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ABSTRACT 

A fundamental loss mechanism in cryocoolers is associated with compression and expansion 
processes, and the simplest demonstration of this can be observed in a gas spring.  Our 
understanding of these gas spring losses is largely based on work by Kornhauser, Smith and 
others who carried out a series of thorough investigations on conventional crank driven 
reciprocating compressors, where the use of normal sliding seals would minimize seal losses.  
The widespread use of linear clearance seals in linear compressor has raised the question of how 
applicable the Kornhauser correlations are to compressors with clearance seals, which have 
significant flow through the seals and consequent seal losses. 

This paper describes experiments carried out with a clearance seal linear compressor 
attached to a plain gas spring volume.  The static flow through the clearance seal in the 
compressor was measured over a range of piston positions, and this information was used to 
estimate the seal loss for specific strokes.  Calculation of the losses from electrical power 
measurements was found to be unreliable due to uncertainties in the electromagnetic and other 
losses within the compressor.  The P-V work done by the piston on the gas was measured, taking 
into account the small phase shifts in the instrumentation.  By subtracting out the estimated seal 
loss, the gas spring loss was derived.  Results are presented for a number of gases over a range of 
frequencies and strokes. 
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INTRODUCTION 

Many of the loss processes present in a working cryocooler have been fairly well 
characterized by measurements and analysis, but experimental data has shown that these do not 
appear sufficient to account for the amount of power lost in working machines1.  The work 
described here has been to investigate thermodynamic losses that appear to occur in miniature 
Stirling cycle or Pulse Tube coolers but which are not adequately explained by our existing 
models.  These losses are large enough that a small reduction in their value would produce a 
significant improvement in cryocooler efficiency. 

It is believed that these losses are mainly associated with the heat transfer and flow 
processes that occur when the cooler components are subject to a cyclic pressure variation and 
are not a direct result of the refrigeration process.  This has suggested that there would be 
equivalent losses in systems that have similar pressure and flow processes but which do not have 
the usual mechanisms for generating refrigeration, such as a second piston or displacer.  Such 
systems would be similar to gas springs but with components and geometries that derive from 
cooler designs rather than those typically selected for gas spring efficiency. 

If there is no refrigeration cycle operating then all power dissipated can be attributed to the 
loss mechanisms including those that are of interest.  The measurement of the power dissipated 
for differing heat transfer and flow regimes should therefore allow the correlation of loss values 
with variations of particular parameters in a way that would not be possible in an actual cooler. 

This paper describes experiments to evaluate the magnitude of compression losses for a 
clearance seal compressor acting on a simple cylindrical compression space.  The results are 
compared with correlations described in the literature. It is hoped that further work will allow 
this approach to be applied to more complex cooler components  

GAS SPRING LOSS CORRELATIONS 

A useful starting point for this subject is the 1987 paper of Kornhauser and Smith2, which 
presents experimental data of loss measurements made in a reciprocating compressor over a wide 
range of operating conditions.  This data was compared with the predictions of a number of 
theoretical treatments based on a one-dimensional analysis of the gas, and the conclusion drawn 
was that the treatments by Lee3 and by Cooke-Yarborough4 were the most accurate.  The 
equation adopted by Kornhauser in his paper was Lee�s. 

In Kornhauser & Smith�s 1993 paper5 the work was extended to wider range of conditions 
including finned geometries.  Lee�s expression was found to correlate much of the data fairly 
well but an empirical modification was proposed that appears to give a significant improvement.  
The measurements that did not correlate well were those for high volume ratios and high 
molecular weight gases.  It was suggested that Lee�s assumptions were basically less applicable 
for these conditions.  It was also suggested that the appendix gap (the small annular gap around 
the piston) might have a significant influence.  It is worth mentioning that there are subtle 
differences (and inconsistencies) in the definition of some of the parameters used in these various 
correlations, however the definitions in Kornhauser�s later paper do agree with Lee and Cooke-
Yarborough�s after some manipulation.   

This paper refers to two expressions for the heat transfer loss, the first, which was obtained 
theoretically by Lee and Cooke-Yarborough, will be referred to as �Lee�, and which gives the 
compression loss, Wc, as 
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and Peω is the Peclet number based on the angular frequency and a conventional hydraulic 
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where  p0 = pressure at mid-stroke 
  V0 = cylinder volume at mid-stroke 
  pa = pressure amplitude 
  γ = ratio of specific heats 
  ω = angular frequency 
  αo = thermal diffusivity of gas at mid-stroke 
  Ao = cylinder surface area at mid-stroke 
 
It should be noted that this expression does not take into account mass exchange of the 

compression volume with any other parts of the system.  Additionally the cylinder wall is 
assumed uniform and isothermal.  Finally, the pressure swing is assumed to be sinusoidal and 
relatively small compared to the mean pressure. 

