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ABSTRACT
Some cryocooler applications, such as those for military operations dealing with high temperature superconducting (HTS) magnets, motors, or generators, require faster cooldown times than
what can normally be provided with a cryocooler designed to accommodate a relatively small steadystate heat load. The current approach to achieve fast cooldown is to use a cryocooler oversized for
steady-state operation. This paper proposes a new method applicable only to pulse tube cryocoolers that may decrease cooldown times by a factor of two or three when cooling to temperatures in
the range of 50 K to 80 K from room temperature without increasing the size of the cryocooler.
Such temperatures are appropriate for HTS magnets, generators, or motors. The proposed method
makes use of the resonance phenomenon that occurs with an appropriately sized combination of
inertance tube and reservoir volume. With a small reservoir, an LC resonance effect can occur at
typical operating frequencies, with C being the compliance (volume) of the reservoir and inertance
tube and L being the inertance of the inertance tube. At or near resonance the input acoustic impedance to the inertance tube is low, which allows for a high acoustic power flow at the cold end of the
pulse tube for a given pressure amplitude. When the reservoir volume is increased to its normal
size, the impedance increases to the value optimized for steady-state operation. A simple ball valve
can then be used to change the reservoir volume and to switch from the fast cooldown mode to the
steady-state mode. The higher acoustic power flow can be accommodated by the pulse tube and
regenerator when they are at or near room temperature. In most cases the higher acoustic power in
the fast cooldown mode does not require additional input power to the pressure oscillator because
the load impedance is a closer match to that of the oscillator compared to that of the normal load
during cooldown.
INTRODUCTION
Cryocoolers for use in military operations often need to cool quickly to the operating temperature to enable rapid deployment. The system of particular interest here is the cooling of a 3¶T hightemperature superconducting magnet for use in a gyrotron to generate high-power millimeter
waves at a frequency of 95 GHz. Such waves can be used as a non-lethal method for repelling
personnel in crowd control. This system is known as the active denial system (ADS).1 To be
operational the magnet must be cooled to the design temperature, which for a magnet made
with YBCO (second generation high-temperature superconducting wire), is a temperature of
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Figure 4. Load curve of a light weight Stirling cryocooler.

Figure 5. Specific cooling time for stainless steel
304 with the load curve shown in Fig. 4.

Pulse Tube Cryocooler Model

$SXOVHWXEHFU\RFRROHUZDVPRGHOHGZLWKWKH1,67VRIWZDUH5(*(1WRRSWLPL]HWKH
UHJHQHUDWRUDQGDWUDQVPLVVLRQOLQHPRGHOIRUWKHLQHUWDQFHWXEH7KHRSHUDWLQJIUHTXHQF\LV
60 Hz with an average pressure of 2.5 MPa and a pressure ratio at the cold end of 1.3. The
optimum impedance of the inertance tube provided a phase of 60° (pressure leading flow) at the
warm end of the pulse tube, and the optimum pulse tube volume forced the phase to be 30° at the
cold end of the regenerator. Figure 7 shows the calculated net refrigeration power as a function
of temperature with the cold end PV power being fixed at 230 W independent of the cold-end
temperature. With this PV power a net refrigeration power of at least 50 W at 50 K is achieved.
As this figure shows, the net refrigeration power increases with temperature because the losses
decrease at higher temperatures. Figure 8 shows the calculated specific cooling time with this
pulse tube cryocooler. A 20 kg mass of stainless steel would be cooled to 50 K in about 3.1 hrs
with this model refrigerator that requires an input power of about 2.0 kW. The cryocooler mass
is estimated to be about 50 kg if reasonable effort is made to minimize the mass.
REFRIGERATION POWER AND INPUT POWER
Net Refrigeration Power
The net refrigeration power of a cryocooler is given by

Q& net = Q& gross - Q& losses ,


(4)

