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ABSTRACT

The rapidly oscillating, variable density flows of regenerative heat
engines provide a class of poorly understood unsteady flow and heat transfer
problems. These problems are not curfent]y amenable to direct experimental
resolution. Experiences in engine development and test programs and efforts to
develop analysis tools point to the regenerator as a key area of insufficient
understanding., Focusing on flow and heat transfer in regenerators, this report
discusses similarity parameters for the flows and reviews the experimental data
currently available for Stirling analysis. Then a number of experimental
results are presented from recent fundamental fluid mechanical and thermal
investigations that shed additional light on the functioning of heat engine
regenerators. Suggestions are made for approaches for further measurement and
analysis efforts.






SUMMARY.

The performance of a regenerator is not readily separable from the per-
formance of the remainder of the heat transfer/thermodynamic/gasdynamic system
that is an advanced closed-cycle heat engine. Despite the difficulty, this
report focuses as closely as possible on the regenerator. Regenerators play an
extremely important role in high-efficiency closed cycles, yet knowledge of
regenerators and ability to design them is very limited. Even the most complex
analysis codes available are not particularly reliable in work on new, substan-
tially different machines. Various kinds of regenerator problems in recent
engine development efforts in Japan, at General Electric, and at Mechanical
Technology, Inc., have demonstrated some of the difficulties in designing such
machines. The inexplicability of engine tests run with different regenerators
(to determine which give better performance) provides further evidence. In
this report, the physics of regenerator behavior are discussed to illuminate
where current data and assumptions are faulty and why understanding is so
limited.

The physics governing regenerator behavior is described by a set of fluid
equations (equation of state, mass, momentum and energy) coupled with an energy
equation for the solid matrix. The fluid equations, complete three-dimensional
equations for time-dependent, variable density fiow, cannot be solved for
regenerator geometries with current computer capacity. A preferred alternative
for analyzing such problems is to use dimensional analysis, which can yield
governing parameters (called similarity parameters) without solving the
equations. Development of similarity parameters for regenerators shows that
dynamic and geometric similarity between regenerator experiments and Stirling
and other heat engine flows has not been attained. Several key parameters--
kinetic Reynolds number, Eckert number, and as yet unspecified geometrical
parameters--were not considered in experimental work. Although in timited
cases they may be unimportant, ignoring these parameters has typically been
based on assumption rather than on analysis. Geometrical parameters, which
come from boundary conditions (which are just as much part of the problem being
solved as the equation is), are handled particularly poorly. Even the basis
for defining length scales for more conventional parameters such as Reynolds



number is not established. It is apparent that shortcomings in understanding
and analysis of regenerators are in part due to dependence on inappropriate
experimental results.

Closer examination of steady flow data currently used in heat engine
regenerator analysis shows why similarity has seldom been considered. The key
data (Kays and London 1984) used were gathered 20-40 years ago for an entirely
different application (gas turbines), and the parameters used for correlations
and the experimental techniques developed were based on the requirements and
the expected analysis methodology for that application. Unfortunately the
requirements and analysis methods for heat engines are not the same as for gas
turbines. Instead, assumptions have been made in order to use the data anyway,
as for many years it was the only information available. In particular, the
quasi-steady assumption used to substitute steady flow data for instantaneous
data within the oscillating flow may be suspect, even though arguments in favor
of 1ts use for regenerators are still made. In situations where kinetic
Reynolds number and other previously-ignored similarity parameters are very
small, these arguments are reasonable. But for the general case, indeed, in
every case until analysis has determined the relative magnitudes of governing
parameters, ignoring parameters means ignoring important physics.

Some attention has been paid to the shortcomings of steady-flow, gas-
turbine-based data. But very little oscillating flow work has been done for
regenerators because test-oriented experiments are almost as difficult as
butlding a working heat engine and instrumenting it. In addition, reported
results have not reached conditions at all similar to working engines, and
experimental rigs are not sufficiently well instrumented to provide detailed,
fundamental information about the flows they are able to create. These test-
oriented experiments were designed to be realistic, yet practical, and have had
only Timited success. Improving instrumentation of working engines, as has
been done in Japan, may be equally practical for getting this type of “compo-
nent test" results.

