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An industrial gas refrigerating machine
with hydraulic piston drive

A. A. Dros

621.573

The range of Phi/ips gas refrigerating machines has been extended by the addition of a
new machine that combines a high refrigerating capacity with great re/iabi Iity and very high
efficiency (some 1.3 times that of the smaller models). Its improved performance stems
from the application of new constructional ideas which have given the machine a rather un-
usual appearance. The article below explains the logical development behind this revolu-
tionary design.

Gas refrigerating machines working on the Stirling
principle have been manufactured by Philips for a good
many years. The small single-cylinder machine (type A)
and the four-cylinder model (type B) are in use in lab-
oratories throughout the world for generating cold
at very low temperatures.

In recent years industry has also shown a growing
interest in the machines, whose compactness, quiet
running and ease of operation are exceptional. The in-
dustrial user demands however a great deal more than
the scientist in efficiency, low maintenance costs, and
reliability under continuous operation. In addition,
higher capacities per unit
are usually needed.

Some years ago Philips
embarked on the develop-
ment of a large gas refrig-
erating machine that would
meet these more stringent
industrial requirements.
The new machine, known
as type C, has like the four-
cylinder type B been de-
signed and developed by
the Industrial Equipment
Division (PIT).

During the development
it became clear that design
features proved in small gas
refrigerating machines were
not necessarily applicable
in a large one. More was
now known about the Stir-
ling cycle, and this deeper
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theoretical knowledge, together with new ideas in
machine design, opened up completely new paths.
The result is a machine perhaps somewhat revo-
lutionary in comparison with type B; see figs 1
and 2. The new machine has a substantially higher
capacity and efficiency: its refrigerating capacity at
77 "K is 20 kW, as against 3.8 kW for type B, and its
relative efficiency (relative, that is, to the Carnot cycle)
is over 41 % as against about 30 % for type B. Further
data are given in the caption to fig. 2. Delivery of the
first production run of type C machines has been com-
pleted.

Fig. I. The Philips type B gas refrigerating machine, a four-cylinder machine widely used in
large laboratories. It has a refrigerating capacity of 3.8 kW at 77 "K when cooled with water
at 15°C. Under these conditions its efficiency relative to the Carnot cycle is 1)/'YJC = 30%.
(See also the photograph of a liquid nitrogen plant in Philips tech. Rev. 25, page 341, 1963/64.)
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To aid the correct understanding of the construction
and functioning of the new machine, to be described
below, it is useful to start with a brief recapitulation of
the Stirling principle, explained in terms of a schematic
cycle [11.

Reg to which it gives up its heat. During phase IJl
the gas expands at temperature TE (situation 4). The
expansion process is again isothermal, as the resulting
cold is removed from the cylinder. The cycle is com-
pleted by phase IV, during which the gas is returned to

the left of the cylinder, at the same time taking up the
heat stored in the regenerator. This brings the system
back to situation J.

In the course of each cycle we see that the gas flows
back and forth between two spaces at temperatures
Tc and TE. In the diagram at fig. 3b, the schematic
cycle is represented by two isotherms I and III and
two isochores II and IV (isobars could be used instead
of isochores (21). When the cycle is to be applied for re-
frigeration, the temperature Tc of the warm space is
kept close to room temperature and the output of the
machine will be the cold produced during phase lIl.

We shall not digress here on the essential importance

Fig. 2. The new gas refrigerating machine type C. It has a refrigerating capacity of 20 kW and
a relative efficiency of over 41 % at 77 "K, when cooled with water at 15°C. Other technical
data are: maximum shaft power 134 kW, speed 585 r.p.m. ,cooling water consumption 20 m3/h,
weight about 6000 kg.

The Stirling cycle in brief
We consider the schematic cycle as taking place in a

gas-filled cylinder fitted with two pistons, as shown in
jig. 3a. A high temperature Tc prevails in the left-hand
half of the cylinder, a Iow temperature TE in the right-
hand half. The cycle falls into four phases. Phase I
occupies the interval between the two situations num-
bered 1 and 2, when the left-hand piston is compressing
the working gas at temperature Tc. The heat of com-
pression is removed from this part of the cylinder so
that the process is isothermal. During phase IJ the gas
is transferred to the part of the cylinder at lower tem-
perature TE (situation 3) passing through a regenerator
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Fig. 3. Illustrates the brief account in the text of the schematic
Stirling cycle as it takes place in a gas refrigerating machine.
a) Piston positions between the four phases of the cycle.
b) The relevantp, V diagram which consists of two isotherms 1
and III and two isochores (lines of constant volume) Il and rv.
(Isobars could be used instead of isochores.)

of the regenerator in the efficiency of the cycle. We
should however note that care must be taken in the
design to ensure that the gas flowing through the regen-
erator recovers from it as much as possible of the heat
(or cold) it has previously given up to it. Quite small de-
ficiencies in this recovery may be fatal to the efficiency
of the machine.
It is not really practicable to build a system as de-

scribed, with discontinuously moving pistons. However,
there is no great loss of effectiveness if the pistons
operate in simple harmonic motion. A phase differ-
ence between the movements of the two pistons is
required such that the variation in volume of the
expansion space is in advance (by 90°, say) of that of
the compression space.

