asked
to study the fundamental relationships and parameters that determine the
performance of regenerators for temperatures below about 20 K. An ideal
regenerator has the following characteristics:

1. Infinite matrix heat capacity
2. Infinite'surface area for heat transfer
3. Infinite radial thermal conductivity
4. Zero axial thermal conductivity
5. Zero void volume
6. Zero pressure drop

None of these conditions will be true in practical regenerators, but it is often
possible to come close to meeting some of these requirements. Most often, changing
parameters to meet one requirement results in a sacrifice to another requirement.
An optimized regenerator is usually one designed to maximize the coefficient of
performance of the refrigerator. This optimization procedure can be very complex in
the most general case, but it becomes simplified in some limiting cases.

Radebaugh and Louie' were the first to describe a relatively simple procedure for
the optimization of regenerators for the case where the void volume is relatively
small. This case is closely approximated for regenerators with cold ends of about
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80 K and above. They used a first order analysis in which void volume is neglected
in the regenerator performance. By inverting the normal performance calculation
they arrived at simple analytical expressions for the regenerator geometry that gave
the specified performance with the minimum void volume. This analysis was then
incorporated into the NIST software known as REGEN for the optimization of
regenerator geometry. However, for temperatures of about 20 K and below the void
volumes in practical regenerators become rather large and the simplification of the
Radebaugh and Louie method is no longer accurate. A finite difference model using
the conservation of energy, mass, and momentum equations was developed at NIST
to accurately predict the performance of regenerators at all temperatures, even when
the void volumes are large.2 The latest version of this code is known as REGEN3. 0.
Because it is a numerical model rather than an analytical model the physics of the
regenerator behavior is not apparent. In this report we discuss some simplifications
that relate to the behavior of practical regenerators in the region of 20 K and below.
We derive some simple equations that show the importance of various regenerator
parameters and material properties. With these equations we then give some
guidelines for the design of regenerators for this low temperature range.

MATRIX HEAT CAPACITY

Figure 1 shows the primary reason why the performance of regenerators generally
decreases significantly for temperatures below about 20 K. As this figure shows, the
volumetric heat capacity of the helium gas passing through the regenerator begins
to exceed that of the regenerator matrix for temperatures below about 20 K. In order
to achieve a sufficiently high total matrix heat capacity to prevent a significant
temperature oscillation, the volume of matrix material must be made relatively large.
For a fixed porosity the void volume then becomes large also. This void volume may
become much larger than the volume of gas that passes through the regenerator.
This large void volume has a significant effect an the performance of the regenerator.

Figure 2 compares the regenerator ineffectiveness in a regenerator with no void
volume (dashed line) to that of a regenerator with a finite void volume (solid lines).
The two solid lines are for two different pressure ratios. This particular example was
calculated using REGEN3.1 for a regenerator operating between 10 and 15 K. The
ratio of void volume V, to the volume of gas V, the passes by the cold end of the
regenerator is closely related to the ratio of the heat capacity C, of the gas in the
void space to the heat capacity C1 of the gas that passes by the cold end of the
regenerator. This example was for a case of N, = 84, where N•, is the number of heat
transfer units. As Figure 2 shows, the ineffectiveness of regenerators decreases as
the ratio of total matrix heat capacity Cr to C1 increases. However, the presence of
the void volume greatly increases the ineffectiveness for values of CIC, greater than
about 1. That increase is a result of the additional heat that must be transferred
when the gas in the void space is undergoing an oscillating pressure. For very low
values of matrix heat capacity the heat capacity of the void volume gas begins to take
over as the effective regenerator matrix. Any reasonable regenerator would need to
be operating in the region of CC, > 1. So far we have shown only qualitative
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features of regenerator design and performance. To quantify the relationships
between regenerator performance and the various regenerator parameters it is
necessary to develop some analytical equations pertaining to regenerator
performance.

THEORY OF REGENERATOR PERFORMANCE

We begin the analysis by using the conservation of energy equation for an element
of gas in the regenerator. When the axial thermal conduction in the gas is neglected,
the equation for the heat transferred to the gas per unit volume of gas becomes

'U (a 8x ) 8t (1)
xaJ [A &h ] + aPW ÷

=h 1 ýL+pŽ uap.
x ax at at

The relationship between specific internal energy and specific enthalpy is given by

u = h - P/p. (2)

Substituting Eq. (2) into Eq. (1) gives

A =h! [T& YA ah + au +ha - Pap (3)
g - ga J +a . & at at p at

The conservation of mass for an element of gas is expressed as

ai &I a. (4)

Eq. (4)'is substituted into Eq. (3) to yield

=&ak au -PaLP (5)
# -ZaA.o-x at pat

At this point we use the ideal gas equation of state to keep the equations simple. For
an ideal gas

u = c"T, (6)
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h = cT, (7)

and

p PIR T. (8)

Differentiating Eq. (8) with time gives

- P (9)

Tt LRT-Y R

Substituting Eqs. (6), (7), and (8) into Eq. (5) gives

V,__xrcpa [C (10)

Because an ideal gas has the relation

RC' C •. (11)

R R'

Eq. (10) can be written as

C _ 2%T- +cp P _P P

V, A ax R T (12)
1 p T + PC'p - A.

A,8

We now equate this heat transfer to the gas to the change in internal energy of the
matrix. The resulting equation becomes

racp aT + PC (1-n) n (13)

Ag 8x np ,n mm n

For temperatures below about 20 K we have found that there is usually little
difference between T and Tm. This situation occurs when C,ICf is small and N,. is
large. These conditions are quantified in Appendix A. For this case when TMT,,,, Eq.
(13) is approximated by
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[PC (1g)pc1+" PInC8 +÷. (14)
n. Ag ax

Solving Eq.(14) for 2" yields

_rhcP aT +
Ag &. (15)

pc" + -n .mm
n.

