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ABSTRACT

The length and diameter of the inertance tube play a significant role in achieving the desired
phase angle for a pulse tube cryocooler. This paper reports on the design and experimental evalua-
tion of a cylindrical adjustable inertance tube that has the ability to adjust the phase angle of a pulse
tube cryocooler in real time during operation. This cylindrical adjustable inertance tube has the
ability to change its length from 1.37 m to 2.92 m and to adjust its diameter from 6.9 mm to 8.7 mm
while turning the outer screw between its two end positions. Preliminary experimental results
demonstrate phase angle shifts from -31.53° to -50° as the frequency increases from 30 Hz to
60 Hz.

INTRODUCTION AND PREVIOUS WORK

The inertance tube (IT) is a significant passive phase shifting device for a Stirling type pulse
tube cryocooler. Since it was first introduced by Kanao[1] in 1994, it has become a topic of interest
in the cryocooler research field. Various scholars[2-14] have contributed significantly to our under-
standing of the phase shifting performance of inertance tubes. According to model predictions, the
phase angle generated by the inertance tube can be very sensitive to different diameters and
lengths[12]. However, in practical applications, typically a long copper or stainless steel tube with
a fixed diameter and length is connected to the cryocooler, and it might not provide an optimum
phase angle for the specific cryocooler. Thus, another stainless steel tube with a different diameter
and length must be tried on the same cryocooler. Such an approach for fixing the optimum phase
angle would require a long and complicated process. Therefore, we are pursuing the idea of an
adjustable inertance tube (AIT), that can provide a variable length or diameter, or both, in real time
while the pulse tube is operating.

In our previous papers, the performance of the linear adjustable inertance tube is detailed and
reported [12, 13]. The mass flow and pressure oscillations, as well as the phase angle difference are
measured from the experiment, and these match our distributed component model predictions [9].
However, due to the constraints of available length change (less than 20%), the linear adjustable
inertance tube provides only a 12° phase angle shift adjustment. Furthermore, even the length
change from 1.29 m to 1.53 m proved to be rather awkward in the linear configuration. Because of
the above issues, we have proposed conical and cylindrical adjustable inertance tube configurations
and have theoretically explored their performance [14]. From the theoretical prediction, the conical
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Figure 1. Structure of cylindrical adjustable inertance tube

Table 1. Parameters of cylindrical adjustable inertance tube

Dpin(mm) 6.9 D pax(mm) 8.7
Luin(m) 1.37 Lnax(m) 2.92
Vres,min (M”3) 1.42¢-3 Vres,max (m”3) 1.59¢-3
N (turns) 4.5

adjustable inertance tube can only provide a limited phase angle shift, while the cylindrical adjust-
able inertance tube can not only provide a larger phase angle shift, but also has the ability to main-
tain a constant acoustic power consumption. Therefore, a cylindrical adjustable inertance tube has
been designed, fabricated and tested in order to further explore the phase shifting ability of an
adjustable inertance tube. Figure 1 shows a 3-D drawing and photo of the cylindrical adjustable
inertance tube. The channel between the two threads of the inner screw and outer screw defines the
adjustable inertance tube. By turning the outer screw from its bottommost position (as shown in
Fig. 1) to its topmost position, the effective diameter and length decrease from 8.7 to 6.9 mm and
from 2.92 to 1.37 m, respectively. The basic parameters of the cylindrical adjustable inertance tube
are shown in Table 1. As shown in Figure 1, the cylindrical adjustable inertance tube also includes
a circular fin heat exchanger and the reservoir all in one compact package. In the present experi-
ment, the oscillating mass flow rate is measured by the screen pack mass flow meter at the entrance
of the inertance tube.

In this paper, we describe the design process and preliminary experimental results from testing
the cylindrical adjustable inertance tube. This paper includes four sections including this introduc-
tion and previous work. The second section describes the design procedure and some characteris-
tics of the cylindrical adjustable inertance tube. The third section gives some preliminary experi-
mental results that demonstrate its phase shifting ability. The last section summarizes these prelimi-
nary experimental results and discusses future work.

