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An experimentel reciprocating expander has been designed -with features
appropriate for cryocooler cycles., The expander has a displacer piston, simple
valves, and a hydraulic/pneumatic stroking wmechanism. The expander has a valve
in head configuration with the valves extending out the bottom of the vacuum
enclosure witile the piston extends out the top., The expander has been -tested
using a CTI 1400 liquefier to supply gas at about 13 atm in the temperature
range 4.2 to 12 K. Expander efficiency has been measured in the range B4 to
93% while operating the zpparstus as a supercritical wet expander and in the
range 91 to 93% as a single phase expender. The apparatus can also be modified
to operate &3 a compressor for saturated helium vzpor,

Key words: Cryogenic expander; two-ghase expander; experimentélvgxpander;
‘reciprocating expander; expander valve actuator; expander efficiency. :

1. Introduction

Small cryogenic refrigerators have.been extensively and successfully used to meet the low
powsr refrigeration requirements of cryopumps, cryogenic sensors and clectronic systems at
temperstures above 20 K in tho past decade, Most of these cryococlerg have been bassd oa the
Gifford~McHahon, Hodified Solvay, Stirling, or Vuilleumier cycie. The modificetion required to
neet low power refrigeration needs below 6 K result in considereble increase in cost, power and
complexity, This wmakes cryocoolers based on workeextraction devices attiractive, particularly
becsuse of increased efficiency.

Large capzcity helium liquefiers invariably use the Collins two-~expander cycle, These units
use reclprocating expanders or turbceexpanders which appeor unattractive for scaling down to low
capatity helium liquefactién., In the case of turbo-expanders, this is because of an efficiency
penalty since the losses scale down disproportionstely with geometric size. By contrast, the
principal losses assoclated with the veciprocating machine are heat trensfer losses which wmay be
minimized by proper desfgn. These losses may be grouped, generally, into those affegtins the pouer
and those directly manifesting themselves as heat leaks to the working fluid.

The pouer losses are due to valve flow, leakage, mechanical friction, blow down, blow in, and
cycllc heat transfer. The cyclic heat transfer loss is the result of periodic heating and cooling
of the working gas by the cylinder walls., The incoming gas is warmer than the cylinder walls and
i3 therefore cooled while the cold gas after the expansion process is warmed by the cylinder walls,
The net effect iz that the expander processes more gas without a corresponding irncrease in expander
work per stroke. The heat {input loases consist of static heat leak, shuttle heat transfer and
cyiinder~piston gep pumping loss. ’
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Recent advances, especially in heat transfer analysis and experimentation have enhanced our
understanding of the losses associated with the expander, and analytical nodels of verying

sophistication and adequacy are now avallable for the losses1°3. This hes made it possible to
" design an efficient reciprocating expander, However, noise vibration and size considerations of
the work-absorbing assembly easociated with the conventional reciprocating expanders still limit
the practicality of scaling down these units., This paper describes an experimental reciprocating

expanderq which has been designed for high efficiency and uses 8 hydroulic-pneumaric drive
mechanism and a pneumatic velve actuatcr in place of the flywheel, brake motor, mechanicel cam-
actuator assembly used in conventional large capacity liquefiers. The device can therefore be
scaled down for cryocooler applications. :

- 2. Description of expander

The reciprocating expansion engine, Fig. 1, consists of a long displacer closely fitted inside
a long cylinder which hangs from u base plate, which is the top plate of a vacuum chamber. Above
the base plate 12 an adjustable bhydrauvlic-pneumatic system for piston motion and valve control.
The valves for the engine extend dowm from the cylinder head. Surge chambers are located ‘at the
"inlet and exhaust of the expansion engine to convert the pulsatile flow to a relatively smooth and
continuous flow, Detailed description of these components fnllow,

The cylinder {3 mnade of 3084 stainless steel because of its high strength to thermal
conductivity ratio, low specific heat capacity and lack of brittleness at low temperatures. - The
thin wall of the cylinder coupled with low thermal conductivity of the material minimizes the
conduction loss., Stiffening rings spaced 1.5 {n apart around the ocutside diameter keep the tubing
round. The thin wall tubing 1s TIG welded to the valve block (cylinder head containing the valve
ports) at one end and a thick wall tube at the warm end used for mounting the engine. A solid
phenolic micerta rod is used for the displacer because of it3 good wear characteristicg., Also the
thermal contraction characteristics closely match those of the stainless steel. The diametrsal
clearance betwesn the pigton and cylinder 1is 0.006 in and i3 chosen by consideration ¢of the shuttle

“heat transfer oss, the possibility of seizure due to smell solid impurities and the possibility of
displacer=cylinder contact.

