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ABSTRACT.

Commercial and defense-related demand for reliable, low cost cryocoolers continues to drive
the development of pulse tube cryogenic refrigerators. While related to the Stirling cryocooler,
the Pulse Tube Refrigerator (PTR) has the distinct advantage over the Stirling of having no
moving parts in the expander, yielding the potential for great improvement in the areas of
reliability, cost, and vibration minimization. Though the fundamental science of pulse tube
refrigeration is well understood, more accurate analytic and numerical modeling tools are needed
to facilitate the development of different and higher efficiency PTRs. At the present time, one of
the primary areas of uncertainty in pulse tube cryocooler modeling is the calculation of the
refrigeration losses due to dissipative mechanisms occurring within the pulse tube itself. The
purpose of the experiments described herein is to provide insight into how the volume and aspect
ratio of the pulse tube influence both the performance of the PTR and the magnitude of the pulse
tube losses. To accomplish that task, a modular PTR was designed such that the pulse tube
component could be changed independently of the other components in the system (compressor,
heat exchangers, etc.). This facilitated a series of parametric tests on distinct PTRs where the
only design variables were those related to the geometry of the pulse tube component. The PTR
performance was shown to be relatively insensitive to aspect ratio and sensitive to volume over
the range of pulse tubes tested.

INTRODUCTION

The elimination of moving parts in the cryogenic region of the pulse tube refrigerator (PTR)
makes it an attractive alternative to other regenerative cryocoolers (such as the Stirling,
Vuilleumier, and Gifford-McMahon). That is especially true for those applications where cost,
reliability, and vibration at the cold station are primary areas of concern. For this reason PTRs
are being proposed increasingly to meet the demands of both the commercial and military
markets. The early history of pulse tube refrigeration has been well documented, beginning with
the work of Gifford and Longsworth' on the basic pulse tube in the 1960’s to the addition of an
orifice by Mikulin? in 1984. Variations on the orifice pulse tube refrigerator theme, such as the
double-inlet PTR? and the double-inlet reversible PTR?, have appeared in recent years, and some
researchers have observed significantly improved performance using these modified designs.
Recently published experimental results reveal PTRs to be approaching the more-established
Stirling devices in thermodynamic efficiency, further spurring interest in these types of
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cryocoolers. For example, Burt and Chan report obtaining 2.0 W net cooling at 60 K with
compressor electrical input power of 88.6 W (44.3 W/W) in a paper published in 1995, This is
only 43% less efficient than the Hughes PSC Stirling cryocooler, one of the most efficient
Stirling cryocoolers on the market at these temperatures, which delivers 3.0 W net refrigeration
at 60 K with 76.3 W of electrical input power® (25.4 W/W).

The first thermodynamic model of a PTR was a one-dimensional enthalpy flow model of the
pulse tube component, described by Storch and Radebaugh’ in 1987. Subsequent enhancements
to this model eventually led to the more-detailed SRZ model, published in a 1991 NIST
Technical Note®. Though qualitatively informative, the SRZ model tends to over-predict
observed pulse tube heat transfer rates by 3 to 5 times, presumably due to the simplifying
assumptions inherent in the model (small pressure fluctuations, no axial mixing, etc.). Ensuing
efforts to improve on the accuracy of the SRZ model have met with some success®!?, usually
over limited ranges of operation, but a general PTR model which is quantitatively accurate over a
wide range of sizes and operating points has yet to be published. It is suggested that this is
largely due to a lack of understanding about the dissipative losses which occur inside the pulse
tube component caused by non-ideal flow characteristics (referred to herein as “pulse tube
losses™). An example of this type of refrigeration loss, termed “enthalpy streaming”, is discussed
in a recent paper by Lee, etal.'’.

The goal of the present effort is to experimentally investigate the role of the relative size and
aspect ratio of the pulse tube in the performance of a PTR. Five different PTRs were tested with
only the geometry of the pulse tube component varying between refrigerators. This approach
was taken to isolate the role of the pulse tube from that of the other system components. Using
one pulse tube as a reference, two distinct parametric tests were performed with three data points
per test: 1) constant volume, variable aspect ratio, ii) constant length, variable volume. The
results contained herein reveal the PTR to be relatively insensitive to changes in the aspect ratio
over the range investigated, but significant changes in performance were observed when the
volume of the pulse tube was varied.

This study was funded by Hughes Aircraft Co. Internal Research and Development (IR&D),
and the results have been incorporated into our analytical tools. These tools are used in the
design and development of all of our Pulse Tube Refrigerators including those for the Low Cost
Cryocooler (LCC) Program.

