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Figure 6. Sample temperature contours comparing stable (a,c) and unstable (b,d) operation for a
40 Hz pulse tube operating between 80 K and 20 K. (a) 0° orientation view of pulse tube exterior wall.
(b) 135° orientation view of pulse tube exterior wall. (c) cross-section view of temperature contours
and velocity vectors at the cold end for 0° orientation. (d) cross-section view of temperature contours
and velocity vectors at the cold end for 135°orientation. Note that velocity vectors in (d) illustrate the
3-D nature of the convection problem at hand.

DISCUSSION
In general, observation of the data presented in Figure 5 yields interesting trends. There is
notable evidence that use of higher operating frequency, when possible, is advisable.
Furthermore, larger aspect ratio pulse tubes generally perform better off-axis for temperatures
above ~60K. For temperatures below ~15K, off-axis effects are noticeably more severe as
expected due to the larger disparity in density between cold and warm when compared to more
moderate temperature cases. Finally, larger mass flow amplitudes generally serve to reduce the
off-axis sensitivity. This is attributed to larger inertial forces, which are stabilizing when
compared to the buoyancy forces.
All of the observed cases reported in Figure 5 report orientation sensitivity in terms of
normalized energy flow loss below a bounding function which is fitted to the largest observed
loss over the full range studied. These extreme points are fitted with an exponential decay
function of the form shown in Equation 5. All points simulated and measured fall below the
cutoff line described by Equation 5.
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The utility of the data reported herein is the ability to determine the expected order of
magnitude loss as a function of a calculated pulse tube convection number for a given theoretical
design. This factor can be incorporated in a scoping level study to avoid designs that indicate
undesirable orientation sensitivity. Once a prospective design is developed, it should be
examined using the above described 3-D CFD methodology at the worst anticipated angle of
inclination to verify the level of sensitivity prior to fabrication.
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CONCLUSION
Three-dimensional CFD simulation has been successfully applied to predict the performance
losses due to gravity-driven convective instability in pulse tube cryocoolers over a wide range of
operating characteristics and two geometries. The results were characterized in terms of a
nondimensional loss of net energy flow as well as the non-dimensional pulse tube convection number. The results indicate that the magnitude of cooling power loss decays exponentially with increasing pulse tube convection number and sensitivity is minimized by applying the design which
yields the highest laminar Reynolds number in the pulse tube. The reported relationship in this
article should be used for scoping purposes only. Completed thermodynamic designs should be
simulated in 3-D half-symmetry using the method described in [5] prior to implementation into
hardware.
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