To integrate Eq. (15) we assume sinusoidal behavior for 14, P, and T. In addition, we
assume that the amplitudes of P and Tare small compared with the average values,
Po and To. For instance, with a pressure ratio of 1.5 (typical in most Stirling'and
pulse tube refrigerators) the amplitude of the pressure is only 20% of the average
pressure. In a regenerator the relative amplitude of the temperature oscillation is
usually much less than 20%, although the temperature-vs. -time curve deviates from
sinusoidal behavior near the ends of the regenerator. With this approximation Eq.
(15) integrates to

mc% PTo+

T A X ax (16)
(1-n)

PoCp + PA,
ng

where m is the mass of gas that passes by a cross-section of the regenerator. The
regenerator loss is given by the time-averaged enthalpy flow through the regenerator,
which for an ideal gas is expressed as

(f?) = (n&cj) = (I/2)cY~,T~cosO, (17)

where the subscripts 1 refer to the amplitudes of the sinusoidal oscillations and 0 is
the phase angle between rh and T. Substituting Eq. (16) into Eq. (17) results in

-Pm~• ~ + C (rhe)

- Ag A 8x (18)
(1-n,)

PoC + PMCmng

Because the phase angle between rh and m is 900, the term (tthm) = 0. Therefore,
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= CP(n'P)
Po -n) (19)

ng

Dividing numerator and denominator by p0c gives

S = ((Ih/Pop)P

(1-ng) pcm (20)

n. pocp

We note that rh/po = , where V is the volume flow rate. Since the hydrodynamic
work flow is given by

(W~h) = (VP), (21)

Eq. (20) can be expressed as

Wh) (22)

+ (1-ng) pmc(2
ng P0cp

Eq. (22) shows that as PmC. -+ 0, (/b = (Wh). In this limit the enthalpy flow reaches
its maximum value. For an ideal, reversible expansion in any regenerative
refrigerator using an ideal gas, the maximum gross refrigeration power is simply

~rm =Wh)C,(23)

where the subscript c on the hydrodynamic work flow means that it is evaluated at
the cold end of the regenerator. For any real refrigerator where the expansion process
is not entirely reversible, the actual gross refrigeration power 0. may be only 50 to
85% of the maximum value.

Because the time-averaged enthalpy flow through the regenerator must be
constant (no net heat transfer occurs to the surrounding along the length of the
regenerator) Eq. (22) should use work flow, porosity, and heat capacity values that
are averaged over the volume of the regenerator. For an ideal gas the work flow
varies linearly with temperature because of the linear dependence of the specific
volume on temperature. Thus, we should use the average regenerator temperature
Ta as the temperature to evaluate the average properties. The average work flow
becomes
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(l )o = (To/TC)(lho. (24)

The time-averaged enthalpy flow in Eq. (22) can now be expressed as
(f'- (T°/T()(Wh)25)

(1 -n,) Pmcm

1+
n. poop

where the volumetric heat capacities are evaluated at the average temperature.
Since the heat capacities are averaged over the entire regenerator volume, we can
express Eq. (25) as

(Ta IT)(IWh)C
c, (26)

C uoid

where C, is the matrix heat capacity and Cvo• is the heat capacity of the gas in the
regenerator void space. Equation (25) shows that for a given matrix volumetric heat
capacity the only geometrical parameter that can effect the regenerator performance
"is the porosity. A small regenerator loss requires a low porosity.

To determine a typical porosity that is necessary for a low temperature
regenerator, we consider the case of a regenerator operating between 10 and 20 K,
which gives an average temperature of 15 K. For a reasonably good regenerator
performance we desire (/-) < 0.2 Qr. Figure 3 shows the volumetric heat capacities
for helium at various pressures and three typical regenerator materials used for these
temperatures. For a pressure of 2 MPa we use the typical value (PmCm/P0Cp) = 1.
Solving Eq. (25) for the porosity gives n, = 0.13. For the case of packed spheres n,
= 0.38. For the same matrix heat capacity, the regenerator loss becomes 0.57ony
which is so high that there is little net refrigeration power remaining after other
losses are considered.

As the porosity is made smaller the axial thermal conduction is increased. Here
we determine the lower limit for the porosity to prevent an abnormally large axial
conduction. The ratio of axial conduction to the hydrodynamic work flow at the cold
end is given by
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(Am/L)fkdT
- ~(Wh), (1/2)RTirAl(Pj1P)ddosO27

(1 -ng)fkdT
(1/2)nL.RT,(rh,/1Ag)(P,1Podcose

where L is the regenerator length, fkdT is the thermal conductivity integral in the
axial direction, and E is the phase angle between nh, and P. The maximum value of
(rh. 1IA,) that can be passed through the regenerator is determined by pressure-drop
considerations. The term (rhci/Ag) is related to the average pressure drop AP in a

*_ half-cycle by

1h, - i 2apAp (28
1Pr

rn 2pA (28)

where di is the average between n'c, and rhhl, N,,. is the Prandlt number and a is a
measure of the ratio of heat transfer to pressure drop and is defined as

Nop (29)
f

where N., is the Stanton number and f is the Fanning friction factor. Figure 4 shows
values of a for various geometries. These values are only weak functions of the
Reynolds number N, With the ideal gas approximation for p, Eq. (28) becomes

-, =.jf 2a(AP/P ]12 (30)
Ag 2 RToNUN,]

We consider a typical case of Po = 2 MPa, a = 0.28 (holes), AP/Po = 0.005, T, = 15 K,
N, = 200, and N., = 0.7. For this case (rh/lAg) s 7.5 g/(s'cm2). This flow rate is an
average over the length of the regenerator and is the maximum that can be passed
through the regenerator per unit area. The flow rate at the cold end is usually less
than this value. For this example we will use the value (rho1IA,)cos 0 -- 5 g/(scm2) in
Eq. (27). In addition we use typical values of kau = 9 mW/(cm-K) (value for EraNi),
L = 5 cm, PilPo = 0.2, and QI(Wh)c = 0.1. According to Eq. (27) the minimum value
of porosity then becomes ng , 0.02. For ng 1 1, ng ac k,,. With a porosity of 0.02, Eq.
(25) gives (/IQ,,. = 0.03. This low value of relative regenerator loss is about the
lowest that could be achieved if all of the above conditions could be met. In practice
the minimum loss will usually be somewhat higher. For example, to achieve a low
porosity the matrix volume is usually increased because the void volume must remain
sufficiently large to achieve the desired N,.. As the matrix volume increases the ratio
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CJC, increases to the point where it is no longer small compared with N, Thus, the
analysis presented here is no longer valid at very low porosities. However, the use
of very low porosities does allow the regenerator loss to be reduced while still using
a matrix that has a somewhat lower volumetric heat capacity. Such materials may
be considerably cheaper than the high heat capacity rare earth materials.

With very low porosities, there may be problems with typical radial heat flow
paths in the matrix exceeding the thermal penetration depth. The thermal
penetration depth in a semi-infinite plate is given by

8 :mV ].(31)

Figure 5 shows this thermal penetration depth as a function of thermal conductivity
for the case of a semi-infinite plate with pmc. = 0.4 J/(cm3.K). With a thermal
conductivity of 9 mW/(cm.K) the thermal penetration depth at 10 Hz is only about
0.25 mm. This length represents the maximum distance an element of matrix can
be from a helium flow channel and still be effective in contributing its heat capacity.
In the case of parallel plates with a gap thickness of 15 pm (typical minimum gap
thickness for this temperature and pressure) a porosity of 0.02 requires a plate
thickness of 0.74 mm. The center part of this plate is then 0.37 mm from the helium
channel, which exceeds the thermal penetration depth. As shown by Eq. (31) and by
Fig. 5 the thermal penetration depth can be increased by increasing the thermal
conductivity in the radial direction. That increase can be accomplished by the use of
a composite with such things as high thermal conductivity fibers. The large thermal
penetration depth then permits lower porosities to be used.