DESIGN OF THE CYLINDRICAL ADJUSTABLE INERTANCE TUBE

The cylindrical adjustable inertance tube enables a changing diameter and length for the iner-
tance tube via concentric screws. As shown in Figure 1, the effective diameter and total length vary
by turning the outer screw from the bottommost position to the topmost position. A spring-loaded
stop located at the top end of the inner screw and another spring-loaded stop on the bottom end of
the outer screw define the length of the inertance tube. The bottom stop is fixed to the outer screw,
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Figure 2. Fins heat exchanger around the reservoir

Table 2. Basic fin design parameters.

T_air (K) 293 k_fin (W/m-K) 177
W_fin (m) 0.102 th_fin (m) 0.002
L fin (m) 0.038 Dia_cylinder (m) 0.178
a_fin (m) 0.002 h fin (W/m"2-K) 20
q_dot_fin (W) 300 N_fin 68

and the top stop is fixed to the inner screw. The bottom stop travels with the outer screw as the outer
screw moves up and down, while the top stop remains static with the inner screw. In this way both
the length and the diameter increase or decrease at the same time.

The empty chamber attached to the bottom of the outer screw in Figure 1 is the gas reservoir.
The volume of this reservoir changes as the position of the inner screw is adjusted. Its volume
decreases from 1.59 L to 1.42 L as the outer screw travels from its bottom to its top position. From
the model prediction, this amount of volume change has an insignificant influence on the phase
angle between the mass flow rate and pressure wave at the inlet of the inertance tube.

There are several fins around the reservoir to cool the temperature of the reservoir during the
operation of the pulse tube. An anodized coating is used on the teeth of the inner screws to decrease
the friction between the inner and outer screw-threads. A long channel extends from the inlet of the
inner screw to the adjustable inertance tube inlet. The diameter is chosen to ensure that the pressure
drop along this channel is significantly smaller than the pressure amplitude of the oscillations.
Several O-rings are used to seal the 2.0 MPa average pressure inside the inertance tube.

a) Fin Heat Exchanger around the Reservoir

During the operation of a pulse tube refrigerator, there may be a significant amount of acoustic
power consumed in the concentric screw configuration. The fin heat exchanger is added on the
outside of the reservoir to maintain the temperature below 50°C. Figure 2 shows the detailed
dimensions of the fin heat exchanger; it is located around the outside of the reservoir cover and
fixed to the outer screw by eight bolts and an O-ring seal.

Table 2 displays the parameters of the finned heat exchanger. The entire adjustable inertance
devise is fabricated out of aluminum 6061. The fin thickness is 2 mm, with 38 mm length and
102 mm height. As a conservative approach, the fins are designed to reject up to 300 W of acoustic
power, close to the amount generated by the linear compressor in the experiment. The surface
temperature of the reservoir is thereby designed not to exceed 50°C.

From Figure 3, we can see that if the fin thickness is about 2mm, the surface temperature will
be less than 50°C when the acoustic power is about 300 W. The total number of fins around the
reservoir is 68 as is shown in Table 2. The reservoir surface temperature decreases as the fin thick-
ness decreases; however, fins thinner the 2 mm are increasingly, and unnecessarily, difficult to
fabricate. Therefore, a 2 mm fin thickness is used for the finned heat exchanger.

b) Pressure Drop along the Channel

The long channel, extending from the inlet of the inner screw to the adjustable inertance tube
inlet, is shown in Figure 1. If the pressure drop along this channel is as large as the pressure ampli-
tude in the inertance tube, the performance of the adjustable inertance tube will be completely
degraded. The pressure drop along this channel is very sensitive to the diameter and length of the
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Figure 3. Temperature of the reservoir vs. thickness of the fins

channel. Therefore, the pressure drop along this channel is also calculated to determine the diam-
eter of this channel. The pressure loss is estimated using the steady flow equation:

L u?
AP=f.p. - —.2m_
Ip D 2 (1)
m=P,-2nf- cos(27tfl)L
! YR,.T, 2)

In Equation (1), f'stands for the friction factor of the pipe, u,, is the bulk velocity of the working
fluid, p is the density of the helium gas, L is the length of the pipe, and D, is the inner diameter of the
pipe. Equation (2) shows the helium mass flow rate in the inertance tube. P, stands for pressure
amplitude, V, is the volume of the reservoir, y is the helium specific heat ratio, 7}, is the gas
temperature in the inertance tube, and f is the sinusoidal frequency. The helium mass flow rate can
change from 0.001kg/s to 0.005 kg/s in the experiment. By changing the inner diameters of the
pipe, the pressure drop is calculated from Equation (1). A key criteria in the design of the inner
diameter of the pipe is to make sure that the pressure drop is much smaller than the pressure ampli-
tude of the oscillating flow in the inertance tube.