ZKHUH 4 JURVV  LV WKH JURVV UHIULJHUDWLRQ SRZHU DQG 4 ORVVHV  LV WKH VXP RI DOO WKH WKHUPDO ORVVHV
VXFKDVUDGLDWLRQFRQGXFWLRQUHJHQHUDWRULQHIIHFWLYHQHVVDQGH[SDQVLRQLUUHYHUVLELOLWLHV7KHVH
ORVVHVDUHVPDOOZKHQWKHFROGWLSLVDWDPELHQWWHPSHUDWXUHEXWLQFUHDVHDVWKHWHPSHUDWXUHRI

Figure 6. Input electrical power for same cryocooler as for Fig. 4.
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Figure 7. PV power, losses, and net refrigeration
power calculated for the model pulse tube cryocooler.
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Figure 8. Specific cooling time for the model pulse
tube cryocooler.

the cold tip decreases. The gross refrigeration power for a Stirling or Gifford-McMahon (GM)
cryocooler is simply the PV power of the displacer, which is equal to the acoustic power flow in
the working fluid at the cold end. For the pulse tube cryocooler the gross refrigeration power is
also equal to the acoustic power flow at the cold end.7 Thus, for regenerative cryocoolers the
gross refrigeration power can be given by

Q& gross = Pd V& ,
c

(5)

where Pd is the dynamic pressure, V& is the volume flow rate, the
brackets indicate a time
averaged value over one cycle, and the subscript c refers to the cold end. For Stirling and GM
cryocoolers the displacer operating at a given frequency determines the volume flow rate.
Because the displacer is designed to be at nearly full stroke when operating cold, there is no
way to increase the flow rate beyond the design value, unless the speed is increased, which can
be done only in GM cryocoolers or Stirling cryocoolers that are not using a linear-resonant
compressor. When the cold tip is warm the dynamic pressure in Stirling or Stirling-type pulse
tubes will increase some, but we will ignore that small effect in our analysis here.
In Stirling-type pulse tube cryocoolers where a fixed orifice or inertance tube is used to
provide the optimum flow rate when the cold end is cold, the cold-end volume flow will not
change when the cold end is at 300 K because the flow impedance (orifice or inertance tube) is
always at 300 K (at least for a single-stage cooler). However, the goal of this paper is to show
how this impedance can be changed very easily to allow for an increased flow and PV power at
the cold end of the pulse tube. This method is discussed in a later section.
Input PV Power
During normal operation with the cold tip at some low temperature, the temperature gradient
in the regenerator causes the ideal input acoustic power and compressor PV power to be higher
than that at the cold end by the ratio

Pd V&
Pd V&

h
c

=

Th
,
Tc

(6)

where Th is the hot temperature and Tc is the cold temperature. The ratio increases when pressure
drop in the regenerator is taken into account. Equation (6) shows that when the cold end is at
300 K the input PV power will be the same as that at the cold end when pressure drop is
ignored. Because the PV power at the cold tip is limited by the displacer stroke or the impedance
in the pulse tube cryocooler, the input PV power with the cold end warm will be much less than
the input power when the cold end is cold. For a normal operating temperature of 50 K the
ideal input power will be reduced by a factor of six when the cold end is at 300 K.
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Input Electrical Power
The conversion of electrical input power to PV or acoustic power is accomplished in the
compressor with some efficiency. The efficiency can be high (near 80 %) when the flow
impedance of the load matches that of the compressor (compressor operating at its resonance
condition), but it can be much less when the impedances are not matched. The flow impedance
of the cryocooler or compressor is given by
P
(7)
Z= ,
V&
where the bold symbols indicate the variables are time dependent and can be represented by
sinusoidal or complex variables. A cryocooler is normally optimized to have its input impedance
match that of the compressor when the cryocooler is cold. When the cold end is warm the input
impedance of the cryocooler is significantly increased because of the lower input flow rate
indicated by Eq. (6). When starting from 300 K, the mismatched load causes the compressor
efficiency to be significantly lower than when the cold tip reaches its normal operating
temperature. Thus, the actual input power during startup may only be slightly less than the value
when the cold end is at 50 K, even though the input PV power is about six times less according
to Eq. (6). Figure 6 shows the input electrical power of the Stirling cryocooler discussed earlier.
As indicated in this figure the input electrical power is somewhat reduced when the cold end is
warm, but not as much as the temperature ratio would suggest for the PV power. This
impedance mismatch during startup significantly limits any increase in PV power that could be
delivered to the cold end even if the cold end could accept more flow.
ADJUSTABLE FLOW IMPEDANCE
Inertance Tube
With Stirling-type pulse tube cryocoolers operating at relatively high frequencies an
°
inertance tube is used to obtain the optimum impedance.7 The transmission line model can be
used to obtain the impedance of the inertance tube.5,6 Typically the phase of the optimum
impedance at the inertance tube entrance is about 60°. To achieve such a phase the reservoir
volume at the end of the inertance tube is normally made rather large compared with the volume
of the inertance tube, although for acoustic power flows greater than about 100 W it is possible
to achieve such a phase even with zero reservoir volume as long as the inertance tube volume is
made sufficiently large. We have shown previously that the impedance of the inertance tube can
be varied significantly by the size of the reservoir volume.8 As a result, the acoustic power at the
inlet to the inertance tube for a fixed pressure amplitude can be varied considerably by varying
the reservoir volume. Figure 9 shows this variation of acoustic power with reservoir volume for

