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Arthur D. Little, Inc., Cambridge, Mass., a corporation 
of Massachusetts 

Filed Sept. 28, 1964, Ser. No. 399,530 
7 Claims. (CI. 62-514) 

This invention relates to a heat exchanger and more 
particularly to a heat exchanger which combines with its 
function of heat exchange the function of expansion, thus 
providing a simple device which is capable of furnishing 
refrigeration. 

In the usual refrigeration apparatus, work is normally 
eXtracted from a fluid and refrigeration is developed by 
compressing the fluid and then rapidly expanding it to 
cool it and furnish refrigeration. Pre-cooling or initial 
cooling of the high-pressure fluid is customarily performed 
by out-of-contact heat exchange with the low-pressure 
cold expanded fluid. In such devices expansion is nor 
mally carried out in an expansion engine or in an ex 
pansion valve, the Joule-Thomson valve being a well 
known example of the latter class of apparatus used for 
this purpose. 

Although the Joule-Thomson valve is efficient, and in 
many cases irreplaceable, there are many requirements 
for refrigeration apparatus wherein the incorporation of 
a Joule-Thomson valve has distinct drawbacks, including 
difficulty of construction, the necessity for purifying the 
fluids to prevent contaminant solidification and plugging, 
and the requirement of maintaining a device which may 
incorporate moving parts. Thus there is a real need for 
a simple expansion device which is easy to construct, 
reliable, generally not subject to contaminant plugging, 
and free of moving parts making it capable of operating 
over a long period of time without maintenance or Wear. 
The heat exchanger-expander of this invention, which 

is in effect a refrigerator, is particularly well-suited to the 
cooling of small localized areas, although it is not lim 
ited to such applications. There is a real need for a re 
frigeration device capable of furnishing refrigeration to 
small areas for such uses as the cooling of mechanical 
or optical devices, e.g., photoelectric cells and infrared 
detectors. There is also a need for such a device in the 
recently developed techniques of cryoSurgery where it 
is necessary to be able to anesthetize extremely small 
areas (for example within the brain or eye) by extreme 
ly rapid cooling. Finally I may also cite the use of such 
a device in the cooling of microscope stages for experi 
mental investigations. 
The prior art devices which attempt to furnish refrig 

eration to a small localized area are limited, the one 
known being a device which has finned tubing wound 
around a cylindrical core, the channel within the tub 
ing carrying the high-pressure fluid and the path around 
the fins the returning low-pressure fluid. These prior art 
devices have several inherent disadvantages, including 
being difficult to fabricate and difficult to adjust the flow 
through the two passages. Moreover, they require an out 
side sheath which in effect amounts to a greater refrig 
eration load, introduces losses in efficiency due to linear 
heat transfer along the length of the sheath and core, 
and adds up to a relatively large weight and volume for 
the quantity of refrigeration produced. 

It is therefore a primary object of this invention to 
provide a heat exchanger-expander which is capable of 
producing refrigeration at a localized point. It is an 
other object of this invention to provide an apparatus of 
the character described which is simple to construct, easy 
to control and efficient in operation. It is yet another 
object to provide such apparatus which is capable of 
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developing maximum refrigeration in a minimum volume 
using a minimum weight of equipment. It is yet another 
object of this invention to provide apparatus of the char 
acter described which is capable of extremely rapid cool 
down and is flexible in the refrigeration temperatures 
which it develops through the proper choice of fluid and 
operating conditions. Other objects of the invention will 
in part be obvious and in part be apparent hereinafter. 
The invention accordingly comprises the features of 

construction, combination of elements and arrangement 
of parts which will be exemplified in the constructions 
hereinafter set forth, and the scope of the invention will 
be indicated by the claims. 
For a fuller understanding of the nature and objects of 

the invention, reference should be had to the following 
detailed description taken in connection with the accom 
panying drawings in which: 
FIG. 1 is a side elevational view, partially in cross 

Section, of one embodiment of the heat exchanger-ex 
pander of this invention; 

FIG. 2 is a cross-section taken along line 2-2 of 
FIG. 1; 

FIG. 3 is a side view of one modification of the cold 
end of the apparatus; and 

FIG. 4 is a cross-sectional view of another modification 
of the cold end of the apparatus of this invention. 