Another practical problem with very low porosities is the void volumes associated
with the manifold necessary to connect a large diameter, low porosity regenerator to
a small diameter, high porosity expander or pulse tube. Thus, in practice it may not
be possible to effectively use porosities less than about 0.10. However, even this
porosity is much less than the 0.38 porosity of packed spheres of one size.

COMPARISON OF ANALYTICAL AND NUMERICAL MODELS

In order to verify our simple analytical model we compare the value of regenerator
loss calculated by this model with' that calculated from the numerical model that has
very few assumptions. We should point out that the numerical model uses the real
gas properties whereas the analytical model discussed here considers an ideal gas.
Three of the examples being compared are taken from the work of Radebaugh et al.4

These three cases are evaluated with the regenerator operating between
approximately 10 and 15 K. The fourth example (case D) is for temperatures between
10 and 35 K. The comparison between the analytical model and the numerical model
is given in Table 1. Cases A, B, and C satisfy the condition CICf u N, Those three
cases show very good agreement between the analytical and numerical models, as
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indicated by the last two rows of the table. Case D does not meet the condition C/C1
SN, very well. As a result, Eq. (26) of the analytical model underestimates the

regenerator loss by about a factor of 2. The additional loss is due to the limited heat
transfer area which gives rise to a sizeable temperature difference between the gas
and matrix temperatures. For example, Fig. 6 shows the gas and matrix
temperatures as a function of time in the center of the regenerator for Case A. There
is almost no difference between the gas and matrix temperatures in this case. Figure
7 shows the same comparison for Case D. Here there is a significant difference
between the gas and matrix temperatures. For this case some reduction in the
regenerator loss could be made by increasing N,. However, that can only be done at
the expense of increasing the pressure drop, the conduction loss, or the void volume.
An optimized regenerator considers all of these losses. The Case D does represents
an optimized design for a 40 Hz frequency. Cases A, B, and C were for a frequency
of about 2.5 Hz, but not fully optimized.

Even for Case D the analytical model shows that the porosity has a significant
effect on the regenerator performance. Though the model will not always give
accurate results for all cases for the temperature range below about 20 K, it does
show the parameters that have the largest effect on the regenerator performance.

Table 1. Comparison between analytical model and numerical model.

Parameter Case A Case B Case C Case D

Matrix Pb+5%Sb GdRh Brass User defined

Th (K) 15.3 15.0 14.6 35

T, (K) 10.0 9.8 11.0 10

ng 0.38 0.52 0.46 0.38

N, 117 57.8 58.3 167

C, (J/K) 0.898 1.37 0.063 0.635

C, (J/K) 0.654 0.72 1.31 0.0245

Cuoi (J/K) 1.76 2.44 1.80 0.0837

CjCf 1.37 1.90 0.048 25.9

C ,cvoid 0.510 0.561 0.035 7.59

(I-•(I(h) 0.84 0.81 1.12 0.26
Eq. (26)

(/l/(Wh) 0.86 0.72 1.33 0.56
REGEN3.1
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CONCLUSION

For temperatures below about 20 K with matrix volumetric heat capacities of the
order of the best currently known materials, the regenerator loss can only be reduced
by decreasing the porosity or increasing the volumetric heat capacity of the matrix.
Until we find a regenerator material with a significantly higher volumetric heat
capacity in this temperature range, the only way to significantly improve regenerator
performance in this low temperature range is to reduce the porosity of the matrix.
By reducing the porosity from 0.38 (typical of packed spheres) to 0.10 the regenerator
loss can be reduced by a factor of about 4 with existing regenerator materials. In
order to fully realize this improvement, considerable care is necessary in the design
of the regenerators to prevent excessively large losses due to pressure drops, axial
conduction, and finite thermal penetration depth. All of the necessary design
equations to optimize the regenerator geometry for low porosity have been presented
here. The use of low porosity regenerators could permit the use of inexpensive matrix
materials that have somewhat lower volumetric heat capacities than those of the rare
earth materials commonly used now for this temperature region.
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APPENDIX A

RELATIONSHIP BETWEEN GAS AND MATRIX TEMPERATURES

The conservation of energy equation for the matrix is given by

htA(T-T.) = Crtm, (32)

"where h, is the heat transfer coefficient and A is the surface area for heat transfer
between the gas and the matrix. The definition of the number of heat transfer units
is

h A
N1 = fh (33)

where (di) is the mass flow rate averaged over a half cycle. When this equation is
solved for hgA and substituted into Eq. (32) we have

(rh)cpN,,,(T-T,,) = Ctm,. (34)

We now assume that the gas and matrix temperatures oscillate sinusoidally, which
means that they can be represented by complex variables in the manner

Tm = (35)

where Tm. is the amplitude of the temperature oscillation, (o is the angular frequency,
and 0 is the phase angle at t = 0. With this sinusoidal approximation we have

•i' •D T. (36)

Substituting Eq. (36) into Eq. (34) yields
(0A)cN,.(T-T,.) = iCiTm. (37)

Equation (37) can be solved for Tm to give

T.- T
Tm= (38)

1+
(rN)c,,NN

The term (dh) is given by
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(ni) = 2fm, (39)

where m is the mass of gas moved in the half cycle. When Eq. (39) is substituted into
Eq. (38) and 27if is used for wo, we get

Tm= T . T
i+ in C,. in(CrICf) (40)

mcpN, N,,

This equation can be rewritten in the alternate form

Te-i

(41)

where

= tan-•1 ((C 1 ) (42)

Equation (41) shows that the amplitude of Tm is reduced from that of Tby the factor
in the denominator of Eq. (41) and that Tm lags T by the phase angle 1. Both the
amplitude and phase are determined by the ratio (C,ýC)/N,. For small values of this
ratio it has the largest influence on the phase angle. Equations (41) and (42) show
that T. • T whenever (CICf)/Nju < 0.05.
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Preliminary Feasibility Study of Fullerene

Thermal Properties for Cryogenic Applications

John B. Page and Otto F. Sankey

Department of Physics and Astronomy

Arizona State University, Tempe, Arizona 85287-1504

(August 25, 1993)

I. LOW TEMPERATURE SPECIFIC HEAT OF PURE SOLID FULLERENES

A. Solid C60

In a classically vibrating system at high temperatures, each mode will contribute RINA

to the specific heat, where R is the ideal gas constant (8.31 J/mol K) and NA is Avogadro's

number (6.02 x 1023). Thus for a solid of C60 molecules, each molecule has nVDOF =

3 x 60 vibrational degrees of freedom, and the high temperature specific heat will approach

nDOF x R = 180R for each mole (720 grams) of solid. This result (the law of Dulong-Petit)

only holds for high enough temperatures that quantum effects are negligible.

