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SELF-CLEANING LOW TEMPERATURE REFRIGERATION SYSTEM 

·This invention was reduced to practice with Government support under 

the D~partment of Navy Contract N00014-94-C-2164, awarded by 

1s ARP A. The Government has certain rights in the invention. 

Field of the Invention 

This invention relates to dosed-cycle, cryogenic refrigeration systems 

using multi-component mixed-gas refrigerants and oil-lubricated 

20 compressors. In particular, it relates to devices and methods for 

separating oil and other contaminants from the working fluids in such 

systems. 

Background of the Invention 

2s Refrigeration systems for attaining temperatures down to about -40° C, 

such as those used in domestic refrigerators and freezers, operate on 

the vapor-compression cycle. In the first step of this cycle, a low­

pressure refrigerant \'apor is compressed by a simple oil-lubricated 
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compressor, such as a rotary vane or piston compressor. The warm 

compressed vapor then enters an air-cooled condenser where it loses 

heat and condenses. The condensed liquid refrigerant, with some 

entrained oil dissolved in it, passes through a fine capillary tube, 

s throttle, or restriction into a larger chamber at a lower pressure, where 

it evaporates and absorbs heat-. The low-pressure refrigerant vapor 

and the oil are then returned to the intake of the compressor, closing the 

cycle. 

to Lower temperatures, down to the -50° C to -100° C range, can be 

achieved by cascading two vapor-compression cycle refrigeration 

systems. The first system refrigerates down to the -20° C to -40° C 

range as described above, while the second system refrigerates further 

down to the -50° C to -100° C range using a low-boiling-point 

1s refrigerant. In order to operate such cascade refrigerators 

continuously, the concentration of oil in the low-boiling .. poiilt 

refrigerant must be kept low enough so that it remains dissolved in 

solution and does not clog the low-temperature capillary, blocking the 

refrigerant flow. Although it is possible to attain temperatures below 

20 -100° C using these techniques, such cascaded refrigeration systems 

have clogging problems at these lower temperatures. Moreover, one 

must either use additional refrigeration circuits or higher pressure 

compressors, both of which add cost and complexity to the refrigerator. 

2s Temperatures down into the -100° C to -200° C range also have been 

achieved using a single refrigerant stream with a mixture of se\·eral 

refrigerants having different boiling points. In this method of 

refrigeration, a simple compressor pressurizes the refrigerant mixture. 
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some portion of which condenses when cooled to ambient temperature 

by an air-cooled condenser. The liquid portion is then separated from 

the vapor portion in a liquid-vapor separator and allowed to expand 

through a capillary, causing it to evaporate and cool. The evaporated 

s liquid passes through a heat-exchanger where it cools the vapor coming 

from the separator, and then flows back to the compressor. 

Meanwhile, as the vapor coming from the separator is cooled in the 

heat-exchanger, a portion of it condenses. This condensed portion is 

then separated from the remaining vapor portion, evaporated, and 

10 used to cool the remaining vapor portion further, just as before. 

Several such stages of liquid-vapor separation and counter-current 

heat exchange are used to reach the lowest refrigeration temperature. 

Jn this type of refrigeration system, oil from the compressor is largely 

1s concentrated in the liquid fraction of the first liquid-vapor separator 

and returned to the compressor via the first counter-current heat 

exchanger. Likewise, the higher-boiling-point components of the 

mixture are successively removed from the refrigerant stream as it 

proceeds through the stages to the lowest temperature stage, thus 

20 removing these components from the stream before they can freeze in 

the lower temperature capillaries and clog the system. This 

refrigeration method, however, does not provide an effective means for 

purging the refrigerant stream of all high-molecular-weight 

contaminants that can clog the flow at low temperatures. Moreover, 

2s the phase separators add cost and complexity to the refrigeration 

system. 
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The principles of these single-stream mixed-refrigerant systems were 

first described by A. P. Kleemenko, "One Flow Cascade Cycle", 

Proceedings of the Xth International Congress on Refrigeration, 

Copenhagen, 1, 34-39, (1959), Pergamon Press, London. They have 

s subsequently been desCribed in texts of cryogenic refrigeration systems, 

such as "Theory and Design of Cryogenic Systems" by A. Arkjarov, I. 