LIST OF SYMBOLS
Symbol Description Symbol Description
pulse tube diameter T temperature
compressor frequency \% volume
porosity Vs compressor swept volume
<> quantity in is brackets

pulse tube aspect ratio (L / D)
pulse tube length
thermodynamic pressure
charge pressure

time-averaged & steady-state

Subscripts Definition

. chx cold heat exchanger
conduction loss min minimum
e gross refrigeration opt optimum
net net refrigeration pt pulse tube
reg regenerator

sum of parasitic losses

©

pt loss pulse tube loss

rad

(0] reg loss regenerator inefficiency loss
t time

Qe 1O IO QD Qe T T = 11 & ™ T
g

radiation loss
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EXPERIMENTAL SETUP
Pulse Tube Refrigerator Design

A linear pulse tube expander, shown schematically in Figure 1, was designed so that the
pulse tube component could be changed with minimal impact on the other components in the
system. To reduce costs, the cold seal was eliminated by designing the housing for the
regenerator-cold heat exchanger (HX)-pulse tube section as a single machined part with a step in
the diameter between the cold HX and the pulse tube. The cold HX is a copper insert filled with
medium mesh copper screen press-fit into the thin-walled stainless steel housing. To minimize
uncertainty associated with regenerator performance, the regenerator is of a similar design
(geometry and matrix) to those used in the Hughes ISSC and PSC Stirling cryocoolers. It is
composed of fine mesh stainless steel screen contained within the inside diameter of the large
end of the center section housing. In the usual fashion, the pulse tube is simply a hollow
cylindrical tube. The design of the regenerator and the cold HX are the same for all five sub-
assemblies, and the measured porosities, ¢, ( 0.64 < ¢reg < 0.67; 0.57 < ¢epx < 0.63) reveal them
to be functionally identical. Common inlet and rejection heat exchangers, both of water-cooled,
packed copper mesh design, were used for all five assemblies. Thus the goal of assembling five
virtually identical expanders with variation only in the geometry of the pulse tube was achieved.
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Figure 1. Layout/schematic of modular pulse tube expander.
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The expanders for these experiments were coupled by a short (approximately 5 cm) transfer
line to a Hughes Aircraft Co. Condor compressor: a dual-piston, linear, positive displacement
device which produces an essentially sinusoidal pressure wave. At maximum stroke the swept
volume of the compressor is less than 5 cc (small compressor), and the drive electronics utilized
allowed the variation of the swept volume so that the input P-V (pressure-volume) power could
be controlled. Within the structural limits of the compressor, the charge pressure could also be
varied. By varying both the charge pressure and swept volume, the pressure ratio could be
adjusted.
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Instrumentation

Figure 2 illustrates the extensive instrumentation of the test setup. The temperatures of each
of the heat rejection end plates are regulated with a constant-temperature circulating bath and
associated valving, while the corresponding temperatures are monitored with type-T
thermocouples placed on the copper plates. Since both the flow rate and temperature of the
cooling water are also monitored, calorimetric measurements at each of the heat exchangers are
possible. Both temperature and heater power at the cold station are governed by a Lakeshore
temperature controller using silicon diode temperature sensors and a resistive heater. Pressure
waves in the gas are measured at various locations in the PTR using fast response strain gauges.
A differential pressure transducer between the orifice and the surge tank permits an accurate
estimate of the mass flow rate through the orifice valve. Together with a co-located pressure
sensor, the use of an anemometer in the transfer line gas stream provides a direct measurement of
the phase angle between the mass flow rate and the pressure at that particular location. The
anemometer is not calibrated for this range of operation, so quantitative velocity measurements
are not obtainable at present. This level of instrumentation is provided so that the individual
effects to operating parameters such as pressure ratios and heat exchanger temperatures can be
observed in addition to monitoring the top-level performance parameters such as load
temperature and net refrigeration.
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Figure 2. Modular PTR experiment instrumentation. W = wattmeter, A = anemometer,
T = thermocouple, P = pressure sensor, dP = differential pressure gauge.

RESULTS
Optimum Operational Settings

The five different pulse tube geometries and performance characteristics are summarized in
Table 1. For each of these pulse tubes, a series of tests were performed to characterize the PTR
performance as a function of operating frequency and, in the case of the first pulse tube tested
(PT1), charge pressure. The load curves in Figure 3 illustrate the results of the frequency test for
PT1, which is typical of the other four pulse tubes, and Figure 4 summarizes the results of the
charge pressure test, also for PT1. With the minor exception of PT4, which performed
considerably worse than the other four pulse tubes, the optimum operating frequency was found
to be largely independent of the pulse tube geometry. Though load curves were not obtained as a
function of charge pressure for the other four pulse tubes, the influence of the charge pressure on
the no-load operating temperature was examined, and little change was observed between 30 atm
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and 35 atm. The same type of “flat” behavior was also observed with regards to the valve
setting. In general, the overall performance was seen to be relatively insensitive to changes in the
frequency, charge pressure, and valve setting in the vicinity of the optimum operational settings
for those parameters.