The engine uses a single buna O-ring seal H at the warm end of the displacer-cylinder
assembly. An oily felt washer L provides continuous lubrication for the O-ring., Thus there is
minimal wear which reduces the possibiiity of wear material contamination, Also the smell
friectional heat generated is dumped into the atmosphere and doez not detract from the cooling pover
of the engine, C

Since the radial clesrance on the 33-in-long displacer N 18 0.003 in, only a small
misalignment will cause the displacer-cyiinder essembly to bind. - The vertical alignment of the
engine avoids gravity side loads and associated rubbing. The displacer i3 rigidly threaded to the
piston rod D of a tandem cylindor assembly A. The tandem cylinder has four rcd sezls and two
plston seals. Thercfore the integrel unit consisting of the tandem piston rod and -the engine

. displacer ride on a total ‘of seven supports of close tolerances, By proper initial positioaing,
the unit can be maintained reascnably well aligned in the vertical, The axea of the engine
‘eylinder and the tandem cylinder are aligned by plece C, which fits inside the engine cylinder E
and ocutside the bushing B at the end of the tandem cylinder, The cyiinder is rigidly supported at
the warm end on top plate H and extends into the vacuum chamber, The warm end of the cylinder E is
attayhed to the plate by a split ring, groove and clamp flange, G and F.

Since throt*ling in the valves degrades the performance, the valve ports are located in the
cylinder head to allow for reasonably large ports with minimum throttling. This port location also
helps to reduce the clearance volume. The ports are 1/4-in holes drilled through the valve
block/cylinder head O which 13 TIG welded to the cylinder J. Tubular valve sheaths S of 304
stainless steel are also welded to the valve block and extend from the bottom of the engine. These

tubular sheaths enclose the valve pull-rods Q. The valve face, P, {3 & teflon disk mounted on ths
‘ecold end of the phenolic micarta pull-rod with a screw and locked in place with a belleville
washer. The valve is held closed by the spring 4in the miniature air cylinder which actuates the
valve., A buna O-ring serves as the warm end seal ‘on the valve rod which fits closely in the
sheath, Becauss of the rather short travel of the pull-rods, no lubricant reservoir is provided
for the O-ring. The pull rod is adequately guided by the sheath since the clearance in the sheath
i3 only 0.003 in. o :
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3. Hydraulic-pneumatic piston-motion control systeh

. ‘The overall layout for the control system is shown in Fig. 2. Air limit switches send
position signals to the air controller. The controller sends direction and- speed signals to the
control valves to control piston direction and speed. The hydraulic controller absorbs the
expander work, and sets three different speeds during the exhaust stroke, the intske stroke and the
expansion stroke. The expander work is dissipated in flow control valves in the hydraulic circuit,

The principal components of the hydraulic controller are three adjustable flow control valves GI,
G2, G3 and a three-way hydraulic valve H (Fig. 2). The three-way valve i{s a two-position, single-~
air-piloted, spring-return valve. The oil flow through this valve is through valve G3 when there
i3 air pressure at the pilot, or through line G4 when there is no air pressure.  The adjustable
flow control valve {s a throttle and check valve combination which allows throttled flow in one
direction and full flow in the other. Valves G2 and G3 restrict flow during the power stroke,
while valve G1 restricts flow during the exhaust 3troke. Therefore the setting on valve 41
determines the engine speed during the exhaust stroke. Valve G3 is by-pzased during this stroke.
During the intake stroke, air pressure at the three-way valve H switches the oil flow to valve G3
which meters the flow together with valve G2. The valve settings on these two valves therefore
determine the piston speed during the intake process. At cut off, air pressure is released on the
‘three-way valve and the spring returns the oil flow to line G4. Valve G2 is now by-passed, There
is full flow in valve G1 and metered flow in valve G2 which sets the piston speed during the
expansion process. A bleed line L 1s provided for the hydraulic circuit. Also an eir-pressurized
oil reservoir is provided to maintain the oil under pressure and eliminate air leaks into the
.hydraulic eircuit. Hith air in the oil the piston velocity cannot be controlled. .