Marfenina and Ye. Mikulin, Mir Publishers, Moscow (1981). An 

important improvement in the cycle was described by D.J. Missimer in 

U.S. Patent 3,768,273 issued in 1973. Missimer obtained more stable 

10 and lower pressure operation by making only a partial liquid-vapor 

separation at each stage rather than a complete separation. 

Nevertheless, Missimer's improvement on this type of refrigeration 

system still has low temperature clogging problems due' to high­

molecular-weight contaminants in the refrigerant stream,·. and still 

1s requires the use of several phase separators. 

Other authors have described the use of mixed-gas refrigerants to 

attain low temperatures without the use of expensive phase separators. 

Most notable are those refrigerant mixtures containing a mixture of 

20 nitrogen with some of the lighter hydrocarbon gases, such as methane, 

ethane, propane, and iso-butane. Similar mixtures containing, in 

addition, some of the Freons have been described by Alfeev, 

Brodyansky, Yagodin, Nikolsky & Ivantsov, British Patent 1,336,892 

(1973); W. A. Little, Proceedings of the 5th Cryocooler Conference, 

25 Monterey, (1988); W. A. Little, Advances in Cryogenic Engineering, 

1305-1314 (1990); C. K. Chan, Proceedings of lnteragency Cryocooler 

Meeting on Cryocoolers, p.121 (1988), and R. Longsworth, U.S. Patent 

5,337,572 (1994). 
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As Chan and Little have noted, although refrigeration system using 

these refrigerant mixtures can attain low temperatures without using 

phase separators, experience has shown that prolonged refrigeration at 

s these temperatures can only be achieved if the gas stream is cleansed of 

condensable contaminants. Present methods for cleaning the working 

fluid of oil residues, contaminants, and water vapor involve introducing 

filters (e.g., a molecular sieve or a series of activated charcoal 

adsorption filters) into the high-pressure line or pressure-swing dual-

10 adsorption columns. These filters, however, are expensive and add 

complexity to the system. Moreover, they add substantially to the 

volume of the refrigeration system, resulting in refrigeration systems 

that are large, bulky, and have start-up problems. 

1s Contaminants that can cause clogging of the capillaries or expansion 

valves are of two general classes. The first class of contaminants 

includes the residual oil that remains in the stream after it passes 

through the oil separator. This residual oil can precipitate out of the 

refrigerant solution at the lowest temperatures and cause clogging. 

20 The second class of contaminants includes the products from reactions 

between the oil and the refrigerants, as well as high-molecular-weight 

residues extracted over time from various sources in the compressor 

such as the wire insulation, the lubricant used for winding the wire, 

plastic insulation, castings, the oil, and the case of the compressor. 

2s Although a simple cyclone oil separator can remove much of the 

entrained oil from the hot vapor coming from the compressor, it is 

ineffective in remo\•ing the more complex residues in the second class of 

contaminants. 
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Objects and Advantages of the Invention 

In view of the above, it is a primary object of the. present invention to 

provide a simple and inexpensive refrigeration system that can be 

s continuously operated at low temperatures without clogging. It is also 

an object of the invention to provide a means by which the working fluid 

of a mixed-refrigerant cryocooler can be continuously purged of both 

high and low molecular weight contaminants. It is a further object of 

the invention to provide such means which is simple, inexpensive, 

10 contains no moving parts and does not add significant volume to the 

refrigerating system. Further objects and advantages will become 

apparent from the following description and drawings. 