Figure 4 illustrates the pressure drop versus inner diameter of the pipe at different helium mass
flow rates. From the curves in the figure, the calculated pressure drop along a 5 mm diameter
channel is about 7189 Pa, which is only 3% of the pressure typical operating amplitude of 228 kPa
in the variable inertance tube. Additionally, the 5 mm diameter channel is relatively easy to fabri-
cate and was therefore selected for this design.
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Figure 4. Pressure drop along the channel
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Figure 5. Length and diameter versus number of turns of outer screw

EXPERIMENTAL VERIFICATION

A preliminary experiment has been carried out to measure the performance of the adjustable
inertance tube. A linear compressor (Q Drive Model 25297W) is used to generate the oscillating
flow. The mass flow meter is connected between the outlet of the linear compressor and the inlet of
the cylindrical adjustable inertance tube. The mass flow meter is constructed by using a six-piece
copper screen pack (80 mesh) and two Endevco model B8510B-500 pressure sensors, one on each
side of the screen pack [12], as is shown in Figure 1. The inner screw is fixed in place with a flange
that is attached to the aftercooler.

The phase angle between the mass flow and pressure oscillations is measured by a Labview
Lock-in amplifier program. A Stanford Research SR830 Lock-in amplifier is also used to verify the
Labview Lock-in program. Both instruments provide essentially the same phase angle measure-
ment in the experiment. During the operation, the length and diameter is changed by turning the
outer screw from the bottom position to the top position. Figure 5 shows the length and diameter
change as a function of the number of turns of the outer screw. The cylindrical adjustable inertance
tube provides for a maximum of 4.5 turns. As the outer screw moves from the bottommost position
to the topmost position, the total length decreases linearly while the effective diameter decreases
like a parabolic curve, as shown in Figure 5.

Figure 6 shows the measured phase angle between the mass flow rate and pressure wave at the
inlet of the cylindrical inertance tube. The screen pack mass flow meter [12] is implemented to
capture the phase angle. The linear compressor is initially set to operate with a charge pressure of
2 MPa and 30 Hz. Figure 6, displays that in these conditions, the mass flow rate leads the pressure
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Figure 6. Phase angle between mass flow and pressure in cylindrical inertance tube
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Figure 7. Phase angle shift with the changing frequency in cylindrical inertance tube

wave by almost -32°. At this point, the cylindrical inertance tube is positioned where it has the
largest diameter and length. During the initial operation of the experiment, one of the pressure
transducers was damaged and subsequently produced unsteady pressure signals. Due to time con-
straints, only a limited amount of data was obtained, that displaying how the cylindrical inertance
tube performed at different frequencies.

Figure 7 shows the change of phase angle with frequency at a charge pressure of 2.06 MPa. The
experimental data is also compared with the Distributed Component Model [9]. From the model
prediction, as the frequency increases from 30 Hz to 60 Hz, the phase angle will shift from -38° to
-68°, almost a 30° phase angle change. From the experiment, the phase angle shifts from -31.53° to
-50°.

DISCUSSION AND CONCLUSION

This paper reports on initial measurements using a cylindrical adjustable inertance tube for a
Stirling type pulse tube cryocooler. The adjustable inertance tube can change the diameter and
length in real time during operation of the pulse tube. The design process addresses the configura-
tion of a finned heat exchanger and the pressure drop between the pulse tube outlet and the entrance
of the inertance tube. The cylindrical adjustable inertance tube has also been fabricated and tested
in our lab.

The initial experimental results demonstrate a phase angle shift from -31.53° to -50°, as the
frequency increases from 30 Hz to 60 Hz. The results are in fairly good agreement with predictions
from the Distributed Component Model. Further experiments will be carried out to fully explore the
relationship between the adjustable diameter and length of the cylindrical inertance tube and the
phase angle shift for the Stirling type pulse tube cryocoolers.
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