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(57) Abrégée/Abstract:
A pulse tube refrigeration system, having a pulse generator (1), a regenerator (52) and a pulse tube (10), comprising a work

transfer tube (3) interposed between the pulse generator and the regenerator wherein the work transfer tube has a cross section at
the end proximate the pulse generator which differs from the cross sectional area proximate the regenerator, enabling a reduction

IN heat transfer due to streaming within the work transfer tube.
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(57) Abstract: A pulse tube refrigeration system, having a
pulse generator (1), a regenerator (52) and a pulse tube (10),
comprising a work transfer tube (3) interposed between the
pulse generator and the regenerator wherein the work transfer
tube has a cross section at the end proximate the pulse gener-
ator which differs from the cross sectional area proximate the
regenerator, enabling a reduction in heat transfer due to stream-
ing within the work transfer tube.
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PULSE TUBE REFRIGERATION SYSTEM

Technical Field

[0001] This invention relates generally to pulse

tube refrigeration systems.

Background Art

[0002] A recent significant advancement in the field

of generating refrigeration is the pulse tube system
wherein pulse energy is converted to refrigeration
using an oscillating gas. In such pulse tube systems a
pulse 1s provided to a working gas which is then cooled
in a'regenerator.‘lThe cooled oscillating gas 1is
expanded in the cold end of a pulse tube and the
resulting refrigeration is used to cool, liquefy,
subcool and/or densify a product fluid. The
oscilllating gas then cools the regenerator for the next

pulse cvycle.

[0003] The application of pulse tube technology has
primarily been for small quantities of refrigeration
typically at very low temperatures. There are a number
of very attractive features of pulse tube refrigeration
systems that are already 1in sexrvice for small
refrigeration requirements. Among such attractive
features are no cold moving parts, low maintenance and
corresponding high reliability, ease of fabrication, no
vibration and low cost. Most of these features are
also strong incentives for scale up to industrial size.
However one deterrent to large scale application of
pulse tube refrigeration is the relatively high power

requirement needed to generate the refrigeration.
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[0004] Accordingly, it 1s an object of this
invention to provide a pulse tube refrigeration

apparatus which can be used to generate refrigeration

with less power on a unit refrigeration basis than can

heretofore available pulse tube systems.

Summary Of The Invention

[0005] The above and other objects, which will

become apparent to those skilled in the art upon a
reading of this disclosure, are attained by the present
invention which is:
[0006] A pulse tube refrigeration apparatus
comprising:

(A) a pulse generator;

(B) a work transfer tube having a recelving end
for receiving a pulse from the pulse generator, and a
dispensing end in flow communication with a
regenerator, said receilving end having a cross
sectional area which differs from the cross sectional
area of the dispensing end;

(C) a pulse tube in flow communication with the
regenerator; and

(D) a cold heat exchanger disposed between the

regenerator and the pulse tube.

[0007] As used hereilin the terms "pulse" and

"pressure wave" mean energy which causes a mass of gas

to go through sequentially high and low pressure levels

in a cyclic manner.

[0008] As used herein the term "orifice" means a gas

flow restricting device placed between the warm end of

a pulse tube and a reservoir.
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[0009] As used herein the term "regenerator" means a
thermal device in the form of porous distributed mass,
such as spheres, stacked screens, perforated metal
sheets and the like, with good thermal capacity to cool
incoming warm gas and warm returning cold gas via

direct heat transfer with the porous distributed mass.

[0010] As used herein the term “indirect heat

exchange” means the bringing of fluids into heat

exchange relation without any physical contact or

intermixing of the fluids with each other.

(0011] As used herein the term “direct heat

exchange” means the transfer of refrigeration through
contact of cooling and heating entities.

[0012] As used herein the term "work transfer tube™
means a tube wherein a pulse or pressure wave 1is

transferred in an adiabatic manner.

Brief Description Of The Drawings

[0013] Figure 1 1s a cross sectional representation
of one preferred embodiment of the pulse tube
refrigeration apparatus of this invention.

