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ABSTRACT
In a high-frequency or large pulse-tube refrigerator at full power, misleading pressure measure-

ments can arise if the inertance points directly at the pressure sensor in the compliance, because of 
the time-dependent stagnation pressure of the pulsatile jet that is emitted from the end of the inertance 
during half of the oscillation.  The effect appears most strongly in the pressure’s phase, which could 

The erroneous measured phase usually leads the true phase, although the opposite sign can oc-
cur when the transit time for vortex-ring propagation from the end of the inertance to the sensor is 

severity of this effect. The error in the phase of the pressure can be a few degrees for circumstances 
encountered in real refrigerators.  Harmonic content in the pressure may be a useful indicator of the 
effect.  Avoiding the problem by locating the sensor away from the jet is recommended.

INTRODUCTION

the end of a circular tube, a turbulent jet forms.  There is an extensive literature on such an “im-
mersed,” round turbulent jet in free space, and a smaller literature on the immersed turbulent jet 

where u U d 2
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With such a jet in mind, consider the inertance tube and compliance tank typically used for 

at the inertance-compliance interface, where Ua
U1f

-
ance while U1f t jet that might be located at the 
opposite end of the compliance.  This sensor feels a pressure that includes the stagnation pressure 
at the center of the jet, 

in addition to the fundamental component of the thermodynamic pressure

Figure 1. U1f t d.  
U1f jet, which feels both the thermodynamic pressure and 

ok, feels only the 
U1f

the thermodynamic pressure. U1f t ptherm,1f t
pstag t pstag t
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where xp
pa

m and pm are the mean density and pressure, and Vc is the volume of the 
compliance.  Boundary-layer thermal-hysteresis dissipation is neglected.

pstag has many components. Most importantly, as shown below, 
its fundamental component makes a false contribution to the measurement of the fundamental 
component of the pressure p1f t -
script 1 does not indicate a complex number or function here, contra many other thermoacoustics 
publications.  Here, the subscript 1f
frequency f

pstag t

where 
fundamental frequency sees

where

Vc xpd
using the molar mass M, the universal gas constant Runiv, and the mean temperature Tm, is more 
convenient for calculations, and highlights the quadratic frequency dependence of this effect.  The 

pa, 
which might sometimes be negligible. But it causes a  shift in the time phase, by an amount

difference between two transducers can be among the most accurate diagnostics, because phases 
do not depend on accurate calibration of the transducers.  Thus, avoiding even a little of the phase 

for a given gas and pa pm, the simplest physics of the compliance dictates that the cooling power 
Q  f pm Vc, while designing the inertance to avoid a high Mach number suggests Q  pm d

 2. Light-weight 
pressure-vessel design encourages xp  Vc  f Q pm , so 

-
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 2
without an intrusive inertance, although we were not aware of the problem at the time.  In other 
cases that might have suffered from this problem, we have simply been lucky to have located our 
sensors away from the jet for other reasons.

MEASUREMENTS OF THE PHASE

these phenomena. The compliance tank was an aluminum right-circular cylinder with diameter and 
x  

jet

jet ok

ok
calibrations were checked against a Bourdon-tube pressure gauge that had been calibrated against 

temperature was measured with a type-K thermocouple.

pa pm 
is less than a factor of 2.

The quadratic dependence of  on 
which the drive frequency was varied at constant pa

 2

-
tion; the agreement is very good.

To examine the quadratic xp dependence of  2 in the form of 
xp

2.  

than a factor of 2.

jet ok was approximately quadratic in pa and quadratic in f -

Figure 2. jet ok as a function 
of pressure amplitude pa ok, for d x f
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DEVIATION FROM THE QUASI-STEADY APPROXIMATION

The analysis above assumes that the jet behaves like a steady jet at every instant of time, with 

the transit time for the gas to cross from the inertance to the pressure sensor is much less than the 
period of the sound wave.  This is roughly equivalent to

where x
which can be rewritten at the time of maximum U1 asmaximum U1UU  as

Figure 3. jet ok as a function 
of drive frequency f at two values of pa pm, for d xp

2 2

2.

Figure 4.  Inverse of slopes d d f  2 xp pa pm
pa pm
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-

obtained by integrating dt dx u x jet sensor, giving an estimate 
of the time ttransit that any part of the time-dependent jet spends in transit:

To make progress analytically, assume that the most important part of this correction to the 
analysis arises from the time when cos t  

 At large enough pa pa the phase error can pass through 

effect, for which ttransit spans approximately 2
although quantitative agreement is not very good.

The situation can also be envisioned as a series of vortex rings being launched by the oscillating 

jet sensor to deliver its central momentum to the sensor.  The actual 

HARMONICS
-

pstag t
some particularly large-amplitude harmonics:

pa pm
n — all of the terms 

in the expansion are of the same order in pa pm.  Other sources of harmonic content in p t
compliance, such as nonlinear contributions to the impedance of the inertance and the Taylor-series 
expansion of p ~  in the compliance, tend to have smaller harmonics, especially for the highest n.

jet show the expected slope of 2 on this log-log plot, and the magnitude at 
2f f f signals, 

f f signals, while measurements show all with comparable magnitudes, so more 
research is need to fully understand this situation.  Nevertheless, it is likely that conclusions can be 

f f f jet

ok
pa pm

2 f ,
pulsatile jet impinging on a pressure sensor, raising doubts about the validity of phase measurements 
at 1f
magnitudes of the 2f f f signal may be the most useful indicators, 
with the jet tending to cause high 2f f as the highest 
harmonic.We also observed an amplitude-dependent, time-averaged pressure difference between 
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jet ok

sensor that one might hope could serve as a baseline is likely at the aftercooler, on the other side of 

jet.

CONCLUSIONS
-

ing pressure in the compliance of a pulse-tube refrigerator, possibly harming one’s understanding of the 
refrigerator’s behavior.  The effect is most pronounced for a short, fat compliance and for high-power, 
high-frequency refrigerators, and manifests itself most importantly as a misleading contribution to the 
phase of the pressure.  The effect usually makes the measured phase lead the true phase, although it can 

pressure sensor is comparable to half of the oscillation period.  Keeping the pressure sensor well away 
from the jet is a simple way to avoid the problem.  If the pressure sensor must be in the worst location, 

Figure 6. jet ok
f f f

ok

jet uses p1f jet

ok uses p1f from 
ok.

Figure 5. jet in the center of the jet as a function of pressure amplitude pa 
ok, for d xp f
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estimates of the phase error based on a free, steady jet are shown by experiment to be reasonably 
useful, and high harmonic content in the measurement could indicate trouble if no other diagnostic 
is available.

shifting due to stagnation pressure may occur in other circumstances when a pressure sensor faces 

a compressor connects to a coldhead.
The quasi-static approximation was used to derive the simple expressions in this paper. These 

expressions are in good qualitative agreement with the measurements, so they can be used to estimate 
whether an apparatus might suffer from jet-induced errors in pressure measurements.
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