Practical Stirling machine design

Traditional approaches

There are many possible approaches to the design of
machines making use of the Stirling cycle. Some of these
will now be considered in the course of a step-by-step
explanation of the construction of our machine.

Fig. 4 represents, in bare outline, a very old design of
Stirling machine. In this the regenerator Reg, with heat
exchangers fitted on each side, lies between the corn-
pression piston C and the expansion piston E. The one
on the left is the cooler: water circulates through this,
removing the heat generated by compression of the
working agent. The cold resulting from the expansion
is collected by the cold-exchanger (or "freezer"), on
the right of the regenerator. The two pistons are driven
through connecting rods and pivoted levers by a com-
mon crankshaft whose cranks are offset by 90°.

Although the thermodynamic part of the machine-
the gas space, pistons and heat-exchangers - could
hardly be simplified further, the transmission with its
many jointed members is only barely acceptable from
the constructional viewpoint. Here there is yet another
appreciable disadvantage. If a machine based on the
Stirling principle is to produce a reasonable amount
of cold per litre of swept cylinder volume, then working
agent pressures must be high [IJ, varying in the course
of a cycle from say 25 to 50 atmospheres. This means
that the pistons are always subject to a strong force
tending to push them apart. The resulting load on the
driving members must be balanced as far as possible
and this could be achieved by enclosing the drive in a
crankcase filled with gas at the mean pressure of
the working agent. Little imagination is needed to

Reg

Fig. 4. One of the earliest designs proposed for a machine making
use of the Stirling cycle. The compression piston C and the ex-
pansion piston E are actuated through a rod-and-lever system by
a crankshaft whose two cranks are offset by 90°. The working
space is between the pistons, and it is partly occupied by a regen-
erator Reg sandwiched between heat-exchangers.

recognize the difficulties in building a crankcase to hold
a transmission like that in fig. 4, and which will with-
stand a pressure of (say) 35 atm with no more than
very slight deformation (so that, amongst other things,
the bearings do not become misaligned).

The arrangement shown in jig. 5a looks more prom-
ising. It has the Vee configuration met with in many
machines, for example compressors. The drive is ex-
tremely simple, and taking up the thrust of the working
agent is less of a problem. As the crankcase is cylindri-
cal and relatively small, it may easily be dimensioned
to stand up to high pressure; alternatively (preferable
in a big machine) a crosshead construction could be
adopted for the transmission, and gas-filled buffer

[1] For more detailed treatment ofthe Stirling cycle, as made use
of in refrigerating equipment, see J. W. L. Köhler and C. O.
Jonkers, Philips tech. Rev. 16, 69-78, 1954/55, and J. W. L.
Köhler, Progress in Cryogenics 2, 41-67, 1960.

[2] See the second article quoted in footnote [1].
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spaces could be provided behind the two pistons, as in
fig. 5b. However, from the thermodynamic point of
view the designs of fig. 5 are inferior to that of fig. 4 in
two respects, In the first place the distance between
pistons C and E has been greatly increased, so that the
dead space has been considerably enlarged. Secondly,
the complete working space no longer possesses rota-
tional symmetry. There is now a danger that the gas

a counter-pressure on the undersides of the plungers D
and F, to relieve as much as possible of the downward
thrust on the drive. The counter-pressure can however
equally well be supplied by the working agent in a
second cylinder in which the same cycle is taking place
with a 1800 phase shift. We arrived thus at the arrange-
ment shown in fig. 7.

The final step was the removal of an imperfection

Fig. 5. (a) Stirling machine with a Vee drive.
(b) Buffer spaces G and H, filled with gas at the mean pressure of the working agent, have
here been provided to take up the thrust on the pistons. The Vee drive is equipped with cross-
heads K.

This layout of working space and pistons is less favourable thermodynamically than the
one shown in fig. 4.

flowing back and forth through the regenerator will be still present in the arrangement shown in fig. 7. This
unevenly distributed over the cross-section, with ad- has two cylinders and four pistons actuated by a
verse effects on the efficiency of recovery of the stored drive with two double-acting plungers, each of which
heat or cold.

The familiar arrangement embodying a displacer, which offered
a good approach to the design of the small gas refrigerating
machines, is again not so favourable as that of fig. 4. This will be
dealt with below, on p. 306.

A new principle: hydraulic piston drive

Carrying on from the crosshead version of the Vee
configuration, we came upon an idea combining the
mechanical simplicity of this drive with the ideally
shaped thermodynamic working space of the one we
first of all considered. The principle is shown in jig. 6:
pistons C and E are not driven by mechanicallinkages,
but hydraulically, by means of oil columns. The oil
columns are driven by the plungers D and F mounted
on the piston-rods of the crosshead drive. These oil
columns, imprisoned between piston and plunger, can
be regarded as flexible piston-rods. The non-hydraulic
part of the transmission is the same as in fig. 5b, and
the working space is the same as in fig. 4.