The second expression (a modification of Lee�s expression) is given in the 1993 Kornhauser 
paper as a better fit to their data, and will be referred to in this paper as �Kornhauser�.  Based on 
equation 1 above, it replaces the parameter y with y� which is defined as: 
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All of the experimental data from these early papers is derived from crank-driven 
compressors with conventional seals.  In clearance seal compressors, such as those used on 
cryocoolers, there is a significant flow through the seal and it might be expected that this flow 
would influence the overall loss values.   

DESCRIPTION OF EXPERIMENTS 

Test equipment 
 

The test rig was based on a linear compressor previously used as part of a Stirling cycle 
domestic freezer, and consisted of a clearance seal piston/cylinder assembly driven by a linear 
motor (figures 1 & 2).  At maximum stroke the top of the piston reaches the end of the cylinder.  
Mounted on top of this assembly is a short cylindrical volume and a cylinder head which make 
up the fixed volume �gas spring�. 

Experimental Approach 

Measurements of thermodynamic losses in a machine of this type can be derived either from 
electrical measurements of the input power to the compressor, or from measurement of the �P-V� 
work done by the piston on the gas in the compression space. 

Measurement of electrical power can more easily be made with high accuracy, but there are 
several mechanical and electromagnetic loss mechanisms within a compressor, and some of 
these are difficult to characterize accurately.  In addition, the compressor is a resonant device, 
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and the linear motor is inefficient when operating away from the resonant frequency.  Under 
these conditions most of the electrical power input is dissipated as �i2R� loss in the drive coil, and 
the calculated thermodynamic work done would be a small (and inaccurate) difference between 
two large numbers.  If the frequency of testing was limited to �near resonant� conditions, only a 
very limited range of data would be obtained.  For these reasons, the �P-V� work was derived 
from measurements of pressure and piston displacement. 

 
Figure 1.  Test compressor Figure 2.  Section through test compressor. 

The position of the piston was measured using a commercial non-contacting LVDT, 
allowing the gas volume to be determined as a function of time.  Provision was made for 
pressure transducers to be fitted flush with the sides of the cylinder and in the cylinder head as 
shown.  Two pressure transducers were installed in order to check whether varying gas 
temperature would affect the accuracy of the transducers.  One transducer was an Entran 
transducer that was compensated to minimize thermal effects, the other was a Druck transducer 
which did not have equivalent compensation.  It was found that the two transducers gave very 
similar results and the conclusion drawn was that for the range of measurements made, the 
varying gas temperature did not affect the performance of the transducers.  A third pressure 
transducer recorded the pressure in the body of the compressor to measure the small pressure 
variation in the pressure vessel surrounding the linear motor. 

An important consideration when measuring a relatively small power, (as is the case here) is 
that the shape of the �P-V� loop is long and thin, and the calculated area of the loop is very 
sensitive to phase shifts in the electronics of any instrumentation used.  Prior to these tests, the 
phase shift in the instrumentation was carefully measured, and data from the pressure and 
displacement measurements was digitally corrected to allow for this phase shift.  Note that the 
resonant frequency of the pressure transducer diaphragms was expected to be much higher than 
the operating frequency of the compressor and hence there was not expected to be any significant 
mechanical phase shift in the measurement. 

Analysis 

The total power input into the gas volume is made up of two components.  The major 
component is the compression loss in the gas that we are interested in.  In addition to this there is 
also a seal loss due to leakage through the clearance seal: 

 

scin WWW +=  (6) 
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348 LINEAR COMPRESSOR DEVELOPMENT AND MODELING



 

Where Wc is the �compression loss�, Ws is the loss due to flow through the clearance seal, 
and Win is the �pdV� work done by the piston on the gas in the compression space, which is a 
function of the frequency f, and the measured values of pressure p and cylinder volume V. 

The seal loss cannot be measured independently and was calculated using measurements of 
the clearances seal flow properties together with pressure difference across it.  The Reynolds 
numbers for the leakage flows that occur through clearance seals are generally very low and well 
within the laminar flow regime.  To verify this a CFD model was run to check that the flow was 
laminar, taking into account the real pressure swing (which was not perfectly sinusoidal), an 
estimated temperature swing in the gas, and the edges of the piston.  It was found that the flow 
was always laminar over the whole range of operating conditions. 