[0014] Figure 2 1s a graphical representation of the
resulté of one example of a correlation showing the
taper angle of the work transfer tube versus phase

shift at wvarious refrigeration levels.

Detailed Description

[0015] The invention employs a work transfer tube
interposed between the pulse generator and the

regenerator of a pulse tube system. The use of the

work transfer tube enables the production of more

refrigeration from the same pulse tube and driver
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system. A major problem with work transfer tubes is

streaming which is the transfer of heat from the hot
end to the cold end of a work transfer tube due to
secondary flows. The invention solves the streaming
problem by employing a work transfer tube having a
receiving end proximate the pulse generator which has a
cross sectional area which differs from that of the
dispensing end of the work transfer tube which 1is
proximate the regenerator. That is, the work transfer
tube is tapered. Preferably the taper of the work
transfer tube 1s continuous from theoedge of the
receiving end to the edge of the dispensing end. In
the practice of this invention the work transfer tube
has a taper in which the receiving end can be larger
than the dispensing end connected to the regenerator or
vice versa depending upon the phase-shift angle and the
temperature level of the refrigeration produced.

[0016] The invention will be discussed in greater
detail with reference to Figure 1 wherein there 1is
illustrated one embodiment of the invention wherein the
crogss sectional area of the receiving end of the work

transfer tube exceeds the cross sectional area of the

dispensing end of the work transfer tube. In Figure 1
there is illustrated a pulse generator 1 which provides
a pulse or pressure wave to a working gas at the

receiving end 50 of work transfer tube 3. 1In the

embodiment of the invention illustrated in Figure 1 the
pulse generator is a piston. Another preferred means
of applying the pulse to the work transfer tube is by
the use of a thermoacoustic driver which applies sound
energy to the working gas within the work transfer

tube. Yet another way for applying the pulse is by
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means of a linear motor/compressor arrangement. Yet

another means to apply the pulse is by means of a

loudspeaker. Another preferred means to apply the

pulse 1s by means of a travelling wave engine. The
pulse serves to compress the working gas producing hot
compressed working gas at the hot end or receiving end
50 of work transfer tube 3. The working gas is cooled
by indirect heat exchange with heat transfer fluid 33
in heat exchanger 2 resulting in warmed heat transfer
fluid in stream 34 and to produce ambient.temperature
compressed working gas for passage th;ough the
remainder of the work transfer tube 3. Examples of
fluids useful as heat transfer fluid 33, 34 in the
practice of this invention include water, air, ethylene
glycol and the like.

[0017] Work transfer tube 3 is a hollow or empty
tube wherein pressure-volume (PV) work is transferred
from one temperature level to a lower temperature level
without significant loss. The working gas within the
work transfer tube is preferably helium'although other
gases or gas mixtures, such as nitrogen, argon, neon
and mixtures comprising one or more of these gases may
be used. In the embodiment of the invention
illustrated in Figure 1, the cross sectional area of

the receiving end or hot end 50 of work transfer tube 3

exceeds the cross sectional area of the dispensing end
or cold end 51 of work transfer tube 3. The work

Cransfer tube is tapered from its receiving end to its

dispensing end. Preferably, as illustrated in Figure

1, the taper is continuous from the receiving end to

the dispensing end. The taper angle between the

recelving end and the dispensing end of the pulse tube
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is 25 degrees or less and generally is within the range
of from 1 to 10 degrees, although i1t may also be a

negative angle depending upon the phase shift angle and

the temperature level of the refrigeration desired.
[0018] In the embodiment of this invention wherein
the cross sectional area of the receiving end of the
work transfer tube exceeds the cross sectional area of
the dispensing end of the work transfer tube, the ratio
of the diameter of the receiving end to the diameter at
the midpoint of the work transfer tube 1s within the
range of from 1.01 to 2.0, and thé ratio of the
diameter of the dispensing end to the diameter at the
midpoint of the work transfer tube is within the range
of from 0.2 to 0.99.