In the heat eXchanger-expander of the present invention 
high-pressure fluid is introduced into a capillary which 
is wound externally and is in thermal contact with a 
cylindrical body which is hollow and through which the 
cold expanded fluid returns for out-of-contact heat ex 
change With the high-pressure fluid passing through the 
capillary. The parameters of the operating conditions 
as well as of the size, length and flow characteristics of 
the capillary are so chosen and adjusted that expansion 
of the high-pressure fluid is effected during its passage 
through the capillary so that it is both cooled and ex 
panded by the time it is discharged from the capillary 
and returned through the low-pressure side. It is pos 
sible to define these parameters and this will be done 
Subsequent to a detailed description of the apparatus. 
Turning now to FIG. 1, it will be seen that the ap 

paratus consists of a hollow cylinder 10 which defines 
Within it a low-pressure passage 11 and which has wound 
around it a capillary tubing 12 within which is a high 
pressure fluid passage 13. The capillary tubing 12 is 
in thermal contact with the outer wall of the cylinder 10 
through actual contact of its external wall and the ex 
ternal wall of the cylinder 10. Thermal contact is also 
extended and enhanced through the solder fillets 14. It 
Will be noted that there remains a spacing 15 between 
the Solder fillets 14 of each of the windings of the capil 
lary. Thus when the cylinder 10 is constructed of a 
high-strength, low thermal conductivity material such as 
stainless steel and the solder fillets are maintained apart, 
the axial heat transfer along the cylinder is minimized. 
The cooled end of the cylinder, in the modification of 

FIG. 1, is sealed with an end cap 18 which defines around 
this cold end a small annular chamber 19 into which 
the cold, expanded fluid enters from the end of the capil 
lary and is directed into the low-pressure column 11 with 
in the cylinder 10. However, if the heat exchanger-ex 
pander is designed to fit into apparatus which in effect 
Supplies this sealing means, then the separate end cap 18 
will not be required. 

Within low-pressure column 11 are positioned foram 
inous discs 21 which have holes 22. These discs are 
maintained in spaced relationship with each other and 
are Separated by spacings 23. These foraminous discs 21 
are permanently affixed and thermally bonded to the inte 
rior wall of the cylinder 10 by means of solder 24. The 
foraminous discs 21 extend throughout the length of the 
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column 10 to approximately that point at which the 
capillary 12 breaks contact with the external walls of 
cylinder 10. This is illustrated by the dotted lines in 
FG. I. 
For purposes of illustration, a refrigeration load 25 

is illustrated to be a small wafer attached or in thermal 
contact with the bottom of the Sealed end cap 18. It will 
of course be appreciated that this refrigeration load can 
take many forms and that this is only illustrative. 

Although the manner in which the apparatus of this 
invention may be mounted or made an integral part of 
other apparatus is not part of this invention, a typical 
way in which this may be done is illustrated in FIG. 1. 
In this embodiment the cylinder 50 and the capillary tub 
ing 12 are mounted in a block 30 and the high-pressure 
fluid is introduced through a high-pressure conduit 32 
which communicates within the block with the opening 
of capillary 12 which in turn is sealed in the block with 
solder 34. In like manner the cylinder 10 is connected to 
the low-pressure fluid outlet conduit 35 within the block 
30. Finally the block may be mounted in a plate 36. 