The nDOF modes of each C60 molecule can be classified into three categories - 174

"internal" vibrational modes within the ball, 3 rotational modes of the rigid ball, and 3

modes involving rigid translation of the ball. Because the bonds within the ball are so

strong (2-dimensional graphitic bonds), all 174 internal vibrational modes have relatively

high frequencies - the lowest on-ball frequency is 265 cm- 1 , which translates into an energy

in temperature units of 0 on ball 381 K. As the temperature is cooled below this value,

all of the internal modes freeze out (go into their quantum mechanical ground states), and

their contribution to the specific heat decreases exponentially with decreasing temperature.

Hence at the low temperatures of interest here (5 - 30 K), all 174 intra-ball modes are

inactive and-do not contribute to the specific heat.
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Thus we immediately see a potential disadvantage of using a large molecule with strong

internal bonds, such as C60 . This is that out of the nDOF degrees of freedom available

from each molecule to contribute to the specific heat, there remains only a small fraction

not frozen out at temperatures well below room temperature. For C60, this fraction is

f = 6/180 = 0.033, so that 97 % of the modes cannot contribute.

The remaining modes, which can contribute to the low temperature specific heat, are

the three vibrational and three rotational modes of each rigid ball. At low temperatures C60

forms a weakly bonded (van der Waals) solid. Since each ball's internal modes are frozen

out as discussed above, one can regard the solid as being composed of very heavy (60 x 12 =

720 amu) "atoms-" which are weakly bound. Accordingly, we expect the low-temperature

solid to have a spectrum of collective low-frequency vibrational and "librational" (twisting)

modes - these are just the modes formed out of the translational and rotational modes

for the individual C60 molecules. If the frequencies of the collective modes are sufficiently

low, they could give rise to a substantial specific heat per ball at low temperature. We will

see below that this is indeed the case. Unfortunately, however, the large size of each C60

molecule (7.1 A diameter) results in the number of molecules per unit volume in the solid

being rather low, such that the net low temperature specific heat/volume is less than that

for some competing solids.

The crystal structure of solid C60 is face centered cubic (FCC), with the center-to-

center distance between adjacent balls being • 101. At low temperatures the structure

is more accurately described as simple cubic (SC) with four molecules inside the unit

cube. This SC solid still has the FCC arrangement of molecules, but the corner and 3

face molecules of the FCC arrangement are oriented differently, yielding the SC structure.

At room temperature the molecules rotate freely, but at low temperature the rotations

becomes collective librational modes, as discussed above.

We will now first qualitatively discuss the contribution to the specific heat of the

vibrational and librational modes in low temperature solid C60, and then discuss published

experimental results of the low temperature specific heat.
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Li, Lu and Martin [1] and Yildirim and Harris [2] have performed model calculations

of the vibrational and libration modes of solid C6 0. The results of Ref. [1] are shown in

Fig. 1. The different panels show the mode frequencies vs. wavevector, for various high

symmetry directions in the solid. In total, there are 6 x 4 = 24 branches, since there are

6 modes per ball and 4 balls per SC cell. These calculated results should be considered as

semiquantitative, with errors possibly as large as 50%. Fig. lb shows only the vibrational

mode branches and Fig. 1c shows just the librational branches. The librations involve

twisting oscillations of the molecules, and we note that their frequencies are in the 11 - 20

cm- 1 range. In energy units this converts to a temperature range of 16 - 30 K. Hence the

librational modes will contribute to the specific heat above this temperature range, and

their contribution will exponentially decrease at temperatures below this range.

The vibrational branches (Fig. 1b) are of two types: acoustic and optic. The 3 acoustic

branches (elastic waves) increase linearly with frequency from wavevector k = 0 (r-point),

and they give rise to a Debye contribution to the specific heat. The 9 optic mode branches

have frequencies in the range 20 - 45 cm- 1 , corresponding to 30 - 65 K in temperature

units. These branches give rise to an Einstein oscillator-like contribution to the specific

heat, as do the librational mode branches. Unfortunately, neither the optic nor libration

branches have energies corresponding to temperatures below the 5 - 20 K range. Hence

these modes will contribute less than their Dulong-Petit values to the low-temperature

specific heat.

The specific heat of solid C60 has been measured by a number of researchers over the

last several years. [4]. The low temperature specific heat of solid C60 has recently been

measured in the temperature range 2 - 20 K by Beyermann et al. [3]. These researchers

successfully modeled their data assuming 3 acoustic vibrational branches with a Debye

temperature OD = 37 K, 9 optic vibrational branches with an Einstein temperature GE -

30 K, and twelve 12 librational branches with an Einstein temperature OL = 58 K. They

also used a very small linear term 7T, of unknown origin. This simple model almost

perfectly fits their data. In this analysis the vibrational Debye contribution is largest below
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4 K, while the optic vibrations dominate from 4 K to over 20 K. The resulting volume

specific heat is shown in Fig. 2(a), along with data on other materials for comparison

[Fig. 2(b)]. We note that in the 5 - 30 K range, the volume specific heat of solid C60 is

not particularly large compared to other materials. Thus pristine C60 solid does not have

an overly high specific heat per unit volume in the 5 - 30 K temperature range.

We can then ask why the specific heat at low temperatures is not especially large, and

how we might increase it. The reasons for the relatively small low-temperature volume

specific heat are threefold: (1) Only 6 of the 180 modes (3%) of each ball can contribute

at temperatures well below room temperature, as discussed earlier. (2) The low-frequency

collective modes, which could contribute, have Debye frequencies (acoustic vibrations)

and Einstein frequencies (optic vibrations and librations) that are relatively high for our

purposes: in temperature units they are 37 K, 30 K, and 58 K respectively. As a result, for

temperatures in the 5 - 30 K range, the collective modes are being frozen out. (3) Owing

to the large size of each C60 molecule, the number of balls per unit volume in the solid is

very low compared with the number of atoms/volume in "ordinary" solids. To illustrate,

we note that the Debye temperatures for a soft heavy solid, Lead, and for a soft light solid,

Argon, are 88 K and 85 K, respectively, which are larger than for C60. Nevertheless, from

Fig. 3 we see that both Pb and Ar have significantly larger low temperature specific heats,

per unit volume, than solid C60 . The dominant effect is that the numbers of atoms/volume

for solid Pb and Ar are much larger than the number of balls/volume in solid C6o - the

volumes occupied by Pb and Ar atoms in the solids are 30 A3 and 36 A3 , respectively,

compared with the ;, 71013 occupied by each ball in solid C60 . Thus the number of

atoms/volume for these solids is more than 20 x the number of balls/volume for solid C6o.