[0019] The embodiment of the invention illustrated
in Figure 1 is a particularly preferred embodiment

wherein a forecooler 8 is incorporated at the

dispensing end 51 of work transfer tube 3. The

forecooler serves to cool the working gas by indirect
heat exchange with forecooling fluid which is provided
to forecooler 8 1n line 27 and withdrawn from
forecooler 8 in line 28. The forecooling fluid

provided to forecooler 8 is preferably liquid nitrogen.

Other fluids which may be used as the forecooling fluaid

in the practice of this invention include argon, air,
neon and helium.

[0020] The tapered work transfer tube, preferably

forecooled tapered work transfer tube, enables a

reduced pressure drop in the system and optimized
refrigeration production at a reduced overall power
requirement, i.e. PV power in the system plus cryogen

usage. The forecooling need not be at the dispensing
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end of the tapered work transfer tube but could be at
one or more 1interior locations 6f the work transfer
tube. Moreover the forecooling could be at both the
dispensing end and at one or more interior locations of
the work transfer tube. In a preferred embodiment of
the i1nvention, forecooling fluid 28 from forecooler 8

18 directed so as to cool the working gas in the

interior of the work transfer tube either by means of
one or more intermediate heat exchangers disposed in
the interior of the work transfer tube or by means of a
wall heat exchanger disposed longitudinally along the
wall of the work transfer tube. Moreover, forecooling
may be provided by a different refrigerator via
conduction coupling.

10021] The forecooled pulsing working gas is then
provided to regenerator 52, which is in flow
communication with dispensing end 51 of work transfer
tube 3, and wherein it is further cooled by direct heat
exchange with cold heat transfer media to produce
warmed heat transfer media and further cooled working
gas.

[0022] Cold heat exchanger 4 is disposed between
regenerator 52 and pulse tube 10 which are in flow
communication wherein the flow communication includes

cold heat exchanger 4. In the embodiment illustrated

in Figure 1, the cold heat exchanger is within the same
housing which holds regenerator 52. It could also be
located within the housing which holds the pulse tube
or 1t could be between such elements. The further
cooled working gas pulses or oscillates between the

e

regenerator 52 and the cold end 53 of pulse tube 10.

The working gas expands in cold end 53 thereby
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generating refrigeration and compressing the working
gas in pulse tube 10 in the direction of warm end 54 of
pulse tube 10. The refrigeration generated by the
expanding further cooled working gas in cold end 53 is
concentrated in cold heat exchanger 4 and i1s provided
by indirect heat exchange to a process fluid which 1is
provided to cold heat exchanger 4 in line 42 and
withdrawn in a cooled, 1.e. refrigerated, condition in
line 43. Process fluids which may be refrigerated
using the invention may be any chemical processing
stream that reqguires refrigeration, and.may also be a
heat transfer fluid which in turn conveys the -

refrigeration to a point of use.

[0023] Cooling fluid 35 is passed to heat exchanger
5 wherein it is warmed or vaporized by indirect heat
exchange with the pulse tube working gas, thus serving
as a heat sink to cool the pulse tube working gas.
Resulting warmed or vaporized cooling fluid is
withdrawn from heat exchanger 5 in stream 37.
Preferably cooling fluid 35 is water, alr, ethylene

glycol or the like.
[0024] Attached to the warm end of pulse tube 10 is

a line having orifice 6 leading to reservoir 7. The
compression wave of the pulse tube working gas contacts
the warm end wall of the pulse tube body and proceeds
back in the second phase of the pulse tube seguence.
Orifice 6 and reservoir 7 are employed to maintain the
pressure and flow waves 1n proper phase so that the
pulse tube generates net refrigeration during the
expansion and the compression cycles in the cold end of
pulse tube 10. Other means for maintaining the

pressure and flow waves in phase which may be used in
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the practice of this invention include inertance tube

and orifice, expander, linear alternator, bellows
arrangements, and a work recovery line with a mass flux
suppressor. In the expansion sequence, the pulse tube

working gas expands to produce cold pulse tube working

gas at the cold end 53 of the pulse tube 10. The

expanded gas reverses its direction such that it flows

from pulse tube 10 toward regenerator 52.

