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INERTANCE TUBE AND SURGE VOLUME 
FOR PULSE TUBE REFRGERATOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention is in the general field of cryocoolers and 

refrigeration systems, and in particular relates to cryocoolers 
and refrigeration systems that include pulse tubes. 

2. Description of the Related Art 
Good performance of pulse tube coolers has been achieved 

by use of Small diameter flow lines, known as inertance tubes, 
as phase shifters to maximize cooling efficiency. Such phase 
shifting inertance tubes have had considerable length, for 
example 1-4 meters, that makes packing them in a compact 
system difficult. Also, the considerable length of phase shift 
ing inertance tubes can lead to difficulties due to vibration and 
possible mechanical failure of the tubes. Accordingly, it will 
be appreciated that improvements in pulse tube systems with 
phase shifting inertance tubes are possible. 

SUMMARY OF THE INVENTION 

According to an aspect of an embodiment of the invention, 
an inertance tube for a pulse tube system has a non-circular 
cross-section. 

According to another aspect of an embodiment of the 
invention, an inertance tube is integrated with a Surge Volume, 
with the wall of the surge volume forming at least part of the 
boundaries of the inertance tube. 

According to yet another aspect of an embodiment of the 
invention, a surge Volume has a channel in a cylindrical wall 
that forms part of the boundary of an inertance tube. 

According to another aspect of an embodiment of the 
invention, a refrigeration system includes: a pulse tube; a 
Surge Volume; and an inertance tube in fluid communication 
with the surge volume and an outlet of the pulse tube. The 
inertance tube has a non-circular cross section. 

According to still another aspect of an embodiment of the 
invention, a refrigeration system includes: a pulse tube; a 
Surge Volume; and an inertance tube in fluid communication 
with the surge volume and an outlet of the pulse tube. At least 
part of the inertance tube is a channel between a wall of the 
Surge Volume and a cover Surrounding the Surge Volume. 
To the accomplishment of the foregoing and related ends, 

the invention comprises the features hereinafter fully 
described and particularly pointed out in the claims. The 
following description and the annexed drawings set forth in 
detail certain illustrative embodiments of the invention. 
These embodiments are indicative, however, of but a few of 
the various ways in which the principles of the invention may 
be employed. Other objects, advantages and novel features of 
the invention will become apparent from the following 
detailed description of the invention when considered in con 
junction with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the annexed drawings, which are not necessarily to 
scale: 

FIG. 1 is a schematic diagram of a cryocooler or refrigera 
tion system in accordance with an embodiment of the present 
invention; 

FIG. 2 is an exploded view of one embodiment of a com 
bined inertance and Surge Volume unit for use with the cryo 
cooler of FIG. 1; 

FIG. 3 is a cross-sectional view of the unit of FIG. 2; 
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2 
FIG. 4 is an oblique view of another embodiment of a 

combined inertance and Surge Volume unit usable with the 
cryocooler of FIG. 1; 

FIG. 5 illustrates a square cross-sectional shape of iner 
tance tube usable in an embodiment of the present invention; 

FIG. 6 illustrates a non-square rectangular cross-sectional 
shape usable in another embodiment of the present invention; 

FIG. 7 illustrates a non-rectangular polygonal shape usable 
in yet another embodiment inertance tube of the present 
invention; 

FIG. 8 illustrates yet another cross-sectional shape for an 
inertance tube, utilizing both flat and curved surfaces: 

FIG. 9 illustrates still another inertance tube cross-sec 
tional shape, a non-circular curved cross-sectional shape; 

FIG. 10 is an oblique view of a surge volume usable with 
the cryocooler of FIG. 1, the Surge Volume having a non 
uniform channel; 

FIG. 11 illustrates a cross-sectional channel in inertance 
tube shape at a first location along the channel shown in FIG. 
10: 

FIG. 12 illustrates a cross-sectional channel in inertance 
tube shape at a second location along the channel shown in 
FIG. 10; and 

FIG. 13 illustrates a cross-sectional channel in inertance 
tube shape at a third location along the channel shown in FIG. 
10. 