This factor strongly overcomes the effect of their higher Debye temperatures, leading to

much higher volume specific heats than for solid C6 0 .

If, on the other hand, we plot the low temperature specific heats of these three solids

per unit mass, the situation is quite different, owing to the very different mass densities of

solid Ar and Pb. As seen in Fig. 4, the mass specific heat of C 60 is now about a factor of
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two greater than that of lead over the range 10 K - 15 K, while that for Ar is much larger

than for either of these materials.

B. Solids formed from larger icosahedral fullerenes

We now briefly speculate on how the low temperature specific heat of solid C60 might

be changed by increasing the number of atoms per ball. There is believed to exist a

whole family of ball-like fullerenes (e.g. icosahedral C 60 , Cso, C140 , Ciso, C 240 , etc.). In

solid C60 the balls interact through Van der Waals bonds comparable with those in planar

graphite, and the distance between adjacent ball-ball surfaces is about 3 A, similar to

the interplanar separation in graphite. Accordingly, we now consider FCC fullerene solids

composed of the larger balls listed above, with the surface-surface spacing between adjacent

balls maintained at its 3 Avalue for C60 . The dynamical effect of the larger balls should be

to lower the Debye and Einstein frequencies for the collective vibrational and librational

modes; these frequencies should be proportional to 1/V/ii for the vibrations and to

1/nbll for the librations. These decreases will result in the specific heats falling off with

decreasing temperature more slowly for the larger fulierenes, as shown in Fig. 5. Thus for

our hypothetical solid C240 , we see that the estimated volume specific heat does not begin

to fall off until below 10 K. Unfortunately, however, the number of C240 balls/volume is

only 20 % that for solid C60, and this results in our computed volume specific heat being

lower than that for solid C60 , for temperatures above 7 K. The mass densities for these

hypothetical fullerene solids are within 80 % of that for solid Cso, so that our computed

mass specific heats for these solids show analogous behavior.

II. LOW TEMPERATURE SPECIFIC HEAT OF C6o ENCAPSULATED ATOMS

We next consider the possibility of using Cr0 molecules as relatively large-volume cages

encapsulating atoms or molecules. The existence of such so-called "endohedral" fullerenes

has been established both experimentally and theoretically over the last few years ( [5]);
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for instance, the existence of endohedral fullerene complexes with He and La is well es-

tablished. Moreover, the strong C-C bonds in the cage render the individual balls very

incompressible [8] and also should allow efficient transmission of thermal energy into en-

dohedral fullerenes.

In general, the specific heat of a confined particle will approach its maximum value

(Dulong Petit) for temperatures such that the thermal average energy becomes comparable

with the quantum mechanical level spacing. Hence, small level spacings will enhance the

low-temperature specific heat. The uncertainty principle results in the level spacing scaling

inversely with the confining volume, and because the volume of C60 is large on an atomic

scale, a fullerene-encapsulated particle may well be able to maintain its Dulong-Petit

specific heat at relatively low temperatures.

As a crude estimate of this effect, we consider the simple problem of a free particle of

mass m in a cubical box of volume V V L3. The energy levels are given by

1 hr,2 (n2 + 2 + nz), (1)

where n,, = 1,2,3,.... The level spacing scales as V-2/ 3 . It is straightforward to evaluate

the heat capacity C using the general expression

C 1(, )2 Z En dE2 exp(-0 En) - E•' d Enexp(-# En)]2  (2)
S(2)

for a system with a set of energy levels {E} having degeneracies {d,}. The quantity Z is

the partition function, given by Z = En dn exp(-OE,•) and P3 = 1/(kBT).

If we evaluate this using the energy levels of Eq. 1 for the case of a Helium atom (mass

4 amu) inside a cubical box of volume equal to that for a C60 molecule [V = (5.64A)3], we

obtain the curve given in Fig. 6. We note that even for this light atom, C/kB is slightly

above its Dulong-Petit value (3/2) over the entire temperature range 5 - 30 K. This may

be viewed as encouraging, but our crude estimate has of course overestimated the volume

likely to be available to an endohedral atom, thereby overestimating the heat capacity.

To be more realistic, we turn to published estimates of the entrapped atom's potential

energy function in endohedral fullerenes. [6,7] The few existing papers on this topic deal
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mostly with closed-shell encapsulated ions, which are found to stabilize the endohedral

fullerenes energetically. In Ref. [6], it is predicted that the equilibrium position of Na+

in C6o is displaced by -, 0.721 from the cage center, with an energy lowering of 0.04 eV

relative to the center. The potential energy is found to have little angular dependence.

Qualitatively similar behavior is predicted for other guest ions, i.e. F-, Mg 2+, and A13+.

Hence for such systems it appears that as a first approximation one can regard the trapped

particle as moving freely on a spherical surface; for Na+, the radius would be 0.7 A. For

this model, the energy levels are given by

h 2
En-= n(n + 1), (3)

21

with I mr 2 and n = 0,1,2,... The degeneracy is dn 2n + 1.

Using this formula in Eq.(2) to estimate the heat capacity for Na+ (m - 23. amu)

moving freely on a sphere of radius r = 0.7A1, we obtain the results shown in Fig. 7, and

again it is seen that the Dulong-Petit value is maintained over the temperature range (5

-30 K). (The value of C/kB is 1 for this case, since there are now two degrees of freedom

available to the particle.)

So the attainment of the Dulong-Petit value for the low-temperature heat capacity

appears to be readily attainable for individual endohedral fullerene molecules. The basic

reason is that the encapsulated ions have a relatively large amount of "room" in which to

move, resulting in closely spaced energy levels. Unfortunately, this is not the whole story

since, by the same token, the net contribution to the overall specific heat per unit volume

decreases with increasing fullerene volume, as previously noted. Hence, to determine the

range of possibilities, we next use the observed volume and mass densities of solid C60

at atmospheric pressure (and at 20 GPa [200 kbar]) to estimate the maximum attainable

specific heats (the Dulong-Petit values), with respect to both volume and mass, for several

possible degrees of freedom-that might be available to encapsulated particles in solid C60 .

These maximum values are are (per ball): 1) 3kB/2 for a freely translating particle, 2)

kB for a particle confined to move freely on. a sphere - this is the same as for a small,
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freely rotating "dumbell" molecule), 3) 5kB/2 for a trapped molecule which can rotate

and translate, 4) 3kB for a bound particle behaving as a 3-dimensional simple harmonic

oscillator. The results are given in Table I, where we have also included the volume and

mass specific heats of solid C60 at 5 K and 20 K.