The heart of the air limit switch system is a miniature double-plunger tuo-position fully
ported four-way spool valve F, Fig. 2. The valve 1s supported by threaded rods attached to the
tandem~-cylinder assembly. A yoke, BB, F1, and F2 is attached to the free end of the piston rod.
At maximunm volume, surface F1 actuates the plunger and at minimum volume surface F2 actuates the
plunger of the spool valve, The stroke of the machine i3 adjusted by adjusting tha vertical
position of the four-way valve and the distance between F1 and F2. Threaded rods and nuts
facilitate these adjustments, ' '

The cut-off suitch E sends a position signal to the pneumatic control at the end of the intake
process, Switch E i3 a heavy duty minlature air limit switch., It i3 a two~position, plunger-
actuated normally-closed valve. A cam, E1, attached to the pisten rcd actuates the cut-off switch,
The output signal from switch E1 is used to actuate the expander inlet valve and the three-way
hydraulie valve in the hydraulic controller, The cut-off switch 13 attached to the tandem cylinder
with threaded rods for position adjusument. -The expander cut-off point is adjusted by changing the
positton of this switeh. :

The two . principal components of the pneumatic controller are a directional valve C and a HOT
element B, which is described in the next paragraph. The directional valve is a heavy-duty, two-
podition, double-air-piloted, fully-ported, four-way spool valve. - The pilot signals to operate the
valve are supplied by the limit switches. The four way directional valve switches pressure and

--exhaust to the. double ~acting- pneumatic cylinder, thus providing pneumatic power for both the up
(expansion) and dowm (exhaust) strokes. Thus the pneumatic driver can drive the piston even vhen
no helium is being processed by the expander. This feature allows a later adsptation of the
expander as a compressor. : -

The purpose of the NOT eiement lu to provide the signals to open the engine inlet valve only
at the end of the exhaust stroke, ar>= the exhaust valve hag been closed and to clese the inlet
valve at the cut-off point of the power stroke. The two input signals to this element are a signal
from the cut-off awitch to input port 1 and another signal {rom the end-of-stroke limit switch F to
input port 2. The output of the NOT element i3 pressure at port 3 if there is pressure.at input 1
and if there is no prassure at input 2. During the intake stroke the switch E is depressed sending
pregsure to port 1 of the nol element B. There i{s no pressure at port 2 of B so pressure at 1
passes to 3. This pressure holds the inlet valve open and switches valve H causing hydraulic valve
G3 to be sctive. At cut off, E switches which exhausts the pressure at 1, With no pressure at 1,
the HOT element gwitches which exhausts the pressure at 3, closes the inlet valve, and allows valve
H to spring return. At the end of the expension stroke, valve F switches sending no pressure to E
and pressure to port 2 which also opens the the discharge valve, Switch E has no prezsure and no
influence as it i3 depregsed during the discharge stroke. At the end of the discharge stroks
valve, F switches pressure through E to port 1. Only after the pressure in the discharge valve
actuator has dropped, does the HOT element B see no pressure at 2 and switch pressu:e frem 1 to 3
which the opens the inlet valve.
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Figure 2. Hydraulic-pneumatic control system'

4. Debugging the pneumatic circuit .

The hydraulic and pneumatic system was assembled from standard catalogue item components. -
Since these were not optimum components and their internal design and port sizes were not readily
available, an experimental rather than an analytical approach was used to tune and adjust the
system. The pneumatic circult was instrumented with several pressure transducers. The englne was
instrumented for cylinder pressure and piston position. Data from these instruments were observed -
and recorded with a digital oscilloscope. and subsequently transferred to a VAX computer for
analysis, This data was sufficient to tune the system for satisfactory operation. Typical curves
showing the phase relationships are shown in Fig. 3.

5. Time sequence in the expander

Fig. 3 shows piston position, iniet valve actuator pressure, exhaust actuator pressure, and
expander cylinder pressure on the same time base for a typical cycle. Starting at TDC (minimum
volume) with the inlet pressurized {open) and the exhaust closed (dapresaurized), the piston moves
up at low velocity until the cutoff point (CO0) is reached, The inlet valve closes and the
hydraulic three-way valve switches to a low flow resistance (GY of Fig. 2). The cylinder pressure
falls rapldly and the piston velocity increases, When the plston reaches BDC (maximum volume) the
exhaust pressurizes (opens) and the piston reverses direction, The pisten moves rapidly to TDC
(minimum volume). . Subsequently the piston switches direction, the exhaust depressurizes (closes),
and the three-way hydraulic valve suitches to high flow resistance G3. The inlet then pressurizes
(opens), to repeat the cycle. Jhe cut off switch resets on the exhaust stroke, but has no action
since it has no pressure supply. .
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Figure 3. Expander cycle