FIG. 3 illustrates a modification of the end of the ap 
paratus of this invention which eliminates the use of the 
Seal end cap 8 which is required in the apparatus of FIG, 
1 to provide the necessary passage for conducting the low 
pressure fluid from the open end of the capillary 12 into 
the low-pressure channel E. In the modification of FIG. 
3 the cold end 40 of the cylinder E0 is closed and the 
end of the capillary 12 is sealed in so that the cold ex 
panded fluid is transferred directly from the capillary to 
within the channel ii. This modification makes a par 
ticularly good probe-type refrigerator. 
The modification of FIG. 4 illustrates the incorpora 

tion of an outer sheath 42 around the cylinder 10. This 
sheath may extend the entire length of the cylinder if 
protection from mechanical shock and the like is required. 
Such a sheath has some inherent drawbacks, the most 
important of which is that it increases the refrigeration 
load on the apparatus by the introduction of an additional 
axial heat leak path. However, if such a sheath is required 
it may be used and if desired, as shown in FIG. 4, the 
hollow cylinder 10 may be inserted into the sheath to con 
tact the bottom thereof. In this case suitable apertures 
43 are provided in the cold end of the cylinder wall to 
permit the cold expanded fluid discharged from the capil 
lary 12 into annular chamber 19 to enter low-pressure 
channel E. F.G. 4 also illustrates the incorporation of 
a heat station 44 at the cold end of the apparatus. Such 
a heat station is typically a mass of copper employed as 
a heat sink and stabilizer. It may also be desirable to fill 
in all or part of the gaps between the bottom windings 
of the capillary 12 with an insulating-type material to pro 
vide some protection against shock. Thus in FIG. 4 
several of these gaps are filled with a suitable material 
20, e.g., silicon rubber. A nylon thread may also be used 
in which case the gap is not completely filled. This filler 
may also extend just beyond the capillary to prevent con 
tact between the capillary and the sheath. 
As noted above, in order to insure the efficient perform 

ance of this appaartus as a heat exchanger and as an ex 
pander, and in order to be able to deliver refrigeration 
efficiently, it is necessary that certain relationships be es 
tablished among the various parameters of the apparatus. 
The parameters to be considered are the hydraulic radius 
and length of the capillary; the pressure of the fluid intro 
duced into the capillary, and the pressure of the cold ex 
panded fluid discharged by the capillary; and the friction 
characteristics of the internal capillary walls, the mean 
temperature and the fluid viscosity. The refrigeration de 
livered is proportional to the mass flow of the fluid and 
this in turn is dependent upon these parameters. By con 
trolling the mass flow the amount of refrigeration can be 
controlled; and this control of mass flow is most readily 
effected through the control of the hydraulic radius which 
may be defined as 4 times the cross-sectional flow area 
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4. 
divided by the wetted perimeter. For this reason this 
parameter (hydraulic radius) is used in place of the 
actual radius or diameter of the capillary, a characteristic 
normally associated with a truly circular cross-section. 

In the design and construction of a refrigeration appa 
ratus in accordance with this invention it will be most con 
venient to fix mass flow (which is determined by the re 
frigeration desired) pressures, mean temperature and the 
hydraulic radius of the capillary tubing. The friction 
factor is of course an inherent property of the capillary 
tubing. Given these parameters, it is then possible to 
determine the length, L, of the capillary tubing which will 
give the desired performance of the device. This may 
be expressed as 

where 

L==the length of the capillary in inches 
P=pressure of the high-pressure fluid at the point of in 

troduction into the capillary in pounds force per Square 
inch 

T=temperature of the high-pressure fluid at the point of 
introduction into the capillary in Rankine 

Pa=pressure of fluid after expansion, i.e., the pressure of 
the cold expanded fluid entering the low-pressure re 
turn path in pounds force per square inch 

T=temperature of fluid after expansion, i.e., the temper 
ature of the cold expanded fuid entering the low-pres 
sure return path in Rankine 

T= a predetermined mean temperature between T1 and 
T2 in Rankine 

rh=hydraulic radius in inches 
F=friction factor (non dimensional) 
R=luniversal gas constant in inch pounds force per 

pounds mass per degree Rankine 
g=gravity constant in inch pounds mass per Second 

squared per pounds force 
w=mass flow in pounds mass per second 
The units given are typical of those used, being in this 

case in the English system. Other units can, of course, 
be substituted in other systems. 

