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I. _INTRODUCTION

The object of this contract has been to advance the general cryogenic refrig-
eration capability., The effort has been principally with "Pulse Tube Refrigeration"
and "Cryomatic Gas Balancing," both promising cryogenic refrigeration methods
originated at Syracuse University.

The goal for the work has been the low temperature of 4.2°K, Much of the ' <
has been experimentation at much higher temperatures as the methods are new and a
considerable amount of study and understanding is renuired before designi.ig for a
temperature as low as 4.2°K,

This is especially true for "Pulse Tube Refrigeration." Even after a program
full of worthwhile progress, the understanding is still not adequate for designing
for 4.2°K, 1In fact, even at the finish of the program the degree of understanding
1s only adequate for single stage units for the temperature range 125-175°K. It
is even presently doubted that it would ever be a good melhod for temperatures
lower than about BOOK. Temperatures to 43°K have been achir red,

Better results were obtained with "Cryomatic Gas Balancing." Units were built
both at Syracuse University and at the Jet Propulsion Laboratory with which tem-
peratures of 4.2°K were attained and maintained reliably.

In general, great progress was made with the understanding of both methods and
with experimental verification of many conclusions.

In addition to the work with these two refrigeration methods, a considerable
investigation of "Thermal Regenerators" was started. Thermal regenerators are a

very important component of these two refrigeration methods as well as of several

of the other successful cryogenic refrigeration methods. Though thermal regenerators

are simple devices to build, they present very difficult analytical problems and

are also difficult to investigate experimentally.

¥



During the period of this program work other than that described was carried
out which led to no fruitful results as yet and therefore is not reported here.
Such work included such things as analysis to lead to optimal design, especially

in the multi-stage aspects of both the Pulse Tube and Gas Balancing Refrigeration

methods.



II, THE GENEAL PROBLEM OF CRYOGENIC REFRIGERATION

Refrigeration consists of removing heat at some temperature which is sub-
stantially lower than the surroundings. In order to do this it is necessary to
find & means of doing something to a me*terial which will drop its temperature.
There are various things which can be done, however, by far the most significant
temperature changes can be achieved over a wide range of temperatures by allowing
a gas to expand.

The first law of thermodynamics tells us that for an isolated gas mass the
heat transfer to the gas & Q will be equal to the sum of the change in internal

energy d U plus the work done by the gas § W,
§Q=du+ 6w
Since gases are very compressible, a large amount of work may be performed

on them or by them. If this is done with no heat transfer ¢ Q the result will be

large changes in the internal energy d U.
CW=-dU
or large changes in temperatures
W=CdT
v
Where Cv = constant volume specific heat.

It may be shown that for a reversible adiabatic expansion (such an expansion

is also called isentropic), without heat transfer the final temperature T2 will be

/b
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1,666 for helium gas

A drop in pressure to one fifth the initial pressure will drop the temperature
to 525 the initial value T1 or give a temperature drop of 242°F from room temper-
ature, This obviously 1s a means by which refrigeration may be obtained in sub-
stantial quantities and overlarge temperature differences.

Temperature drops may also be achieved in rubber by compression and expansion.
However, the effect is smull. Also, work may be carried out and temperature
changes reduced by magnetization of paramagnetic salts. Here also the effect is
small except at very low temperatures where heat capacities are tiny, so that though

work is small the temperature changes are a large part of the total temperature.
\

&

A gas can expand without doing work through a valve and this will give no change

in temperature for an ideal gas. However, if the gas is sufficiently dense during




this expansion it will do work on intermolecular forces and cool.

This is a positive

Joule-Thomson effect and it can and has been used to achieve low temperature refrig-

eration. The temperature drops achieved:depend of course on the pressures and _the

temperature at which the expansion occurs.

The effect is very large for temper-

atures just above the critical point for the gas used and diminishes as the temper-

ature is increased, finally it reverses at a sufficiently large temperature. This

reversal occurs at about 30°K for helium, about 100°K for hydrogen, and well above

room temperature for air or nitrogen.

for refrigeration from room temperature.

1. THE HEAT EXCHANGE MEANS

Thus the Joule-Thomson effect may be used

We have seen that getting low tempefature refrigeration will involve the mani-

pulation of gases as that is the one means by which we may induce large temperature

changes. However, the temperature changes are not enough for the low temperatures

we are interested in (4 to 100%K).

methods of gas expansion are summarized in the fcllowing tabls.

Joule-Thomson
Isentropic
Semi-isentropic
(Gifford-McMshon, etc.)

A cryogenic refrigerator

The temperature changes possible for three

Drop Final Temp. from Room Temp. 300K
.05 to 020 T, 285 to 240°K
.2 to .6 T, 240 to 120°K
2 to W33 T, 240 to 200°K

must have another important part - an efficient heat

exchange means for precooling the gas to be expanded with the gas which has just

expanded. Basically, the heat exchange means, which can be a counter flow heat

exchanger or a thermal regenerator, does not produce any cooling effect. It simply

Both helium and hydrogen require pracooling,

) >




provides for gas expansion to occur at a low Lemperature and keeps the loss of the
refrigeration, produced by the gas expansion, to a tolerably low level.

The function of the heat exchange means is shown by considering the simplest
basic cryogenic refrigeration system shown schematically in Figure 1. It is composed
of an expansion engine, a counter flow heat exchanger, a compressor, an after cooler,
and a means of absorbing a heat load Q. A temperature plot for the heat exchanger
and expansion engine system is shown in Figure 2.

The load is assumed to be at 50°K; The gas must expand from 60°K to 30°K
because of 10°k AT of the heat exchanger. Tﬁe heat load is absorbed by thé\ gas
in warming up from 30°K to the 50°K. Thue only 2/3 of the refrigeration produced
is used absorbing the load. The other 1/3 is lost due to the heat exchanger AT
of 10°K.

It is interesting to note that as is always the case with cryogenic
refrigeration, the heat exchanged in the heat exchanger is much larger than the

refrigeration produced. The heat exchanged in the heat exchanger Q1

Q =m cp (T1 - TZ)

where m = mass flow

Q
!

specific heat at constant pressure

O
i

m C_ 240

p
The refrigeration produced Qe
Q =m Cp(T2 - T

©

3)

=mC_ 30
m o 3




Thus eight times as much heat is exchanged as is refrigeration achieved by
the expansion.

It is intersting to note that if the heat exchanger AT were 30°K no refrig-
eration would be available. A heat exchange means inefficiency Ie is defined

the ratio of AT to temperatures at either end of the heat exchange means.

The inefficiency as shown would be only E%% = 4%, An inefficiency of 12% would
result in no available refrigeration. It can be seen readily from this that for
good performance in cryogenic refrigerators, highly efficient heat exchange means
are required. Efficiencies of 97% or better are really needed because, without this,
other losses will result in very poor overall refrigerator efficiencies.

Achieving such an efficiency in small devices is not a simple matter. Two
gas streams must run physically separated by walls while in very intimate thermal
contact throughout the length of the heat exchanger. If the efficiency is to he
97% or greater, and the length only 10-12 inches, the gas passages must be of the
order of .,020 to .080". This is necescary in order to get sufficiently high heat
transfer coefficients h and areas A to achieve the needed degree of efficiency.

At the same time the counterflowing stream passages must be intermingled. Such
devices are not easy to devise and build. Conduction through the metal of the
heat exchanger must be high between the two gas streams and low from end to end.

A thermal regenerator serves the same function as the counterflow heat ex-
changer in a different way. In its case the gas flows in for a period and then

out for a similar period. In a regenerator the heat is not transferred con-

tinuously from in-flowing gas to out-flowing gas. Rather, the heat flows from

~1



the gas on its way in to find a solid matrix material in the regenerator and is stored
there. Then, later on its way out it picks up the heat again.
It serves the same purpose though in that it allows a gas to flow in from
room temperature, be cooled to almost any low temperature by storing heat in the
regenerator at a continuum of temperatures, expand at the low temperature giving
refrigeration, exhaust through the regenerator picking up the heat previously stored
so that its temperature is only a small A T cooler than it entered. In this way
only a small part of the refrigeration produced by the expansion of the gas at
the low temperature might be lost.
It has many practical advantages over heat exchangers.
1. For same size the efficiency can be made much better than
heat exchangers.
2. They are very simple and therefore not costly to build.
3. They are very insensitive to impurities. Small amounts of

0il and water vapors do not cause plugging.

Any cryogenic refrigeration system consists of 2 means of compressing a

gas at room temperature and dissipating the heat generated

P Y -1
=mnC T, [ Ch v -1]
p ¥ P

Q

c

wheire
[ )

m = mass flow rate

Cp = constant pressure specified heat
T1 = temperature of compression

c
y=_2

c

\




Then gas after cooling in a heat exchange means is allowed to expand with
a resultant refrigeration temperature drop Tr' This makes refrigeration avail-

able at a low temperature equal to

Q =mC T
r pr

A part QT of this ideally available refrigeration is lost due to the in-

efficiency Ie of the heat exchange means,

o

where

-3
n

temperature of refrigeration

In a broad sense all the gas refrigeration processes achieve their refrigeration

in this way. It is true for the Stirling Cycle, Brayton Cycle, turbine systems,
expansion engines, and even the Gifford-McMahon Cycle, Cryomatic Gas Bal =zing and
Pulse Tube Refrigeration.

The means by which they achieve expansion and compression may be complex and
novel. However, effectively it is true. A Joule-Thomson system is a special case

which will be treated elsewhere.

2. MULTI-STAGING CRYOGENIC REFRIGERATION SYSTEMS

In all gas expansion cryogenic refrigeration methods the temperature drop
giving refrigeration is directly proportional to the temperature from which
the gas is expanded. Therefore, the amount of refrigeration available per unit
mass of gas is roughly proportional to the temperature at which the gas expands.

Since it is all compressed at room temperature the amount of work required in the




compressor per unit of heat removed % 1s roughly inversely proportional to the tem-

perature., Some examples of exact functions are

for the Carnot Cycle and

vzl
w - -'I;Il pr. Y _1
Q T. 3

for the Brayton Cycle

where
Th = High temperature of compression
Tc = Temperature of expansion
Ph = High pressure
Py, = Low pressure

From this it may be seen readily that it is advantageous to do the expansion
at as high a temperature as possible and thus reduce the work required.

Most low temperature applications for refrigeration have two or more needs for
heat removal. At least one of these may be taken at a temperature higher than the
lowest one with a resultant decrease in work requirement. For example, in any
problem there are heat leaks into the cold region by thermal radiation. This may
put a larger heat removal load on the refrigerator than the main item to be cooled.
This thermal radiation heat leak will be almost the same from 300°K to 20°K. Removal

of this heat load at 80°K with a stage of refrigeration will reduce the compressor's




work requirement to about one quarter. Similar examples may be cited for conduction
heat leak.

Another reason for multi-staging is to reduce the efficiency required of heat
exchangers or regenerators. If a heat exchanger is to operate between 300°K and
10°K, and have a AT of 3°K in order that even the most efficiet expansion device
would give available refrigeration, it would have to have an efficiency of 99%eens.
an almost impossible construction job., If it operated from 70°K, only an efficiency

of 95% would be needed, an easy construction job.
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III. CRYOMATIC GAS BALANCING (THE GIFFORD-McMAHON CYCLE)

1. GENERAL THEORY

Cryomatic gas balancing is a preferred method of achieving the Gifford-McMahon
Cycle. A considerable part of its merit lies in the simplicity of components which
are required. In addition to simplicity, the components promise very high re-
1liability which is an essential feature required of many cryogenic refrigerators.

Some individuals have questioned whether the Gifford-McMahon cycle is a new
cycle or not.

This can best be answered by considering the definition for a cycle. A cycle
is defined as follows(l): "When a system in a given state, and the system can be
a mass of gas, goes through a number of different processes and finally returns to
its initial state, the system has undergone a cycle." In the Gifford-McMahon Cycle
all the gas does not proceed through the same series of processes. Here each little
batch of gas goes through a different series of processes but does return to the
initial state., The net result is the sum of the actions of all the different
batches of gas which act similarly but differently and return to the same initial
state., Since the definition of a cycle does not preclude this possibility, the
Gifford-McMahon Cycle may logitimately be called a cycle.

It is different from most cycles in the way in which it was devised. Most
cycles viere devised by planning a series of processes for a gas mass by which
refrigeration or power might be generated efficiently. These can be worked out
before any consideration is given to the equipment with which the gas will be caused
to pass through these proucesses. For the Gifford-McMahon Cycle, the procedure
was just the opposite. The operation of some simple equipment was devised which
gave a very significant refrigeration effect and had many practical adva.tages,

At a much later date the series of processes (the cycle) which the gas passes

through in such equipment was worked out and described. It is very unlikely that



one would go from the cycle diagrams for the Gifford-McMahon Cycle to the equip-
ment. The series of processess when seen on 1 TS diagram are so complex that one
would question the reuson for them unless one thinks of the equipment with which
it would be carried out.

The fact that many little segments of the operating gas act differently
causes a problem when an attempt is made to describe it thermodynamically, such
as by plotting it on a Temperature-Entropy diagram. The processes followed by
systems operating on other cycles, such as turbines cperating on the Brayton cycle,
can be described by a single line mn a T-S diagram. A single area is enclosed
and the areas under lines have special significance. The Gifford-McMahon Cycle,
however, involves a continuum of lines, thus giving areas which overlap. To get
a clear idea of the cycle through referencs to a T-S diagram it is necessary to
plot geverzl different T-S diagrams for & selection of different batches of gas
which show the different processes waich are occurring.

The reasons for the Gifford-McMahon Cycle being useful are of a practical
nature, such as simplicity, reliability and ease of construction. There is,
however, a small sacrifice in efficiency compared to more ideal systems. It
is interesting that in making the const.uctional details simple, as compared to
the Stirling cycle devices, one makes the thermodynamic analysis aspects more
complex.

In order to make an analysis of the Gifford-McMahon Cycle it is necessary
to have a model to refer to as we show the processes followed by different batches
of gas. This is shown by the schematic diagram, Figure 6., for the new method,

(2), which applies the Gifford-McMahon Cycle with a minimum

Cryomatic Gas Balancing
of device complexity. The method achieves refrigeration in a system composed of a
volume divided into several chambers by a free-floating displacer. Motion of

the displacer is caused by the unbalance of pressures in these chambers resulting

from the delivery and exhaustion of gas through the simple rotary cored valve.
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As 1s shown, the closed volume created by the two coaxial cylinders of dit-
ferent size is divided into three variable chambers by the free-floating displacer.
The size of eacii chamber depends on the position of the displacer. Chamber (2) at
the intersection of the two cylinders and Chamber (3) at the end of the large
cylinder are interconnected by a small, highly efficient thermal regenerator of
emall pressure drop so that both of these chambers are aluays maintained at approx-
imately equal pressure. A suitable seal separates Chamber (1) from Chamber (2)
so that the pressure in Chamber (1) can be different from that in Chambers (2)
and (3). A rotary cored valve is used to raise the pressure by delivering high
pressure gas from & compressor, or to lower the pressure by exhausting to the low
pressure line from either Chamber (1) or Chambers (2) and (3). The timing between
pressurizing and depressurizing the chambers may be set by the location of the parts
connecting the chambers with the valve.

At the beginning of the series of operations, the displacer is in its topmost
position so that the volumes of Chambers (1) and (2) are zero and
Chamber (3) is at a maximum volume, with the rotating valve reference X at
11300 o'clock. Low pressure is in all three chambers since the low pressure slot
is opposite both connecting tubes.

When the valve rotates counterclockwise so that reference X passes 9:00
o'clock, it allows high pressure gas to be delivered to Chamber (1) only,
forcing the displacer to move to the bottom position. Gas is transported from
Chamber (3) to Chamber (2). If Chamber (3) is colder, some gas will be exhausted
through the valve as a result of expansion back to the inlet temperature.