Table 1. Pulse Tube Geometry and Performance Data

Vpt/ Ve r P0,opt fopt Tmin
[atm] [Hz] [K]
PT1 1.00 13.0 30 38 75.2
PT2 1.00 10.0 34 33 77.8
PT3 1.00 16.5 33 34 78.5
PT4 0.80 14.7 35 42 85.0
PT5 1.17 12.1 33 33 73.2
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Figure 3. Load curves for varying operational frequencies. Data for PT1.
Charge pressure = 30.5+0.1 atm. Input P V power = 33+1 watt.
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Figure 4. Load curves for varying charge pressure. Data for PT1.
f =34 Hz. Input P-V power = 33+1 watt.
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Parametric Test 1: Pulse Tube Aspect Ratio

The first three pulse tubes in Table I (PT1, PT2, and PT3) comprise a set of constant volume,
variable aspect ratio pulse tubes. The values for aspect ratio used here vary from 10.0 for PT2 to
16.5 for PT3, and these values are typical of those reported in the literature for single-stage
orifice PTRs. Shown in Figure 5 are the load curves for the three configurations at virtually the
identical operating point (f = 34.0 + 0.0 Hz, Py = 30.5 £ 0.2 atm, Vs constant to within 3%). The
overall PTR performance is essentially independent of the aspect ratio over the range of values
investigated. Furthermore, the data acquisition system reveals that the pressure ratios, heat
exchanger temperatures, and orifice flow rate are also largely unaffected by the changes in aspect
ratio. As discussed later, this indicates that the pulse tube losses may not be highly dependent on
the aspect ratio for the values considered.
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Figure 5. Load curves for varying aspect ratios.

Parametric Test 2: Pulse Tube Volume

PT1, PT4, and PTS5 define a set of constant length, variable volume pulse tubes. The length
was held constant to model a hypothetical design trade which may arise in the development of a
concentric pulse tube expander. Assuming the optimum regenerator length has been identified, it
may be deemed desirable to design a pulse tube of the same length for manufacturing reasons.
Alternatively, the test could have been designed so that the aspect ratio was held constant and the
length of the pulse tubes allowed to vary. As shown in Figure 1, however, each unique pulse
tube length requires a new adapter plate to mate the inlet HX plate to the vacuum dewar, so the
cost of the experiments was controlled by minimizing the number of distinct pulse tube lengths.
Note that the extremes in aspect ratios for the variable-volume set of pulse tubes lie within the
range investigated in the first parametric test. Since the PTR performance was shown to be
insensitive to pulse tube aspect ratio over that wider range, this test can be safely interpreted as
an investigation of the effects of changing the pulse tube volume only.

Figure 6 clearly demonstrates a dependence of the PTR performance on the size of the pulse
tube. As with Figure 5, each of the load curves were obtained for the same operating condition
and piston stroke, thus the variation observed is indeed due to the changes in pulse tube size.
The most efficient pulse tube tested is the largest pulse tube, PTS, which has a pulse tube
volume-to-compressor swept volume ratio, (V/V), of 0.46. Though it would be expected that
changes to the pulse tube volume would affect the mass flow rates and pressure waves, the
measured changes were within the range of experimental uncertainty. This is not surprising,
however, for the difference in volumes between the smallest and largest pulse tubes represents
less than a 5% change in the total expander void volume. The significance of these results with
regards to the pulse tube losses is discussed in the next section.
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Figure 6. Load curves for varying pulse tube volumes.

DISCUSSION

Consider the control volume partitioning of the cold heat exchanger - pulse tube - rejection
heat exchanger portion of the PTR as illustrated in Figure 7. In addition, assume that the pulse
tube flow field is ideal, where “ideal” is defined as one-dimensional and free of axial mixing.
Under these assumptions, a gas piston can be identified which is a constant-mass control volume
whose limits of travel are defined by the heat exchangers at either end of the pulse tube. The
heat exchanger control volumes each have one fixed boundary and one moving boundary, the
moving boundary being that in contact with the gas piston. By defining the control volumes in

this fashion, the gross refrigeration, <Qg>, can be calculated from the P-V power absorbed by the

dynamic cold heat exchanger volume:

(Og) = fE PV i - M

This equation reveals the origins of the term “gas piston, ” for the constant-mass control volume
inside the tube serves the same purpose as the physical expander piston in a Stirling cryocooler,
causing P-V power to be absorbed by the cold gas. Since P4 (t) and V 4,(t) can be calculated
fairly accurately using a control volume mass conservation model of the PTR, the gross
refrigeration can also be determined with some confidence by virtue of equation 1. Then the net
refrigeration can be determined by utilizing a first law energy balance on the cold heat exchanger
volume, i.e.,

(O} = (Q2) = (Opwrscr)