DETAILED DESCRIPTION 

An inertance tube and a Surge Volume for a pulse tube 
refrigerator system may be integrally coupled together, Such 
as by the inertance tube being at least in part a channel in a 
wall of the Surge Volume. The Surge Volume may have a 
helical channel in an outer wall that forms part of the iner 
tance tube. The Surge Volume tank may be surrounded by a 
cover that closes off the channel to form the inertance tube as 
an integral part of the Surge Volume. The inertance tube may 
have a non-circular cross section shape, such as a square 
shape or non-square rectangular shape. The channel may be 
tapered, perhaps changing aspect ratio. Alternatively, the 
inertance tube may be stepped, having one or more abrupt 
changes of cross-sectional area and/or shape along its length. 
Alternatively, the inertance tube may be a separate tube hav 
ing a non-circular cross section shape, which may be wrapped 
around at least part of the Surge Volume. The integration of the 
inertance tube and the Surge Volume may reduce size and/or 
weight of the combined system. In addition, the use of a 
noncircularinertance tube may reduce the length requirement 
of the inertance tube needed to achieve the desired phase shift, 
and/or may improve efficiencies in the pulse tube refrigera 
tion system. 

FIG. 1 schematically illustrates a pulse tube refrigeration 
or cryocooler system 10. The system 10 includes a compres 
sor 12, a regenerator 14, and a pulse tube 16. Downstream of 
the pulse tube 16, a combined inertance and Surge Volume unit 
20 includes a surge volume 22 and an inertance tube 24. The 
inertance tube 24 may perform a phase shifting function 
within the system 10. The surge volume 22 and the inertance 
tube 24 may be integrated together in a single device, for 
example by having the inertance tube 24 as part of or Sur 
rounding the Surge Volume 22. Alternatively or in addition, 
the inertance tube 24 may have a non-circular cross section, as 
described in greater detail below. 

FIGS. 2 and 3 show one embodiment of the combined 
inertance and Surge Volume unit 20, in which the Surge Vol 
ume 22 and the inertance tube 24 are integral parts of a single 
device. The Surge Volume 22 is a cylindrical tank having a pair 
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of circular end walls 30 and 32, and a substantially cylindrical 
side wall 34. The end walls 30 and 32 and the side wall 34 
together enclose a working gas enclosed Volume 36. The 
enclosed Volume 36 contains a working gas of the cryocooler 
system 10. The enclosed volume 36 is in fluid communication 
with other parts of the cryocooler system 10. 
An outer surface 38 of the side wall 34 has a helical groove 

40 formed therein. The helical groove 40 defines a channel 42 
that serves as part of the inertance tube 24. The helical groove 
40 in essence forms an open channel 42 that defines much of 
the inertance tube 24. The channel 42 in the illustrated device 
has a rectangular cross section shape, having a pair of Sub 
stantially right angles. It will be appreciated that this is only 
one of many shapes possible for the channel 42; other alter 
native shapes are described below. 
The channel 42 is in fluid communication with the inner 

enclosed volume 36 via a hole 46. The hole 46 serves as the 
inertance tube outlet and is located at one end of the helical 
groove 40, close to the end wall 32. The hole 46 is a hole all 
the way through the material of the cylindrical side wall 34. 
A hollow cylindrical cover 50 fits over the end wall 32 and 

the cylindrical side walls 34 of the surge volume 22. The 
cover 50 slides over the surge volume 22 from the bottom end, 
the end of the surge volume 22 having the end wall 32. The 
cover 50 provides a close fit with the cylindrical side wall 34 
and seals outer ends of the channel 42. The channel 42 is thus 
transformed into a closed channel that functions as a single 
spiral or helical channel about the outside of the surge volume 
22. The cover 50 includes a cylindrical portion 54 and an end 
cap 56. The cylindrical portion 54 provides a close fit to the 
outer surface 38 of the cylindrical side wall 34 of the surge 
volume 22. The cylindrical portion 54 radially surrounds the 
Surge Volume 22. 
The helical groove 40 may have an extension 60 that func 

tions as an inertance tube inlet. The inertance tube inlet 60 is 
at a top end of the Surge Volume 22, located close to the end 
wall 30. The extension for the inertance tube inlet 60 is in 
communication with the remainder of the helical groove 40. 
The surge volume 22 and the cover 50 together define the 

inertance tube 24, located within the side wall 34 of the surge 
volume 22. Flow from an outlet of the pulse tube 16 is directed 
toward the inertance tube inlet 60. The channel 42 which 
defines the shape of the inertance tube 24 wraps around the 
outside of the cylindrical side wall 34, enclosing the volume 
36. Flow is in communication with the inner volume 36 via 
the inertance tube outlet hole 46. 