When the rotating valve (reference X) passes 6:00 o'clock, high pressure
gas is let into Chambers (2) and (3). This builds the pressure there to the

high pressure while the high pressure is still maintained in Chamber (1). The

displacer does not move.




“1en the rotating valve (reference X) passes 3:00 o'clock the pressure drops

in Chamber (1) because of the movement of the low pressure cored slot to a position

in register with the Chamber (1) connecting tube. TlLis causes an unbalance of

pressure on the displocer so that it moves to its topmost position transferring

the gas in Chamber (2) at a constant high pressure to Chamber (3). If Chamber (3)

is colder, as it will be in operation, additional high pressure gas will be sup-
plied through the valve during this transfer.

When the rotating valve (reference X) passes 12:00 o'clock, it allows the
pressure in Chambers (2) and (3) to drop to a low value because the low pressure
cored slot in the valve is now opposite the Chamber (2) and (3) connecting tubes.
Chamber (1) retains its low pressure as the low pressure slot is still opposite
its connecting tube, so this process takes place without the displacer moving.
This completes the series of operations which is repeated with each revolution
of the valve.

The general nature of the cycle m.y be shown on a T-S diagram by following
what happens to a small part of the gas involved. In Figure 8 is shown a T-S
diagram for the first gas to enter the refrigerator which contributes to the re-
frigeration achieved- It enters the valve at room temperature, TR’ point 1, and
sxpands through the valve isenthalpically to very nearly the low pressure, P,
point 2. It is then transferred into Chamber (2) with only a slight.pressure
increase. There it is compressed back to the high pressure, Ph’ point 3, by *the
addition of more gas.

In the act of being transferrsd out of Chamber (2) when the displacer moves
up it will be mixed with additional gas from the supply and comes to a lower tem-
perature, Tc, point 4., It ic then cooled in the regenerator to the cryogenic
temperature, TR, point 5.

After Chamber (3) has reached its maximum volume the valve next allows this

15
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cold high pressure gas to be exhausted. The expansion before it leaves Chamber (3)
allows it to drop slightly in temperature to 6, giving the refrigeration effect,
before being heated again in the regenerator to 7 and passing through the valve
expanding isenthalpically to the low pressure, point 8, at a temperature close

to that of the mixing temperature. Compression and cooling to pass from 8 to 1

is not shown on the diagram as it would obscure the clarity of the other lines.

The complete cycle, of course, involves tnis also.

It is to be rememberwsd that this only represents the action for the first
small fraction of gas to enter the refrigerator. Every other small fraction of
gas will have different diagrams. For example, gas that enters the refrigerator
after the pressure is about half way up will follow the diagram of Figure 9 wherc
nurmbers have the same significance as in Figure 8 . All of the gas that is added
at the high pr2ssure during the period when the displacer is moving up does not
proceed throurh the processes 1 to 4 but mixes directly with the initial pressur-
izing gas, proceeding from point 1 directly to point 4. A complete set of lines
for all segments of the gas involved would give many overlapping areas. It thus
is a very difficult cycle to put on a T-S diagram.

The diagrams of Figure 8 and 9 , do, however, represent the nature of the
cycle for the gas masses which achieve the refrigeration. They are not very
similar to the Stirling cycle but do enclose an area as any power or refrigeration
cycle must. It can be noticed that they have added features not at all included
in the Stirling cycle.

The reason one prepares any diagram showing any functional relationship,
series of operations, or a cycle, is for the purpose of making it more under-
standable by a simple direct picture. A T-S diagram is selected for many cycles
because it makes it possible to see clearly the overall operation quickly and

simply including pictorially the heat and work quantities involved. A T-S diagram

X
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does not accomplish this for the Gifford-McMahon cycle. It makes the cycle more
obscure by presenting a rather difficult intellectual problem. Therefore, there
is really no good reasoun for attempting tc¢ put it on a T-S diagram. It is rather
like solving a heat transfer problem, involving a rectangular block, in spherical
coordinates.

The best method for computing the performance of the Gifford-McMahon cycle has
(3), (4), (5)

been shown in previous papers by consideration of what is going on
in the chambers in an overall way, rather than integrating the effects of all the
different batches of gas with varying actiamns.

It has been shown that the total refrigeration, Q, is
Q= 4 VdP = é P4v
for the expansion space or

Q= V(B = Pp) (1)

where V is the volume of Chamber (3), P, the high pressure, and P, the low pressure.
In the analysis of a refrigeration cycle, the desired result is an ability to
compute the ideal performance of a rroposed system and then also show how each
factor which detracts from this ideal performance affects the total performance.
For a refrigerator the thing you want to know is how much work, W, at room temper-
ature, TR’ is required to remove an amount of heat, Q, at a low temperature Tro
The work required to compress a given mass of gas, m, in an adiabatic

process 1is
W= mC T [(1>h/13£)(‘('1)/Y - 1) (2)

where Cp is the specific heat of the gas at constant pressure; v is the ratio of

specific heats, and TR is the temperature of the gas entering the compressor.




The mass of gas used in the Gifford-McMahon cycle would be the difference be-
tween the mass of gas in Chamber (3), My at the low temperature Tr and high pressure
P » and the mass of gas in Chamber (2) at temperature T , and at the low pressure F, .
In an actual system the volume of Chamber (1) is small relative to Chamber (2) axaf
little accuracy is lost if it is assumed to be so small that Chamber (2) is equal
in volume to Chamher (3).

m=my - m (3)
Assuming the perfect gas relation is valid,

PV P,V
_.h3 2
m= RT © RT, (4)

where R is the gas constant.
The work per cycle is thus
P,V PV P, (y=1)/y
W CT (o2 - 22y B

pr'RT_  RT ) [CF;) - 1] (5)

Dividing Equation (5) by (1)

(y=1)/
' C Tp [(PV,/RT - P V,/RT )I[(P /P,) Y - 1]
Q Vy(Ry = Pp) (6)

The assumption that Chamber (2) is equal to Chamber (3) and that TR/Tc * 1 allows

the relation to simplify to

Cy [y /R (T/T) - 11LRy /ey DYy
R(P /P, - 1) (7)

¥,
Q
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It is interesting to note that the work per unit heat removed at a low temper-
ature, W/Q, increases as the temperature ratio increases, just as it does for Brayton
cycle refrigerators. For TR of 300°K and Tr of 80°K, Figure 10 shows a plot of
W/Q as a function of pressure ratio from Equation (7) assuming helium is the re-
frigerant. Also shown on the same plot is the relationship for the Carnot cycle
and the Brayton cycle, with and without work recovery. The relation fcr the Carnot
cycle is well known as
(-1 (8)

B T
r

.
Q

and the relation for the Brayton cycle is

W (y-1) /v _
q = [(Tg/T) (B /Pp) 1] (9)

The Brayton cycle is really the ideal cycle for the refrigerators that are
said to be Stirling cycle refrigerators. The Stirling cycle calls for isothermal
compression and expansion, and the Brayton cycle isentropic compression and ex-
pansion. The .01 second allowed for compression and expansion in the Stirling
cycle devices does not give time for the transfer of an appreciable amount of heat
during these processes. It is not sufficient to cool after compression. To achieve
Stirling cycle efficiency the cooling must occur during the compression.

The Brayton cycle is also the ideal cycle ot small expansion engine or turbine
refrigerators, if the work of the expansion device is not recovered. If not, the
ratio of W/Q is given by Equation (9) with the one deleted.

The Gifford-McMahon cycle as seen from the curves requires more work for a
given amount of refrigeration than the Brayton cycle. However, the difference is
not great for small compression ratios which is the way any refrigerator designed
to use these cycles should be operated. A Gifford-McMahon cycle at a pressure

ratio of 2 is about equivalent to a Brayton cycle at a pressure ratio of 3.5.

19

20




Gifford-McMahon cycle devices work very well with pressure ratios of 1.5 to 2.5.
There is no need to go to higher pressure ratios and thus poorer efficiencies. The
Gifford-McMahon cycle does sacrifice some potential efficiency for its many practical

advantages; this sacrifice, however, is not very great.

2. CRYOMATIC GAS BALANCING MODEL RESULTS AND POTENTIAL

The Cryomatic Gas Balancing refrigerator is quite an easy device to build, as
it involves only two slow-moving parts. Operating sp;ed is only about 50 to 150 .
cycles per minute. It can make an excellent refrigerator. Temperatures as low
as 23°K have been reached in Chamber (3) with a 11" diameter displacer operating
at 120 RPM,

It is relatively simple to make a multi-stage unit (Figure 7) where refrig-
eration is developed at two different low temperatures. Only one additional moving
part, the displacer, and an additional thermal regenerator is required. Several
such machines have been built which achieve temperatures as low as 12°K. An actual
two-stage experimental refrigerator of this type is shown in Figure 11. It has
I watts refrigeration capacity at 16°K and 18 watts at 50°K and has served as the
base for a 4.,2°K refrigerator which achieved .7 watts at 4,2%.

The practical advantages, as have been described in previous papers, (3), (%), (5)
are numerous. They all should lead to high reliability because the basic equipment
components are simple, slow-moving, and not highly stressed components. This is

(2)

especially true for the new method, Cryomatic Gas Balancing which applies the
Gifford-McMahon cycle with only two slow-moving parts. The gas seal on the displacer
moves at a rate of 2 to 5 inches per second rather thar 30 to 50 inches per second
as in some small cryogenic refrigerators. This should make continuous operating
times of 5,000 to 10,000 hours a high probability.

Aﬁ added advantage of the new method is the relative simplicity with which a
different model of new capacity may be developed. There are only a few basic parts

which are all relatively easy to construct so that prototype model development costs

may be greatly reduced.



3. GAS BALANCING THERMAL LOSS ANALYSIS

In a previous section a ratio of compressor work W to heat removed Q at a low
temperature was derived assuming ideal no loss perfect operation. As with any actual
refrigerator, there will be many causes for losses. The most significant ones are
the following:

1. Expansion efficiency.

2, Loss due to AT of regenerator.

3. Loss due to pressure drop through the regenerator.

L, Lossi due tc end to heat leak along the displacer.

5. Loss due to gas requirement to fill regenerator which gives no refrigeration.

It would be an advantage tao-compute a performance efficiency for each of these
effects so that an actual(%)a could be computed from the ideal one (g s of equation

(7) divpded by all the various efficiencies.
YaYy B Byr By By By

Zxpansion space efficiency

Where

=
1l

E,\T = Heat exchange system efficiency

=
"

An efficiency taking into account AP losses

EM = An efficiency taking account of motional heat leak

t=
n

An efficiency taking into account excess volume in the system.

Each of the E's may be a function of the system parameters and other E's for that
matter. A derivation of the functional relations for these E's follows:

1. The expansion space efficiency Ee ulll probably be quite as we are including
the losses usually included in expansion engine efficiencies elsewhere. It probably
should be about .95.

2. The efficiency due to AT of the regenerator may be computed from calculating

what fraction of refrigeration available is not lost due to the AT of the regenerator.
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The refiigeration available {rom the expansion space would be
Qe = Ee v (Ph - P‘B
The. toss due to regenerator inefficiency Ie will

Therefore
B - Eﬁiv (Ph,' Pﬂ) - IagTR- Tr)
AT Ee v (ph - E“L
I (T, -T)
EAT=1'E&'V?'_LFTP-
e h ) 4
PhV = RTr
] Cp Ie (TR - Tr)
s =t E R ' )
r (Ph - P2
h
: R -1t
E =1.—° Ly
AT T P
Ee R - 53
Cp Ph

It is interesting to note that thif heat exchange efficiency of the system is a
function of temperatures, pressures, expansion space efficiency, Ee and inefficiency
of the regenerator. It is not to beiconfused with the regenerator efficiency (1 - Ie).
A regenerator inefficiency of 1% can cause EAT to be 60% or even lower.

3. The efficiency caused by pressure drop lokses E Ap will be the ratio of the re-

frigeration with dp losses to that under ideal conditicns with no losses.

b, Em is the motional heat leak efficiency. It is the biggest, heat leak into
small refrigerators of this type. It is due to reciprocating motion of two surfaces
with steep temperature gradients in them. The effect may be understood by reference to
Figura 5. The temperature of the displacer and cylinder will only be the  ame for
the displacer half way down. When it is at the top it will be everywhere colder than
the cylinder and heat will be transferred from the cylinder to the displacer.

At the bottom the displacer will be hotter and heat will be transferred from the

displacer to the cylinder. -



- ‘..-‘;_“«( R TS

In the center, heat will be transferred back and forth between the displacer and the
cylinder. FEach transfer, however, will pass the heat one stroke S further down the
ylinder. The''net heat reaching bottom can be computed from conduction across gas layer

when displacer is at the bottom.

E k A AT g
Q =1 5
" {
Where |
k = Thermal conductivity of the gas |
1

A = Surface area = Sn D

AT = Temperature difference built up at bottom

)
(TR - Tr) S
2L
g

t
"

E = Amount of time of displacer with maximum dTo

to approximately 1/3

0 - kSxD (TR - :r) S
t 2L
m 3 g g
knS°“D (TR - TS)

Qm - 6T L o
g 8
The Em will be the ratio of ideal refrigeration available minus Qm to ideal re-
frigeration 2
_ kaS™ D (TR- Tr)
Ny (Ph - Pl) 6‘tg Lg

< nsF P (T 1) b

m t, L ¢2 S
g g
2.k°S (TR -T)
E =1 - I
Btg Lg DN (Ph - Pl)

5. The Ev can be computed by taking ratio of gas required to operate expansion

space to this gas plus the gas required to raise and lower the pressure in the re-

Thickness of gas layer t
|
generator. ‘

1
E =
m N Y (P, - P,) i

23 |

30 4




e h
T
E = ——p" A
v Ve h + VR h-Pl
T, e
r (¢}

Where
T(1= Average tempprature in regenerator.
1
By = VT (P - F.)
R U o
e a h

L, EXPERIMENTAL APPARATUS

The gas balancing test refrigerator is a single stage cryogenic refrigerator
designed to provide the data needed to evaluate it§ performance. The test refrig-
erator used and the test setup are shown in Figures 12 and 13.

The refrigerator's instrumentation consisted of two pressure transducers, one
connected to the expansion chamber and the second to the top of the regenerator,

a displacement transducer connected to the displacer, and six thermocouples. A
regenerator insert was also provided to faciiitate easy removal of regenarators
for regenerator performance tests.

To ascertain the refrigerator's performance a PV diagram for the expansign
chamber was established by connecting the first transducer to the vertical input
of an oscilloscope and the displacement transducer to the horizontal fnput of the
oxcilloscope. The area inscribed by the PV diagram thus gave the available refrig-
eration produced by the unit. The actual refrigeration produced was measured by
the electrical 'heater mounted to the heat exchanger. The temperature at which the

refrigeration was available was recorded by a thermocouple.
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The effect of regenerator length; using 150 mesh bronze screens, on the per-

formance of the unit was founa by varying the regenerator's length and recording the

heat load at a given refrigeration temperature.

Celculgtions

Q.

b.

Co

d.

G

f.