Elaboration of this idea led us to take two further
steps. First, we saw there was a neat way of eliminating
the two buffer spaces. The gas in these serves to exert

Fig. 6. A Stirling machine equipped with "hydraulic piston rods".
The pistons Cand E are located as in fig. 4, and are driven through
oil columns by means of the plungers D and F. The plungers are
actuated by a mechanism exactly the same as in fig. Sb.

Generally speaking, for optimum functioning it is necessary
to arrange that the compression piston C has a Jonger stroke
than the expansion piston E. If the two plunger strokes are
equal, this can easily be achieved by giving the compression
plunger D a rather larger diameter than the expansion plunger F.
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drives two oil columns: one from the lower face and
one from the upper face. A quick check on the phase
relationships between the various volume variations (see
the graph in fig. 7) makes it clear that the two compres-
sion spaces must lie on the same side. That is to say,
plunger D has to drive two compression pistons while
plunger F takes up the power delivered by two ex-
pansion pistons. The two arms of the Vee drive are
therefore very unequally loaded, for both power and
operating forces. If, for example, the crankshaft were
delivering mechanical power at the rate of 100 kW,
the compression arm would have to transmit about
120 kW, only about 20 kW being returned through
the expansion arm, resulting in a rather low load on this
arm. To remedy this defect we adopted the arrange-
ment shown in jig. 8, which has four working cylinders
instead of two; the layout is essentially the same as that
of the new machine now in production. The two piston-
rods in the arms of the Vee drive now each carry two
double-acting plungers in tandem; one for compression
and the other for expansion. 1n the case just considered,
the two arms are now equally loaded with 50 kW each.

Layout of machine

As may be seen in fig. 8 (and in the photograph fig. 2)
there are two cylinders at the front of the machine and
two at the back. The two pairs are mounted with op-
posite slopes. This layout has been arrived at in order
to keep both arms of the Vee as similar as possible: in
each arm the compression plunger is the lower one
and the expansion plunger the upper one. As it was de-
sirable to keep the oil connections short, the compres-
sion pistons had to be close to the upper plungers and
the expansion pistons had to be close to the lower
ones, so that the sloping position of the cylinders

Fig. 7. The design of fig. 6 with the addition of a second working
cylinder. The two compression pistons Cl and C2 are driven by
oil columns 01 and 02, to which motion is communicated by the
upper and lower faces of a double-acting plunger D. The expan-
sion pistons El and E2 are driven in a similar way. This does
away with the need for buffer spaces.

The displacements of the four cylinders have been plotted as a
function of time in the inset. To obtain the correct phase differ-
ence between cornpression piston and expansion piston it is
necessary that the two compression pistons should lie on the
same side of the machine. The cycle taking place in one cylinder
is in opposite phase to that in the other.

followed automatically. The inclination ofthe cylinders
has the further important advantage that it assists
drainage of the liquid air or other condensate that col-
lects on the pipes in the cold-exchanger. The film that
forms on these pipes is therefore thinner, so that the
transfer of cold is more efficient than in a strictly hori-
zontal array.

In a closer examination of fig. 8 the reader will notice
that the oil connections on the expansion side of the
two rear cylinders are crossed, whereas the correspond-

Fig. 8. Array comprising two of
the cylinder pairs shown infig. 7,
one pair being placed at thefront
and the other at the rear of the
machine. Each arm of the Vee
transmission contains a com-
pression plunger that drives two
compression pistons and an ex-
pansion plunger that drives two
expansion pistons. In the arm
shown in longitudinal section,
tbe compression plunger D12
drives Cl and C2, and the ex-
pansion plunger F34 drives the
two expansion pistons of the
rear cylinder pair (E3 and E4,
not visible in the drawing).

In this array the two arms of
the Vee transmission are equally
loaded and exactly similar in
design. This is the layout used
for the new gas refrigerating
machine (type C).
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ing connections to the front cylinders are not crossed.
The explanation is as follows. In the front pair of cyl-
inders, whose compression side lies to the left, the
correct phase difference between expansion and com-
pression is obtained when the crankshaft rotates in the
sense indicated in the figure, piston E then being 900

in advance of piston C. In the rear pair the expansion
pistons are on the left, and here the same sense of
rotation of the crankshaft would evidently give wrong
phasing without the crossover in the oil connections.
Because there is a 1800 difference in phase between the
upper and lower cylinders of each pair, the crossover
re-establishes for both cylinders the correct phase
difference between compression and expansion pistons.