The arrangement shown in FIGS. 2 and 3 provides many 
advantages over prior inertance tube designs. By making the 
inertance tube 24 the integrally-formed channel 42 in the 
cylindrical side wall 34, good thermal communication is pro 
vided between the inertance tube 24 and the surge volume 22. 
It will be appreciated that a flat bottom surface 62 of the 
channel 42 provides better heat transfer between the working 
fluid and the cylindrical side wall 34 then does a circular 
surface. References herein to a “flat surface' are meant to 
refer to surfaces that are not curved within the plane of a 
cross-section of a tube. Surfaces may still satisfy the defini 
tion of “flat even though they are curved along the length of 
the tube, Such as along the length of the helical inertance tube 
24. 

Integrating the inertance tube 24 with the Surge Volume 22 
also allows for more efficient use of volume. Further, the 
square cross-section of the channel 42 of the inertance tube 24 
has less flow resistance than would a corresponding circular 
tubehaving a diameter that is the same as the length of the side 
of the square channel. Thus flow resistance is reduced without 
increasing the overall footprint of the inertance tube 24. 
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4 
Another advantage is that the integrated inertance tube 24 

is more structurally robust than unsupported inertance tubes. 
The inertance tube 24 may be betterable than prior art devices 
to resist shock and vibration. As with all inertance tubes, the 
inertance tube 24 has the advantage of accomplishing phase 
shifting while avoiding the need for moving parts. It will be 
appreciated that moving parts undesirably introduce heat into 
a system, and raise the possibility of seizing. Both of these are 
especially unwelcome in cryocooler systems. 
The surge volume 22 and the cover 50 may be made of any 

of a variety of suitable materials. An example of a suitable 
material is aluminum, such as aluminum alloy 6061-T651. 

In an example embodiment the free volume 36 is 238 cc, 
and the inertance tube 24 is 3.0 meters long with a square 
cross-section of 2.54 mmx2.54 mm. It will be appreciated 
that these values are only examples, and that there may be a 
wide variety of other values for these dimensions. 
The surge volume 22 and the cylindrical cover 50 may be 

assembled by thermally fitting the two parts together, Such 
that the radial interface provides an adequate sealing of the 
channel 42. Electron beam welding may be used to perma 
nently attach the two parts 22 and 50 together. This electron 
beam welding may be applied to close an interface gap 
between the cover 50 and the surge volume 22. 
The helical groove 40 may be performed any of a variety of 

Suitable processes. Examples of Suitable processes include 
etching, such as photo etching and laseretching, and machin 
1ng. 
Many variations are possible with regard to the embodi 

ment shown in FIGS. 2 and 3. For example, the inertance tube 
24 may have a different cross-sectional shape. The shape may 
be circular or another non-circular shape. Some alternative 
non-circular shapes are described below. Suitable channels 
may be formed in both the cylindrical wall 34 and the cover 
50, in order to produce these alternative channel shapes or 
inertance tube cross sectional shapes. 
As another alternative, the inertance may be integrated into 

the Surge Volume 22 at other locations, for example being 
formed as a channel along an inner Surface of the cylindrical 
wall 34 of the surge volume 22. 
As another alternative, it will be appreciated that an inner 

surface of the cylindrical portion 54 of the cover 50 may have 
a channel machined or etched in it, for use as part of the 
boundary of the inertance tube 24. 

FIG. 4 shows another embodiment of the combined iner 
tance and Surge Volume unit 20, an embodiment that utilizes 
a separate piece of tubing 70 as the inertance tube 24. The 
tubing 70 has a non-circular cross-sectional flow area 72. In 
the illustrated embodiment, the flow area is square. However, 
it will be appreciated that the tubing 70 alternatively may have 
a non-circular cross section of a different shape. The tubing 
70 is shown in FIG. 4 has having a spiral shape, and is shown 
as being wrapped around the Surge Volume 22. However, 
other configurations are possible for the tubing 70 having a 
non-circular cross-sectional flow area. That is, the tubing 70 
need not be wrapped around the Surge Volume 22, and need 
not have a spiral shape. 
The tubing 70 has an inlet end 74 that is in communication 

with and coupled to the pulse tube 16 (FIG. 1). The tubing 70 
also has an outlet end 76 in fluid communication with the 
Surge Volume 22. 