Figure 9. Acoustic power at the inlet to the inertance tube vs. the
reservoir volume for the model pulse tube cryocooler.
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WKHSXOVHWXEHPRGHOFRQVLGHUHGKHUH:LWKDYROXPHRIFP WKHDFRXVWLFSRZHUDFFRUGLQJ
WRWKHWUDQVPLVVLRQOLQHPRGHOLVVKRZQWREH:DQGWKHSKDVHRIWKHLPSHGDQFHLVq$V
WKHUHVHUYRLUYROXPHLVUHGXFHGWKHDFRXVWLFSRZHULVLQFUHDVHGDQGUHDFKHVDPD[LPXPRIDERXW
 : IRU D UHVHUYRLU YROXPH RI DERXW  FP  :LWK WKDW YROXPH WKH LPSHGDQFH UHDFKHV D
PLQLPXP DQG WKH SKDVH EHFRPHV ]HUR  6XFK D FRQGLWLRQ UHSUHVHQWV D UHVRQDQW HIIHFW LQ WKH
V\VWHPDQDORJRXVWRD/&UHVRQDQFHLQDQHOHFWULFDOV\VWHP+HUH/LVDQDORJRXVWRWKHLQHUWDQFH
RI WKH LQHUWDQFH WXEH DQG &LVDQDORJRXVWRWKHFRPSOLDQFHRIWKHLQHUWDQFHWXEHDQGUHVHUYRLU
YROXPH
  ' )  /+