Fig, 3 alzo shows that the times required to pressurize and depressurize the valve actuators
are significant. The inlet valve actuator takes about 0.14 s to 0.16 3 to pressurize up to full
pressure (80 psig). However it takes about 0.06 to 0.085 3 to reach the level high enough to
switch the valve. On the other hand, depressurization takes azbout 0.20 to 0.24 3. Again the valve
closes after about 0.16 s. . Similarly, pressurization of the exhaust valve actuator takes between
0.10 and 0.32 s and depressurization &bout 0.14 s, The quicker responge of the exhaust actuator
results from its belag connected directly to the 1l{mit switceh whereas the inlet actuator is

_connected to the limit switeh through a NOT element with a smaller port size than the air limit
switeh (Fig. 2). Tnere i3 always a residual pressure at one of the actuators whenever there is
pressure in the other., The residual pressure {s about 6 psig for the inlet valve actuator and 12
psig at the exhaust valve actuator. There s no pressure in either actuator only during the
expansion process (and also briefly at the end of the exhaust stroke before the inlet valve opens).
There is also evidence of pressure 3signals propagating between components through the air pressure
source because of the source impedance, ) : ’
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6. Expander diagrems

Figures 4, S5, and 6 show Lypical pressure-displacenent dizgrams for the expender, The
diagrams show a significant drop in pressure during the intake process. A surge ciamber of
approxtmately ten times the expander displacement was provided at the inlet and the piscon speed
during intake was kept minimal. The cause of the pressure drop §in spite of these precautions is-
the high flow resistance in the J-T stage of the Model 1800 liquefier that supplied the inlet gas.
4 fairly constant inlet pressure uas obtained in Fig. 4 for operation in the single Zhale reglon
with a slou intake process. Table I summarizes time and speed distribution for a3 typical cycle.

Table 1. Typical time distribution for éxpnnder cycle

process piston speed tice

(ia/s) (8)
intake 0.21 1.87
expansion g.14 0.28
exhaust 7.76 0.38
twell at TDC - 0.10
duwell at BDC - o.04

total 2.76

: The eycle of Fig. & has a blouw down loss, while, in contrast, the cyecle in Fig. 5 shows
complete expansion. It was possible to adjust the cut—off point Yo ensure negligible blow doun
loss at the expense of expander capacity. The two cycles' just described in Figs. 4 snd 5 were
obtained fu- single phase operation of the expander. The cut-off ratio 13 about 20§, which is
defined as cylinder volume at the closing of the inlet valve divided by the maximws cylinder volume
at the end of the stroke. The diagram of Fig. 6§ was obtained for a compersbdle cul-off ratio ernd

for operztion in a two-phase expander mode. The diasgram indicates 2n overexpansicn followed by a
small recoczpression. .

7. Evaluation of emgine perforuance

Tne reciprocating expander was tested as a supercritical wet expander and as a single phase
‘expander using a CTI ogdel 1400 liguefier to supply gas at about 13 atw in the temperature range of
3.2 to 12 K. The efficienay of the wet expander is defined with reference to Fig. 7 as

efficiency = U /¥ (@)
act rev

vhere

actual work = ¥ = m(hl'— h

act' 3) * Qact

reversidble worxvz Hrev = m(h1 - h3) +Q

rev
mass floy rate = w

actual refrigeration = Qaet

‘reversible heat input = Qrev = m T‘sat(s3 - 31)

inlet enthalpy = h1

saturated vapor enthalpy = h3

The actual work is also given by the difference between the indicated work and the heat leak.

" This gives an alternative mpethod for evaluating the efficiency. The wmeasurementa required to

evaluate the performznce are therefore: 1, The state (temperature and pressure) of the working

fluid at the inlet and at the exhaust, 2, The actusl refrigeration effect. 3. Thne indicated work
from a P-V trace., H. Hzat leak by ststic conduction 5. Heat leak due to piston zotion..