Maximum available refrigeration

W = NVAP
V = volume = 8,275 x 10 °f¢t3
AP = (Ph - PL
N = Piston speed = 140 rpm

W= 88,6 watts

Actual available refrigeration
W = (82%)(88.6) watts = 72,5 watts
Heat added

- %- 125%- )
Heat losses
QL = (72.5 - 44.2) watts = 28.3 watts

Efficiency

_ h4.2

e = 61%

Regenerator losses

QR = (Zﬁ)CpAT - Ie(Ztﬁ)Cp(Th -T)

Btu

4

= 385 - 150 = 235 psi = 3,381 x 10" =%



(’l‘h - Tc) = (300°K - 82°K) = 218°K = 392°R
. PV
m N RT

N = piston speed = 140 rpm

. LB
P = (240 + 14.7)psia = 3,67 x 10 'FEQ
Ve 8.275 x 10°2 £¢3
Ft-LB,

-
[ |

386.0 EE;WE-

82°K - 148°R

-3
B

The mass flcw 1is

LB

h = 0.0744 —2
min

and

QR - Ie(1281)watts

From regenerator inefficiency test., Ic was found to be 1% for 150 mesh bronze

screens and a 10 SCFM flow rate. This gives

QR = 12.81 watts




g. Motional heat leak

2 -
kngS Ct (Th Tc)
% = TR
8
S = ,0775 ft
D= 0125 ft
(Th - Tc) = 461°R (Temp. A’fference recorded by thermo-
W couples 3 and 6 Fig. 38.)
L = ,544 ft
t = ,005 ft
8
. Btu
kg = +0d hr ft°F @82°K
Cp = 1/3

and

Qm = 14.8 watts

h. Calculated losses

Q, = 14.8 watts + 12.81 watts = 27,61 watts

L

5. RESULTS
At the present level of development, the gas balancing refrigerator can achieve

an efficiency ot 61%. This efficiency was obtained for the operating conditions:

>




P, = 385 psig
PL = 150 yuig
N = 140 RPM
T = 82%

c

Reg. length = 3.5 in., 150 mesh bronze screens

A displacer speed of 140 was selected for these performance tests because,
as shown in Figure 15, the avallable refrigeration reached its maximum value in
this region. Under these operating conditions the PV diagram shown in Figure 14
was recorded, and from the diagram the avallable refrigeration was calculated at
72,5 watts. The applied heat load was 44,2 watts resulting in losses amounting
to 28.3 watts. These losses, however, can be accounted for by the regenerator thermal
loss and the motional heat leak loss.

Previous regenerator tests showed that for a flow rate ot 10 SCFM, the regen-
erator inefficiency is 1%, A 1% regenerator inefficiency for this unit results in
a thermal loss of 12.8 watts. From motional heat leak theory, the calculated mo-
tional heat leak is 14.8 watts. This gives a total calculated heat loss of

27.6 watts as compared to the measured loss of 28.3 watts.

Heat Load--Regenerator Length Characteristics

Speed (RPM) Mesh Reg. Length (in.) Temp. °K Heat Load (watts)
140 150 3.5 82 4l
140 150 5.0 82 39

This table gives the heat loads recorded for a 150 mesh regenarator 3.5 in.

long and a 150 mesh regenerator 5 in. long. The increase in refrigeration for the




3¢5 in. regenerator can be atiributed to the increase in the inscribed area of the
PV djagram. The 5 in. regenerator caused an increase in the pressure drop across
the regeneraior. Thus as the piston moves down, expelling the gas, it experiences
a larger upward force due to the pressure increase in the expansion chamber. The
decrease in the PV area is shown by the short dashed line in Figure 14,

Figure 15 shows that both the aveilable refrigeration and the refrigeration
temperature, recorded by thermocouple number and located at the base of the heat
exchanger, Figurel3,. attair optimum values in the neighborhood ot 140 RPM, The
available refrigeration curve was found by applying to the unit, at each piston
speed setting, a heat load that would maintain thermocouple number 2 at 82°K. At
each speed setting the available refrigeration was calculated from the inscribed
area of the recorded PV diagram. The temperature variation curve was found by
applying a constant heat load, 44.2 watts, to the system and then recording the
temperature of thermocouple number 2 at each piston speed setting.

Theoretically, the temperature should continue to decrease and the available
refrigeration should continus to increase as the piston speed is raised above
140 RPM. For the available refrigeration this is readily apparent from Equation
(10) which shows that W is directly proportional to the N. This increase in W, with
the heat load, Qi. held constant, also makes available more cooling in the gas
passing from the he. . exchanger to the regenerator. Thus the cold end of the re-
generator will become colder, and in turn lower the temperature sensed by thermc-
couple number 2. However, to achieve this ideal operation would require a gas having
no viscosily, and a friction free piston seal assembly. Since neither is possible,
time lags present in the piston motion and the expansion chamber pressurization
and depressurization processes reduce the available refrigeration above 140 RPM,

In Figure 16ay the ideal piston motion and pressure changes are represented by

the square waves. Under this ideal operation there is no overlapping of the curves.
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of the curves. That is, the step changes in each of the curves occur while the
other curve remains at a constant value. The corresponding PV diagram for this
aquare wave operation is given by the curve 1, 2, 4, 5, 1 in Figure 16b. The time
lag, however, produces periods when both curves are changing magnitude at the same
time, and the overlapping of the curves causes a rounding off of the corners of the
PV diagram as shown by curve 1, 3, 4, 6, 1 in Figure 16b. As the piston speed is
further increased, the overlapping becomes greater and the PV diagram takes the
elliptical shape shown by curve 1,4,1 in Figure 16b.

These curves reveal that there is an optimum operating range for the gas bal-
ancing refrigerrtor, and they ena* »d an optimum speed to be selected for the thermal
loss analysis presented in this section.

6. DISCUSSION

From this experimental investigation a more precise understanding of thermal
losses in a gas balancing refrigerator was gaired. These losses, as was shown,
manifest themselves primarily in regenerator losses and motional heat leak. These
two thermal losses contribute to a unit inefficiency of 39%.

The unit's inefficiency calculations were based on an inscribed PV area of
82% of the theoretical maximum arez, and from the diagram the mass flow was cal-
culated at 0744 me/min. Since only 82% of the theoretical diagram was achieved
it would seem reasonable to expect that the best way to improve the unit's perfor-
mance would be to increase the area of the PV diagram. By increasing the diagram
to 100% «f the theoretical diagram the available refrigeration would go up from
72.5 to 88.6 watts. However, a square diagram would mean that the expansion chamber
has to be filled with gas at the high pressure instead ot gas at some lower pres-
sure. Thus the mass flow would increase to .1165 memino, resulting in thermal
regenerator losses of 20.1 watts instead of 12.8 watts.

Because of the increase in the ’“hermal regenerator losse:s the unit's efficiency
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would not be improved. This shows that in order to improve the refrigerator's
performance, investigations will have to be concentrated towards reducing the thermal

losses,
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IV, PULSE TUBE REFRIGERATION

The heat pumping mechanism of pulse tube refrigeration is not just found
in the cylindrical pulse tubes that are currently being investigated, but
also occurs in any other rlosed volume that is subject to a systematic pres-
surization and depressurization. In its more general form the heat pumping

mechanism is called surface heat pumping

1, SURFACE HEAT PUMPING EFFECT

Surface heat pumping is caused by an unusual interaction between
fluid displacement along a surface, energy change in the fluid, and heat exchange
with the surface, as a result of a periodic change of pressure of the gas.
The mechanism can best be visualized from consideration of the closed tubular
model shown in Figure 17 A small element of gas at x' with temperature Tl' is
displaced to X" as alresult of pressurizing the tube by supplying gas from the
left end. Also, as a result of pressurizing the element of gas there is an
energy increase in the gas which produces a change in the temperature of the
gas, It is possible that the element will be in thermal equilibrium with the
wall but more likely the gas will be compresced along a polytropic path, or if the
pressure change is fast enough so that essentially no heat is transferred from
the element, then an isentropi path is followed, as shown by the dashed line in
Figure 1, reaching a temperature of Tl"0 If the pressure in the tu'e is now
held constant, heat will flow from the gas to the wall, eventually cooling to
TZ'. When gas is now allowed to flow out of the tube and the pressure reduced
to it§ initial value the element will return to the vicinity of its initial
_position but will have a temperature TZ" which is lower than Tl'o The cycle

is completed by maintaining the pressure constant while heat flows from the

gas to the wall,'feturning the temperature to Tl'.



The net effect of this cycle has been the removal of heat from the wall at
X' and the depositing of that heat in the wall at X", This effect occurs through-
out the tube and produces a heat pumping effect from the open end to the closed
end.

While this effect occurs in any volume, there are several factors which
enhance the effect. First, the flow should be smooth and uniform so that a
regular and not a random pattern of heat pumping is established. Second, the
heat exchange with the walls when the gas is at its extreme pusitions should be
large relative to the heat that is exchanged while it is moving.

For the present it will be considered that there is no viscous drag
from the surfaces so that the gas flowing back and furth in the volume shown
in Figure £ has a constant velocity across the cross section of the tube. If
the pressure change occurs fast enough then heat transfer during the pressure
change is negligible and the gas follows an isentroric path. The temperature is
thus related to the pressure, P, according to the well known thermodynamic re-

lation,

™ = T'(P"/P')(Y-l)/Y (1)

in which a single prime denotes the initial condition and the double prime de-
notes the final condition.

The assumption of an isentropic process throughout the tube with uniform
velocity across the cross section also permits the use of the relation between

temperature and displacement.

T = T'(X'/X")Y_l (2)

At any given point along the wall the temperature will assume some value
between the temperature of the gas adjacent to it when the pressure is low and

the temperaturs of the gas when the prezsure is high. Heat will be exchanged
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with the wall and pumped along the wall until the condition is reached that the
gas temperature coincides with the wall temperature everywhers along the tube.

If now the temperature at X = xo is held at To (Figure 17)aﬁd the temperatures

in the rest of the tube are allowed to come to equilibrium with the gas, under

the condition in which no heat is being pumped, then the temperature in the

tube at X, T(x) will be

X vy=-1
I(x) (...‘2.)Y (3)
To X

This action will occur for virtually any pressure change which causes a
displacement of the gas in the tube. Small pressure ratios of 1.5 to 2.0 will
cause the mechanism which will give the heat pumping action. As can be seen,
the temperature changes built up in the walls depend on volume ratios in the
tube. Therefore, the temperature differences it would be possible to build up
in a tube would be very great relative to that defined by the pressure changes
in Equation (1).

As the temperature pattern gets near to that defined by Equation (3) the
temperature differences become smaller and smaller and the heat pumping action
is greatly reduced. One might expect to approach this temperature pattern but
in an actual tube there would be some conduction and heat exchange losses which
would prevent one from actually reaching it.

Let us now see how the viscous drag of the itube surfaces will affect the
heat pumping action. To visualize this best, let us consider our oscillating
flow again in the same tube. Due to the fact that the walls cause a viscous
drag on the gas, the flow will be slower at the walls and faster in the center
when the pressure oscillations are instigated. As a result, the gas near the
walls will not be displaced as far by the pressure oscillations as the gas in

the center of the tube.
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To see how this variation in gas displacement will affect the heat pumping
phenomenon, let us assume the tube has the ideal temperature pattern in it de-
fined by Equation (3) and shown in Figure 18. In such a case the gas that is
displaced the average distance will not have a temperaturc difference which will
cause a heat transfer with the walls. As this gas is displaced its temperature
will coincide with that of the wall. Thus, this gas would have no tendency to
create a heat pumping action.

The gas near the surfaces, however, will vary as much in temperature as the
average gas but will not move so far. It will only be displaced from Xi' to Xl",

instead of the average displacement from Xz' to X" as shown in Figure 2. As

2

a result it will be hotter than the tube at Xl" and colder at X1°. It will,

therefore, heat the tube at X." with cooling of the gas and cool the tube at

1
X, ' with heating of the gas. The net result is the transfer of heat from X, '

1 1
to Xl" against a temperature gradient. This action is, of course, true for
every section of the tube. There thus is a very positive heat pumping action
at the surface even when the effect described, assuminrg no viscosity, is no
longer possible.

At the center of the tube gas will be displaced farther than the average,
between X3' and X3" and will build up temperature differgnces with respect to
the walls which would tend to pump heat in the opposite direction if there were
heat transfer between this gas and the walls. However, the walls are not avail-
able to the central gas and thus its temperature will just rise and fall with
the displacements in an essentially reversible manner.

2. PULSE TUBE REFRIGERATION CHARACTERISTICS

The basic mechanism which produces the heat pumping is initially a pressure

change which builds a temperature pattern in the gas followed by heat transfer

to the walls. This is followed by a decrease in pressure, building another tem-
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perature pattern in the gas followed by heat transfer from the walls to the gas.
The temperature patterns are such that heat received from the walls is transferred
back to the wall at a point closer to the closed end giving the heat pumping effect.

The pressure changes may be made at any speed. Time, however, must be
allowed for heat transfer from the gas to the wall. The time can be either too
short so that very little of the heat is transferred to the walls, or so long
that time is wasted when little or nothing is happening. There thus is an optimum
or more or less ideal speed.

Determining the exact tempe¢rature changes in the gas with pressure, dis-
placement, and heat transfer is very complex. However, due to a great similarity
in problems of non-steady heat truinsfer from volumes, it is possible to deduce
some fundamental characteristics about the optimum pulse rate for a round closed
tube even tiough the exact time temperature pattern in the tube is now known.

If most of the heat is exchanged with the walls at a constant pressure, then

the significant terms in the heat transfer equation are

oT* Q
Fo% = FDT OMA%T (4)

where the * superscript denotes the parameters which have been made dimension-
less by the characteristic group G/NDZ. In this equation time, T , is made
dimensionless by the reciprocal of the pulse rate N, the incremental distance
squared associated with the differential operator V2 45 made dimensionless by the
diameter squared, D2, and the thermal diffusivity o¢* by a characteristic value
of o, Equivalent performance will be obtained in a pulse tube if the value
of the characteristic group, G/NDZ, is the same.

Different from sound, the length does not affect this optimum pulse rate.
It does, however, indicate that any chamber where it is hoped the surface heat
pumping would be a maximum should have a constant equivalent diameter so that

0
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all of it can operate at the ideal pulse rate.,
The fact there is an optimum speed which is quite small for large volumes
is partially responsible for its not being noticed before. For example, a 13"
tube would have an ideal speed of only about 8 pulses per minute, a rather un-
common frequency, and heat flow in such a case 1s very small per unit area.
Therefore, not very large temperature differences would be built up to be noticed.
There have probably bee- iany unoxplained hot spots in equipment involving gas
under pressure where fluctuations occur which were due to this phenomenon.
Another interesting fact about the nature of the heat pumping phenomenon
may be deduced from the simple picture of heat transfer to and from the gas.
The fraction of the total gas in the tube which is effective in the heat transfer
at a given value of a/ND2 will be independent of tube diameter. Thus the
refrigeration produced per cycle Q will be proportional to the diameter squared
times the length, L,

Q = CD3L (5)

where C is the proportionality constant.
The net refrigeration rate, q, will be equui to the product of Q and n,»

the optimum pulse rate.

q = Qn_ (6)

2
CnoD L (7)

O
L}

If operation is to be at the optimum value of the characteristic number,

_ 2
C, = ( a/ND%) _, then

q=Ca L/co (8)
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This leads to the surprising conclusion that all tubes with equal total
length and top length, but different diameters, produce the same amount of cooling
if all the operating conditions are held the samr except for the speed, which
must be kept proportional to 1/D2. Thus, small diameter tubes operating at high

speeds produce just as much cooling as large diameter tubes operating at low

speeds.

3. TEST RESULTS

Figure 22 shows typical tegt .results for a set of tets at the same operating
condition with the heat load: varied. The lower curve shows the relation between
the applied heat load and the cold end temperature while the top curve shows the

relation between the measured heat pumping rate and the cold end temperature.
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Since radiation and conduction losses sre negligible, the difference between the two
curves is essentially the thermal loss in the regenerator. When both ends of the
regenerator are at the same temperature, i.e., room temperature, then the regenerator
losses are zero and the two curves intersect.

