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ABSTRACT

As a follow up to previous exploratory measurements, we report on the phase shifting charac-

teristics of an adjustable inertance tube coupled to a pulse tube refrigerator.  The phase difference

between mass flow and pressure oscillations at the inlet of the adjustable inertance tube is measured

using calibrated pressure and mass flow transducers and a Labview-based lock-in amplifier.  The

mass flow signal is obtained from the pressure drop across a screen pack, suitably designed by

balancing the competing requirements of a sufficiently large signal size and minimal acoustic power

loss. By using the distributed component model, the phase between the mass flow and pressure

wave are compared with the experiment. A large acoustic power flow, up to 1500¶W is measured

when the cryocooler runs at 42¶Hz. Although there are minor discrepancies between the measured

and calculated phase angle, the trend of its dependence on the length of the inertance tube fits well

with the model prediction.

INTRODUCTION

A long narrow tube was first adopted by Kanao [1] in 1994 to produce a phase shift in a pulse

tube cryocooler. Since then, this component has been used extensively to fix the phase between the

pressure and flow oscillations in high frequency pulse tube cryocoolers. Zhu [2] reported that the

long neck tube can obviously improve the performance of the pulse tube cryocooler, because it can

generate a larger phase shift than either the orifice or double inlet configurations. Gardner [3] intro-

duced a lumped component model to describe the complex impedance inside the inertance tube.

 Roach [4] used a simplified electrical analogy to show the advantages of using a long neck

tube in the design of pulse tube cryocoolers, and was the first to name the component an ‘inertance

tube.’ de Boer [5] applied a simple turbulent flow model to the inertance tube and found that the

performance of the pulse tube with an inertance tube is superior to that of the orifice pulse tube

cryocooler. Luo et al.[6] developed a laminar-flow thermoacoustic transmission-line model and a

turbulent-flow thermoacoustic model to describe the performance of the inertance tube. Lewis

et al.[7,8] considered the impedance match between the pulse tube and the inertance tube and mea-

sured the phase shift of a variety of inertance tubes. Schunk et al.[9] developed a distributed com-

ponent model to characterize the complex impedance of the inertance tube. The contour plots from

their paper display the phase shift and acoustic power as they depend on the dimensions of the

inertance tube; these can guide the design of inertance tubes for desired phase shift and acoustic

power. Radebaugh et al.[10] used the transmission line model to optimize the diameter and length
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(a) 3D configuration                                 (b) Physical configuration

Figure 1.  Structure of variable inertance tube

¶

of the inertance tube. The transmission line model data fit the experimental results very well. Lewis

et al.[11] measured the impedance of the inertance tube for frequencies up to 150 Hz. Pfotenhauer

et al.[12] reported an innovated method to utilize the length dependence of the phase shift by using

an adjustable inertance tube. The performance of high frequency pulse tube cryocoolers largely

depends on the phase shift between the mass flow and pressure oscillations. Use of the inertance

tube can force the mass flow to either lead or lag the pressure; therefore, it is helpful to study how

the length and diameter of the inertance tube affect the performance of the cryocooler.

Although it is clear that setting the proper inertance tube dimensions can optimize the perfor-

mance of pulse tube cryocoolers, it is also clear that changing the dimensions of inertance tubes —

especially during pulse tube operation — is a difficult challenge. In this paper, we report further

data gathered with the adjustable length inertance tube described in Pfotenhauer et al.¶[11].  In the

present report, a relatively thin screen pack is used for the mass flow measurement, thereby avoid-

ing a large drop in acoustic power across that screen pack.  The resulting phase shifts produced by

the inertance tube were therefore not limited by a low value of acoustic power in that device.  Pic-

tures of the variable inertance tube are shown in Figure 1. The mass flow and pressure at the inlet of

the inertance tube are measured using a 6-piece copper screen pack (80 mesh), and two pressure

sensors, one on each side of the screen pack. With these devices, the mass flow, pressure, and phase

shift between pressure and mass flow at the inlet of the inertance tube are measured and discussed

in details in the following paragraphs.

MATHEMATICAL MODEL

There are several models that can describe the mechanism in the inertance tube. The lumped

component model was first introduced by Gardener et al[3]; it models the inertance tube as a single

complex impedance within the pulse tube cryocooler. Due to its simplicity, the lumped component

model is widely used to qualitatively calculate the impedance of the inertance tube. Luo et al.¶[6]

developed a transmission line model in which several ODEs with complex variables are solved

analytically for the laminar flow case, and numerically in the turbulent flow case. The distributed

component model developed by Schunk et al.¶[9] provides an advantage over the transmission line

model if the number of nodes in the model is very large. The distributed component model can

account for variations in the mass flow along the length of the tube, but more significantly at the

entrance and exit of the tube. In Schunk’s paper, the distributed component model fit the experi-

mental data very well; however, he was unable to compare the experimental results with the ex-

pected mass flow and acoustic power at the warm end of the pulse tube due to limitations in the

achieved measurements. In the present investigation, the screen pack enables a direct measurement

of the mass flow, acoustic power, and phase shift at the warm end of the pulse tube; this allows a

comparison with the theoretical predictions for those quantities.