Choice of operating speed

It is not intended in this article to deal at length with
the choice of the various basic parameters of the de-
sign. The choice of operating speed does however call
for some explanation because it was partly a rethink-
ing of this question that led to the new directions of
development referred to in the introduction.
If one sets out by specifying a certain refrigerating

capacity per cylinder from a gas refrigerating machine
operating under specified conditions, this determines
the product speed X swept volume. When the Stirling
cycle, a 19th century invention, was taken up again by
workers in Philips Research Laboratories some twenty
years ago, the starting point was the choice of speeds
far greater than had been used in the old-fashioned hot-
gas engines: this enabled reductions in the swept vol-
ume and hence in the bulk and weight of the machine.
These developments were made feasible by advances
in heat-exchariger and regenerator design. The theory
of the Stirling cycle, which was then developed, had
shown that compression ratios must not be too small
if good efficiency was to be obtained. The inference
was that not only the swept volume but the whole of
the dead space, including heat-exchangers, would
have to be reduced. If now the heat-exchangers,
while occupying less space, were still to present a large
enough superficial area for the efficient transfer of heat,
then they would have to be honeycombed much more
. finely with ducts for the working agent. The essential
point in the development was that structures were
found which did not cause excessive :flow losses, in
spite of the proportionately higher operating speeds.
Machines were successfully constructed for speeds
of 1500 r.p.m. and higher. All the Stirling machines
made by Philips since about 1950 used this speed.

For industrial gas refrigerating machines, that law
of the Medes and Persians requiring that size must be
reduced, no matter how, does not apply. "Smaller" has
no significanee for the industrial user unless it means

"cheaper" and "more. efficient" or, possibly, a more
adequate compromise between these two attributes. In
fact a cornpromise is relevant in the present case, asmay
be seen from the following simple argument. Let us
first consider a small high-speed gas refrigerating
machine. Now the same refrigerating capacity will be
obtainable from a bigger and slower machine which,
because of its larger swept volume, can safely have
larger dead spaces. This means that the heat-exchangers
can be simpler in design, i.e. have a coarser structure,
without prejudicing the efficiency of the heat transfer
process or the overall efficiency of the machine. Be-
cause of its simpler construction such a machine would
be no more expensive to make than the small one, even
though it would require more material. From here,
however, one could push the performance of a large

/
machine to the utmost by using more finely-divided
heat-exchangers as in the small machine. The cost price
would then be rather higher, but the efficiency would
be better than that of the small machine.
Where such a compromise has to be found for an

industrial machine, efficiency carries rather more
weight than a saving on purchase price. Furthermore,
the description "for industrial applications" is enough
in itself to suggest a fairly heavily constructed and per-
haps a fairly large machine running at a moderate
speed suitable for good mechanical efficiency and long
life.
The problem of operating speed was examined afresh

in the light of the above considerations. Optimization
calculations were carried out by computer, account
being taken of a whole series of factors, including the
thermal capacity of the regenerators - a critical point
in the thermodynamic behaviour of cold-producing
machines. The results indicated that larger gas refri-
gerating machines could with advantage be run at
lower speeds than small ones. It was decided on these
grounds that the new machine should run at about 600
r.p.m. This is the usual operating speed for compres-
sors of comparable shaft power, so we were able to
base our machine on a Vee drive of a commercially
available type.
The main features of the machine will now be dis-

cussed in some detail.

Constructional features

Hydraulic system

The oil column, enclosed between each working pis-
ton and the appropriate plunger, can be regarded as a
rod capable of being bent into any desired shape. This
":flexible piston rod" not only allows the designer a
great deal of freedom in the positioning of compo-
nents, but it has further excellent properties. It will
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transmit strong forces almost frictionlessly, . the
hydraulic losses (flow, leakage and fluid friction
losses) being reducible to about 5% of the shaft horse-
power. It does away with alignment problems. The t~tio
between the plunger and piston displacements . can
be varied within wide limits by appropriate choice of
diameters.
Needless to say, some extra provisions are necessary:

as in all hydraulic systems, the fluid must be filtered,
cooled and degassed. Apart from this the "flexible
piston rod" presents only one real problem, that ofthe
seal between the hydraulic fluid and the working agent.
It is ofthe highest importance that the gas space should
remain clean and free from oil; moreover, any leakage of
gas from the cylinder would greatly prejudice the effi-
ciency (and other features) of the machine.
During the early stages of work on the hydraulic

system, in which the sealing problem was particularly
intractable, it happened by a fortunate coincidence
that a new kind of positive seal was developed in the
Research Laboratories, and this proved to be the answer
to the difficulty. This seal consists of a rolling dia-
phragm supported on an oil cushion, and is fully
described elsewhere in this number of the Review [31.

Requirements for satisfactory operation of this seal
were found to fit in very well with those for the
hydraulic drive. The next section, dealing with the
oil/gas seal arrangements, will illustrate this. For more
details about the principle of the rolling diaphragm seal
and its various practical forms, see the previously
quoted article [31.