Summary of the Invention 

1s The present invention includes a novel method of separating residual 

contaminants from a refrigerant stream. It is based upon the fact that 

the contaminants are generally more soluble in the liquid fraction than 

in the vapor fraction. In order for this fact to be effectively applied to 

separation, however, the liquid and vapor fractions must be kept in 

20 equilibrium with one another so that an effective partition between the 

two phases can occur. The present invention achieves this equilibrium 

by using a miniature fractionating column containing a packing which 

presents a large surface area to the vapor. This column is inserted in 

the high-pressure line from the compressor after the air-cooled 

:s condenser and is cooled by a returning flow of low-pressure vapor from 

the counter-current heat exchanger. As the vapor flows upward 

through the column, a condensate forms on these cooled platelets and 

washes down through the column. Consequently, the residual 
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contaminants, which are more soluble in the liquid condensate than in 

the vapor, are separated from the vapor fraction, collected in the 

bottom of the column, and washed away. The details of this process 

will become clear from the cooling system described below. 

Description of the Drawings 

Figure 1 is a schematic representation of a self-cleaning refrigeration 

system according to the invention. 

Figure 2 is a cross-sectional view of a fractionating column and liquid-

10 vapor separator according to the invention. 

Detailed Description 

A preferred embodiment of the invention is shown in Figure 1. 

Circulating through the system is a refrigerant mixture composed of 8o/o 

1s propane, 8°/o n-butane, 12o/o argon, 7o/o nitrogen, 18.5% R14, 14.S°lo 

R134a, 17.So/o R23, and 14.So/o R123. Other refrigerant mixtures of 

different composition can also be used, such as the mixtures· described by 

Missimer, Alfeev et al, Longsworth, Little and others. A simple oil­

lubricated compressor 12 compresses a low-pressure returning stream 

20 of the mixture to a pressure of about 17 bar. This compressor can be, for 

example, a conventional piston or rotary vane compressor. The 

preferred embodiment uses a Danfoss FF8.5GX compressor with. a 

displacement of 8 cc's, operating at 60 Hz (3600 rpm), drawing 

approximately 300 W input power, fully oil-lubricated with a 400 cc·s 

2!' charge of Polyolester oil. 

The refrigerant mixture emerges from the compressor 12 as a hot \"apor 

with about 2~o entrained oil from the compressor contained in it as fine 
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droplets. The mixture then enters a cyclone oil separator 14, where the 

droplets are thrown against the wall of the separator, coalesce, and 

flow back to the compressor via a fine capillary 16. Meanwhile, the hot 

vapor, cleansed of most of the oil, leaves through the top of the 

s separator 14. It then enters an air-cooled condenser 18 where a portion 

of the vapor liquefies. The liquid and vapor fractions of the resulting 

refrigerant stream are then separated in a cyclone liquid-vapor· 

separator 20. 

10 The liquid fraction of the refrigerant flows through the bottom of the 

separator and into the top of a counter-current heat exchanger 22 

where it is pre-cooled by a stream of cold vapor returning from the low­

temperature portion of the system. This pre-cooled liquid, which is at 

high pressure, then passes through an expansion capillary 24, causing it 

1s to evaporate and cool further. The evaporated liquid then joins the 

returning cold vapor stream part-way through the heat-exchanger 22. 

After this stream of cold vapor exits the top of the heat-exchanger 22, it 

flows through a tube coiled around and bonded to the outside of a 

fractionating column 26 where it cools the top half of the column. 

20 Finally, this cool vapor stream returns to the low-pressure side of the 

compressor where it repeats the cycle. 

Meanwhile, the high-pressure vapor fraction of the refrigerant in the 

liquid-vapor separator 20 rises up through the cooled fractionating 

column 26 and flows into the heat-exchanger 22 where it progressively 

cools and condenses as it flows down the heat-exchanger. The high-

. pressure liquid then expands through a capillary 28, cooling further as it 

e\·aporates. Now at the lowest temperature stage, the resulting cold 
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vapor stream absorbs heat from a cold plate 30 which is used, for 

example, to cool a load inside a thermally insulated container or dewar 

(not shown). 

s Figure 2 shows a cross-sectional view of the fractionator 26 and liquid­

vapor separator 20 shown ~ figure 1. A stream of vapor and liquid 

refrigerant is injected at high velocity into a cyclone chamber 32 through 

the inlet tube 34. A vortex forms in the center of the chamber, forcing 

the heavier liquid fraction to the outside and the lighter vapor phase 

10 closer to the core. The liquid contacts the wall and drains down a 

conical section 36 and out through a liquid line 38. 