We see that the inclusion of encapsulated particles can indeed increase the volume

and mass specific heats of solid C60, especially at low temperatures. The case of an

encapsulated 3-dim. oscillator appears to be favorable, but it might be difficult to achieve

in practice: to retain 80 % of its Dulong-Petit heat capacity at, say 10 K, its frequency

would have to be ; 12cm- 1 , which is quite low. However, the table values for the rotor

case (or for a combination of translation/rotation) are probably attainable over the whole

5 K - 30 K temperature range, for simple encapsulated ions like Na+, K+, etc. Again,

the basic physics is that the encapsulated particles effectively add degrees of freedom to

each ball, and the large available volume in each ball is such that these new degrees of

freedom produce heat capacities which maintain their Dulong-Petit values down to very

low temperatures. However, just as for the case of pure solid C6o, the relatively low number

of fullerene molecules/volume results in volume specific heats which are less than those

for other pure solids, such as Argon and Lead, as discussed in Section I.

III. SUMMARY

Based on the foregoing discussion, it appears that a solid formed from endohedral C60

molecules, each of which contains an ion which is displaced from the ball center and moves

on a "spherical" orbit of i 0.7A, is probably the most attractive fullerene system. The

specific heat of such a system would be enhanced by nearly a factor of 3 at 5 K over

that for the pristine solid, and by substantially more at lower temperatures. However,

our discussion also shows that even encapsulated solid C6o would not have an overly high

specific heat per unit volume over the entire 5 - 30 K temperature range, when compared

with other solids.
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TABLES

TABLE I. Maximum attainable (Dulong-Petit) values for the specific heats per unit volume

and per unit mass for various configurations of fullerene-encapsulated atoms or molecules. Also

given are estimates of the maximum volume specific heat at 200 kbar pressure. For comparison,

the table also gives the specific heats for pure solid C60 at 5 K and 20 K.

1 Atmos. 200k Atmos.a

J/(cm3K) J/(gmK) J/(cm 3 K)

"free particle" 0.029 0.017 0.043

rotor 0.019 0.011 0.028

translatable rotor 0.048 0.029 0.071

3-dim. oscillator 0.060 0.036 0.088

pure C60 solid at 5 K 0.0066 0.0039 -

pure C60 solid at 20 K 0.079 0.047

"For these estimates we used the measured room- temperature fractional lattice constant decrease

of 12 % at 20 GPa, reported in Ref. [9]. It was also reported there that the radii of the fullerene

balls were not observed to change at this pressure.
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A. INTRODUCTION:

Fullerenes are closed caged pure carbon molecules with unqiue and unprecedented properties.
Their unique closed caged structure permits synthesis of novel molecules with exceptional
properties (1). One such novel class of molecules has been synthesized by encapsulating
elements within the fullerene cage - for instance He@C60. The encapsulation shields the
element inside the cage from the outer environment - both from chemical and mechanical view
point. Furthermore, these encapsulated molecules are predicted to have physical properties
(such as heat capacity and thermal conductivity) that are more than mere combination of the
properties of the encapsulated element and the unique three dimensional cage structure of the
fullerenes. Therefore, these novel materials are ideal candidates for applications where some
particular element needs to be used but has to be positioned and shielded away from the
application environment. One such application is advanced high performance cryogenics where
the candidate cryogenic media (stationary helium) needs to be isolated from the heat transfer
fluid (flowing helium).

Furthermore, C6o - the most prominent and abundant member of the fullerene family - has a
unique lattice structure with C60 molecules rotating rapidly in the crystal lattice [1]. Within the
lattice and at room temperature, the mean cage diameter is 6.83 A and the mean cage outer
diameter is 10.18 A. The tetrahedral site radius in the lattice is 1.12 A and the octahedral site
radius is 2.07 A [2]. Based on the above data, the theoretical voidage for C60 is about 48% and
the minimum lattice porosity is about 12% (based on mean cage diameter). These features
bestow C60 with fluid flow properties that are ideally suited to the fluid flow issues in
cryogenics.

Together, the unique closed cage structure and the high lattice porosity, make C60 an ideal
candidate material basis for cryogenic applications. This report describes the methods that can
be used to produce candidate fullerene materials, the various techniques for determining
whether helium or other elements have been encapsulated, procedures for forming and shaping
of bulk material so as to determine the bulk properties and a preliminary plan for producing
and verifying fullerene samples for testing in Phase HI.

B. PRODUCTION OF CANDIDATE FULLERENES IN MACROSCOPIC
QUANTITIES.

There are many methods of producing macroscopic quantities of candidate fullerenes. These
methods can be grouped into two categories:

[1] In-situ Production Methods
[2] Synthetic Production Methods

Both these methods are discussed below:

[11 In-situ Production Methods
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In-situ methods produce the candidate fullerenes while regular fullerenes are being
synthesized. Although there are numerous methods to produce fullerenes (for instance: RF
plasma, Induction heating etc.), there are two efficient and economical methods to produce
practical quantities of candidate fuilerenes. These are:

a) The Graphite Vaporization Process
b) The Flame Process

THE GRAPHITE VAPORIZATION PROCESS:

- The graphite vaporization process was discovered by Huffmnan and Kr~tschmer (2). The
process consists of electrically arcing electrodes that are rich in graphite, in an inert sub-
atmospheric environment. The arc produces carbon vapor and the vapor anneals to form the
stable closed caged molecules - fullerenes. If the graphite electrode used in the graphite
vaporization process is packed with other compounds, then the arc produces a high
temperature vapor that is rich in carbon and other elements. These elements get entrapped
during the carbon cage formation process resulting in novel materials such as encapsulated
fullerenes. Another factor that leads to the formation of encapsulated fullerenes is the presence
of an inert environment. From purely statistical arguments, the presence of helium gas amongst
the vaporized carbon atoms creates the opportunity for helium to get entrapped within the cage
when the carbon atoms anneal to form a closed cage. This mechanism of formation for helium
encapsulated fullerenes (He@C60) has already been established by the ingenious experiments of
Schwarz et al (3). In summary, the first production method for formation of candidate
fullerenes is to co-vaporize carbon with candidate elements of interest and annealing this vapor
under conditions that yield practical quantities of candidate fuilerenes. MER has already
demonstrated this technology by encapsulating numerous elements inside C60.

THE FLAME PROCESS:

The flame, process was discovered at M.I.T. by Howard et al (4). This process involves
burning benzene with oxygen under fuel-rich conditions in presence of an inert such as helium.
The fuel-rich flame yields soot that is rich in fullerenes. The fullerenes so found are expected to
entrap helium with statistical probability as discussed above.