Extrapolating the test data to the condition for which the heat pumping rate
ia wero shows that the cold end temperature would be Tco as predicted by the model,
Equation (3). All the test results substantiate this within reasonable limits.

It is noted that thes test points fall on straight lines. Since the heat pumping
rate is proportional to the temperature difference between the gas and the walls

it is to be expected that there would be &« linear relationship between the cold
end temperature and the heat pumping rate. The heat input data will also fall

on a straight line because the regenerator thermal losses are dirsctly proportional
to the difference in temperature between the hot ~nd cold end.

In order to see the relationship beti'een the other variables more clearly the
cooling capacity at a given cold end temperature is used to represent th: entire
curve. This is possible because all tubes with the same volume ratio have the
same value of TCo and thus one point on the curve defines it if the hot end tem-
perature is the same for all.

Figure?3 is a plot of the effect on cooling capacity of varying the pressure
for pulse tube No., 25 :perating at a speed of 40 RPM and a cold end temperature
of BOOOR. It shows that for a given pressure ratio the cooling capacity increases
almost linearly with increasing pressure. If the high pressure is held constant
and the low pressure decreased the cooling increases more rapidly at lower pressures.

Figure 2L shows the effect ol changing the speed while holding the pressures
constant for pulse tube No. 25 operating at a cold end temperature of 350°R.

The cooling capacity increases lirearly with speed at the very low speeds then

approaches a maximum hea. pumping rate assymptotically. If the pressure in the .
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tube reaches the high and low values in a square wave then the maximum amount of
heat would be pumped everi at very high speeds because heat is always flowing to
the wall for half the time with the same initial temperature gradient. In actual
practice pressure drop in the regenerator would prevent the pressures from changing
completely and the cooling capacity would fall off at high speeds.

Figure 25 shows a comparison of three pulse tuves with the same top length
arnd diameter but different total lengths having volume ratios of .10, .15 and .20.
When operating at the same speed and pressures with the top at room temperature,
it 1s seen that for each tube the curve through the test points extrapolates to
the value of Tco for each tube as predicted by Equation (3). It is also inter-
esting to note that the three curves are almost parallel. This is piobably
explained by the fact that the same mass of gas is pushed into the top of the
tube with each pulse, and the temperature change in the gas is prcportional to
the difference in temperature between the hot and cold end of the tube. The
higher heat pumping rate of the longer tubes is probably due to the fact that
the gas 1is preheated to a higher temperature before entering the top in the longer
tubes,

Figure 26 is the test correlation for test code 2 which confirms the fact
that the heat pumping rate is directly proportional Lo length of the tube, every-
thing ‘else being equal. Test results for three tubes of different lengths with
volume ratios of .15, di.meter of 3/4" amd operating at the same conditions show
that all of the data falls on a common line when the heat pumping rate/length is
plotted against the cold end temperature.

The test results for test code 1 are shown in Figure 27. This is a plot of
leat pumping rate vs. cold end temperature for threc tubes of different diameter,
% # amd 3/4 inches. All throe tubes have the same volume ratio, .15 anq two of

the tubes have the same length. The heat pumping rate for the other tube has

7
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been adjusted in proportion to its length to be comparable to the other test data.
Test resuits with the %" diameter tube were obtained with a different calorimeter
which might explain some of the scatter of these points.

The results, however, do confirm Equation (8) which states that tubes of
different diameters but the same lengths will pump the same amount of heat if
they are operating at the sams value of aAmDZ. For these tests a was held con-
stant by operating at the same pressures and the speeds set such that the value
of ND2 was the same.

Test results for alr show similar relations as the results for helium. The
amount of test work done with air was limited because alr directly from the air
supply was too uirty and air in the compressor system caused two compressor burn-
outs.

Figures 28 and 79 are pictures of the tubes that were tested. Figure 28
shows pulse tube No. 27 mounted on the calorimeter described in this report and
Figure 29 shows the £ inch diameter pulse tube, No. 33, mounted on a different
nalorimeter.

4, EMPIRICAL FORMULATION

The rather simple relationships between all of the pulse tube variables
suggest the possibility of combining them into a general equation that will pre-
dict the heat pumping rate as a function of gas properties, geometric parameters,
and operating conditions. It is realized that any such correlation of the test
data based on such a general equation would be confirmation of its wvalidity only
for the range of the variables that has been covered in this test program.

Experimental evidence shows that tubes of different diameters operate best
at the same value of ND2. This seems to indicate that the Fourier number does
in fact characterize the heat transfer in pulse tube refrigeration. Solutions

to heat transfer problems that are similzr te tkis zre of the form
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q=aqn(l-e T) (13)

where qm is the heat pumping rate for NF approaching infinity - i.e., very low
pulse rates. If qm can be computed and q measured, then a plot of gq/am versus NF
should lead to the value of the constant C.

It has been observed too that the cold end temperature of a pulse tube re-
frigerator increases linearly with an increase in heat load, everything else being
held constant. If qmh is used to denote the pseudo-maximum heat pumping rate when
the cold end temperature Tc, is equal to the hot end temperature, Th’ and Tco
is used to denote the cold end tempersture when no heat is being pumped, then

for everything else being held constant the following relation is observed;
qm = qmh (Tc'Tco)/(Th'Tco) (14)

The model describing the heat pumping mechanism predicts that for the case

when q = 0 then the cold end temperature is

-1
= Y
Tco Th(Lo/Lt)

(15)

The heat pumping rate is the product of the cooling per pulse, Q, and the pulse

rate.

q=Q (16)

gqmh = Qmh n (17)

The description of the heat pumping mechanism says that the cooling per pulse
is equal to the heat deposited in the top by gas which has been pushed up from the
lower part of the tube. Q is thus of the form

| Q=mc, AT (18)

in which m is the mass of gas that flows into the top from the lower part of the
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tube and AT is the temperature change of the gas while it is in the top.
Consider the case when operation of ihs tuvbe 1s first started and the tube
is at termperature Th throughout. As a result of isentropic compression the dif-

ference in temperature between the gas and the wall will be

_ -1
AT =T, (Ph/Pz) — =T

mh h (19)

The subscript m is used there because this is the maximum change that can occur
in the gas temperature and the subscript h denotes ‘he speclial case when the cold
end is at the same temperature as the hot end.

The mass of gas that is involved is equal to the difference between the mass
of gas in the top at the end of the low pressure period and the mass of gas in the
top at the end of the high pressure period. For the case under consideration
in which enough time is allowed for all the heat to flow from the gas to the wall

the gas temperature at the end of each phase will be Th and the mass of gas is thus

m= (P -P)V/RT, (20)

The top volﬁme, Vo, can be expressed in terms of its length, Lo’ and diameter, D,

_ 2
m= (P -P) =D LO/L»RTh (21)

As an approximation then, the maximum heat pumped per pulse when the tube is at

the hot end temperature is

- 2 x-1
0. - (Ph Pm) 7D Lo - [(Eb.) Y -1 (22)
mh 4RT, h''P, 22

P

Equations (17) and (14) are used with (22) to give gm for some other cold end
temperature. When this is substituted into (13) the expression for the heat

pumping rate is obtained.
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q = (E—=9 -2 (hH Y -1yu-e §) 2
T -T ' 4 R F, e (23)

Preliminary analytic studies show that the Fourier number shoull be computed
on the basis of gas properties that prevail during the high pressure period. The
characteristic value of the Fourier number is thus computed on the basis of the gas
properties at the hot end temperature and the high pressure.

The IBM 7070 computer at the Syracuse University Computing Center was used
to compute the ratio of q/qm and NF for all of the tests ﬁsing Equation (23).
There was a spread of data which seemed to be related to the pressures and also
a difference for tubes of different length ratios. It was found that the pressure
difference term has to be replaced by the term Ph (Ph/BUS)'375. The correction
for tubes with different length ratiuvs is based on the observation from Figure 9
that tubes with a lower volume ratio pump more heat. This is attributed to the
fact that the gas is preheated to a higher temperature before it enters the top.
Thé éorrection factor for this is (Lt/Lo) v-1

The final form of the heat pumping equation is

-1 L nD?
L@ /L)’ 1 -1 PP ¢ P, .375
q = t' o ( c co) P P ( h )
3.61 T, - T, R "h ‘345

(24)

The constants in this equation apply for q in watts, L and D in inches, n in RPM

and Ph in psia.
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The test data for helium with a heat pumping rate greater than 3 watts is shown
in Figure 30. From this plot the value of the constant C that gives best fit
for Equation (24) is C = 26,6, Figure 31 shows the test results for air. There
is not enough test data to evaluate the constants for air but the curve is seen
to be substantially different than the helium data.
Air has a thermal diffusivity that is about seven times less than that for
helium at given conditions, thus the performance of a given pulse tube with air
is substantially less than the performance with helium. Being a diatomic gas
Eouation (15) also indicates that a tube operating with air will not get as cold.
This empirical relation, Equation (24), will be very useful in predicting the
heat pumping rata of pulre tubes that fall within the reg'on of ths variables that

were considered in this test program.
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Test Data for Pulse Tube No. 25 - Heat Pumping Rate, Wall Temperature,

LO
PH
PL

DT

Subscrints

and Wall Temperature Change
Meaning

Tube Diameter

Total Length

Top Length

High Pressurc

Low Pressure

Pulse Rate

Watts In, Cold End
Watts Out, Top
Temperature of Wall

Temperature Change of Wall
During One Cycle

Cold End
Hot End

Wall Positions

Units

Inches

"

"
psia
psia
RPM

Lé

~
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5. MULTI STAGE PULSE TUBES

From the very start of the work on Pulse Tube Refrigeration it was realized
that they could be staged together so that very low temperatures could be achieved.
If there was not a possibility of multi staging, there would not have been a good
reason for a great deal of work on pulse tubes. Whereas temperatures much lower
than can be achieved with the freons can be obtained with single stage pulse tubes,
there is 1.5t that much interest in that temperature range, -100 to -220°F, The
cryogenic temperatures -300°F and colder are of much more interest.

The problem ot the analysis ot a multi-stage pulse tube is very much more com-
plex than that of the single stage unit and it, of course, depends on the single
stage analysis. Therefore, before multi-stage analytical work can be very valuable
it is necessary to have very good confidence in our understanding of the basic
single stage system. Although considerable progress has been mede, there still is
a great deal to be done.

As a result, our work on multi-stage pulse tubes has been limited and confined
to two objectives:

a., Definite experimantal confirmation of the fact that multi-staging can

be accomplished.

b. Multi-stage units can attain cryogenic temperatures in small sizes which

might be of interest in small spot coolers.

Both of these objectives have been accomplished, Two small two-stage pulse
tubes were built and tested. The initial one achieved 95°K and a later one, which
was slightly modified, achieved 79.5°K.

In addition to this,substantial time has been spent in attempts at multi-stage
analysis and some worthwhile understanding has been attained. However, the con-
dition of this work is not believed to be sufficiently well organized to be pre-

sented at this time.
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V.  REVERSIBELE PULSE TUBE REFRIGERATION

1, THEORY

A Pulse Tube Refrigerator operated with valves loses greatly in efficiency
due to irreversible isenthalnic expansion through the valves. This basic method
inefficiency can be eliminated by replacing the valves and compressor system with a
piston and chamber which can be varied in size from zero to a maximum one by a motion
of the piston. Figure 40 shows such a schematic reversible Pulse Tube Refrigerator.

It requires work to decrease the volume snd push the gas through the regenerator
and heat exchanger into the Pulse Tube, increasing the pressure. This work would
come partly from the motor and partly from the flywheel by slowing it down slightly.
When the pistcn, however, moves back the gas does wurk as the gas expands out of
the pulse tube into the opening chamber made by the recedirng piston. This energy
will be restored to the flyw'.eel. In this way much of the irreversible loss Ly
expansion through the valves is eliminated.

If a frictionless system with no pressure drop through the regenerator and
heat exchanger is hypothesized, the net work dcne by the piston must be due to the

cycle carried out by the total enclosed gas. The sum of all the little differential
packets of gas which make up the enclosed volume will determine the net ideal work
which will necessarily have to be supplied by the moving piston.

In order for a differential gas packet to cause a necessity for work on the
moving face of the pision, it is necessary that its volume be greater during com-
pression than during expansion so that more work is required for compression thau
is recovered during expansion. Cycles for a differential gas packet can be plotted
on a PV diagram as shown in Figﬁre 32.. In such a cycle the volume being greater
during compression than during expansion results in a work quantity from the moving
piston of areas A + B of which only A is recovered. Therefore, the net work re-

quired by this differential packet is equal to area B.
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If there is no volume diffe.'ence during compression and expansion, then work re-
cejved and recovered would be the same as shown in Figure 32 and no net work
would be required from the moving face of the piston. Work for compression would
come from the flywheel. However, the work returned would be of eaual magnitude.

In Figure 32 is shown a differential gas packet cycle which would deliver
energy to the moving face of the piston. Suci. a cycle would have an engine
driving effect.

Consider now the actual reversible pulse tube operation. It is expected
that compression would occur quite rapidly so that very little heat is trans-
ferred. Then a pause occurs during which heat is transferred to the walls of
the tube giving half of the pulse tube refrigeration effect. This causes all
the differential gas packets which are cooled to shrink and the total pressure
to drop at constant total volume. Expansion then occurs quickly so that thero
1s relatively 1little heat transfer. This is followed by a pause during which
heat 1s transferred from the walls to the gas giving the other half of the pulse
tube refrigeration effect. This heat transfer causes all the differential guns
packets which are heated to expand, increasing the pressure in the whole system
at constant volume.

The integrated effect for all the gas packets could be plotted as the PV
diagram showa in Figure 33. The volume here includssz the chamber volume by the
piston, the regenerator volume, and the pulsz tube volumz. The compression and
expansion are a mixture of isothermal compression ju the regenerator, nearly
isentréﬁic compression in the piston chamber, znd effectively a rrubination of
the two in the pulse tube.

If compression were assumed isentropic the work of compression w& can be

approximated by

Y -1
Py

W =me T, {=2)Y .1}
1 P,




where

m = total mass of enclosed gas

0
]

constant volume sp~ ific heat

-3
]

1 temperature prior to compression

o
H

h high pressure
P = low pressure

The work recovered W} would be

y -1
Ph Y
Wr = chTZ { (Fz- -1}

The net Wh would be the difference between the two

P -1
= - —-—— Y -
Wo=mc, (Tl T2) {(Pz) 1}
T p =1
W =meT, (1 - _29 {(_hq Y -1}
n vl T1 Pz

An estimate of the net work requirement for the ideal no loss operation is

just the problem of estimating TZ' If Ti is «9 T, the net work requirements

2

would be .1 of the isentropic constant volume work.

It is interesting to compare the work required for operation of a valved

systems Considering again isentropic compression the Wi

Ph l:l
- S Y -
wi mccpT1 {(Pz) 1}
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where
m, = mass of gas leaving pulse tube to be compressed.
The mass of gas compressed will not, however, be equivalent to that :in the
reversible system as some will remain in the pulse tube and will be compressed

by the returned gas m,e The gas m, remaining in the tube will be app~oximately

equal to
r Ph
Thus
P
-— —2'
mc-M(i-Ph)

Therefore the ideal work requirement Wi with a valved pulse tube would be

P p =1
W, =mc T, (1 - -&0 {C;E) Y -1}
pl Ph Pz

The ratio of work requirement of the reversible Wh to valved system Wi would be

T p X=1
.l ._h. Y }
mC T, (1—T){(P) -1
o 1 %
Wy P, PhJ'—l
mCT) (1 -5 {(;,-)Y -1}
h )
T
2
. C (1 --=%
W P
1 ¢ (1--P—“-)
h
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Estimating rather possible values:

Sy = .6
C

W

WB - sbx o1 _ ,09
i [ ]
T2 _

T, =7
1

P

J'A

5 =3
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In order to achieve the cycle diagrams shown in Figure 37 it is necessary
for each 1little differential gas packet to give off hsat after compression from
its surroundings and receive heat after expansion from its surroundings. If we
assume no heat transfer during the compression and expansion (and this may te
a tolerable approximation if compression and expansion occur rapidly) the dif-
ferential gas packet 1s carried through a Brayton Cycle. Figure 34 shows a TS
diagram for the BErayton Cycle.