Meanwhile, the vapor phase moves upwards through a supporting 

wire screen 40 and into a packing of many small metal platelets 42. In a 

1s preferred embodiment, the packing used is "Pro-Pak protruded metal 

packing, 0.16" PMP, Type 316 Stainless Steel", available from Scientific 

Development Company,; P. O. Box 795, Pennsylvania 16804. This 

packing is cooled by a stream of cold vapor passing through a tube 48 

which is wrapped around and brazed to the outside of the column. As 

20 the vapor passes up through the cool packing, a portion of it condenses 

on the platelets and washes down and out the liquid line 38 at the 

bottom of the separator, taking with it any residual contaminants that 

may have been present in the vapor. 

2~ The composition of the refrigerant mixture is designed so that, at a 

fixed pressure, the vapor condenses to liquid over an extended 

temperature range (preferably ranging from the ambient temperature 

do\\rrt to the operating temperature of the refrigerator). Consequently .. 
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as the vapor moves up through the progressively cooler packing, it 

continuously condenses on the metal platelets. This condensate wets 

the platelets and slowly drains down the column. Since the wetted 

platelets present a very large surface area to the ascending vapor 

s stream, the exchange of molecules between the liquid and vapor can 

occur with great ease, thereby allowing equilibrium to be attained. 

Since high-molecular-weight contaminants are more soluble in the 

liquid phase of the refrigerant than in the vapor phase, they are carried 

down the column, drip out of the bottom of the packing with the 

io condensate, collect in the liquid-vapor separator, and are ·swept out 

with the liquid fraction through the liquid line 38. Consequently, the 

vapor emerging from the top of the packing is cleansed of all oil 

residues and contaminants. This purified refrigerant vapor then rises 

up through an upper screen 44 and out a vapor line 46 to the lower 

1 s temperature portions of the refrigeration system. 

The dimensions of the column are chosen so that the vapor velocity 

through the packing is low enough to allow the condensed liquid to flow 

down the column against the flow of the vapor rather than up. The 

20 ratio of the height to the width of the column should lie between 3: 1 and 

10:1 to obtain the greatest separation efficiency with the least 

impedance to the flow of refrigerant. The preferred embodiment uses a 

column 4" in height and 1" in diameter. 

.,. 
-~ A prototype of this system cooled down to 141 Kin 45 minutes and 

attained a refrigerant capacity of 30 W at 150 K. It ran continuously for 

· 1000 hours (42 days) with no signs of clogging. This method of Jow­

temperature refrigeration, therefore, pro\·ides a simple refrigeration 
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systein that can be continuously operated at low temperatures without 

clogging. The fractionating columns purges the refrigerant mixture of 

both high and low molecular weight contaminants, contains no moving 

parts and does not add significant volume to the system. 

Ramifications and Scope 

Although the above description contains many specifics, it is intended 

merely as one illustration of how the disclosed method may be 

implemented. Many variations are possible in the composition of the 

10 refrigerant and in the materials and components used in the system .. 

This method can also be used with refrigeration systems having 

different designs. For example, although the above system uses a single 

fractionating column at the warmer end of a single-stage cycle, it is 

obvious that additional fractionating columns can be included at lower 

1s temperature stages in a more complicated_ multi-stage cycle. These 

additional fractionating columns would be introduced where liquid­

vapor separators of the conventional type would normally be used~ as is 

described by Kleemenko and Missimer. These additional columns are 

needed for continuous operation at still lower temperatures, where one 

20 of the higher-boiling-point components of the mixture tends to 

precipitate out from solution and .clog the system. In addition, as 

Missimer has pointed out, complete vapor-liquid separation is neither 

necessary nor beneficial. By allowing all the liquid contained in the 

separator to pass through the capillary restrictor 24 along with some 

2s additional vapor, no build-up of liquid can occur in the cyclone 

separator 20 nor flooding of the fractionator 26. 
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In addition to metal platelets, a variety of different packing materials 

can be used in the fractionator column, such as glass beads, glass 

spirals, porcelain pieces, or ceramic chips. Such materials are available 

from scientific supply houses for the packing of distillation columns. 