The distributed component model separately computes the inertance, resistance, and compli-

ance values for the reservoir and for the n sections of the inertance tube. Figure 2 presents a sche-

matic diagram of this model.  The inertance tube is modeled as a large number of equi-length

segments, each of which have associated complex impedance values for the fluid resistance ZiR,

compliance ZiC, and inertance ZiL.
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Figure 2.  Schematic diagram of the distributed component model of the inertance and reservoir
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Where ê is the helium wave length, and 'a' is the velocity of sound in helium gas.

The inputs to the distributed component model are the average pressure P
0
, the pressure ampli-

tude Pd at the inlet of the inertance tube, the inner diameter Din and length L of the inertance tube,

and the frequency õ of the oscillations. Nominal values for these parameters, as used within the

present report, are shown in Table 1 (L and frequency are varied). With these inputs and the known

fluids properties, the mass flow, acoustic power, and also the phase shift at each node of the iner-

tance tube can be easily calculated.

COMPARISON BETWEEN EXPERIMENTS AND THEORY

An experimental setup was carried out to measure the mass flow, phase shift and the acoustic

power at the inlet of the inertance tube. The mass flow inside the inertance tube is measured by the

mass flow device, which is shown in Figure 1(a). The mass flow meter is assembled by stacking six

copper screens (80 meshes) in the space between the two flanges. Two pressure transducers are

mounted at each end of the screen pack to measure the pressure drop through the mass flow meter.

The phase shift between the mass flow and pressure oscillations is detected by the Labview

Lock-in amplifier program. The phase difference between the pressure oscillation on the pulse tube

side of the screen pack and the mass flow through the screen pack are determined by the Lock-in

vi (virtual instrument).

The acoustic power going through the inertance tube is deduced from the product of the pres-

sure amplitude at the outlet of the pulse tube, the mass flow through the screen pack (divided by the

gas density on the pulse tube side of the screen pack), and the phase angle detected by the Lock-in

amplifier program.

The mass flow meter measures the pressure wave both before and after the screen pack. The

pressure waves at the mass flow meter are shown in Figure 3. The average pressure in this example
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is 2.07 MPa, and the pressure amplitude at the warm end of the pulse tube Pd is about 0.205 MPa.

Due to the nonzero flow impedance across the screen pack, the pressure amplitude at the inlet of the

inertance tube is about 0.155 MPa. With this pressure difference, the Lock-in amplifier can easily

obtain the phase shift between the mass flow and pressure wave at the warm end of the pulse tube.

In the case shown in Figure 3, the operating frequency is 50¶Hz and the length of the variable

inertance tube is 1.409¶m, so that a 28.93º phase shift is measured between the mass flow and

pressure oscillations.

The influence of the inertance tube length on the phase shift between the mass flow and pres-

sure oscillations at 27 Hz is shown in Figure 4 for two different average pressures, 2.07 MPa and

1.7 MPa. The phase angle changes from 7.5º to 18.5º as the length varies from 1.289¶m to 1.529¶m,

a 15.6% change in length. As a comparison, the phase shift from the distributed component model

is also shown here. A small, but noticeable discrepancy exists at the shorter length, but the curves

converge as the length increases. Also, the change of phase over this length change is about 12º

from the model compared to 11º from the experiment.

Additional experiments have been carried out by varying the frequency from 27¶Hz to 50¶Hz.

The phase shifts as a function of inertance tube length at 42 Hz and 50 Hz are shown in Figure 5 and

Figure 6, respectively. The phase angle shifts from 26.5º to 31.5º as the length changes from 1.289¶m

to 1.529¶m at 42 Hz. Also, the same trend is predicted by the model. From Figure 6, there is only a

3.5º phase shift as the length of the inertance tube varies from 1.289¶m to 1.529¶m at 50¶Hz. Al-

though there are some discrepancies between the experimental data and model calculation, both

display the same trends in Figure 5 and Figure 6. Various mechanisms such a tube roughness, heat

Figure 3.  Phase shift between mass flow and pressure

Figure 4.  Phase shift change with length at 27 Hz
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Figure 5.  Phase shift change with length at 42 Hz

Figure 6.  Phase shift change with length at 50 Hz

transfer and exit/entrance effects are being explored to resolve the discrepancy. However, both the

experiment and model reflect the same change of phase that can be affected by the change in iner-

tance tube length. From the data presented in Figures 4, 5, and 6, one can conclude that the phase

shift is more sensitive to changes in the inertance tube length at lower frequencies than at higher

frequencies.