Rolling diaphragm seal

The seal is shown schematically infig. 9. The rolling
diaphragm is made of special polyurethane rubber with
no reinforcement. The outer perimeter of the dia-
phragm is attached to the cylinder-wall, and its inner
edge to the piston, so that it is rolled alternately off the
two surfaces. It thus seals offthe gas space hermetically.
The pressure of the gas above the piston forces the dia-
phragm against a ring-shaped oil cushion, in which the
pressure is a few atmospheres lower. The sliding fit
between piston and cylinder-wall lower down (S) acts
as seal for the oil forming the cushion.
For long life it is essential that the diaphragm keeps

a constant length throughout its "rolling" cycle:
this is equivalent to the maintenance of constant
extension, or therefore of constant pressure difference
across the diaphragm. This condition will be satisfied
if the volume of the oil cushion remains the same
throughout the cycle. This is achieved by using a
stepped oil space, as in fig. 9 (see the article quoted [31

p. 289). Over a longer time, the amount of oil in the

Fig. 9. In each cylinder, the gas G is sealed off hermetically from
the oil column K behind each piston Z by a roIling diaphragm M
supported on an oil cushion 0 (see the article quoted [31). The
pressure difference between 0 and G has to be kept constant.

cushion is liable to change slowly as a result of leak-
age (in or out) through the sliding fit, and this would
cause the diaphragm tension to change. All rolling
diaphragm seals must therefore also be equipped
with a control device that directly maintains a constant
difference of pressure between gas space and cushion
by regulating the quantity of oil in the cushion.
The oil cushion must further be kept as close to room

temperature as possible, because the polyurethane
rubber tends to lose its excellent properties when heated.
Nor must the oil contain any gas, since this would
make it too compressible; and as there is always some
diffusion of the working gas through the diaphragms,
the oil has to be circulated and degassed. Other im-
purities are removed by filtration.

The cushioning fluid thus calls for the self-same treat-
ment as that in the main hydraulic system - cooling,
degassing and filtration.

Obviously, the decision to base the new gas refriger-
ating machine on the application of rolling diaphragm
seals was not taken until it was firmly established that
these seals had a long enough life - a matter on which,
at the outset, many had their doubts. Life-tests in the
Research Laboratories showed that suitably dimen-
sioned seals could reach lives of more than 10000 hours
at 1500r.p.m., and since the speed of our machine is
only 600 r.p.m. we may reasonably expect even longer
lives. Again, the larger the diaphragm, the greater its
endurance, and we have been able to give the diaphragm

[3] J. A. Rietdijk, H. C. J. van Beukering, H. H. M. van der Aa
and R. J. Meijer, Philips tech. Rev. 26, 287-296, 1965.
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in our machine the relatively large. mean diameter of
175mm. It has also been possible, in our special case,
to make use of a particularly simple and efficient form
of the pressure control arrangement referred to above.
This will be dealt with shortly.

A prototype of the new machine has undergone
extensive proving trials, and the results fully justify our
confidence in the rolling diaphragm. No seal failure
occurred during a continuous test under full load last-
ing more than 4000 hours; and when the machine was
subsequently dismantled, the rolling diaphragms showed
hardly any signs of wear or of ageing in general, and
indeed, this was true of all the other parts of the
machine.

The rolling diaphragm does not of course have an un-
limited life. However, the construction of the machine
is such that replacement of a leaky membrane need
take little longer than changing a flat type. To mini-
mize the risk of even this short break in service it is
recommended that all rolling diaphragm seals be
renewed in the course of annual overhaul.

The combination of seal and hydraulic system examined
in more detail

Fig. la is a simplified diagram showing part of the
overall hydraulic system relevant to the operation of a
single working cylinder. The piston Z is actuated by the
double-acting plunger D and the oil column K. The
piston is hollow to take the column of oil. The rolling
diaphragm M, which seals off the gas space G hermeti-
cally, rests upon a ring-shaped cushion of oil 0 for
which the narrow gap S acts as seal. The sliding fits S
and T form the piston guides.
The volume swept by the plunger determines the

piston stroke. The length of the "flexible piston rod"
is however itself liable to vary: a certain amount of
leakage is inevitable at various points in the hydraulic
system; and moreover, as has already been pointed out,
freshly filtered oil must circulate through the system at
all times. Provision has therefore to be made for main-
taining the length of the oil column at the correct
value, and for this the openings i and u in the cylinder
wall are provided at the sliding fit T.If the oil column
is too short the opening i is clear when the piston is at
the start of its stroke; the pump P can then add oil to
the column from the reservoir Res. If the oil column is
too long the opening u is clear when the piston is at
the end of its stroke, and excess oil can then escape,
returning to the reservoir. This simple expedient for
regulating the length of the column works excellently
- except of course when the machine is at a standstill.
We shall come back to this shortly.
As already observed, the extension of the rolling