$V VKRZQ LQ )LJ  WKH DFRXVWLF SRZHU DW WKH LQOHW WR WKH LQHUWDQFH WXEH FDQ EH LQFUHDVHG
IURP  : WR  : E\ FKDQJLQJ WKH UHVHUYRLU YROXPH IURP  FP WR DERXW  FP DQ
LQFUHDVHE\DIDFWRURIIRXU:LWKWKHVPDOOHUUHVHUYRLUYROXPHWKHSKDVHRIWKHLPSHGDQFHLV
GHFUHDVHGWRDERXWqZKLFKLVPXFKOHVVWKDQWKHRSWLPXPSKDVHIRUWKHFDVHZKHQWKHV\VWHP
LV FROG  +RZHYHU ZKHQ WKH V\VWHP LV ZDUP VXFK D SKDVH LV FORVH WR DQ RSWLPXP IRU WKH
UHJHQHUDWRUDQGIRUDQLPSHGDQFHPDWFKZLWKWKHFRPSUHVVRUDVZLOOEHVKRZQODWHU7KXVZH
SURSRVHWKDWDIDVWHUFRROGRZQWLPHFDQEHDFKLHYHGE\XVLQJWKHVLPSOHDUUDQJHPHQWVKRZQLQ
)LJ   'XULQJ VWDUWXS ZKHQ WKH V\VWHP LV DW  . WKH YDOYH EHWZHHQ WKH WZR UHVHUYRLUV LV
FORVHGVRWKDWWKHUHVHUYRLUYROXPHVHHQE\WKHLQHUWDQFHWXEHLVYROXPHZKLFKIRUWKLVFDVHLV
DERXWFP7KHKLJKDFRXVWLFSRZHUIORZLQWRWKHLQHUWDQFHWXEHFDXVHVWKHDFRXVWLFSRZHUDW
WKH FROG HQG WR LQFUHDVH ZLWK D VXEVHTXHQW LQFUHDVH LQ WKH QHW UHIULJHUDWLRQ SRZHU ZKHQ WKH
V\VWHPLVZDUP7KHUHJHQHUDWRUDQGWKHSXOVHWXEHDUHQRWGHVLJQHGWRDFFRPPRGDWHWKHKLJK
SRZHUIORZGXULQJQRUPDORSHUDWLRQDWWKHORZWHPSHUDWXUHVEXWDWKLJKWHPSHUDWXUHVZKHUHWKH
ORVVHV DUH VPDOO WKH QHW UHIULJHUDWLRQ SRZHU LV VLJQLILFDQWO\ LQFUHDVHG E\ WKH KLJKHU DFRXVWLF
SRZHUIORZ:KHQWKHFROGHQGUHDFKHVVRPHORZWHPSHUDWXUH DERXW.LQWKLVH[DPSOH WKH
YDOYHLVRSHQHGWRWKHODUJHUUHVHUYRLU FP VRWKDWWKHWRWDOUHVHUYRLUYROXPHVHHQE\WKH
LQHUWDQFHWXEHEHFRPHVFP:LWKWKDWYROXPHWKHV\VWHPKDVWKHRSWLPXPLPSHGDQFHIRU
RSHUDWLRQDW.7KHYDOYHVKRZQLQ)LJVKRXOGEHDEDOORUSOXJYDOYHWKDWRIIHUVDORZ
IORZUHVLVWDQFHZKHQLWLVRSHQ,IGHVLUHGWKHYDOYHFRXOGEHHOHFWULFDOO\FRQWUROOHGWRDOORZIRU
DXWRPDWLFRSHUDWLRQDWWKHRSWLPXPWHPSHUDWXUHRIWKHFROGHQG
" !!$!%
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 +



)LJXUHVKRZVWKHFROGHQG39 DFRXVWLF SRZHUDQGWKHQHWUHIULJHUDWLRQSRZHUZKHQWKH
UDSLG FRROGRZQ SURFHGXUH LV XVHG IRU WHPSHUDWXUHV GRZQ WR  . EHIRUH VZLWFKLQJ WR WKH
QRUPDO FRQILJXUDWLRQ ZLWK WKH ORZHU 39 SRZHU  )LJXUH  VKRZV WKH FRROLQJ WLPH XQGHU WKLV
PRGH RI RSHUDWLRQ  7KH FDOFXODWHG FRROGRZQ WLPH WR  . IRU WKH  NJ RI VWDLQOHVV VWHHO LV
VKRZQ WR EH DERXW  KUV DV RSSRVHG WR  KUV ZLWKRXW XVLQJ WKH UDSLG FRROGRZQ WHFKQLTXH
7KH XVH RI DQRWKHU YDOYH DQG UHVHUYRLU YROXPH FRXOG EH XVHG WR GHFUHDVH WKH FRROGRZQ WLPH


-/(=6FKHPDWLFRIDSXOVHWXEHFU\RFRROHUZLWKWZRUHVHUYRLUVDQGDFRQWUROYDOYHWKDWLVFORVHGWRJLYHD
VPDOOLPSHGDQFHRIWKHLQHUWDQFHWXEHDQGSURYLGHIRUIDVWFRROGRZQ
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Figure 11. PV power, losses, and net refrigeration
power calculated for fast and normal cooldown
processes.