[0025] The pulse tube working gas emerging from the
- pulse tube passes to regenerator 52 wherein it directly
contacts the heat transfer media within the regenerator
body to produce the aforesaid cold heat transfer media,

thereby completing the second phase of the pulse tube

refrigerant sequence and putting the regenerator into

condition for the first phase of a subsequent pulse
tube refrigeration seqguence.

[0026] In the practice of this invention the pulse
tube 10 contains only gas for the transfer of the
pressure energy from the expanding pulse tube working
gas at the cold end for the heating of the pulse tube
working gas at the warm end of the pulse tube. That
18, pulse tube 10 contains no moving parts. The
operation of the pulse tube without moving parts is a
significant advantage of this invention. The pulse
tube may have a taper to aid adjustment of the proper
phase angle between the pressure and flow waves. In
addition, the pulse tube may have a passive displacer
to help in separating the ends of the pulse tube.
Furthermore, the pulse tube may have a connecting line
between the pulse tube warm end and the pressure wave
line replacing the orifice and reservolir with a mass

flux suppressor such as a bellows arrangement to
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recover lost work. Furthermore, in the preferred

practice of this invention, flow straighteners are

positioned at both ends of the work transfer tube and
also at both ends of the pulse tube to provide uniform

flow distribution of gas into the work transfer tube

and to prevent jetting of gas in the pulse tube.

[0027] Streaming is steady convection which 1s
‘driven by the oscillatory process. Streaming 1s
strongly dependent upon the taper angle, amplitudes of
gas velocity and gas pressure, and the phase angle

between the gas velocity and gas pressure. It is

proportional to 1/T and the temperature difference
between the two ends of the work transfer tube, and it
scales as the square of the acoustic amplitudes. A
particle of gas close to the tube wall will be farther
from the wall during its upward motion than during its
downward motion because of the compressibility of the

gas in the boundary layer and the phasing between the

oscillatory motion and pressure. The drag on the
particle will be different during its upward motion
than during its downward motion and thus the particle

will not return to its original starting position after

a complete cycle or oscillation. This effect near the

tube wall causes an offset parabolic velocity profile
with the gas velocity near the wall equal to the drift
velocity just outside the penetration depth and the
velocity in the center of the work transfer tube
determined by the requirement that the net mass flux
along the tube must be zero. This parabolic streaming

convects heat through the tube. The gas moving

downward in the center of the tube is hotter than the
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gas moving upward around 1t, so that heat is carried
downward toward the cold end.

[0028] Streaming can be egsentially eliminated by
the incorporation of the optimum taper angle in the
work transfer tube. There is a small amount of
streaming near the wall and a correspondingly small
offgset flux in the remainder of the tube. This carries
essentially no heat. The only important effect to be
considered here is the temperature effect on the
viscosity and the temperature i1is lower in the upward
motion of the gas than during the downward mption of
the gas adjacent to the wall.

[0029] The key parameter for the successful transfer
of work within a work transfer tube is controlling the

internal streaming. The adjustment of phasing between

pressure and flow will permit control of streaming in

one axial location such that there i1s zero streaming

velocity. The streaming on the other end of the work

transfer tube 1is controlled by the use of a tapered
tube configuration.