diaphragm, distended against the oil cushion by the
gas, must be constant, and for this a regulating system
is necessary to keep the difference of pressure between
gas space and oil cushion constant. A difference of
about 4 atm is desirable. The article quoted [3] describes
a simple control arrangement (see fig.5 in that article)
in which a miniature pump feeds oil to the cushion
and a valve regulates its rate of flow; the valve is con-
trolled by a spring-loaded flexible diaphragm sensing
the gas pressure on one side, and the oil cushion pres-
sure on the other. Our machine makes use of a similar
arrangement, but there was no need for any direct
connection between the valve and the gas space. In fact
the pressure of the oil inside the piston is almost the
same as that of the working agent (there is only a small
difference due to friction and the momentum of the
piston). The valve is therefore made to sense the oil
pressure in the column, and not the gas pressure. The
resulting cushion control device R and its connections
are shown in fig. 10. Instead of a flexible diaphragm it
contains a spring-loaded plunger H. The force exerted
by the compressed spring is such that the port p opens
as soon as the oil pressure in the cushion rises above the
desired value, here 4 atm less than the oil pressure in
the column. The excess oil then escapes, returning to
the reservoir Res, and the pressure in the cushion falls.
If this should become too low, the plunger blocks the
port p, and the pressure in the oil cushion increases
again because of the continuous leakage past the clear-
ance S of oil from the column, which is at a higher
pressure.
The slow loss of oil from the column is compensated

by the control system described above that corrects its
length. Both the fluid in the main hydraulic system and
that in the seal-supporting cushion are thus continu-
ally being changed; and cooling, filtering and degas-
sing of the oil can take place at the same time. Itmay
fairly be said that the combination of rolling diaphragm
seal and hydraulic piston rod make an excellently in-
tegrated device.
The electrically driven oil pump P runs continuously,

and is not switched off when the machine is stopped
temporarily. However, the column length correction
then ceases, and oil begins to drain away from each
column. All eight pistons gradually slip back to the start
of their stroke, i.e. the position at which the inlet i is
clear; since at that point the pump starts to feed in oil.
This means that during a stoppage all the column
lengths go out of adjustment. Surprising as it may seem,
this does not matter in the least; on restarting, the cor-
rection system restores each column to its proper
length within a few strokes. It is however obvious that
an abrupt start-up is not permissible as the pistons
would be driven hard against their stops. The proce-
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dure is therefore as follows. Mounted on the shaft of
the electric motor powering the installation is a starting
handle, and the machine is slowly turned over by this
means. During the first turn one can definitely feel the
pistons run against their stops; but during the next
they are already running smoothly. The design of the
electrical circuit is such as to prevent the motor being

ber of points. For instance, it was quite conceivable
that fluid friction in the rapidly reciprocating oil col-
umns might be many times greater than that associated
with steady flow of the oil at comparable displace-
ment rates. No useful experience on this was available
to us, and the literature as known to us was eq ually un-
helpful. Luckily, the losses in question proved to be

-----~--:----I
I
I
I

z

Fig. 10. Systems for controlling the "length" ofthe hydraulic piston rod that moves the piston
Z, and the oil pressure in the cushion support for the rolling diaphragm M. P oil pump, Res
oil reservoir. The length of the oil column K is adjusted by feeding oil through the inlet i and
removing it through the outlet u. Oil is continuously forced into the cushion space 0 through
the small gap S; the excess is removed through the port p in the control device, the rate ,of loss
being governed by the spring-loaded plunger H in such a way as to maintain a constant pres-
sure difference across the rolling diaphragm.

switched on until this is so. Another built-in safeguard
defers starting until the working agent in the cylinders
has built up to a pressure at which the seals are at the
correct tension. This ensures at the same time that the
oil columns are under compression throughout the
stroke; a tension exerted on the column would induce
cavitation in the oil, and the "flexible piston rods"
would "snap".

In the event of an unexpected stoppage of the ma-
chine and oil pump, due for example to an electricity
supply failure, an automatic safety device comes into
action and blows the gas from all four cylinders. If
this were not done the eight pistons would slip back
beyond the normal start position referred to above, and
the rolling diaphragms might be destroyed by the
gas pressure in the cylinders (30 atm on average).

At the outset, in view of the unusual design of the
machine throughout, there was uncertainty on a num-

quite acceptable; measurements made with the therrno-
dynamic section of the machine out of action revealed
that they did not account for more than about 2 kW
in all, at an overall shaft horsepower equivalent to 134
kW, and thus were only slightly more than would be
expected for steady flow. Other results ofmeasurements
on the machine will be given in the final section of this
article.

The heat-exchangers

Fig. 11a shows the layout of heat-exchangers in any
of the four cylinders; the arrangement is for each cyl-
inder essentially the same as that of fig. 4 (the two-
piston arrangement), which, it will be remembered,
served as starting point for the design of the new
machine.