Figure 12. Specific cooling times for the model pulse
tube cryocooler calculated for fast and normal
cooldown processes.

further, but the gain will not be so large. Ideally, an infinitely variable reservoir volume could be
used, but the practical problems may not warrant such a refinement.
Compressor Impedance Matching
The flow impedance of the model pulse tube cryocooler as given by Eq. (7) at the inlet to the
aftercooler when the system is at its normal operating temperature of 50 K is 41.7 MPa. s/m3 at a
phase of -39.2°(pressure lagging flow). We assume that a compressor designed to drive this
model pulse tube cryocooler would have the maximum efficiency (resonance) at this same
impedance. A representative impedance map9 showing contours of compressor efficiency for
such a linear-resonant compressor is shown in Fig. 13. Because such a compressor was designed
for this particular load at 50 K, the efficiency is shown to be at the highest value of about 80 %.
The PV power at the cold end is calculated to be about 233 W and that at the warm end is 1742
W. If the system is started at 300 K under normal conditions with the same reservoir volume, the
load impedance at 300 K is calculated to be 111.4 MPa. s/m3 at a phase of -61.6°. This
considerably higher value of impedance forces the compressor to be operating far removed from
its resonant condition and reduces the compressor efficiency to about 60 %, as shown in Fig. 13.
When the small reservoir is used for a rapid cooldown, the impedance at 300 K is 45.6 MPa.s/m3
at a phase of -54.7°, which is much closer to the optimum value, as shown in Fig. 13. Thus, the
compressor will have nearly its same high efficiency at startup as it has during steady-state
operation at the cold temperature. Figure 14 shows the variation of the input PV power and the
estimated input electrical power (assuming a compressor efficiency of 80 % at the optimum load
impedance) with the cold end temperature for both the normal cooldown procedure and the fast

Figure 13. Estimated impedance map of compressor.

Figure 14. PV and electrical input power for compressor
during normal and fast cooldown procedures, assuming a
compressor efficiency of 80 % for both cases.
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cooldown procedure. The fast cooldown procedure allows the compressor to output much
more PV power under high efficiency conditions. As Fig. 14 shows the input electrical power
exceeds 3000 W at a temperature of 130 K, which may be over the maximum rated power of
the compressor. Thus, it may be necessary to switch to the large reservoir at 130 K instead of
100 K. Ideally, the use of another valve and intermediate reservoir could be used at this
temperature to maintain a relatively fast cooldown.
CONCLUSION
We have shown that the cooldown time for pulse tube refrigerators designed to cool a
superconducting magnet to 50 K with 50 W of net refrigeration power can be decreased by a
factor of two or more by increasing the acoustic power flow at the cold end during startup
when losses are small. The acoustic power is reduced to the design value when the temperature reaches about 100 K. Normally the acoustic power at the cold end in regenerative cryocoolers is a fixed value determined by the displacer stroke in a Stirling or GM cryocooler, or by
the impedance of the inertance tube in a pulse tube cryocooler. The impedance of the inertance
tube can be changed by varying the volume of the reservoir attached to the end of the inertance
tube. For the pulse tube cryocooler modeled here the optimum impedance allowed 200 W of
acoustic power at the cold end when the pressure ratio in the system was 1.3. The inertance
tube provided a phase shift of 60° under these conditions and used a reservoir volume of 300
cm3. By decreasing the reservoir volume to about 75 cm3 during startup from 300 K, the
inertance tube/reservoir volume combination is close to a LC resonance condition that leads to
a reduction in the impedance and an increase in the acoustic power through the inertance tube.
This power is increased to about 800 W, which leads to a large increase in the net refrigeration
power at 300 K and a faster cooldown. For 20 kg of stainless steel the normal cooldown time
calculated for this pulse tube cryocooler model is 3.1 hours, but the rapid cooldown technique
described here results in a cooldown time to 50 K of 1.6 hours. We have also shown that
during normal cooldown there is a large impedance mismatch with the compressor that causes
a low compressor efficiency during the initial stages of the cooldown. The rapid cooldown
technique described here maintains a better impedance match to the compressor, which maintains a rather high compressor efficiency even at startup. The total input electrical power at
startup with the rapid cooldown technique is still less than the 2000 W steady-state value
required when the cold end has reached 50 K and the impedance is set to the design value.
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