The flame process is not convenient if one wants to produce practical quantities of other
encapsulated candidate fullerenes. This is so because the flame is a reducing environment. This
causes the candidate elements to pre-react and form complexes that are difficult to encapsulate.
The flame process also produces many other side products such as poly-aromatic
hydrocarbons. The poly-aromatic hydrocarbons are difficult and expensive to separate. For
these reasons, the flame process appears unsuited for the needs of this program.

[2] Synthetic Production Methods
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Synthetic production methods are an alternative method of producing candidate fullerenes.
These methods begin with pure C60 and modify C60 to desired encapsulated candidate
fullerenes. There are two general synthetic production methods for fullerenes:

a) The High Energy Beam Method

b) The Thermal Window Method

a) The High Energy Beam Method

- The high energy beam method was discovered by Schwarz et al (3) in 1991. The method
-• involves first producing C60 cations, then accelerating these cations into a beam, impacting the

beam in a helium cloud, and then finally neutralizing the cation products. The high energy ion
beam provides the activation energy required for the helium to pass through the electronic
cloud of C60 (3,5,6).

The high energy beam method is capital intensive and therefore an expensive production

method.

b) The Thermal Window Method

The thermal window method was discovered by Saunders et al (7) in 1993. The method
involves heating purified C60 with helium. At high temperatures there is reversible break of one
or more bonds of C60. The reversible break of bonds opens a window in the fullerene cage
which lets helium (and other candidate elements) enter C60. These thermally created windows
close when the vapor is cooled. Therefore by properly heating and cooling helium rich C60
vapor, candidate fullerenes such He@C60 can be produced. Saunders et al (7) report
experimental evidence thar'even at 600 C, a few ppm levels of He@C60 can be produced by
this method.

The thermal window method is a less expensive method of producing He@C60. However, the
ppm level yield per pass is very low. Therefore, the thermal window method is practical only
when it is coupled with a concentration and purification technology described next.

C. TECHNIQUES FOR VERIFICATION AND CONCENTRATING
DESIRED COMPOSITION OF FULLERENE PRODUCED

VERIFYING He@C60:

The purity of He@C 60 and other candidate molecules can be established by mass
spectrometric techniques such as Electron Impact (EI) mass spectrometry and Laser
Desorption (LD) mass spectrometry. EI mass spectrometry is the most economical method of
verifying the composition, but sometimes EI mass spectrometry leads to erroneous results
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because of molecule fragmentation. LD mass spectrometry is expensive, but is gentle and

provides reliable results.

CONCENTRATING He@C60:

The candidate fullerene molecules produced by methods described above are a mixture of

fullerenes and encapsulated fullerenes. The large scale purification of encapsulated fullerenes

from fullerenes is as yet unknown. However, small amounts of encapsulated fullerenes are

routinely separated and purified during verification by mass spectrometric techniques. MER

plans to economically scale up the principles of mass spectrometer for separating and purifying

practical amounts of He@C6o and other candidate fullerenes. The details of the plan is

discussed below:

D. PHASE II TECHNICAL APPROACH

MER's technical approach for production will be to sequentially couple the best of the two

alternate processes for producing He@C 60. That is, MER will sequentially couple the in-situ

graphite vaporization production method described above with the thermal window method

also described above. The graphite vaporization production method has already been

demonstrated to produce He@C 60 (5). The products so obtained from the graphite

vaporization reactor will next be processed in a thermal window reactor so as to increase the.
yield of He@C 60.

MER's technical approach for purification will be to economically scale up the principles of

mass spectrometry so as to purify the He@C60 from other fullerenes. This approach will be

used because it has the lowest risk of failure (this purification method has been routinely

demonstrated for microscopic separation).

E. PHASE 11 RESEARCH OBJECTIVES

The objective is to produce and verify the candidate fullerenes (He@C 60) for testing in Phase

II. The objective includes establishing the best and the most economical technology for bulk

production of the candidate fullerenes. The questions that the Phase II program will seek to

answer so as to meet the above Phase II research objectives are as follows:

1. How does He@C60 yields change with changes in the helium pressure

in the graphite vaporization reactor?

2. What is the relationship between the rate of graphite rod

burn to the yield of He@C 60 in the graphite vaporization reactor?

3. How does total He@C60 yields change with changes in the

temperature and the pressure of the thermal window reactor?

4. What purification rates and what purities can be achieved in
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a commercially available mass spectrometer?

5. What will an economical scale up of a mass spectrometer design?

6. How does the He@C60 purity and production rate change with
changes in the magnetic field, the ionization rate and the ion
beam velocity?

The answers to these questions will establish a reliable bulk production method and will
provide sufficient quantities of purified He@C6o that will be used for testing.

E. PHASE II RESEARCH PLAN

To achieve the above mentioned technical objectives, MER will conduct a systematic research
plan described below. The activities that will be carried out to produce and purify He@C6o will
consist of:

1. Complete a detailed critical path experimental plan
2. Produce He@C6o
3. Scale up purification system
4. Prify He@C6
5. Determine properties of He@C60

Each of these activities are described in detail below.

1. Complete a detailed critical path experimental plan.

Figure 1 shows an overall tentative plan for this program. This tentative program will be
supplemented with a more detailed plan that will include each individual task and subtask; and
which will have timing and manpower allocated and put into a critical path schedule to aid in
accomplishing the ambitious amount of work that is necessary to demonstrate the cited objects
and answer the listed questions. We will utilize computer management software Time Line 3.0
to produce Gantt and Pert chart tracking. The output of the program plan is a valuable tool to
the effective use or resources and effective planning of scientific programs.
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ACTIVITIES MONTHS

0 4 8 12 16 20 24
26

Complete a detailed critical path 0 1
experimental plan, (1*) ---
Produce He@C6o (34*) 0 16

Scale up purification system (16*) 2 10

Purif-yHe@C6o (24*) 10 20

Determine the properties of He@C 60 14 20(18") ,
Prepare final report (7*) 20 22

(*): Relates percentage of program efforts.

Figure 1

The production and the purification experiments will be statistically designed. This is the most
efficient experimental program design and will permit this program to carry out the ambitious
objectives and the parallel activities planned in Figure 1. As appropriate, both partial and full
factorial designs will be utilized to optimize the production and purification system.

MER has used this program planning and execution in several other SBIR Phase I and 1I
programs, and commercial development programs and thus can take full advantage of this
efficient program design and management without development of computerized program
management itself. Because of our experience of program planning for the development and
production of fullerene molecules that includes buckyballs, buckytubes, doped buckyballs and
buckytubes, custom fullerene molecules, we are confident that we can effectively plan the
experimental program to produce and purify candidate fullerenes.