It will be appreciated that the embodiment shown in FIG. 4 
obtains many of the advantages mentioned above with regard 
to the embodiment shown in FIGS. 2 and 3. The non-circular 
cross-sectional area of the tubing 70 produces a lower flow 
resistance then that of circular cross section tubing having a 
diameter the same as that of a width of the tubing 70. Also, the 
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flat side surface of the square cross-section tubing 70 allows 
better heat transfer to the surge volume 22, compared with 
circular cross-sectional tubing. 
The tubing 70 may be made of any of a variety of suitable 

materials. An example of a Suitable material is aluminum or 
an aluminum alloy. 

FIGS. 5-9 show various non-circular cross section shapes 
suitable for either of the inertance tube 24 embodiments 
described above (either the channel inertance tube shown in 
FIGS. 2 and 3, or the separate tubing inertance tube shown in 
FIG. 4). 

FIG.5 shows a square cross-section shape 82. FIG. 6 shows 
a non-square rectangular cross section 84. The rectangular 
cross section shape 84 may have any of a wide variety of 
different aspect ratios (the ratio of height to width). FIG. 7 
shows a polygonal cross section shape 86. The particular 
polygonal cross-section shape 86 shown in FIG. 7 is a hex 
agonal shape. However, it will be appreciated that a wide 
variety of the other polygonal shapes are possible. The 
polygonal shapes need not necessarily be symmetric, and 
different sides of the shapes may have different lengths. 

FIG. 8 shows a cross section shape 90 that combines a flat 
surface 92 and a curved surface 94, producing a “D' shape. 
The flat surface 92 may be located along or toward the surge 
volume 22 (FIGS. 2-4). Alternatively the flat surface 92 may 
be located away from or distal relative to the surge volume 22. 
It will be appreciated that a large variety of shapes combing 
flat surfaces and curved surfaces may alternatively be 
employed. Cross section shapes utilizing both flat portions 
and curved portions may utilize any of a variety of Suitable 
orientations and ordering of various numbers of curved and 
straight portions. 

FIG. 9 shows an example of a non-circular curved cross 
section shape 96. The shape 96 is an ellipse, but it will be 
appreciated that a large variety of suitable curved shapes, and 
combinations of different curved shapes, may be utilized for 
the inertance tube 24. 

FIG. 10 shows an alternate embodiment of the surge Vol 
ume 22, having a non-uniform channel 102. The non-uniform 
channel 102 produces (in conjunction with the cover 50. 
shown in FIGS. 2 and 3) a non-uniform cross section iner 
tance tube 24. The non-uniform channel 102 changes in 
cross-sectional area and/or shape either continuously or in 
discrete steps along all or part of its length. The non-unifor 
mity is configured so as to reduce flow resistance as flow 
proceeds along the inertance tube 24 from inlet to outlet. 
One way of accomplishing this reduction in flow resistance 

is to increase the width of the rectangular channel 102. FIGS. 
11-13 illustrate the cross-sectional area of the non-uniform 
inertance tube 24 at three locations, indicated in FIG.10 as A, 
B. C. FIG. 11 shows the square shape of the channel 102 
location A, closest to the inlet of the non-uniform inertance 
tube 24. FIG. 12 shows the rectangular shape at location B. 
downstream of location A, where the channel 102 has become 
wider. FIG. 13 shows the cross section at location C, with the 
channel 102 and the inertance tube 24 widening even further. 
This increases flow area and correspondently reduces flow 
resistance. The change in width of the channel 102 may be 
accomplished by tapering the channel 102, gradually widen 
ing it over all or part of the length of the channel 102. Alter 
natively, the channel 102 may be widened in discrete steps. It 
will be appreciated that the tapering may result improved 
performance, but that use of discrete steps may facilitate 
manufacture. 

It will be appreciated that many other configurations are 
possible for reducing flow resistance along the length of 
inertance tube 24. For example the shape of the inertance tube 
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6 
24 may be maintained the same, but the size may be increased 
either gradually or in discrete steps, to reduce flow resistance. 
As another alternative, the overall size may be maintained the 
same, while changing only the shape to reduce flow resis 
tance. For example, gradual or stepwise changes from a cir 
cular to a square cross-sectional shape may be made. 
The inertance tube and surge volume units described herein 

may be utilized in a wide variety of pulse tube cryocooler or 
refrigeration systems. Such systems include multi-stage 
pulse tube coolers, and hybrid coolers that include pulse 
tubes, such as Stirling and pulse tube hybrid system. 