Individual differential gas packets would go through different Brayton Cycles.
Packets near the wall would transfer more heat with the walls, but the temper-
ature Tn and TL would not be very different. Gas nearer the center of the tube
would probably transfer less heat with the walls. However, the temperatur:s would
be farther apart.

The efficliency of the ideal reversible pulse tube would be the sum of the

efficiency of all the gas packets. It is, therefore, of interest to see what range




of efficiencies is possible so that a good educated approximation might be made.

The work of compression 1 to 2 would be

p. X==

- By Y _
W ém.,C T1 {(Pz) 1}

1-2 1%v

The work of expansion

p, =1
(Y -1
2

6w3_4 - GmICvTa

Therefore, the net work Wh
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The heat pumped from T, to Th would simply be

Qp = mC (T = Ty
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It is interesting to note thut the work required per unit of heat pumped is
1udependent of the two temperatures and only dependent on the pressure ratio.

W
The overall an would just be the integrated effect for all the differential

gas packets.,

W P -Y;;-l-
- {(3;9 -1}

The efficiency relative to the Carnot cycle Ec may be determ’ ~i by simply

dividing the (g)c for a Carnot cycle Ly Eﬁ .
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In the case of the pulse tube the problem is slightly more complex in that
whereas a differential gas packet may operate between temperatures Th and Tz, there
must be a temperature differontial between the packet through other differential gas
packets to transfer heat to the wall. As a result, though the differential gas
packet will operate between temperatures Th and Tl it will actually pump heat be-
tween temperatures Th' <Th and TL' > TL' Thus in our efficiency expression the

primed temperatures really should be used.

The problem then is to estimate the effective average temperatures between
which heat is pumped. If the temperature ratio between which heat is pumped is at
all close to that which is achievable with the pressure, the efficiency will be
quite good.

2. PULSE TUBE REFRIGERATOR IDEA. VOLUME RATIO

It has been shown that the refrigeration achievable with a pulse tube refrig-

erator may be represented quite closely by the following equation.

. . V1 Y=-1
- T, (;,"t')

Qr - Clvl V1 y=1
L (;,:)
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Where

Qr = Ideal refrigeration available

vV, = Total volume of tube

V1 = Volume of top constant temperature cap
T = Temparature of refrigeration load

'I's = Top temperature of the sink.

A sample plot is shown in Figure 35. There is a question cf what part of

the tube should be made V, as making it bigger makes the refrigeration available

1
at higher temperatures increase but decreases it at lower temperatures. Thus there
must be some ideal volume ratio for every temperature T. This may be derived as
follows

. y-1

(T - )"

N (A M
To differentiate, let
- Iyl
u C2Vr (Ts Vr )

- Cc L. y-1
du C2 T CZYVr
S
v = l
1 -yl
Wl '
N\
1
v ==
Z
z=1-YV y-1
r




R e

AR e

PReey =1 St |

St Gl

i3 B A

PR N S e e

dv = Y
- y-2
_ (y = DV,
- v=1,,
(1 -V, )
y=2
4 =nv)
duv = czvr(%- -t 1y =
8 (1-v.'V")
r
1 T y-1
+ — —= [C, = = C,yV )|
1 - vry 1 2 'I‘s 2''r

The diffe ential will be zero for an optimum, therefore

- - =1 ,I__ , v1 _y Y i, I y-1
0= (y - DV, (7 V.o T+ 1=V, 1[5 A
8 8
.66 T .66 .66, T _ .66
.66V - V. ) + (1 -V, 1[5 1.66vr ]
8 8
- 66 v %0 o ey 133 4 I 166y 0 - oy 00,
T r r T Y T r
S 8 8
= v 132 _ 66y 180 + oo L33y 06
r r T T r
8 )
L1~ .33v %8 u1.66v 66 -y 132
TS r r Y
.66 1.33
TS 1 - 033Vr.66

1.66y 132
r




Tuis then gives the ideal volume ratio for any temperature of operation.
A plot of this equation is given in Figure 36.

3. OBJECTIVES OF TEST PROGRAM

Basic objectives of the test program were to determine the general perfor-
mance characteristics of the reversible pulse tube refrigurator amd then 'r.w
some comparisons with standard pulse tube systems. Farameters to he observed and
varied were sslected to yield the most complete operating curves and to allow easy
correlation of data with previcusly observed valved pulse tube results.,

To determine the most characteristic performance data for the reversible
gsystem a procedure of comparing the refrigeration load with cold end temperature
was used., The parameters varied wera:

a., The cylinder pressures
b. The operating speed of the compressor
ce The applied heat load on the cold heat exchanger

Along with these results, a complete record of pressure-time variations in
the cylinder was recorded by an oscillograph. These traces were used to determine
actual compression ratios in the refrigerator.

The determination of actual power used in the refrigeration process was also
a prime objective. To help make this evaluation, a series of tests were run on
the basic test unit to find all system losses excluding the pulse tube refrigerator.
Tests were run to find bearing, motor and flow losses in the unit. From these
values, a comparison of power readings under load would reveal actual pulse tube
power consumption.

A detailed description of the apparatus follows which gives a complete pic-
ture of the means employed to obtain the variation of parameters and observation
of variables required to carry out the desired test program. Diagrams and photo-
graphs appear in the report which give overall and dstailed illustrations of the

apparatus.
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Not included in the analysié, but appearing in the illustrations, are some
rolated items which proved t> require further refinement before completion of a
test program on them, In the photograph, Figure 137, the long cylinder extending
from the section beneath the regenerator is a variable volume extension to the
cylinder area. By moving a piston in this tube, & variable compression ratio could
be achieved through effectivel; increasing the cylinder volume. Use of this con-
cept proved unsatisfactory in its present form by virtue of oxcessive heating of
the gas which entered the long cylinder, and was compressed to a high pressure.
All tests in the series were therefore ruri with the extension volume shut off from
the system.

In Figure 38 a pulse tube configuration of ninetean tubes with no re:enerator
or flow straighteners can be seen. This unit was constructed ‘o evaluate the pos-
sibility ~f transporting large quantitlies of heat through a small temperature
difference while doing away with the regeneratcr and operating directly from a
piston. The unit could pump large quantities of heat, as shown, but ineffective
heat transfer at the cold end rendered it unable to carry a refrigerated load.
Further work on the principle, whict proved sound, is hoped for the future.

4. DESCRIPTION OF EXPERIMENTAL APPARATUS

The test unit used for these experiments was designed and constructed ex-
pressly for reversible operation. Basically, it consists of four parallel one-
quarter inch diameter pulse tubes with common hot and cold end heat exchangers.
Directly beneath the tube is a two-and-one-half inch long regenerator, three-
quarters of an inch in diameter. This regenerator is packed with over four hundred
200 mesh bronze screens. Sintered metal plugs at the base of the four tubes serve
to help straighten and smooth gas flow. Under the regenerator is a section con.
talning a water jachkust which serves to hold gas entering the regenerator at a rea-
sonably constant temperature. An overall view of the system, as well as a view of

a standard pulse tube configuration, can be seen in Figures 39, 40 and 41.
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Instrumentation provided on the refrigerator includes copper-constantan tharmo.
couples at both heat exchangers and z calibrated resistance heater on the cold
end to apply known refrigeration loads. Also seen in thediagram mentioned above
are the cooling coils at the hot and and the mounting arrangement for the strain
gauge pressure transducer.,

Driving the gas into and out of the system is a specially designed aluminum
piston operating in a stainless steel liner with heavy duty sealing to prevent
oil from entering the regenerator and fouling it. The piston is activated by a
single cylinder compressor which is attached to the pistun rods A celibrated
electric motor drives the compressor through a variable ratio pul.ey system and a
large flyvheel. Power flow to the moutor is registered on a wattmeter.

To proviue adequate insulation, a vacuum system was installed over thc re-
frigorator and the unit was wrapped ir mylar super insulation. The vacuum pot
was held down by a continuously operating fore pump to prevent convection losses,
while the mylar wrapping cut radiation heat transfer, This arrangement along
with a view of the overall apparatus set-up can be seen in the photograph, Figure 42,

Supporting instrumentation included a Brush oscillograph which recorded pres-
sure-time diagrams, and two microveltmeters to display thermocouple output vcltages.
A variac supplied a continuous range of woltages to the resistance heat load on the
cold heat exchauger. Motor and compressor speeds were checked by a Hasler hand
tachometer and a Strobotach light,

Helium was used in all tests as the refrigerant. Charging of the system
took place with the piston located one-half way between ‘op and bottom dead center.
At this level, both the area above the piston and the area below, which connected
to the compressor base, were pressurized equally. Iu ihis manner, excessive
pressure differentlals across the piston were prevented and motor torque require

ments were smoothened considerably. Some system p:ir+i* loss was introduced, however,




because of pumping work required on th« gas in the compressor base area. These
losses were included in the system power requirements mentioned earlier.

Tests were performed by allowing conditions to stabilize at zero refrigeration
l>ad and then to apply increments of power to the heater and observe cold temper-
ature variation. Some tests were made of cooling time for various pressure values
and of temperature ratios with the top uncooled, These are mentioned briefly in
the results which follow in the next sestion.

5. RESULTS OF REVERSIBLE PULSE TUBE TEST PROGRAM

This section deals with interpretation of the curves shown in Fignres 43,
4y and 45, and is intended to give an overall qualitative picture of reversible
pulse tube performance. Comparison of reversible and valved pulse tube data was
facilitated by use of the fcllowing characteristic and similarity relations:
a. Available ref - geration is directly proportional to tube length.
b. Optimum operating speeds can be found by using equal Fourier
numbers : G/NDZ = constant, for various tube diameters.
c. Regenerator losses can be estimated as inversely proportional to
the length of the regenerator.
Examination of the curves plotted on these assumptions yields the following
conclusions:
(1) Corrected for regenerator length difference in Figure 43,
(3% inches on the valved to 2% on the reversibls), the reversible unit is able
to attain a nearly equal minimum temperature. Refrigeration load attainable at
higher cold temperatures, however, drops off for the reversible unit until at
the top heat sink temperature of 520°R, the valved unit cerries 50% more load. A
partial explanation of this decreased refrigerating ability is due to the slightly
higher operating pressures in the valved unit. Previous pulse tube data shows
available refrigeration to be a function of t.e high pressure. The zero regen-

erator loss curves are shown to illustrate how the unit should work between the
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1d@al minimum square wave pressurization pattern. In the reversible system, it
appears that more pulses per minute are necessary to allow for equal heat trsasfer
to take place at the high pressure end of the cycle. This conclusion also helps
explain the gap in load cerrying ability displayed in the first curve referred to.
(2) The family of curves in Figurs 44 illustrates the dependency of
refrigeration availability on operating pressures. All the curves represent com-
pression ratios of approximately 4.2 = 1 at a constant speed of 370 RPM, The
incrpased avallable refrigeration can be seen to be a nearly linear function of the
high pressure achieved in the pulse tube. These results help fortify the explanation
of why the reversible unit could not carry as great a load as the valved unit in
the previous curve; these units also operated at equal compression ratios of 4.2 = 1,
(3) Figure+5 1is very interesting since it shows that the rever-
sible unit periorms better at a higher speed than predicted by the Fourier number
approach., The simllarity relation when applied to the reversible unit gives an
optimum speed of 360 RPM from a valved optimum of 40 RPM, All this data is pre-
sented for compression ratios of nearly 4.2 = 1 in each case., Examination of
Figure 29 gives an indiration of why such behavior might be expected. The pressure-
time trace shown displays a nearly sinusoidal pressure variation with sharp spikes
at the high pressure end. From this fact, it can be seen that the high pressure
is actually in effect for a much shorter tims than on normal valvsd pulse tubes.
The valved pressure-~time diagram exhibits a nearly s..are wave pressurization
pattern. In the reversible system, it appears that more pulses per minute are
necessary to allow for equal heat transfer to take place ai the high pressure end
of the cycle. This conclusion also helps explain the gap in load carrying ability

displayed in the first curve referred to.

At the time of this writing, only limited test work has been completed, not

allowing a highly detailed analysis of the data to have been carried osut, From

62

67



the data seen in this report, however, many interesting general concluv.ions can
be drawn.

The primary fact to be seen from these results is that reversible pulse tubes
do cumpare very favorably with valved units., Observed data and indicated corrections
for pressures and regenerator losses give very goncd correlation of load carry-
ing and general performance characteristics. Further consideration of the altered
pressurization pattern, which points toward new optimum operating speeds, gives
even greater agreeablility. Although a new operating speed criterion is indicated,
the proportionality of heat pumping and tube length should not be altered, sin;e
this is not influenced by the pulses per minute applied. This fact allows the use
of data from different tube lengths to be accurately compared when scaled down,

Further work is indicated to more fully evaluate the reversible concept.
Tests with varying compression ratios should be performed along with more coum-
pressor speed ranges. A new single tube model of comparable dimensious to valved
units may prove best for further correlation work. Extensive investigation of the
pressurization pattern should lead to new optimization relations for reversible
systems. Improvement of the apparatus such as better oil seals, and improved
vacuum insulation would also prove a great aid in rutvwre tests.

This initial investigation of the reversible system has shown the principle
to be extremely sound and to obey expected performance parameters. Agreement with
predicted efficiency values is discussed in the next section.

6. _REVERSIBLE PULSE TUBE EFFICIENCY

In the preceding section, it was shown that reversible action of a pulse tube
does not impair performance of the system, but actually compares favorably with
valved operation. This section attempts to determine whether the expected in-
creases in efficiency predicted were actually realized in operation.

Because of the small refrigeration loads, any power input changes could not
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be noted as loads were varied., The necessarily large wattmeter scale was not
sensitive enough to observe these changes. For this reason, the efficiency com-
parison is carried out at zero load conditions. Since refrigeration loads are in
actuality quite small, this computation gives a quite accurate picture of efficiency
throughout the majority of the operating range.

The method of approaching an efficiency comparison in this report is an
approximation of valved pulse tube work input by means of computing isentropic
compression work from Ph to Ph’ This approximation is, of course, lower than actual
compressor work, and the efficiency results will represent a minimum. Calculations
are made at different points to determine relative increases in efficiency by
operating in the reversible mode.

Actual reversible power input is determined by taking the steady state watt-
meter reading and subtracting system power losses mentioned in Section IV of this
report. A curve of these losses versus the high cylinder pressure is shown in
Figure 47. Calculations are done on the following page.

Measurements of electric power required to run the reversible pulse tube
test rig wers made in such a way as to measure the total power used for compressing
the gas into the tubes. The total power when the test section was running at
470 RPM between pressures of 45 and 185 psia was 335 watts. Of this 265 watts
was involve: in electric motor losses, test rig friction, ete. Therefore, total
power required for the pulse tubes was only 70 watts. An estimate of the improved
efficiency of the reversible pulse tubes can be made by computing the ideal power
required to operate the same pulse iubes with a valved system.