It will be seen from the above relationship that for a 
given length of capillary the flow rate varies as the 5/2 
power of the hydraulic radius so that small changes in 
the hydraulic radius can be used to accurately adjust this 
flow rate. This is most conveniently accomplished by 
applying pressure evenly around the capillary tubing 
wound about the cylinder in order to flatten the capillary 
tubing, thus changing its hydraulic radius by very Small 
but accurately controlled amounts. It can be seen that 
minor changes in hydraulic radius can be used to bring 
about changes in the mass flow rate and hence once the 
apparatus is assembled it is easy to adjust. 

It is essential in the construction of the heat exchanger 
expander of this invention to choose construction ma 
terials which will maximize transverse heat conductivity 
and minimize axial or linear heat conductivity. The 
cylinder 10 is preferably constructed of a material which 
exhibits both good strength and low heat conductivity 
in order that it give to the apparatus sufficient strength 
and at the same time minimize heat transfer along its 
length. Stainless steel may be cited as an example. 
The capillary tubing should be formed of a material 

which exhibits good thermal conductivity. This may be 
a single metal such as nickel or a metal which in itself 
is not a good heat conductor but which is plated exter 
nally with a material which is a good heat conductor. 
Thus the capillary tubing can also be conveniently 
formed of stainless steel which is plated with gold, silver 
or copper. 
The foraminous discs are conveniently formed of 

Screening or thin perforated plates made of a material 
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which has a high heat conductivity over the temperature 
range which the apparatus operates. They may be die 
cut from screening or they may be photo etched to form 
discs which have a narrow solid annular ring defining 
the periphery. The solder is preferably one which ex 
hibits good thermal conductivity, e.g., a soft solder Such 
as a tin-lead solder. 

In constructing the heat exchanger-expander it is pref 
erable to coat the internal walls of the cylinder 10 with 
soft solder. The foraminous discs are then inserted into 
the cylinder and their position located by the extent to 
which they are pushed down into the cylinder. Their 
size is such that they make a tight fit with the walls and 
when the cylinder containing the discs is subsequently 
heated to cause the solder to flow, the discs will be perma 
nently adhered to the interior of the column in the man 
ner illustrated in FIG. 1. The capillary tubing is wound 
about the outside of the cylinder 10, the solder being ap 
plied in any suitable manner. If the solder fillets bridge 
the gap between them, the solder forming the bridge may 
be scraped away. 
An examination of FIG. 1 will illustrate that substan 

tially all of the heat transfer takes place along the path 
which includes the foraminous disc, the solder holding 
it to the internal wall, the thickness of the wall, the 
solder fillets associated with the capillary and finally the 
capillary wall itself. Thus this heat transfer is primarily 
transverse rather than axial. 
The heat exchanger-expander of this invention may of 

course be constructed in a variety of sizes and configura 
tions. It is, however, particularly suitable for very 
small apparatus to deliver refrigeration over a pinpoint 
area. As an example of the performance of such an ap 
paratus, the following may be cited. Capillary tubing 
formed of nickel, drawn to have an inside diameter of 
0.005 inch in a length of 14 inches, was Wound around 
and soldered to a cylinder of stainless steel having an 
outside diameter of 0.094 inch. Perforated 0.003 inch 
thick copper screen having 0.008 inch diameter holes on 
0.009 inch centers cut as discs were used to form the 
foraminous discs which were soldered into the cylinder, 
some fifty discs being used over a length of approxi 
mately one inch. The assembly was then inserted into a 
closed end tube which was part of another apparatus. 
This then was equivalent to sheath 42 of FIG. 4. 

Freon at room temperature and 1500 p.s.i. was then 
introduced into the capillary and in its passage through 
the capillary expanded to approximately 2 p.s. i. Refrig 
eration at -80° C. was delivered by this apparatus and 
it required only one second to achieve cool-down to this 
temperature. 
Any pressurized gas which exhibits a positive Joule 

Thomson effect may be employed. By staging two or 
more of these units and using each preceding unit to 
initially cool the pressurized fluid which is to be expanded 
in any one stage, it is possible to use fluids such as helium 
which, at room temperature, have a negative Joule 
Thomson effect. This initial cooling should be sufficient 
to reduce the temperature of the high-pressure fluid enter 
ing the capillary to somewhat below that temperature 
at which the fluid exhibits a positive Joule-Thomson ef 
fect. In this manner it is possible to deliver refrigeration 
to below 4° K. 