2. Produce He@C60

MER will produce the candidate fullerenes in a two step process. First, He@C6o will be
produced in a helium environment based graphite vaporization process. The product so
obtained will be heated in helium in a high pressure, high temperature reactor. The high
temperature, high pressure reaction will open thermal windows in C60 allowing for helium to
migrate inside the cage - facts which have been demonstrated by the work of Saunders et al
(7).
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MER is well equipped to accomplish this part of the plan. MER pioneered the design and the
optimization of a computer controlled fully automated reactor (Figure 2). The reactor has in
built provisions to introduce helium during graphite vaporization. The reactor has successfully
produced bulk quantities of quality fullerenes for MER's numerous customers. MER's
cumulative technical experience with fullerene reactors exceeds 10 man years and therefore,
* MER is confident of its ability to deliver the candidate fullerenes required by this project.

Figure 2. Computer Controlled Fullerene Reactor

For step 2 (thermal window) of the He@C6o production process, MER has a state of art, high
temperature, high pressure reactor that will be used for the thermal window reaction. This
reactor has the capabilities to process large quantities of fiullerenes and is therefore ideally
suited for the Phase 1I work.

3. Scale up Purification System

MER will scale up the basic design of mass spectrometer so as to build an economical
molecular weight separator. The design equation to be used for the scaling up will include:

1. The force balance equation:

mv?/r = Bqvf

where, m: mass of the species to be purified
vf: velocity of the species
r: radius of the magnetic disc (equipment)
B: magnetic field available, perpendicular to the direction of ions
q: charge of the species that is being purified
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2. The energy balance equation:

W=qV

where, W: Electrical energy required
q: charge of the species that is being purified
V: Ionization Potential of the species being purified

3. The momentum balance equation:

vf = qEt/m

where, vf: design velocity of the species entering the magnetic disc
E: accelerating electrical field
t: acceleration time

MER has the necessary equipment (corona discharger, large magnets, equipment fabrication
facilities) to accomplish this part of the plan. The results obtained here will be cross-checked
independently by SRI International's SALI mass spectrometry on a purchase order basis.

MER has built and scaled up numerous equipment including the computer controlled fully
automated fullerene reactor system and fullerene purification system. The design and scaling up
of mass spectrometric principles so as to build molecular weight separator will not be difficult
for MER.

4. Purify He@C%

MER will purify He@C60 in the scaled up molecular weight separator. The quality and the
purity of the purified material will be independently re-established using a laser ionization mass
spectrometer on a purchase order basis. To keep the experimental expenses low, MER will
recycle and repolish unconverted C60 so as to produce the desired candidate fulierenes.

5. Determine the properties of He@C6

The candidate fullerenes after being purified will be formed into select geometries such as
discs, pellets or other shapes. MER has demonstrated the production of fullerene shapes of
different diameters, thicknesses and sizes by a unique consolidation of fUllerene powder. This
technique of forming cohesive solid will be optimized so as to ensure that a controlled density,
highly permeable fullerene solid can be reproducibly produced from the candidate fuilerene
powders. Next, Phase II work at MER will measure various thermochemical and mechanical

101



properties of the candidate fullerene solid. The density of candidate fullerene powder and
formed samples will be measured by Archimedes' principle in accordance with ASTM C373-72
(reapproved 1982). These results will also be confirmed by pycnometric studies uses the
helium, argon or nitrogen as the process gas.

The mass density of C6o has been reported as 1.72 gm/cc and the volume coefficient of
thermal expansion has been reported to be 6.2 x 10-5 /K [9]. The thermal conductivity for C60
has been measured to be 0.4 W/mK (at 300K).

The permeability of helium through C6o solids have not been measured and will depend on the
pressure drop available at the cryogenic conditions. MER has a permeability measuring cell and
will use it during Phase H to obtain this data for solids formed out of candidate fillerenes.
Even though no data is available for helium diffusion through fullerenes, hydrogen and oxygen
diffusion through the interstitial sites of fullerenes has been reported by Assink et al [8]. They
conclude that oxygen and hydrogen molecules readily diffuse into the interstitial sites of C6o
and C70 fullerenes. Since helium is inert and is smaller than oxygen or hydrogen molecule, the
interstitial transport of helium is expected to be superior to either of these gases.

One of the important aspects of developing fullerenes for cryogenic applications is the accurate
measurement of thermophysical and mechanical properties in the temperature range of interest.

Cohesive strength is the theoretical summation of different binding energies at the grain
boundary. The cohesive strength can be calculated by assuming different arrangement of
atoms, interstitial and charge distribution at the grain boundaries and integrating the binding
energies involved with each of these arrangement over the total grain boundary area.

I- H,_ V

Hydrogenl

LAakft Pre u

Sample IS".Mr

Figure 3. Schematic of helium transport cell.
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Permeability of C6o will be investigated utilizing a transport cell. The apparatus is built from
thick stainless steel (capable of handling >2000psi) and uses disk shaped samples to separate
"high pressure helium region from an atmospheric region which can be tested for the helium

content. The apparatus is shown in Figure 3.

Since there is a possibility of leakage around the o-rings, the apparatus allows for a purge gas
to sweep away any leaking gas. The helium transport cell is hooked up to a GC with a
detection limit of 100ppb. Permeability of different gases can also be investigated by hooking
up the permeation cell to a GC detection unit.

Coefficient of thermal expansion will be measured by a vitreous silica push rod dilatometer
assembly in accordance with ASTM-E228-85 (reapproved 1989). The sample will be cooled
at a rate of 3*C/min by controlled addition of liquid helium and the linear charges in dimension
will be measured by a linear-variable differential transformer.

Thermal conductivity, being a transport property, is more difficult to determine reliably. Direct
measurement of thermal conductivity can be made by comparative techniques involving
contacting and coupling it with a standard samples in the temperature range of -150 0 C to
around 3000C. However direct thermal conductivity measurement is not very accurate, so the
data is generally obtained indirectly from experimental measurement of thermal diffusivity and
specific heat. The thermal diffusivity is measured by supplying a high intensity, short duration
pulse of thermal energy to one face of the specimen followed by measuring the resulting
temperature rise as a function of time on the other face. The thermal diffusivity has been
measured using a laser flash at VPI and Xenon lamp flash at ORNL at temperatures ranging
from RT to 1200°C. The specific heat of the sample will be measured utilizing a standard
differential scanning calorimeter at VPI. The thermal conductivity, K, can thus be calculated
from the measurements of thermal diffusivity a, specific heat Cp, and bulk density S, by using
the relationship K = a p Cp.
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