This is done by first computing the gas requirements

.
Ph : 2) Eﬁ
Patm TL

SCFM = VN (

6L

7/




where

TL=_%-(Th'Tc)+Tc

T, = 520°R

Tc = pulse tube cold end temperature
T, = 300°R

Patm = 14,7 psia

V = pulse tubes and regenerator volume
From this
SCFM = 6.50
The ideal work Wk to compress this gas is
p 1=l

- <Oy Y
Wk meTh [(Pz) 1]

Computing for our case

W, = 1570 Btu/hr
W, = 460 watts

Thus the power actually experimentally measured is only E%% = 15.2% of the
ideal power which would be required with a valved system and a 100% efficient
isentropic compressor and electric motor, If these had a combined efficiency
of 65% as they might at best have, the reversible system would demonstrate a
work consumption of only 10% of the requirement of a valved system with actual
compressor.,

The greatly improved efficiency possible from reversible systems has therefore

been confirmed.
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It is interesting to note also that most of the 70 watts power requirement
can be shown to be due to pressure drop through the regenrarator and flow smoothing
heat exchanger at the bottom of the tubes. Therefore, great improvements are still
possible if better regenerators can be made.

The following table gives similar calculations and measurements for other

specific cases. (W} is actual experimental pulse tube work)

Calculations c¢* Reversible and Isentropic Work Requirements for a Fulse Tube

Refrigerator
Rev. Isentropic W}
RPM P Py Power Power —
h wk
470 185 Ls 70 Lé0 o152
370 185 L5 Lo 352 1125
370 315 75 110 680 162
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VI. COMPACT CRYOGENIC THERMAL REGENERATORS

1. INTRODUCTION

All gas-operated cryogenic refrigerators require highly efficient heat exchange
means to cool the feed, high pressure gas with the exhausting low pressure gas.
Though this heat exchange means may operate across a temperature range (T1 - TZ)
as great as 200°K or more, thed T (temperature difference between entering and

leaving gas) must be 10°K or smaller. An inefficiency Ie is defined as follows,

AT
= T T,
0 T = Temperature difference between entering and exhausting gas
T1 = Hot end temperature
gTz = Cold end temperature

For good cryogenic refrigerator efficiency, it is necessary to make these heat
exchange inefflicienclies 1 - 3%. In general cryogenic refrigerator design, this
will be found to be true.

In large cryogenic refrigerator design it is not too difficu’: to achieve this
with heat exchangers 3 to 12 feet.long. These may be either counter flow heat ex-
changers or thermal regenerators. Recently there has arisen a need for miniature
cryogenric refrigerators where the lengths available are only 3 to 5 inches.

Some of the most successful of these miniature refrigerators use the Stirling
cycle, Gifford-McMahon cycle, or Pulse Tube refrigeration. All of these use very
short thermal regenerators and their success is in considerable part due to the
high efficiency which may be achieved with suth small thermal regenerators (99+%).
The small size of these thermal regenerators complicates the problem of their per-
formance in three ways.

a. To achieve the order of the efficiencies required, the flow
passage equivalent diameters must be small as compared with
that used in other hsat exchange ‘systems.

b. End to end conduction heat transfer, due to the short length,

will be relatively large and cannot be neglected as frequently
is done with larger systems.
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c. The boundary »ffects, due to heat transfer to and from the
regenerator walls, are correspondingly much larger for these
small regenerators and cannot be neglected, as thelosses in-
troduced in this way may be of the same order of magnitude
as the matrix heat “ransfer losses.

Condition C, which shall be referred to as the wall effect, results from the
difference between the mass of the wall and the mass of the matrix material. The
wall, which is usually a metal such as stainless steel, has a much greater mass
and a higher specific heat per unit of area than the matrices an? can, therefore,
store more heat per unit of temperature than the matrices. Thus the wall does not
experience as large a warming temperature from the entering gas as the matrices, and
similarly it is not cooled as much as the matrices by the exiting gas during the warm-
ing blow period. This means that in each regenerative cycle the gas near the walls will
not be cooled or warmed as much as the gas passing through the matrix material and
the mixing of these two gas streams will either raise the temperature of the gas
leaving the regenerator at the cold end or lower the temperature of the gas leaving
at the warm end.

This is a report on experimental tests on gmall thermal regenerators of a
size of interest to these small refrigerators. The regenerators were all 3/4"
in diameter and 4" long. The regenerators were filled with fine wire mesh screens.
Details are given in the table on page 77.

The tests were carried out with the equipment shown schematically in Firgure 65.
Two regenerators were operated between room temperature (72°F) and ligquid nitrogen
temperature. Gas from a compressor flowed through one thermel ragenerator then
through an excellent heat exchanger bonded to a first liquid nitrogen bath well
shielded by a second liquid nitrogen bath, and thence out through thother thermal
regenerator. The flow was reversed 60, 100, and 150 times pur minute by reversing

the valve set. The total flow rate was varied by by-passing gas frigm compressor

exhaust to suction.




In this way all losses due to the regenerator manifested themselves in time
average AT's of the gas flowing and conduction through the regenerators. Due to
the radiation shielding, this represented all the heat transfer to the first liquid
nitrogen bath. Thus the boil off of liquid nitrogen represented a measure of “he
total heat losses. This boil off, after being warmed to room temperature, was
measured with a gas meter capable of measuring .001 standard cubic feet.

The comprescor was a hermetically sealed freon unit which was evacuatedjand
filled with helium gas for the tests. Helium flow rates were measured with an
orifice flow meter which had been calibrated against a standard orifice.

The valve was actually one rotary disc valve which assured accurate flow period
timing. It was driven by a variable speed motor. The RPM was determined by a
counter-timer method with a precision error less than .5 KRPM,

Regenerator inefficiency tests were conducted by randomly stacking wire
screens into two .750 inch phenolic tubes, as shown in Figure 65 . These regener-
ators were then placed in the rig, andliquid nitrogen was poured into each of the
reserviors while a vacuum was drawn on +the system. After the initial boil off
¢f the liquid ritrogen ceased, the vacuum pump was turned off and the system was
pressurized, T.e helium flow was set by starting the compressor and adjusting the
low pressure, through the helium supply, and the manometer reading. The manometer
reading was controlled by adjusting tlLe pressure ratio across the compressor. By
these two adjustments, using a .143 inch diameter calibrated orifice plate, the helium
flow rate could be controlled within - .2 (SCFM) between 9 (SCFM) and 20 (SCFM).

The regenerator inefficiency was calculated from the boil off of theliquid nitrogen,
measured from the Precision Wet Test Meter, ard the helium flow rate with an accuracy
of more than ! .03%.

The tests performed consisted of setting the regenerator length and then
varying either the valve speed, that is the blow time, for a fixed (14 SCFM) helium
flow rate, or the Flow rate for fixed valve speeds. In each case the regenerator

length was established by calculating the number of screens required to give a
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minimum packing density. Thus for 150 mesh screens, 335 screens were used for a
2 inch long regenerator, 503 for 3 inch, and 670 for ! inch.
The effect of end to end conduction was investigated by varying the packing

density and the screen material. Packing density effects were determined by adding

more screens to the rugenerator while holding the length constant, and by varying the

length while holding the number of screens constant. In the first case, with the
length fixed, the increase in the thermal conductivity due to the increased packing
density will be the ouiy factor contributing to a possible decay in performance.
Cn the other hand, the addition of screens will increase the heat transfer area,
and if the end to end conduction effect is small, the increase in area will produce
an increase in theregenerator performance. This testing was employed' to indicate
whether the end to end conduction can be overcome by the convective heat transfer
area, and at what point the end to end conduction becomes too large to be overcome,
In the second case, holding the number of screens constant and varying the
packing density by varyinz the length occupied by the screens, the heat transfer
will remain constant and the conduction parameter

Ks ° A
L

will increase. Since the end to end conduction will be amplified by the decrease
in L, as well as the increase in K, an increase in inefficiency will necessarily
indicate the order of magnitude and the importance of just the end to end con-
duction effect.

The effect of screen material was studied byusing both bronze screens in tests
of the first case. In addition the influence of the boundary condition on the end
to end conduction was investigated by using a .020 inch perforated copper plate on

either end, a % inch copper block, and by leaving the ends free with only a thin

wire "S" slip on either end to hold the screens in place. The large mass of the copper

blocks and the perforated plates will prevent them from swinging through as large a

temperature change as the screens and, therefore, the condition of a constant boundary

temperature near Th and TR will be achieved. In the case of the "S" clips, the two
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end screens will have cne end thermally free, and therefore, the temperature swing
of the end screens will not be restricted by the boundaries. In this case, if the
end screen 1s taken to represent the boundary, then the boundary temperature wiil
vary with time in accordance with the swing of the regenerator. It was felt that
throigh these three end conditions, the difference between a constant boundary
temperature and a variable boundary temperature could be evaluated.

The wall effec* was investigated by chynging the wall material and the
screen matericl. For these tests 150 mesh screen were pa:.ced into a .750 inch
f.D. x 1,000 inch 0.D. phenolic tube to give a minimum packing density. The re-
generator length was varied fr¢: 2 to 4 inches, the helium flow set a 14 SCFM, and
the valve speed varied between 4O and 180 RPM, These tests enabled data to be
gathered that could be plotted to give the regenerator inefficiency as a function
of the capacity ratio (Msts/h Cpg . GH) and the number of heat transfer units
(hAs/thg).

Tests run to determine the over-all regenerator inefficiency with the wall

effect were:

R?f;c%:§§th 500 of NTU Screen Mat'l, Wall Mat'l,
4,00 670 389 Bronze Cotton base
phenolic
3.00 503 272 " "
2.00 335 193 " "
1.34 225 129 " "
4,00 670 389 " .020" thick
3.5, steel
3.00 503 272 " "
2.00 335 193 " "
4,00 670 385 Stainless steel "
3.00 503 272 " "
2.00 335 192 " "




Reg. Length No., of

(inches Screens NTU Screen Material w1l Material
3.00 503 272 Stainless steel Cotton base phenolic
L,00 - - .015-.018 dia. "
lead balls
3,00 - - " "
2,00 - - " "
L,00 - - .006-.009 dia. "
lead balls
3.00 - - " "
2.00 - - " 0

The regenerators used to test the stainless steel wall were made by, horing out
the phenolic tube and press fitting in a .020 inch thick stainless steel tube.

In all the tests run, two or three consecutive runs on succeeding days were
made to establish the precision of the .ata. On several occasions the tests were
repeated after the rig was warmed up to room tempsrature, the regenerators removeu
from the rig, the screens removeda from the regenerator, and after repacking the re-
generators, placing them back into the rig and cooling the rig down to liquid
nitrogen temperature again. If the data was consistent within an efficiency of
+ .04 after consecutive runs, the data was recorded and plotted. If the data was
not consistent the testing prcci.ure wais always started over again after the com-
plete procedure of warming up the system and repacking the regeneratours was first
carried out.

2. TEST RESULTS

The details of all the worthwhile tests run are plotted in Figures 48 and 49.
Figure 48 represents the total heat loss and Figure 49 the inefficiencies

The data as can be seen is accurate to about + .02 - .03%. It is interesting
to note that the inefiiciency is relatively independent of flow rate for the range
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of flows of interest to cryogenic refrigeration. At low flow rates the loss is a
greater part end to end heat leak and at high flow rates the ioss is due more to
matrix heat exchange eénd the wall effect.

It is interesting to note that the inefficiency is greatly affected by the
pulsing rate at high flow rates. The critical factor is the amount the matrix tem-
perature changes per cycle. If it isslarge it increases the inefficiency. Inter-
estingly, the smaller equivalent diameters an% larger areas gave a substantial re-
duction in inefficiency between 100 mesh énd fSO mesh. However, there was a
relatively small improvement with further reduction to 200 mesh.

The results of this experimental investigation also revealed that the regen-
erator length, that is the NTU

hA

NTU = ——
mC

P

heat transfer coefficient

—
-
i

=
1

heat transfer area

mC
)%

The wall effoct, thie regenerator end conditions, and the capacity ratio

helium mass flow rate and specific heat

(MCP) matrix

y mC "oy

where Oy = blow time
all have an influence on the regenerator performance.

The results for the test run at a constant (i4 SCFM helium flow rate are shown
in Figures 50 through 55 . Figure 50 and 52 show that for two identical 3 inch
long 150 mesh bronze screen regenerators, the regenerator with the stainless steel
wall was .130% more inefficient at a capacity ratio of 20 than the regenerator with
the phenolic wall. Since all other properties of the two regenerators were held
constant, the decrease in performance is directly attributable to the wall material,

that is the wall effect. 73
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These two figures also show how important the capacity ratio is on the regenerator
performance and especiallycon the wall effect, The wall effect, as s.aown, was more
detrimental at lower capacity ratios; at a capacity ratio of 5 the stainless steel
wall regenerator was .460% more inefficient than the phenolic wall regenerator.

Thic indicates that it is the relative magnitudes of the wall temperature swing
and the screen temperature swing that contra's the wall effect. Any change:in the

variables Ms y C g m, Cpg’ and Oy that produce a corresponding decrease in the

P
capacity ratio will increase the wall effect. For long blow times, increasing the
me -~ flow rate is especially harmful to the regenerator performance because it
reduces the capacity ratio as well as the number of NTU's. This is shown in Figures
56 through 59 where at long blow times (1/150 min.), a valve speed of 75 RPM, the
inefficiency is greatly affected by the flow rate.

The use of stainless steel screens helped to reduce the wall effect at low
capacity ratiog, Figure 53 . For this case the stainless steel regenerator was
.290% more inefficient than the phenolic wall regenerator at a capacity ratio
of 5. This reduction in efficiency at the lower capacity ratios can be attributed
to the increased specific heat of the stainless steel screens. For a larger specific
heat necessarilyimeans that at the same capacity ratio the temperature swing of
he wall will be increased for the stainless steel screen regenerator while the
temperature swing of the screens will be identical to the swing of the bronze
screens. This is seen by considering what effect the specific heat has on the
capacity ratio. Since the mass of bronze screens and the stainless steel screens
is approximately equal, the increase in the specific heat means that the flow
time must also be increased to maintain the capacity ratio constant. A larger
blow time means that a larger amount cf heat must be transferred from the gas to
both the wall and the screens, and a larger flow of heat to the wall will produce

a larger wall temperature swing. However, the increased specific heat will keep

the screen tempera’ .r2 swing fror increasing, and thus the temperature of the gas
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near the walls will be closer to the temperature of the gas passing through the
screens. The smaller temperature difference tetween these two gas streams will in
turn lower the inefficiency because their continual mixing will not reduce the
total gas temperature as much for this case as compared to the bronze screen re-
generator.

Further support for this wall effect theory is found by comparing the bronze
screen-stainless steel wall regenerator's inefficiency at a capacity ratio of 6.1
and the all stainless steel regenerator's inefficiency at a capacity ratio of 5.

The capacity ratio of 6.1 is used because it represents the difference in specific
heats. At a capacity ratio of 6.1 the bronze screen regenerator had an inefficiency
of 1.560% for a 3 in. length and 1.500% for a 4 in. length, as compared to 1.742%
and 1.720% at a capacity ratio oi 5. At a capacity ratio of 5 the stainless steel
regenerator had an inefficiency of 1.565% for a 3 in. length and 1.413% for a 4 in.
long regenerator.

Figures 60 through 63 show that the end to end conduction effects are less
detrimental to the regenerator performance than the wall effect. For the con-
duction tests run by increasing the number of screens while holding the length
constant, the heat transfer area increased more than the heat leak so that an
improvement rather than a decrease in performance was found. This improvement
was approximately .1% for both the stainless steel screens and the bronze screens.

For the conduction tests run by decreasing the length while holding the
number of screens constant there was an increase in the regenerator inefficiency,
but as shown in Figures 62 and 63 this increase becomes significant only at the
shorter regnerator lengths. These tw. tests also revealed that the end tc end
conduction is affected only slightly by the blow time.