Although the invention has been shown and described with 
respect to a certain preferred embodiment or embodiments, it 
is obvious that equivalent alterations and modifications will 
occur to others skilled in the art upon the reading and under 
standing of this specification and the annexed drawings. In 
particular regard to the various functions performed by the 
above described elements (components, assemblies, devices, 
compositions, etc.), the terms (including a reference to a 
“means') used to describe such elements are intended to 
correspond, unless otherwise indicated, to any element which 
performs the specified function of the described element (i.e., 
that is functionally equivalent), even though not structurally 
equivalent to the disclosed structure which performs the func 
tion in the herein illustrated exemplary embodiment or 
embodiments of the invention. In addition, while a particular 
feature of the invention may have been described above with 
respect to only one or more of several illustrated embodi 
ments, such feature may be combined with one or more other 
features of the other embodiments, as may be desired and 
advantageous for any given or particular application. 
What is claimed is: 
1. A refrigeration system comprising: a pulse tube; a Surge 

Volume; 
and an inertance tube in fluid communication with the 

Surge Volume through an outlet of the inertance tube and 
in fluid communication with an outlet of the pulse tube 
through an inlet of the inertance tube; wherein the iner 
tance tube has a non-circular cross section and a con 
tinuously increasing cross-sectional flow area along an 
entire length of the inertance tube as fluid flow 
progresses from the inlet of the inertance tube to the 
outlet of the inertance tube, said increasing cross-sec 
tional flow area reducing a flow resistance as flow pro 
ceeds along the inertance tube from the inlet of the 
inertance tube to the outlet of the inertance tube. 

2. The system of claim 1, wherein the non-circular cross 
section has at least one flat Surface. 

3. The system of claim 1, wherein the non-circular cross 
section is polygonal. 

4. The system of claim 1, wherein the non-circular cross 
section is rectangular. 

5. The system of claim 1, wherein the inertance tube 
changes cross-sectional shape along a length of the inertance 
tube. 

6. The system of claim 5, wherein the non-circular cross 
section is rectangular, with an aspect ratio that changes along 
the length. 

7. The system of claim 5, wherein the inertance tube is 
tapered. 

8. A refrigeration system comprising: a pulse tube; a Surge 
Volume; 

and an inertance tube in fluid communication with the 
Surge Volume through an outlet of the inertance tube and 
in fluid communication with an outlet of the pulse tube 
through an inlet of the inertance tube; wherein the iner 
tance tube has a non-circular cross section and a stepped, 
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discontinuously increasing cross-sectional flow area length of the inertance tube as fluid flow progresses from 
along an entire length of the inertance tube as fluid flow the inlet of the inertance tube to the outlet of the iner 
progresses from the inlet of the inertance tube to the tance tube, said increasing cross-sectional flow area 
outlet of the inertance tube, said increasing cross-sec- reducing a flow resistance as flow proceeds along the 
tional flow area reducing a flow resistance as flow pro- 5 inertance tube from the inlet of the inertance tube to the 
ceeds along the inertance tube from the inlet of the outlet of the inertance tube. 
inertance tube to the outlet of the inertance tube. 13. The system of claim 12, wherein the channel is a helical 

9. The system of claim 1, wherein at least part of the channel in a cylindrical side wall of the Surge Volume. 
inertance tube is a channel in a Surge Volume wall. 14. The system of claim 13, wherein the channel is a 

10. The system of claim 1, wherein the inertance tube is a 10 rectangular channel. 
piece of tubing. 15. The system of claim 14, wherein the inertance tube has 

11. The system of claim 10, wherein the tubing is wrapped variable cross sectional area, with a greater cross sectional 
around Surge Volume. area at an inertance tube outlet than at an inertance tube inlet. 

12. A refrigeration system comprising: a pulse tube; a Surge 16. The system of claim 13, wherein the side wall has a hole 
Volume; 15 therethrough that functions as an inertance tube outlet, pro 

and an inertance tube in fluid communication with the viding fluid communication between the inertance tube and 
Surge Volume through an outlet of the inertance tube and an enclosed Volume of the Surge Volume. 
in fluid communication with an outlet of the pulse tube 17. The system of claim 12, wherein the inertance tube has 
through an inlet of the inertance tube; wherein at least a non-circular cross section. 
part of the inertance tube is a channel between a wall of 20 18. The system of claim 12, wherein the channel has a flat 
the Surge Volume and a cover Surrounding the Surge bottom surface. 
Volume and the inertance tube has a continuously 
increasing cross-sectional flow area along an entire k . . . . 
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