[0030] The angle of taper for the work transfer tube

can be determined by the following correlation:

3
tan(¢/2) = (7.40058 + 6.3s1n0 )R f1p, | +0.029 R_‘}@

P U, | Tm dx

Where O

work transfer tube taper angle, degrees

0 = phase shift, degrees

R = internal radius, meters
f = frequency, Hz

|lpl|= amplitude of oscillating pressure, Pa

Pm = mean pressure, Pa



CA 02506747 2005-05-19

WO 2004/046621 PCT/US2003/036903
- 12 -
| Um| = amplitude of volumetric velocity,
meters®/sec
Tm = absolute temperature, K

X = radial distance, meters

[0031] For the tapered work transfer tube of length
L, and a diameter D at the midpoint of the length, and

having a single uniform taper, the larger and smaller

end diameters, Diarge and Dgpai1, are given by:

Demall1 = D — L tan ¢

[0032] Using, as an example, helium as the working
gas i1n a pulse tube refrigerator having a work transfer
tube internal radius of 0.05 meters, a volumetric
velocity of 0.2 meters per second, a mean pressure of
3.1 x 10° Pa, and an ambient temperature of 300 K, the

e

results are shown in the correlation of Figure 2. In

general, the taper angle of the work transfer tube

increases from a small negative value at negative
phase-shift angles to a maximum positive angle of three
to four degrees at phase-shift angles of approximately
50 degrees. Correlations are given for refrigeration
levels of 50, 100 and 200 K, the taper angles being
slightly greater for the lower temperatures.

[0033] The relative costs of PV power and additional

refrigeration liquid nitrogen will determine the most

economical operating point. Up to a given point, the

use of higher level refrigeration (liquid nitrogen) in

place of lower temperature refrigeration of the pulse
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tube (PV work) permits the determination of the most
favorable operating condition.

[0034] Table 1 presents the calculated operating
results of the invention, shown in column B, for a
system similar to that illustrated in Figure 1,
compared to a conventional system with no tapered work
transfer tube between the pulse generator and the

regenerator shown in column A. The process fluid is

neon and the systems generate 500 watts of

refrigeration at 30 K to liquefy the neon. As can be
seen, the invention in this instance enables the
liguefaction of neon with about half of the energy

required with the conventional system.

TABLE 1
A B
PV Work (kW) 15.6 4.1
LN, Consumption (kW) 1.1 4.8
Total Energy (kW) 16.7 8.9
[0035] Although the invention has been described in

detail with reference to a certain particularly
preferred embodiment, those skilled in the art will
recognize that there are other embodiments of the
invention within the spirit and the scope of the

claims.
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CLAIMS
[0036] 1. A pulse tube refrigeration apparatus
comprising:

(A) a pulse generator (1) ;

(B) a work transfer tube (3) having a
receiving end (50) for receiving a pulse from the pulse
generator, and a dispensing end (51) in flow
communication with a regenerator (52), said receiving
end having a cross sectional area which differs the
cross sectional area of the diSpensing end;‘

(C) a pulse tube (10) in flow communication
with the regenerator; and

(D) a cold heat exchanger (4) disposed

between the regenerator and the pulse tube.

[0037] 2 . The apparatus of claim 1 wherein the

work transfer tube is tapered continuously from the

receiving end to the dispensing end.

[0038] 3. The apparatus of claim 2 wherein the

taper of the work transfer tube is at an angle within

the range of from 1 to 25 degrees.

[0039] 4. The apparatus of claim 1 further

comprising a forecooler located in the dispensing end

of the work transfer tube.

[0040] 5. The apparatus of claim 4 further

comprising means for providing liquid nitrogen to the

forecooler.
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[0041] 6 . The apparatus of claim 1 wherein the
cross sectional area of the receiving end exceeds the

cross sectional area of the dispensing end.

[0042] 7. The apparatus of claim 6 wherein the

ratio of the diameter of the receiving end to the

diameter at the midpoint of the work transfer tube 1is

within the range of from 1.01 to 2.0.

[0043] 8 . The apparatus of claim 6 wherein the

ratio of the diameter of the dispensing end to the

diameter at the midpoint of the work transfer tube is

within the range of from 0.2 to 0.99.

[0044] 0. The apparatus of claim 1 wherein the

pulse generator comprises a pilston.

[0045] 10. The apparatus of claim 1 wherein the

cold heat exchanger is within the housing which holds

the regenerator.
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