The effect of the end condition is shown in Figure 64 ., From this diagram it is
seen that the increased mass at the ends does help to reduce the inefficiency, but that
for each of the end conditions the wall effect is not reduced. The stainless steel
wall regenerator continued to have the same increased inefficiencies that were given

above. 522”




The above results have shown that by increasing the length, the wall effect
and the end to end condvction are both decreased. In fact, it was thought that
since the wall effect and end to end conduction becomee smaller, while the heat
transfer area and the mass are increased by increasing the length, doubling the
length would decrease the inefficiency by more than a factor of 2, However, it
was noted that doubling the length does not cut the inefficiency in half. The

decreases found experimentally were :

Screen material Wall material Inefficiency for 4 in. Decrease in iri-
at Cr/C = 20 efficiency from
& 2 in, and C_/C = 10

Bronze Cotton base phenolic .80% 42.8%

Bronze «020 in. thick stainless .93% 45 ,8%
steel

Stainless steel .020 in. thick stainless .93% 43,8%
steel

From the experimental work performed it is evident now that the originally
propcsed thermal losses do contribute significantly to the inefficiency of small
regenerators, and that while these losses can be reduced by inéreasing the length,
after 4 inches additional length will not substantially decrease the inefficiency.
This necessarily means that to further reduce the inefficiency wall materials will
have to be selected which reduce the wall effect.

In addition *o the bronze and stainless steel screens tested, .015 -.018 in.
diameter and .006 - .009 in. diameter lead spheres were tested also. The results
given in Figures 54 and 55 show that inefficiences of the same order as obtained

from the screens can be obtained with the small diameter spheres.
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Regenerator Matrix Data Table

Test number 1 2 3
Length, in. L,0 L.,o L,0
Diameter, in. 0.75 0.75 0.75
Mesh, wires/in. 100 150 200
Number of screens Loo 670 890
Weight, grams 73.2 66.5 77.7
Weight, 1lbs. .1615 o147 1715
Porosity, P .712 .738 . 694
(1 - P) .288 «262 306
Wire diameter, Dw’ in. . 00U5 .0026 .0021
Equivalent diameter,

De =P (Dw) .0111 .00732 - 00L477

1-P

Density of screen material,

1b /in.3 .318 .318 .318
V screen, in.3 «508 , 463 « 540
A screen, in.? 452 712 1025

77

5f




FIG. |

COMPRESSER/
—— —————
300°K | 5 290°K
60°K 2 4 50°K
%-—o..
: REFRIGERATION
3 30° LOAD

i




FIG. 2

|
300°K|----
290 °K }-—~--
5
COOLING IN
HEAT EXCHANGER

w
(1 4
=
-
g
e
W
Q.
S
w
=1 HEATING IN

HEAT EXCHANGER >

B0 K F-mmmmm e e e - 2D
50 °Kp----==-==--======--==-—-----°
3

POSITION

BASIC REFRIGATION TEMPERATURE PATTERN

&6



PRESSURE
<0

FIG. 3

\' VOLUME

PRESSURE - VOLUME DIAGRAM FOR A
GAS BALANCING REFRIGERATOR

£




44

dOLVH3IN3IO3IY IYWHIHL V
404 WVMOVIQ NOILISOd 3IMNIVHIdWIL v Old

NOIL!SOd

JHNLVY3IdW3IL




FIG. S

ZTOF’ BOTTOM

CYLINDER TEMPERATURE

TEMPERATURE
p=4
w
O
r
>
O
m
P 1
-
m
4
O
m
2
>
-
c
0
m
-/

///
i
// /
/ //
/
/
/

POSITION
MOTIONAL HEAT TRANSFER TEMPERATURE PATTERN??

e




ROTARY VALVE

LOW PRESSURE HIGH PRESSURE
GAS, OUT X GAS, IN

C

CHAMBER |

CHAMBER 2
N\
>

RECIPROCATING
_+— DISPLACER

REGENERATOR

 CHAMBER 3 |
- kL , |

FIGURE 6 Single Stage Cryomatic Gas Balancing Refrigerator,
Schematic Diagram

7‘0



300°K A
IST STAGE
F
DISPLACER
®—1———REGENERATOR
-]
il ——=/
— 2N0 STAGE
—DISPLACER
REGENERATOR

12°K |

FIGURE 7

Two Stage Cryomatic Gas Balancing Refrigerator,
Schematic Diagram




TEMPERATURE

COMPRESSION AT
TOP OF DISPLACER

ISENTHALPIC EXPANSION 3

OUT THROUGH VALVE
4
- 8
TR T
ISENTHALPIC

EXPANSION IN

THROUGH VALVE
COOLING |IN

REGENERATCOR

HEM ING IN
REGENERATOR

COOLING OF
REFRIGERATION LOAD

ENTROPY

FIGURE 8. TEMPERATURE - ENTROPY DIAGRAM FOR FIRST
BATCH OF GAS TO ENTER REFRIGERATOR

fm.a*;m;.,;a;;;amh . P



i ISENTHALPIC
L EXPANSION OUT
THROUGH VALVE

COMPRESSION AT 'I'OF:’5
OF DISPLACER

LM

B:-’ ISENTHALPIC  EXPANSION
S COOLING N , IN  THROUGH VALVE
B REGENERATOR
<
-
L | | HEATING IN
QE- , REGENERATOR
| "u-_'
| Tr _______

= —~COOLING OF
REFRIGERATION LOAD

ENTROPY

FIGURE 9 TEMPERATURE - ENTROPY DIAGRAM FOR BATCH OF
GAS ENTERING THE REFRIGERATOR WHEN THE

PRESSURE HAS BEEN BUILT 9P HALF WAY

. R A

3

-
K




SaAIN;) @JUBWMIOJJIS ST9A) uoTjeIe3TIIeY 0F 3¥N9i4 B
a

/%
0L o9 oS ov - o€ 02 ot
-_ 0z ___ ©O9
ol
4,08 = L
¥ 00€ = U1
02
LONYYD
—— A o¢
(AY3N0I3Y NHOM ON) / A o
371000 NOLAVYS m
b os
J10AJ NOLAYVHE—
\\. ' 09
. .. .\ Ny
\ 08

TOAD +o:<zus_ cmo&.w\lﬂ\
m 06




Figure 11  Two Stage Gas Balancing Refrigerator Model
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TEST SET UP COMPONENTS (Figure 20)

Pulse Tube Refrigerator

1.

2e

Pulse tube

Regenerator

Variable Speed Drive

3.
L,
e
C.

Valve
Speed reducer
D.C. Motor

Speed controller

Compressor System

7» Compressors

8. Aftercoolers

9. 0il separators

10. By-pass valves

11. Pressure cutouts

12. Pressure gauges

13. Surge tanks

14, Helium supply

15. Pressure regulator
Vacuum System

16. Vacuum pot

17. Diffusion pump

18, Fore pump

19. Discharge gauge tube

20. Discharge gaugs

21. Parani gauge tube

22, Parani gauge
Calorimeter

23. Heat sink

2k,
25.
26,
274
28.
29.
30.
31,
32,

33.

Thermocouples

Water de-aerator
Constant head overflow
Heat exchanger
Temperature equalizer
Stirrer

Adjustable head

Drain

Burstte

Timer

Pressure Transducer

3k,
35.
36.
37.
38.

Transducer
Cennecting tube
Power supply
Bridge balance

Calibrating resistance

Temperature measurement

39,
4o.
L.
b2,
43.
il
b5,
46,

Heater

7.
48.
L9,

Thermvcouple wire

Vacuum lead through

Ice bath

Switch box

Knife switch

Millivolt meter

Millivolt meter - Amplifier

Oscillograph

Resistance heater

Transformer

Voltmeter
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Figure 29

Photograrh of %" Diameter Pulse Tube Meunted on
Conduction Type Calorimeter
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FIG. 32 PULSE TUBE CYCLE DIAGRAMS
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FIG. 33 INTEGRATED P-V DIAGRAM FOR
GAS PACKETS IN PULSE TUBE
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Figure 35

Pulse Tube Refrigeraticn as a Function of Cold End Temperature
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Figure 37 Reversible Pulse Tube Experimental Set Up, Showing Variable Volume Extension



sJeueqydTedis MO pue Jojegsusday
Inoy3 M Jojeledrayey equl osTng oqn3TiTwy jo ydeadojoyg gE oamdTy




HIGH PRESSURE

COOLING WATER

GAS SUPPLY
IN  ouT
| HoT END HEAT
e EXCHANGER
LOW PRES3U
GAS OUTLET
ROTATING
VALVE
STAINLESS
STEEL
TUBE
THERMAL
REGENERATOR
- COLD END HEAT
w E XCHANGER

TYPICAL VALVED PULSE TUBE
REFRIGERATOR

FIG. 39



COOLING WATER
IN  OUT

L Znot EnpD

THERMOCOUPLE

HOT END HEAT
EXCHANGER

| _FOUR STAINLESS
STEEL TUBES

COLD END
RESISTANCE THE *tMOCOUPLE
HEATER COLD END HEAT

EXCHANGER

THERMAL
REGENERATOR
WATER OUT ; g
STRAIN GAGE '
PRESSURE | | J—
TRANSDUCER ! [4\

PISTON CONNECTED

TO SINGLE CYLINDER
COMPRESSOR

WATER I[N

REVERSIBLE PULSE TUBE REFRIGERATOR

TO BE TESTED
FIG.40 L



J03eIe3dTaJey oqn] - SIng °[QIsdeAsy JC [epoy Teyuewmtdadxy Jo ydeadojoyy 4 °Ind1y P

YO HINT92Y

Y 39N cxuxm LvsH (R

‘

3“

,m m.:m_z

1
]
_

s390| 3894

Q-.Lst? ONI=00)




93N °osTrng 874Ts48ady ;s8] 0u paspy dp seg [riusutasdxy  z,; sandty

AKS

N4
®
e




4. 3MNLIVY3IAWIL AN3 41090
02§ o8t obv 00b 09¢ 0z2¢ 082 obe 002
— =
| ~
X A \\ 2
_. H
=7 “
\‘ __ |
A | A b
39N3Y¥3IS41a HLONIT ]
_HOLVYINIOIN MHO4 (a3ILOIYHO0D (Q3ISHIAIY -———
HI9N3I1 934 2/ € (7721 X vId $/¢) —g
WdH Ob ISd 28/Gb€ 1V OMVANVLS —e—
H19N3T 934 2/1 2 (1t X VIA b/1) WdH OL€ —
ISd GZ/GIE iV 3I18ISHIATY —e—
—8
ERLE CEEER SHO1lvY39Iy 43
ozmw »ow,m 3801 3SINd QYVANVLS ANV
° 318ISH3IAIY 40 3IONVIWNO4H3d
ol

¢ Old

Silvm — 38N1 ¥3d AvOo1—1Nn0 1V3IH




4, 3¥NLVYIdNIL AN3 QT0D

096 _ o02S 08t Obb 00% 09¢ 02¢ 082 ovZ 002
_ 1 \_ \8\’% o)
_ \1\\ d \

t > g 7’

| " \ \\'\ .
L | 7

1 I e D

_ \\ \\ y. N
_ L~ v \

r\ y

| d

1 \\ 2 /62l-v E
"\ / Gb /S81— x

| 7 1G/GE2—»

! / SL/GIgE-0 |
r d (1:2¥): d/'d ¥O4d

_ N\\ WdY 01€ LV
—F ¥OLVH3IOIN43Y 3IENL 3ISINd |

3

=}

34343y
N3 1OH
40026

318ISY3A3Y 40 SONVIWNOSN3d

v Ol

19

S11lvM-381L1 ¥3d AvOT-1N0O L1V3H




Yo JHNLVYS3dN3IL ON3 €T 0D

02S 08t obt 00ob 09¢ 02¢ 082 02 002 o
_

_ \\
| g x
(111
- .
l
_ O
\ m
] \ N !
-
\o\ \ >
d 5
¢ —o— WdY¥ 0.€ P
—— WNd¥ 0% =
(1d 7ud) 1Sd St/G8| ®
JONVWNO443d | — | ¥ |
39nL 3SINd 3181SH3A3Y NO <
4, 028 033d4S HOSSIUANCD 40 S19H3443 >
J8NIVYIdNIL =

3INIY3I4IY S
ON3 1OH

Gv 9l4




3ANIL 38Nl 3SINd 3718ISY3A3Y

WV

uﬁ 38N1L 3S7INd QYVANVYLS

A

4d

s3anL 3sInd  319ISHIAIY
ANV Q3ATVA 404 1dMid wno3 v
SNOILV13d SWIL 34NSS3dd T1VOIdAL

9% 9Ol 4

384NSS34d

34NSS3¥d

137




ISd JY¥NSS3™d d3ANITAD XMv3d

00t oGe (0.} 06G¢e

002

06l 00l - 0S

SN1VvYvddvy ONILS31 38Nnl1

3SINd 318ISY3IA3YH NI
S3SSO1 H3IMOd W3ILSAS i 9

—— WNdY 0.V

—o—- WNdY 0.¢
SIYNSSIHd HIANITAD

MV3d SNONNVA 1V
S3SSO0T ¥3IMOd W3ILSAS

00!

002

(00,3

00S

W3 LSAS

SLIVM — S3SS0T ¥3MOd




B

£

<02

8/

27 W~>GC

gh eandty

PoR <@

o

00/
09

€-153L
oS
Qo
o9

2-1531
oS/
0o}
09

Wd o
I-LsS3L

00"
R s B/
Q¢
to%
X
™
>
L 09 /.
7
1)
{ ¥
| 80}
o8 b
d
X
X
ool
9
12|




: EZIERIN
¢4 czc? o oz o8y 09/ C by o 2/ Y Ry 3 o o 00
-~ . " - e e A d. 4 b ﬂ,-./U
g ool
_ P oo <
! € -I53T
® 0S| F 90
© 00)
A o9 -
153
- —— T + - —_—— Avmuo
L I L3 iy - — @ ; G oS}
. o ® 00|
\\\\Vl P I 4 = //7 v ©3
n‘l\\lo!\!l S S _ -~ . )
o o— 3] T T 153z [ 9/
o | T
LY
. o 21
o
a — . t+2/
A
w — = 7 - 177/
- ° \\6‘\\0 —
e —v
\\ -
\\\\. ‘ ’
. - ° - ] —_— 49
= , _ "\
WOTT3IH fuuw .w> AIONIINDVIIIZN _ '
| |
L v _ - .
6f 9an3dty % 8
&
\
e a — —_ .:Q.N

4"~
[




QlLb ALiJdd)

oc 8/ Ll of G/ Al g/ c/ ! o/ é g L 2 S F € r4
AN ISOTUIAS
"GY7  DINFSCATT
[/IMHIINTS S "2

G —G o "VWOSL® = T 934

16h=7 " 688 =n N 0.5/= SIS (ITHIS

J\).\u/l@wﬁyll N _
ju’l.
.\(.\w«.\lwmwum.\.zc,

0§ eandty

SNI3208 FR(V0-'7
arty FONL O/7lTHL & 207 HLONTT 20LH2AINTSSFIA.
MLIAT AN ZIILATNAL  2UEAINTOIT  FHL (V) (YOI HDY

<

.//N

%.

/Y

e’

)

kel

S

9°/

LY

"o

/.

