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Figure 7: Illustration showing thermal loads and enthalpy flows for an imperfect
regenerator with a non-ideal gas working fluid when the mean system pressure is high.

Case 4 – Imperfect Regenerator, Real Gas
Observation of cases 1-3 yields specific information in terms of isolated limits. In practice,
a normal regenerator operating between the temperature limits of 4-30K is aligned with a
combination of cases 2 & 3. More specifically, due to operational pressure in modern highfrequency PTC systems equaling or exceeding 500 kPa, the most applicable combination is
case 2 with the high-pressure variant of case 3. Representation of this condition is illustrated in
Figure 7. Observation of Figure 7 shows the combination of the enthalpy and energy flows for
these two cases. Of note is the energy flow associated with the regenerator ineffectiveness
remains consistent with the direction and thermal loading discussed for the high pressure
scenario in case 3. The net result is a total regenerator enthalpy flow towards the cold end that is
consistent with the sum of the ineffectiveness enthalpy flow and the real gas enthalpy flow. In
terms of decoupling the regenerator and real gas losses, this situation is ideal. As the only
enthalpy flow that may flow towards the expander is due to the real gas enthalpy flow, the sole
thermal load at the cold isothermalizer is due to the regenerator loss. Physical measurement of
the two decoupled losses now becomes possible using this scenario.
4 KELVIN REGENERATOR LOSS MEASUREMENTS
Physical isolation and measurement of the ineffectiveness and real gas regenerator losses is
performed by transforming the high-pressure analysis shown in Figure 7 into a physical
hardware representation as shown in Figure 8. Observation of Figure 8 in relation to Figure 7
shows two major changes: 1) two cold isothermalizers are used, and 2) the expansion space is
represented by an actual cold expander. The use of two cold isothermalizers enables redundancy
in the real gas loss measurement and allows for regulation of the expander temperature. Use of a
cold expander serves two purposes: 1) the expander is used to set the desired phasor relationship
at the regenerator cold end during testing, and 2) is used to facilitate the redundant measurement
of the real gas loss.
A more detailed basis for measuring the two losses, primary and redundant, is presented in
Figure 9. Measurement of the regenerator ineffectiveness loss is performed at the first cold
isothermalizer as shown in Figure 9a. In this case, the total time-averaged enthalpy flow that
enters the isothermalizer is the combination of the ineffectiveness loss and the real gas loss. A
thermal load equal to the regenerator ineffectiveness loss is rejected to a thermally linked LHe
pot. Knowledge of the thermodynamic condition of the LHe is readily determined with pressure

Figure 8: Illustration showing the physical hardware implementation for measurement
of the delineated regenerator losses.
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(a)

(b)
Figure 9: Illustration showing the energy balance and relevant enthalpy flows and
thermal loads for a control volume consisting of (a) the first cold isothermalizer system,
and (b) the second isothermalizer – expander combined system.

measurement in the LHe pot. Measurement of the LHe boil off rate is accomplished at room
temperature by passing the gas through an ice-bath and then through a precision mass flow
meter. Using this information, the thermal load rejected at this isothermalizer is computed and
equal to the ineffectiveness loss for the given operating conditions. It should be noted that the
only thermal load that may be rejected at this location is due to ineffectiveness as the excess
temperature has no real gas component. This is due to the warm blow process being capacitance
limited. Isolation and measurement of the real gas enthalpy flow is achieved by recording the
instantaneous pressure and mass flow waveforms at the exit of the first isothermalizer using
standard pressure transducers and mass flow calibration curves. Using the measured waveforms,
the time-averaged real gas enthalpy flow is computed using numerical integration. It should be
noted that conduction losses are calibrated out in advance.
To enable confidence in the measurement of the real gas loss, a secondary and redundant set
of measurements are performed as illustrated in Figure 9b. In this case, the measurement system
consists of two components; the second isothermalizer and the cold expander. During normal
operation, the real gas enthalpy flows to the expander and reduces but does not eliminate the
cooling power generated by the expander. As a result, the second isothermalizer attains a lower
temperature than the first isothermalizer. To maintain both isothermalizers and the expander at a
uniform temperature, heat is added using a standard resistance heater at the second
isothermalizer. This heat is adjusted using a commercial PID controller to maintain the desired
testing temperature. In addition, the expander power output is computed using normal electrical
measurements. Note that expander ohmic heating is known and accounted for based on previous
measurements5 of the DC and AC resistance of the expander. Using the energy balance shown in
Figure 9b, coupled with knowledge of the time-averaged expander power and the added thermal
load, the real gas enthalpy entering the second isothermalizer is determined resulting in a
redundant measurement of the real gas enthalpy flow. Comparing the real gas enthalpy flow
determined using the analysis on the first isothermalizer and the analysis of the second
isothermalizer – expander combination should yield equivalent results within experimental error.
Large deviations would indicate systemic measurement errors. It should be noted that conduction
losses are calibrated out in advance.
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CONCLUSION
This paper has reviewed a NIST 4K regenerator test facility that allows for a unique and
important testing capability that does not currently exist anywhere in the world. As part of the
design verification and evaluation of the utility of the experimental measurements, it was deemed
critical and necessary to develop an experimental methodology to isolate and measure the
dominant losses in a regenerator operating in the temperature range of 4-30K. As part of this
process, a real gas thermodynamic analysis was used along with flow capacitance information to
determine the direction and thermal loads resulting from real gas effects. The analysis yielded
criteria for performing regenerator loss measurements in which the regenerator ineffectiveness
loss is isolated at a cold isothermalizer as a thermal rejection. The real gas loss is determined
separately using measured waveforms for pressure and mass flow rate at the exit of the
isothermalizer. Furthermore, redundancy is built-in to the real gas loss measurement through
analysis of a second system that includes an additional cold isothermalizer and a cold expander.
Using the new methodology, modifications to the experimental hardware for the NIST 4K
facility were presented.
Current and continuing work is focused on assembly and verifying the performance of the
two pre-cooling stages. During this process the 4K stage hardware, to include an additional
isothermalizer, will be finalized and fabricated. Following completion of fabrication, assembly of
the testing stage components will be performed. After successful assembly, calibrations will be
performed and performance verified. Initial experimental measurements will focus on
regenerators using GOS, Er50-Pr50, combinations of these two materials, and advanced
regenerator matrix designs. The experimental measurements will be used to benchmark programs
such as REGEN3.3 and other higher order models using CFD.
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