Phase angle changes as a function of frequency from 52 Hz to 27 Hz at average pressures of

2.07 MPa and 1.7 MPa are displayed in Figure 7 and Figure 8. The phase generally decreases from

around -10º to around 45º as the operating frequency increases from 27 Hz to 52 Hz. Both the

experimental data and model data reflect the same trend. Although the discrepancy between the

model and measurements is minor at the lower frequencies, it increases as the frequency increases.

Figures 7 and 8, also reflect a sensitive dependence of the phase shift on length at lower frequen-

cies, such as 27 Hz, but a significantly reduced sensitivity at higher frequencies. A larger change in

length is required in order to obtain a large phase shift if the cryocooler runs at a higher frequency.

Adjusting the length of the inertance tube not only varies the phase angle between the mass

flow and pressure oscillations, but also the mass flow amplitude and the acoustic power at the warm

end of pulse tube vary with length and operating frequency. Figure 9 displays the variation of mass

flow amplitude with length at different frequencies. The trend of the measurements and model

again are very similar. At 27 Hz, the model fits the experiment very well. However, at the higher

frequencies, such as 42 Hz and 50 Hz, small discrepancies may be observed. The peak in the mass

flow amplitude around 42 Hz is in keeping with expectations presented by Lou et al.¶[6].
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From the mass flow, pressure amplitude, and phase angle between these two parameters, the

acoustic power is easily obtained via the simple acoustic power expression.  The change in acoustic

power with the length is shown in Figure 10. The acoustic power increases slightly from 141.6¶W to

150¶W as the length ranges from 1.289¶m to 1.529¶m at 27 Hz. These small changes are a result of

the configuration limitations in our experiment. The largest percentage change to the inertance tube

235REAL TIME PHASE SHIFTING WITH ADJUST INERTANCE TUBE

Figure 7.  Phase shift changes with frequency at 2.06 Mpa

 Figure 8.  Phase shift changes with frequency at 1.7 Mpa

Figure 9.  Mass flow change with length
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length in our present configuration is limited to only 16% of total length. Future efforts will be

directed at modifying and increasing the possible change of length.

Figure 11 and Figure 12 display the variations of mass flow amplitude and acoustic power as a

function of the operating frequency and inertance tube length. For our inertance tube, a maximum

in both the mass flow amplitude and acoustic power is observed around 42 Hz. Notice that a small
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Figure 11.  Mass flow change with frequency

Figure 12.  Acoustic power change with frequency
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Figure 13.  Comparison of the other paper's data

length change can generate a relatively large variation in the mass flow amplitude and acoustic

power at this frequency. Both the measurements and the model display the same trends as a func-

tion of frequency and length.

In an effort to confirm the predictions of the model with other published data, we display in

Figure 13 the data and modeling results for the single case of L= 1.289 m, D=4.83 mm, and P
0
 =

2.06 MPa, along with that reported by Lewis et al.[8] for L = 2.36 m, D= 5.74 mm and P
0
 = 2.5

MPa. Note that the distributed component model accurately predicts both sets of data.  Further-

more, the peaking behavior evident in both sets of data correlates well with the predictions of Luo

et al.  In Figure 3 of Luo et al. a maximum in the acoustic power is found near the dimensionless

lengths of 0.35 and 0.8 (allowing for large, but finite sized reservoirs), with the larger peak at the

dimensionless length of 0.35. At 42 Hz our dimensionless length is 0.33 while at 57 Hz, the dimen-

sionless length associated with the data presented by Lewis et al. is 0.82.

DISCUSSION AND CONCLUSIONS

By using a screen-pack mass flow meter and an adjustable inertance tube, measurements have

been obtained that describe changes in the phase shift, mass flow amplitude, and acoustic power

resultant from variations in inertance tube length and operating frequency. The observed trends

match the predictions of the distributed component model. The mass flow and pressure oscillations,

as well as the phase difference between them at the inlet of the inertance tube are measured from the

experiment, and these match the model predictions. At lower frequencies, such as 27 Hz, the phase

shift is very sensitive to the length changes of the inertance tubes. A maximum is observed in the

mass flow amplitude and acoustic power around 42 Hz, also in agreement with the model.

A few relatively small discrepancies exist between the model and experiments. Future efforts,

both in the application of the model and in experimental configurations will be pursued.  In addition

to expanding the percentage range of length variations, future experiments will also be directed at

variable inertance tube diameters.
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