5 Although the refrigerant mixture used m the preferred embodiment has 

specific percentages of various components, these percentages may be 

varied by as much as 3% without altering the significant attributes of 

the mixture. In addition, this method may be used with other multi­

component refrigerant mixtures having similar properties. In view of 

10 these and other possible variations, the scope of the invention should 

not be determined by the details of the above description, but by the 

following claims and their legal equivalents.· 
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Claims 

I claim: 

1. A device for ·removing high-molecular-weight contaminants from 

a vapor fraction of a multi-component refrigerant mixture in a 

closed-cycle cryogenic refrigeration system having a 

predetermined operating temperature, the device comprising: 

a packing material through which the vapor fraction flows 

upward; 

a cooling means for cooling the packing material sufficiently 

below the temperature of the vapor fraction so that a 

condensate of the vapor fraction is created on the surface of 

the packing material, the surface of the packing material 

presenting to the vapor fraction an area sufficiently large so 

that equilibrium between the condensate ·and the vapor is 

maintained; and 

a collecting means for collecting a portion of the condensate that· 

drips down through the packing material, 

whereby the high-molecular-weight contaminants are extracted 

from the vapor and washed out with the portion · of the 

condensate that drips down through the packing material. 

2. The device of claim 1 wherein the packing material 

comprises metal platelets supported by wire screens. 

---------------
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3. The device of claim 1 wherein the cooling means comprises a 

stream of cold refrigerant passing through a tube wrapped 

around the packing. 

4. The deviCe of claim 1 wherein the collecting means 

comprises a liquid-vapor separator and a liquid line for 

carrying a liquid fraction of the refrigerant. 

5. The device of claim 1 wherein the refrigerant mixture is 

chosen so that the vapor fraction condenses, at a fixed 

pressure, over a temperature range extending from the 

temperature of the vapor· fraction down to the 

predetermined operating temperature. 

6. The device of claim 1 wherein the refrigerant mixture 

is comprised of 8°/o propane, 8% n-butane, 12% argon, 

7% nitrogen, 18.5% Rl4, 14.5% R134a, 17.5% R23, and 

14.5o/o R123. 

A method for removing high-molecular-weight contaminants 

from a vapor fraction of a multi-component refrigerant mixture 

in a closed-cycle cryogenic .refrigeration system having a 

predetermined operating temperature, the method comprising: 

passing the vapor fraction upward through a packing material 

which presents a surface area to the vapor fraction; 

cooling the packing material sufficiently below the temperature of 

the vapor fraction to create a condensate of the \"apor 

fraction on the surface area of the packing material; 

iif 1i11ii1i111~1r 
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maintaining equilibrium between the condensate and the vapor; 

and 

collecting a portion of the condensate that drips down through the 

packing material, 

whereby. the high-molecular-weight contaminants are extracted 

from the vapor and washed out with the portion of the 

condensate that drips down through the packing material. 

8. The method of claim 7 wherein the packing material 

comprises metal platelets supported by wire screens. 

9. The method of claim 7 wherein the cooling step comprises 

passing a stream of cold refrigerant through a tube wrapped 

around the packing. 

10. The method of claim 7 wherein the refrigerant mixture 

condenses, at a fixed pressure, over a temperature range 

extending from the temperature of the vapor fraction down 

to the predetermined operating temperature. 

11. The method of claim 7 wherein the refrigerant mixture is 

comprised of So/o propane, 8°/o n-butane, 12o/o argon, 7o/o 

nitrogen, 18.5% Rl4, 14.5°/o R134a, 17.5% R23, and 14.5% 

Rl23. 

A method for extracting high-molecular-weight contaminants 

from a vapor portion of a refrigerant mixture of low-molecular 

weight gasses, the method comprising: 
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4 condensing a portion of the vapor ~xture to yield a condensate; 

s maintaining phase-equilibrium between the vapor mixture and 

6 the condensate; and 

1 removing the condensate; 

s whereby the high-molecular-weight contaminants are dissolved 

9 in and removed with the condensate. 