The re-orientation of our design thinking referred to
in the introduetion entailed the adoption of this two-
piston arrangement and the abandonment - at least
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Fig. 11. The disposition of the heat-exchangers in the new
machine (a) compared with that in a machine working on the
displacer principle (b). In the latter, Z is the piston and H the
displacer. Vc denotes the compression and VE the expansion
space in both machines.

for the large industrial machine - of the displacer
principle which had hitherto been employed in all
Philips gas refrigerating machines. The reasons behind
this important decision call for some further explana-
nion.

The displacer arrangement used by Philips appears
it fig. lIb. The only purpose of the displacer H is to
move gas through the heat-exchangers from the com-
pression space Vc to the expansion space VE and back
again. This means that there is only a very small pres-
sure difference across the displacer, due exclusively to
the resistance encountered by the gas flow. Since any
leakage of cooled gas from the expansion space has very
adverse effectson cold production and the efficiency of
the machine, particular attention has to be given to the
sealing arrangements for this space. The types of seal
available earlier were not "positive" (they were called
"leakage limiters" in the article quoted [3]) but they gave
less difficulty in the arrangement of fig. llb, with its
small pressure difference, than they would have given
in the arrangement of fig. lla, in which there is an al-
ternating pressure difference of high amplitude across
the expansion piston E. This was the consideration
that tipped the scales in favour of the displacer.

With the advent of the rolling diaphragm, which
effectively disposed of the seal problem, the two-piston
arrangement as in fig. lla became the better proposi-
tion, for large machines at least. It is thermodynami-
cally more favourable, because the gas flow is perfectly
evenly distributed over the cross-section of the heat-
exchangers. Also, the stresses arising in the cylinder

Reg

wall are less complicated and more easily overcome.
One or two details of the heat-exchangers now follow.

The heat-exchangers can be clearly seen in fig. 12,
which is a simplified drawing of the complete machine.
The cooler consists essentially of an array of tubes

opening at either end into a circular plate, and sur-
rounded by a waterjacket. The gas flows through the
tubes and the cooling water circulates around them.
The tubes are arranged in a pattern chosen so that the
gas flowing out distributes itself as evenly through the
regenerator as possible. To improve the heat transfer
the cooling water flows through interleaved coaxial
cylindrical baffles arranged between the tubes. The
water passes first through one and then through the
other cooler of a cylinder pair.
The regenerator is a stack of sintered copper gauze

discs in a thin-walled collar made of 18/8 chrome-nickel
steel. The copper is very evenly distributed throughout
the enclosed space, the gap between the gauze and the
cylinder has been made as small as possible, and the
end-faces are so designed that the gas flows evenly
from the fine structure of the regenerator into the tubes
of the cooler and the cold-exchanger.
The cold-exchanger is also made up of copper tubes,

end-plates and an enclosing jacket; and it is fitted
with two perforated partitions. The gas flows through
the tubes and the useful cold is given up to their out-
side surfaces. Each side of the jacket is brazed to an
18/8 chrome-nickel steel cylinder; one is the cylinder
enclosing the regenerator and the other is the cylinder
in which moves the head of the expansion piston,
made of the same steel. These steel parts act as thermal
resistances to prevent conduction of valuable cold to
warmer regions of the machine.
The cold-exchangers are chiefly constructed for ap-

plications such as gas condensation (gases such as
methane, oxygen, air, nitrogen etc.). Condensation is
possible at pressures up to 30 atm. The cold-exchangers
of the two cylinders in a pair are connected in series.

Other constructional details

The way in which the working cylinders are mounted
on the machine can be seen in fig. 12. The main me-
chanical support for the heat-exchanger assemblies of
paired cylinders is provided by an insulating jacket en-
closing both cold-exchangers. The expansion and com-
pression cylinders and the interposed heat-exchangers
constitute a single cylinder whose. inside diameter is
practically the same throughout its length. This means
that the heat-exchangers cannot be subjected to any
strong forces due to gas pressure or thermal expansion
or faulty assembly. The long cylinder is closed at either
end by a cover plate which is, of course, acted upon by
axial forces. As the forcesonthetwo plates are roughly
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equal and opposite, they can be taken up by two tie-
rods between the plates. The cylinder itself is not af-
fected by these axial forces because the upper cover is
made so that it is a sliding fit in the shell. The oilleak-
ing through this sliding fit seal drains into the main
reservoir, Res in fig. 10,whence it is fed back to the col-

i

sliding in a short seal of a large-bore chamber, involves
lower losses than with a conventional hydraulic piston
and cylinder.
The machine has been designed for working agent

pressure up to a maximum of 60 atm and shaft power
up to 134 kW.