The experimental setup for obtaining these measurements i{s showm in Fig. 8. The states of the
heliua ware gpeasured in the inlet and in the heater tanks. The pressure uas measured with a vare

pressure gage connected with capillary tubing. The temperature was measured using helius vapor
pressure theraometers. : : :
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figure 8, Expander test setup

Actual refrigeration capacity was measured as the power to the heating element. The heater
power supplied was adjusted to be just sufficient to evaporate the liquid resulting from the
- expansion process so that the leaving strezm was saturated vapor. The helium vandr preasure
" thergometer wa2s provided to wonitor that the gas was not overheated, It was also found necessary
to use a liquid level gauge tc maintain a steady liguid level in the heater tank. .

- The indicated Work Was celculated from ceasurements of the pressure {inside ths eupsnder
working space and the piston position, The pressure uwas pgezsured using a high-impedance
piezoelectric miniature pressure transducer operating at expander teuperature. The charge output
‘of the sensing element, a quartz crystal, was fed to a signal conditioning codule and converted
into a proportional voltage signal. The transducer was threaded into a mounting adaptor which was
connected to the cylinder through a short capillery tube.

. The static heat lesk to the expander was measured with Che engine valves propped open. The’
- expander and the peripheral apparatus were then cooled down to the operating tempercture by
operating the liquefier on the J-T valve. The two-phasze flow from the J-T valve was gradually
reduced umtil a small teamperature rise was detected across the expander. The tesperatures were
recorded from vapor pressure thermometers., To measure the mass {low rate, th2 cold return gas from
the engine was warmed up external to the liquefier and then passed through a calibrated cass flow
transducer. .

Piston wotion heat transfer loss wes measured with the setup shown schematically io Fig, 8.
The engine was first cooled down to the operating teamperature, Both valves were propped open and
the refrigeration capacity of the lique’ier operating with the J-T valve was determined by
measurement of heater power required to achieve =zaturoted vapor at the heater tank discharge. With
the valves still propped open, the piston was shuttled by means of the piston moticn control
system. Because of the heat loss through this piston motion, the heater supply pouer to boll away
the liquid (indicating the refrigeration capacity) waa reduced., The difference betwsen the tuwo
measured capacities gave the loss due to the piston motfon. ’ ' '
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8. Results
Typical state point measurements are summarized in Table II. For the data of the Table, the
single phase expander efficiency is 93 percent, For other tests the single phase expander
efficiency ranged between 91 and and 93 percent.

Table 2. Expander performance data

single phase two phase

operation operation
Inlet pressure (atm) 13.21 13.24
Inlet temperature (K) 11.51 6.55
. exhaust pressure (stm) 1.2 1.2
exhaust teaperature (K) 4.72 4,42

The performance of the expander operating in the two-phase region was evaluated. Typiéal data
ares )

Refrigeration effect = Q ot © 33.4 4

a

Kass flow rate = m = 2,18 g/s
(from displacement and inlet state)

Reversible work =z H = 21.84
rev

Actual work = H . = 20.4 W
. act

Expander efficiency = 94%

Thé wet expander efficiency was also calculated from the indicated work and the measured heat
leak losses, Typical data are:

Indicated work = W 4 = 21,44

in
Piston motion loss = 1.3 Y

.Static heat conduction loss = 1.6
Actual work = dact = 18.S‘H
Expander efficiency = 84.5%

The two nethods always gave values which differed by less than 10 percent. A major source of
inaccuracy. in the result i3 calculating the mass flow rate froa the expander inlet temperature

9. Conclusion

The hydraulic-pncunatic mechanism for piston motion end valve control enabled fairly good
control cver the cycle events in the expansion engine. The high efficiencies measured demonstrate
the potentisl for scaling down rcciprocating expanders for cryocooler applications.

The expander was run oaly long enough to cbtain performance data. Ko endurance data was -tgiton
because the system was assembled from inexpensive catalogue items which were not designed for long
1ife., Host of the experimental difficulties were the result of the cecampromises required to use
standard items for the hydrazulic-pueumatic control system. .

The research plan 13 to modify the apparatus for testing as a vapor coapressor operating ot

4.2 K. This test will requirc modiffcation of the connections to the hellum liquefier end a

" modification of the valve control seguence, These modifications are rather siopie since the

apparatus was designed for the ccapressor tests. If the compresgsor tests are 23 successful as the

expander tests, the plan i3 to demonatrote the full potential of the saturated vapor helium

liquefaction cycle, This will require the design en expander and compressor wmodule to mateh the
model 1400 liquefier, and the replacement of the J-T heat exchanger in the liquefier.
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