(%) RO/Z/D1=43/




Anu\uw OILYY AL I2HdtD
1)

#

16 eam3ty

Y7208 F2NN0AT oY FEL DI70NIHd

v 22/
AONII31 415/

HLON3IT YOLYUINII3S HLIM
JOLYYINIOIFY 3HL NI NOILYIMYA

"AINA 3 SNDYIAS
"§H7 SIINFOOLYD
NNYHATIOY "o X

W OSL" = "yYIT O
OS/ = HSIW NI3¥DS

-4 £°1

Rl

L
8/
&
02
T
FAA
£Z
he
G

2°¢

KINIIJIAIINT " OFA




o el TR A T T

OlLEY LL1IHIHD
&/ g/ Ll /4 s/ Al g/ 4 !/ o1 3 8 L 9 1] h £ c

AT ASNDSAAS
7 D130 D
NNYAWIITYH Y 2.
F2VDE =7,LPN O33F0S
WOSL® ~ 'HIC "93d

0
\QQQO
) . o = 4
O— 7 Sep . : OS/ = HSIW NIIYIS
0 A .QK\Q
24
~0
jlf )
Y . 4 0
/ -
- 8M.V\ N \/ 7 O
22PN .
7 Q
o
"Av
\/ O,
\/
W o
W,
\4 0
\/
o
\/
s\\ooow . A )
* “q W
4
gan
L-]
os -

26 eandty

SNIIADS F2M028 GhY

VUYITNFTITZ CITTUM  72US SSTIVHLE H/HL
v 020° ¥ 207 HIINIF] YOL¥IINISTH HLIM
ATUTIILLINT 20U 6INTOIYL FHL N/ NOILHIJYA

bl

o/

19

Al

e

S

27

L7

bl

0%

(%) ‘el o7




I - T NS

e e I

~ UYL ALIDHTT
2 b/ &/ L/ 9/ Gl h/ £/ 2/ I ol b g L
WO ISOOHIAS
‘ST SOINTD0KYD
I 232 oY 8
L
WcSht = W 9T 07
0S5/ = HQIN NIFIDS :
I
)
™
D
2
N
X
=
£7 M
0
2
REQ
LN
S7 X
) -
9/
Ll
8
SO THLS SSITHLE
oS U ITVIEA OITTHM 73718 CSTINIYLS bei
MWHL (U Q20 Y 2od HLONHT 20LYdINTH3A
HLI ROV 3D(AAINL 20/ YATNIQII  FHL (W  NOLLYIXUA
07
> -oN




N SL°¢ = HLONIT 934 —O
N 00°€ = HLONTT 934 —%
N' 00°2 = H19NIT 934 —@

AIND 3SNDHIAS
"7 JINTOOLTD
NNYNIINIY Y'Y

#S eandty

M OSL* = -uid ‘o34

SYILIWNEKZ N/ 810 OL SIO - SIHIHAS Qav3I7 oo
AINFID/F4INT  AOLYAINIOIL IH! NI NOILHIYHA

9

L

8/

bl

Q¢

4

x4

¢

te

&¢

9°¢

4

(%) KONZFIZI44INT o3y




O/ULYE ALDHIYD
& &l VA s/ Gr &/ g/ c/ 1/ o/ 6 g /

-

N 0p> V/CJ

¢¢ eandty

OR\ QWN c = 0&\& \Q.Wm*\

Srmr 00 s ) QL 900 SR SIAS QY 7

-

Kol i Gt 2t WUYFINTITZ  THI (0 (OIS,

*5i7

r.\_/.

~7
3 Sy

DT UD
(IYLTOY Y Y

.b.o

1/

21

£

57

97

L

g

&7

Iy

oA

(/) L2035 243/



(WFOS ) °H

Ic oc b/ 8/ Ll 9/ s/ Al &l 2/ 1 o/ 5 = yA 2

Wdd 0SI -v
Wdd 00l -0©
Wddl 09 -0
03348 FNTWA

, Ry ! onxod..%h
‘§v7 no:a%mu
WHVA A3, 0H ‘A

cnw.. msuub% *Q.Q ommb&wm
w oo s ~ by by

w OS[* = °VIp 97
O51= ({Som WRNOS EA MOTA WNlTTH HLIM
SNOILLYPIHA  AONZIDIAAFNT FoLEHAINT DT

—— Shas — so— o - = e

J
2

ob’

Sb°

So/

ol

G/7

oz

qZ7

o5/

oL

AAINL 97X

(%)



(W28 ) oK
Z 1 2:4 oc &l 8/ Ll /4 S/ Al g/ 2/ /I o/ b 8 L

)’ ool
‘Gey nu.iu\wmw

bnonery y Wdd 0SI -7
Wdy 00/ -0

Wd¥ 09 -0

> O37dS FATuN

- SU22425 fo
woor - b -G
wosfe - vIp %&\ B

0S/ = oM o235 LG eandTy

UEE MOTL Wnl1FH HLIA
IOLLHIZYA  KONF/DLAZ TN DQLYIINT ST,

08"
S8
ab°

g6’

Sov
ol
Sl
027
527

oY

1687

(%) ‘A48T “93




(433s) °H
oc b/ 8/ L! 2 S/ k! g! b4} H o/ b e L

TAINO ISODYAAS
QY7 DINIO0LAD
NNYUAIDY Y °d Wdd oSl =¥

Wdd ¢l —@

s QIS FATUA

733IS
SSTMUUIS = 7LYW 1T6M
E0S - Cn2FADS 40 "ON
W 0O°E = HLOWTT “93
W OSL" ~ "I "534
0§/ <« HS3IW N330S

8¢ eandty

AOLHAINTOF>L O3TIHNM
772US SCIINNLS y dod  FLEAL 0TS WnlTTH
KL (YOULWIXYEA  AONFIDIAAINT 20L HAINTF O3

10

Sov/

ol

St°l

4

s¢

2

(7.0 #oN3I214INT 93

5€7

K

Skl

LS/

09

)44



(HA2S) K

/

\ §]
~

bl 8/ Ll 9/ S/ h/ el P4 H o/ 6

AN SEAC6ARS
ST JINIECKYD
WNYAZ TN Wy

W 000’ = HIIF] TP d
Wd2a oSl vV oSLe = “HiZ "27d
SITHE 04327 8K 7 -510°

6S eandty

FLL MOTS HATTH  Hiird
[YOULAITIA AONFIOL7IN L. 2olvdTNIT 53

~

N JQQ\Lu\

VA

087l

G8Y
o6/
S6°1
oo°C
4
0\. 4

SI°¢

(%) Romz10179mL 933,

|4



(Ho) GFFIS FATYA

i

oy oL ox¥ oS C4&# oel oz o/ oo 4 o8 oL 09 oS Ok  0f o2 ol o
—— e ——— e e — Wo
Av?  JSOIVALS L
“OH7 INIO0AXD
VN IFNOH Y ‘A
SNIIN¥DS 019 —% 8
SNIIAIS £9GC —G
SN3IJIS €£6 —O
Jmur SNIZS €05 —X 6°
mOaun
o'/
X
N m
<
Q
N
21 X
Q
N
g M
A
Y
, ~
N
St ~
09 eandty
SNFI3DS 772US SSTINHLS KT 0SS/ 20+ ALISNTT
DN HLIM  KONTALINT 93 N/ NOLLEIIYA




o o or oo o (#d3) T334S 31741
& oz ol oo/ 0b 08 OL 09
7 oS Oh ot
02

“AL2 SSODEIAS
. S
"FE7 JINIS04D .
> W /suszans SO —
@7 0 YL 2 SNIIAS C.© —
5 N i/snaoa0s /61 — SNI3ZATS z\u A
L2 Wohwoouos LLI — mme.MUwv, MMM |M~

Y Semzzans L3/ — SNIINIS 005 —0O
NI Q0 "¢ =HLONIT "534
NIQSL ™ = "HId ™934

19 exndty

SNFIF9S FZNox
8 HS3W OS/ oo 7
SIHDRYS  HLIM  AIONIPIAZINT "3y N/ >\er %MM\A\M

rA

1

#

S

9l

L7

N~

(Y,) AoN3IDIZSINLT 9T




(Wdd) a33dS zATY/

ALISMFA 9/YIHE NFI2DS HLUIM
AINFIHAINT YOLYYINTDIS. NI NOLLYIYYA

os/ o 0¥ OS/ Ohki 0Oe/ 02l o1 Qof 0b o8
AY)  ISPOYALS
"FH7 SO/NFSOAAI
JNVINIINDY Y I
S—@o—80 ¢ 8 _od. .o -
O~
» N2 - o - e OV4 Dnt
\/
\/ 2,
%
S8E = NIN
019 = SN333IS SO "ON
0S/= FSSW NIF2ADS
29 eandty

0L 09 oS Ch z

# 0GZ°€ = ﬁ%ﬁ\ .MN —V
W 0o05°¢ = f%.cw @Y —0
t.\ 00% = E%&N .nuw —0

<K @
O

el

A

S°l

9°/

(%) AONZI71443NI 07



(a7 ) G745 AT
o o o0 ¢f ok o8/ o ol oo b 08 & 09 05 o oc o2

AT ISORIAT
GO7 S VI0AHD
(YOSHIDIOY ¢ Y

U 0S/ /= HIONIT —X
w0002 = HLWNT7? —%
&\ 02 ~HLONIT —13
4 00S°Z <HLONTT — D

Zbl = NIN
SEC = SNIFOS SO “ON
oS/ = MS3IH N3330S

€9 exndty

ALISNIT 9N NIINIS HLIN
KINFIDIAINT HOLYHINTOFE N' NOILY|HHA

o/

A

€

ko

g/

2¢

4

(%) 2T 93X




(Wdd) Q33dS FATUA

o/

o &l 09/ oS/ oA  Ofl Oc’ ol ool Ob o8 974 09 05 Oh og oz

MM 3OS )
Y7 SOINFIOAID
INYRIZNIY I

quu .smv 'D
X2078 H34H0D % —V
AYH AFd/00 TILHYY0II3d FHDIHL W 020" —0O

M OSL* = HKd "93d

os/= HSIW N3330S 49 eanITy

SNOILIGNOD ON3 J79YIHHA HLIM XOLK¥YINIOIA SNCT ,2
U YOS AINFIAAINL JOLYHINIATY FHL N/ NOILHIXUA

el

)
2

x>~
~2

S

9
~

]
-~

©
-~

0¢

1

r A4

4

(%) AINIDIIAINT 93y



REGENERATOR TEST

LIQ.N

BATH

FLOW-DIAGRAM

GAS- METER

FIGURE- 65

HELIUM Flow

MEASURING
DE VICE

MM AL
E.:a:u:::i
No. 1
| o T
h — - ——
Py -1 1

N [FLOW - REVERS\N®

SYSTEM

COMPRESSO
PRESSURE PRESSOR

CRrRIFiCE

MANOME 1L K

T i YALVE ;

_ REGENERATOR No 1|

Test Regenerator Inserts

ZZHEHTVEXCHANGER.

VACUUM

CHAMBER

. _REGENERATOR WNo. &

] ST



REFERENCES

Gordon J. Van Wylen, Thermodynamics, John Wiley & Sons, Inc., New York,
1959, page 18

W. E. Gifford, U. S. Patent #3,119,237, "Gas Balancing Refrigeration
Method"

W, E. Gifford and H. O, McMahon, "A Low Temperature Heat Pump," Proc. of
10th Int, Congr, of Refrig., Vol, 1, Copenhagen, Denmark, August 1959

W. E. Gifford and T. E. Hoffman, Advances in Cryogenic Engineering, Vol. 6,
K. D. Timmerhaus, ed., Plenum Press, Inc., New York, 1961

W, E. Gifford, Progress in Cryogenics, Vol, III, Heywood and Co., Ltd.
London, 1961

BIBLIOGRAPHY

W. E. Gifford, U. S, Patent #2,966,035, "Refrigeration Method and Apparatus"

W. H. Hogan and R. W. Stuart, "Desigr. Considerations for Crycgenic Refrig-
erators," ASME - Paper - 1963 - WA292, for meeting Nov, 17-22, 1963

R, W. Stuart and W. H. Hogan, Advances in Cryogenic Engineering, Voi. 10,
K. D. Timmerhaus, ed., Plenum Press, Inc., New York, 1965

Y




	GeneralDisclaimer.pdf
	1967003838.pdf
	0030A04.pdf
	0030A05.pdf
	0030A06.pdf
	0030A07.pdf
	0030A08.pdf
	0030A09.pdf
	0030A10.pdf
	0030A11.pdf
	0030A12.pdf
	0030A13.pdf
	0030B01.pdf
	0030B02.pdf
	0030B03.pdf
	0030B04.pdf
	0030B05.pdf
	0030B06.pdf
	0030B07.pdf
	0030B08.pdf
	0030B09.pdf
	0030B10.pdf
	0030B11.pdf
	0030B12.pdf
	0030C01.pdf
	0030C02.pdf
	0030C03.pdf
	0030C04.pdf
	0030C05.pdf
	0030C06.pdf
	0030C07.pdf
	0030C08.pdf
	0030C09.pdf
	0030C10.pdf
	0030C11.pdf
	0030C12.pdf
	0030D01.pdf
	0030D02.pdf
	0030D03.pdf
	0030D04.pdf
	0030D05.pdf
	0030D06.pdf
	0030D07.pdf
	0030D08.pdf
	0030D09.pdf
	0030D10.pdf
	0030D11.pdf
	0030D12.pdf
	0030E01.pdf
	0030E02.pdf
	0030E03.pdf
	0030E04.pdf
	0030E05.pdf
	0030E06.pdf
	0030E07.pdf
	0030E08.pdf
	0030E09.pdf
	0030E10.pdf
	0030E11.pdf
	0030E12.pdf
	0031A02.pdf
	0031A03.pdf
	0031A04.pdf
	0031A05.pdf
	0031A06.pdf
	0031A07.pdf
	0031A08.pdf
	0031A09.pdf
	0031A10.pdf
	0031A11.pdf
	0031A12.pdf
	0031B01.pdf
	0031B02.pdf
	0031B03.pdf
	0031B04.pdf
	0031B05.pdf
	0031B06.pdf
	0031B07.pdf
	0031B08.pdf
	0031B09.pdf
	0031B10.pdf
	0031B11.pdf
	0031B12.pdf
	0031C01.pdf
	0031C02.pdf
	0031C03.pdf
	0031C04.pdf
	0031C05.pdf
	0031C06.pdf
	0031C07.pdf
	0031C08.pdf
	0031C09.pdf
	0031C10.pdf
	0031C11.pdf
	0031C12.pdf
	0031D01.pdf
	0031D02.pdf
	0031D03.pdf
	0031D04.pdf
	0031D05.pdf
	0031D06.pdf
	0031D07.pdf
	0031D08.pdf
	0031D09.pdf
	0031D10.pdf
	0031D11.pdf
	0031D12.pdf
	0031E01.pdf
	0031E02.pdf
	0031E03.pdf
	0031E04.pdf
	0031E05.pdf
	0031E06.pdf
	0031E07.pdf
	0031E08.pdf
	0031E09.pdf
	0031E10.pdf
	0031E11.pdf
	0031E12.pdf
	0031F01.pdf
	0031F02.pdf
	0031F03.pdf
	0031F04.pdf
	0031F05.pdf
	0031F06.pdf
	0031F07.pdf
	0031F08.pdf
	0031F09.pdf
	0031F10.pdf
	0031F11.pdf
	0031F12.pdf
	0032A02.pdf
	0032A03.pdf
	0032A04.pdf
	0032A05.pdf
	0032A06.pdf
	0032A07.pdf
	0032A08.pdf
	0032A09.pdf
	0032A10.pdf
	0032A11.pdf
	0032A12.pdf
	0032B01.pdf
	0032B02.pdf
	0032B03.pdf
	0032B04.pdf
	0032B05.pdf
	0032B06.pdf
	0032B07.pdf
	0032B08.pdf
	0032B09.pdf
	0032B10.pdf
	0032B11.pdf
	0032B12.pdf
	0032C01.pdf
	0032C02.pdf
	0032C03.pdf