Fig. 12. Section of complete machine, showing constructional details ofthe working cylinders,
heat-exchangers, etc. Note the tie-rods linking the cover plates at either end of each cylinder.

umns by the oil pump, in the manner already de-
scribed.
The frame of the drive gear complete with crankshaft,

connecting rods and crossheads is a normal compres-
sor frame and is obtained by us from a firm specializ-
ing in compressors. The crankshaft, which has a single
crank, is supported in three roller bearings; it overhangs
beyond the third bearing where it carries the rotor of
the flange-mounted electric motor. The motor is also
of a normal commercially available type. This con-
struction gives very low mechanicallosses throughout
and the machine occupies very little floor space.
The two Vee-arms housing the chambers with

double-acting plungers are mounted on to the body of
the machine. We have already referred to the low fluid
friction losses. Measurements on a separate Vee-arm
have shown that the design chosen, with the plunger

Results of measurements
In the course of proving trials on the prototype, ex-

haustive measurements of refrigerating capacity were
carried out at different cold-side temperatures. Results
obtained, usinghydrogen and helium as working agents,
have been plotted in figs. 13 and 14 respectively; in
both cases the machine was run under full load and
cooled with water at 15°C, supplied at 20 m3/h. One
curve represents the power taken up by the shaft, Pm,
which does not reach its maximuin of 134kW until the
temperature on the cold side has fallen to 11.0"K; an-
other the useful refrigerating power output PE; and a
third the efficiency, as calculated from these two
quantities and expressed as a percentage of the Carnot
efficiency 'Yje, the theoretical maximum at the tempera-
ture in question. It can be seen that remarkabl~ high
efficiencies are attained. In Table I the efficiency of the
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Fig. 13. Performance of the new machine, using hydrogen as
working agent, and cooled with water at 15 "C at the rate of
20 m3/h. Measured values of refrigerating capacity PE and shaft
power Pm, and also the relative efficiency 1//1]0 calculated from
these two quantities, are shown here as functions of the cold side
temperature TE. The machine was operating under maximum
load: at temperatures above 110 "K the maximum working agent
pressure had the highest permissible value of 60 atm, which lim-
ited the power transmitted by the shaft; at lower temperatures the
pressure of the working agent was reduced so that the highest
permissible shaft power of 134 kW should not be exceeded.
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new machine at 77 "K (liquid nitrogen) is compared
with that of the older four-cylinder model type B,
for using He or H2 as working agent. In both cases
there is some 30% improvement.
The measurements were at the end of the 4000-hour

continuous run already referred to, and the efficiency
and refrigerating capacity were found to be unaltered.

Table' I. The efficiency 1]/170 of the new machine (type C) com-
pared with that oftype B. All efficiency figures relate to operation
under maximum load at a cold-side temperature of 77 oK and
a cooling-water temperature of 15 "C,

Working agent I
He

Working agent
H2

27.6%
41.6%

29.4%
41.4%[*1

machine type B
machine type C

[*1 The higher efficiency of the new machine when working with
heliurn is attributable to the fact that at 77 "K helium deviates less
from ideal gas behaviour than does hydrogen. In the less fully
optimized design ofthe type B machine this advantage is cancelled
out by fluid flow losses, which are greater for helium than for
hydrogen. - At higher temperatures, at 90 "K for example (boil-
ing point of oxygen), the advantageous property of helium is not
yet perceptible in the new machine; as may be seen from figs 13
and 14, the efficiency of type C at this temperature is 42.0 % with
helium as against 44.2% with hydrogen as working agent.
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Fig. 14. Performance of the new machine using helium as work-
ing agent; details as in fig. 13.

The machine described above was ready for produc-
tion within three years from the start of the develop-
ment. This was made possible by the concerted effort
of an enthusiastic team of workers who cannot all be
named here. However, special mention should be made
of the important contribution by Ir. H. J. Verbeek.

Summary. An industrial gas refrigerating machine has to be more
efficient and reliable and cheaper to maintain than similar equip-
ment for laboratory use. In addition, higher refrigerating capaci-
ties per unit are required. A bigger machine, type C, embodying
entirely new constructional ideas, has therefore come to supple-
ment the Philips A and B type machines employed in many labor-
atories. In order to employ the most favourable thermodynamic
arrangement of the working spaces while doing away with the
need for a complicated system of connecting and driving members
which this would otherwise involve, the new machine has been
equipped with hydraulic piston-drive, the pistons being driven by
oil columns which are actuated in their turn by plungers linked to
a conventional crosshead Vee drive. The operating speed is
about 600 r.p.m.; this is appreciably less than that of the smaller
types, which are based on a speed of 1500 r.p.m. The gas spaces
are sealed off from the oil columns by means of rolling diaphragms
which have proved to be admirably suited to use in conjunction
with the hydraulic drive. The length of the oil columns and the
pressure across these sealing diaphragms are kept constant by
simple control systems. The machine has four working cylinders,
whose eight pistons are served by four double-acting plungers;
by this arrangement the need for buffer spaces to balance the
mean pressure in the gas spaces has been avoided. The refrigerat-
ing capacity at 77 oK (with cooling water at 15 0C) is 20 kW for
a shaft power of 134 kW. This corresponds to an efficiency rela-
tive to the Carnot cycle of more than 41%, as compared with
about 30% for the type B machine. Hardly any sign of wear was
visible in rolling diaphragms or other parts of the new machine
after a trial in which it was run continuously for 4000 hours.