It will be seen from the above description that there 
is provided a unique heat exchanger-expander capable 
of delivering refrigeration in an efficient manner. The 
apparatus exhibits extremely fast cool-down, is subject 
to accurate, simple control and is flexible with respect to 
its performance. Because it does not require an outer 
protective sheath, and because the low-pressure path is 
within the apparatus, it does not require an outer cylin 
der to define a heat transfer path around the capillary. 
By eliminating this outer cylinder it is possible to speed 
up cool-down because it reduces the thermal mass which 
must be cooled. It also gives more net refrigeration be 
cause it reduces heat leak which would take place in 
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the outer casing. Finally it also reduces overall total 
weight and space requirement, making it possible to fit 
the apparatus of this invention into many different de 
vices where space is a premium. 

It will thus be seen that the objects set forth above 
among those made apparent from the preceding descrip 
tion are efficiently attained and since certain changes may 
be made in the above construction without departing 
from the scope of the invention, it is intended that all 
matter contained in the above description or shown in 
the accompanying drawings shall be interpreted as illus 
trative and not in a limiting sense. 

It is also to be understood that the following claims 
are intended to cover all the generic and specific features 
of the invention herein described and all statements of 
the scope of the invention which as a matter of language 
might be said to follow therebetween. 

I claim: 
1. An apparatus suitable for providing refrigeration 

to a localized area, comprising in combination 
(a) a hollow cylinder defining a fluid channel therein; 
(b) spaced foraminous discs within said channel af 

fixed to the internal wall thereof and positioned 
normal to the direction of fluid flow; 

(c) tubing helically wound around the external sur 
face of said cylinder along substantially its entire 
length and permanently affixed thereto, the external 
surface of said tubing being in direct heat transfer 
contact with said external surface of said cylinder; 

(d) means associated with one end of said tubing for 
introducing a fluid at pressure P1 and temperature 
T thereto; 

(e) means associated with the other end of said tub 
ing for conducting said fluid leaving said tubing 
into said channel to be returned in out-of-contact 
heat exchange with said fluid flowing through said 
tubing wherein the external path for said heat ex 
change comprises said foraminous discs, the wall 
of said hollow cylinder and the wall of said tubing; 
the hydraulic radius rh and length L of said tubing 
being of such dimensions that said high-pressure 
fluid in its passage therethrough is expanded and 
cooled to a predetermined pressure P and tempera 
ture T, whereby refrigeration is available; said hy 
draulic radius and said length being determinable 
from the relationship 

L-Rf "gif 

wherein f is the friction factor characteristic of said 
tubing, R is the universal gas content, T is a mean 
temperature between T and Tag is the gravity con 
stant, and w is the mass flow of said fluid. 

2. An apparatus in accordance with claim 1 wherein 
said tubing is affixed to said external surface of cylinder 
by solder fillets on each side of said tubing, the solder 
fillets on adjacent windings of said tubing being sepa 
rated to prevent thermal contact therebetween. 

3. An apparatus in accordance with claim 1 wherein 
said tubing at said other end is open and said means for 
conducting said fluid into said channel comprises a fluid 
tight sealing cap over said other end. 

4. An apparatus in accordance with claim 1 wherein 
said other end of said tubing communicates directly with 
said channel thereby providing said means for conduct 
ing said fluid into said channel. 

5. An apparatus in accordance with claim 1 wherein 
at least a portion of the spacing between the windings 
of said tubing is filled with a thermally insulating ma 
terial thereby to provide protection against shock. 

6. An apparatus in accordance with claim 1 further 
characterized by having a protective sheath surrounding 
at least a portion of said tubing. 
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7. An apparatus in accordance with claim 6 wherein 3,018,643 1/1962. Evers ------------- 62-514 X 
said sheath serves as said means for conducting said fluid 3,055,191 9/1962 Dennis ------------ 62-514 X 
into said channel. 3,205,679 9/1965 Geist et al. --------- 62-511 X 
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