) : . . ()]
<Qparasm'cs> = <Qreg_ Im:) + <de> + <Qcond> + <Qpl_ loss>

Conduction,(Qco"d>, and radiation,(Q,ad>, losses can be calculated relatively accurately from
first principles, and methods have been developed for calculating regenerator inefficiency loss,
<Q,eg_ ,ms>, (NIST’s REGEN program, for example). The magnitude of the “pulse tube
loss”,(Qp,_ ,m>, which is defined here as the sum of the refrigeration losses that occur in the

pulse tube due to deviations in the real flow field from the ideal case described above, remains as
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an area of uncertainty in the calculation of the net refrigeration. The goal of these experiments is
therefore to provide some qualitative and quantitative information on how this pulse tube loss
varies with pulse tube design.
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Figure 7. Conceptualization of “gas piston”.

The first parametric test considers the effect of the pulse tube aspect ratio on the behavior of
the PTR. In the limiting case where the aspect ratio approaches infinity for a finite volume, the
tube diameter goes to zero and the flow impedance becomes so large that it eventually chokes the
flow at an infinitesimal flow rate, effectively reducing the net enthalpy flux through the tube to
zero. For the opposite case where the aspect ratio, hence the length, goes to zero for a finite
volume, conduction through the gas and the tube walls from the rejection HX to the cold HX
eventually dominates the desired convective flux in the opposite direction. Between these two
extremes lies a range which encompasses the optimum pulse tube aspect ratios for practical PTR
designs. As stated previously, the aspect ratios tested in the present effort clearly demonstrate
that the PTR performance is not highly dependent within the range tested. Furthermore, since
the pressure waves, mass flow rates, and temperatures are basically constant between cases, the
gross refrigeration, the regenerator losses (conduction and enthalpy flux), and the radiation loss
are also constant. The calculated change in the pulse tube conduction parasitic loss due to the
variations in pulse tube geometry is less than 0.02 W, which is negligible. Therefore, since the
same operating points yield virtually the same net cooling rate for all three PTRs, the pulse tube
flow loss must also be essentially constant for the 3 different pulse tubes by virtue of equation 2.

As with the aspect ratio, the determination of the optimum pulse tube volume involves a
trade-off between competing effects. Reducing the volume of the pulse tube, or any expander
component for that matter, increases the amplitude of the pressure wave in the cold HX and, in
the absence of a dramatic change in the phase angle between the volume and pressure, increases
the amount of gross refrigeration (equation 1). However, as has been known for some time'®, a
practical pulse tube must be of sufficient size so that a portion of the gas, in the absence of axial
mixing, never leaves the pulse tube. This is the “gas piston” identified in Figure 7. It is
hypothesized here that reducing the size of the pulse tube increases the refrigeration losses
associated with non-ideal pulse tube flow characteristics such as axial mixing and secondary
flows'!. The purpose of this test was to analyze that hypothesis by observing and characterizing
how the PTR performance varies with pulse tube volume.

A numerical analysis based upon the predictions a of well-correlated PTR model"? supports
the theoretical prediction of increasing gross refrigeration capacities as the volume of the pulse
tubes decreases, but as illustrated in Figure 6, the net refrigeration capacities actually decrease
along with the pulse tube volume. Therefore, by virtue of equation (2), the parasitic losses must
increase as the size of the pulse tube decreases. Since the radiation, regenerator, and conduction
losses are essentially constant, the increased losses must be due to the changes in the behavior of
the pulse tube flow field. Preliminary analysis of the data reveals the pulse tube losses for the
largest and smallest pulse tubes to be roughly 35% and 65%, respectively, of the gross
refrigeration. A study is underway to more carefully quantify these losses and to seek
correlations between the magnitude of the pulse tube losses and the dimensionless variables
which govern the flow field (aspect ratio, Womersley number, etc.).
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CONCLUSIONS

A series of experiments have been conducted on a modular PTR design in which only the
geometry of the pulse tube component was allowed to vary between test items. The influences
of the charge pressure, frequency, and valve setting on the PTR performance were investigated.
Furthermore, parametric tests were conducted to investigate the role of the aspect ratio and
volume of the pulse tube on the overall PTR performance and on the magnitude of the
refrigeration losses due to non-ideal pulse tube flow characteristics. The results were as follows:
» the PTR performance was found to be relatively insensitive to changes in the operational

parameters in the vicinity of the optimum operating point;
< the PTR performance and pulse tube losses were virtually independent of pulse tube aspect

ratio over the range investigated (10.0 <T" 16.5);
 the best PTR performance characteristics and minimum pulse tube losses were observed for

the largest pulse tube (V,,/ V, = 0.46).

Since the PTR with the largest pulse tube proved to be the most efficient, it would desirable to
continue these experiments with even larger pulse tubes to determine the optimum (V,, / V) ratio
for this particular design.
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