Given the laminar nature of the flow, the instantaneous mass flow rate dm/dt through the 
clearance seal is given as a function of the time-varying pressure difference across the seal ∆p by 
the equation 
 

)(
12

)(3

tp
L

trD
dt
dm m ∆=

µ
ρπ

 (8) 

 

Where D is the piston diameter, ρm is the mean gas density, µ the mean viscosity, L the seal 
length, and r is the effective radial clearance of the seal, which is function of piston position, and 
hence time. 

For this compressor, the leakage past the seal had been experimentally determined as a 
function of piston position, and from this the effective radial clearance had been calculated (see 
figure 3). 

To evaluate Ws, data for the stroke and for the pressure either side of the seal was used to 
estimate the instantaneous seal leakage, and this was integrated round a cycle to give an estimate 
of the work lost pumping gas through the seal. 

To enable a wider variation of Peclet number to be explored, 4 different gases were used in 
the testing � helium, neon, nitrogen and krypton.  With these, and by varying the frequency 
between 2 and 75 Hz, the stroke between 1.6 and 12.1 mm, and the fill pressure between 0.25 
and 15 bar, a range of Peclet numbers from 3 to 19000 was investigated. 
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Figure 3.  Effective radial clearance of seal as a function of piston position.
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EXPERIMENTAL RESULTS 
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Figure 4.  Non-Dimensional loss as a function of Peclet number for helium 

For convenience, the measured gas spring losses are plotted non-dimensionally (LND) with 
the denominator equal to the ideal adiabatic work of compression for the same volume ratio rv 
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The gas spring losses measured for helium are plotted in Figure 4.  The results generally 
give good support to Kornhauser�s modification of Lee�s equation.  The results show little scatter 
for the range of Peclet Numbers between 10 and 1000 and there is little evidence for any 
dependence on pressure.  The scatter for the results for Peclet numbers between 1 and 10 is 
greater but measurement errors were becoming much more significant and the scatter is within 
the expected range of error. 

The data for nitrogen (shown in figure 5), and for neon and krypton are similar, but all 
exhibit a deviation from Kornhauser�s equation for Peclet numbers above 1000 (it was not 
possible to get data for helium for Pe>1000).     

The results for all the gases are shown in Figure 6.  It will be seen that altogether the results 
give good support to Kornhauser�s modified equation.  The spread of the results is really quite 
small given the range of pressures, frequencies and gases used. 

The lowest Peclet number results (<10) were only obtained for helium and neon. Even 
allowing for the scatter on the helium results there does appear to be a difference in the 
maximum values of the non-dimensional loss although the Peclet numbers do correspond.  One 
possible explanation for this is that the boundary layer depth for helium at these frequencies will 
be large compared to the size of the cylinder.  In addition, these Peclet numbers are in the 
�transition� regime between adiabatic and isothermal behavior, and the choice of regime may be 
sensitive to other factors.  Being at the extremity of the data range, more results are really 
required to demonstrate that it is a real effect. 
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 At the highest Peclet numbers (>1000) all of the gases (except helium for which there is no 
data) show higher loss values than predicted by either of the analytic expressions. 
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Figure 5.  Non-Dimensional loss as a function of Peclet number for nitrogen. 

The most likely reason for this deviation is the error in estimation of the seal loss.  At high 
Peclet numbers, the seal loss becomes a significant part of the total �P-V� work done on the gas.  
It is known that the dynamic seal loss can be higher than that predicted by the simple theory and 
the data from static flow measurements � these effects are also pressure dependent, and will 
result in the seal loss increasing at higher fill pressures.   
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Figure 6.  Non-Dimensional loss as a function of Peclet number for all gases. 
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CONCLUSIONS 

An important conclusion is that these expressions, derived for conventional sliding seal 
compressors, are valid for clearance seal machines, once the seal pumping loss has been allowed 
for.  Other conclusions that can be drawn from these results are: 

• For Peclet numbers in the range 10 to 1000, Kornhauser�s modified version of Lee�s 
equation gives good results and can be used in applications involving typical 
clearance seals. 

• There is evidence for a significant deviation from Lee�s expression for all but the 
lightest gases (i.e. helium and hydrogen) where the Peclet number is above 1000.  
However, this deviation could be due to inaccuracies in the estimation of the 
clearance seal loss, and more investigation is needed to investigate this further. 

• Data in the Peclet number range from 1 to 10 gives significant scatter.  This region is  
significant in terms of real Cryocoolers, and more work is required to determine  the 
nature of compression losses in this area. 
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