In addition, the fundamental understanding that this type of work cannot
provide must be sought elsewhere, with simplified, fluid mechanical experi-
ments, perhaps in situations where flow visualization and detailed measurements
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are possible. Fortunately, some of the phenomena that cannot be probed by cur-
rent realistic experiments have already received initial attention i1n funda-
mental studies driven by Stirling and IC engines, cryogenics, chemical reactor
design, or other applications. These include heat transfer during compression
or expansion (cyclic heat transfer}; enhanced axial thermal diffusivity in
oscillating laminar flows; effective formulations for treating porous media
that permit treatment of special effects such as nonuniform porosities or
nonuniform regenerator design; and heat transfer enhancement in oscillating

flow in porous media.

This report presents observations and scoping calculations on what these
recent fundamental results may mean for heat engine regenerators, based on
study of the original research and knowledge of the heat engine regenerator
application. Because no detailed analysis has been done, however, these obser-
vations are little more than informed speculation. The major limitation to
doing detailed analysis is knowledge of the kind of flows present in a regener-
ator, which affect choices of hydraulic diameters, thermal diffusivities, and
other key parameters. Improved knowledge of regenerator flows must be
addressed by experiments, utilizing visualization or other means of getting
detailed data.

Experiments undertaken from a narrow perspective will not succeed by them-
selves, however. It is clear both from the examination of flow and heat trans-
fer data and from the review of fundamental research in this report that the
topic of heat engine regenerators is a classic “"between disciplines" problem.
It demands several types of expertise: fluid mechanics (detailed analysis of
flow effects), heat transfer (convection and conduction}, chemical engineering
(porous media), heat engines (the problem "framework" and end goal), and pos-
sibly, acoustics (pressure measurement expertise). A great deal of cooperation
Detween disciplines that do not typically interact will be needed.

A second need for cooperation and coordination is between experimental
work and analysis. Data must be taken in such a way that they are readily
usable, without additional error, in an analysis, Stated another way, analysis
must be formulated in such a way that it can use available data without
inducing additional errors. In this area, where rapidly-time-varying,
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high-pressure, high-temperature flows (dominated by nonlinear problems) are
being treated, both experimentalists and analysts have their hands full.
Current treatments are very limited, and even the assumptions made, explicitly
or implicitly, are not recognized. The researchers must work together on tasks
such as working out schemes to avoid either quasi-steady flow assumptions or
perfect instantaneous measurement assumptions. Only then will a scientifically
verified regenerator design capability be available for development of high-

efficiency machines.
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1.0 INTROOUCTION

In recent years several hundred million dollars have been spent in the
United States and overseas on development of new closed cycle heat engines,
including prime movers, refrigerators and heat pumps, because of their many
promising operating characteristics: high efficiency, Tow noise, fuel flexi-
bility, convenient operating temperatures, and long Tife,

These machines involve new kinds of unsteady internal flows not prevalent
in other applications. Up to this time, however, the characteristics of these
flows have not been fully investigated and methods to anmalyze them have not
been developed. Instead, simplified component tests are the cornerstones of
current heat engine analysis. Though many analysis codes based on Such tests
have been used to predict the performance of actual engines, the varying and
unspecifiable accuracy of current analysis has limited the development of new

machines,

In fact, the design of a new high-performance heat engine has proved to be
quite risky. Although projects have been terminated for a wide variety of rea-
sons, much of the work has been compounded by its technical difficulty. 1In the
Stirling technology area, for instance, numerous designs have not performed as
expected., These included new engine designs by firms with long Stirling
traditions as well as firms new to the technology. Unfortunately detailed
evidence about these efforts is not readily gathered and remains largely
anecdotal,

The'difficu1ty with heat engine development projects has several aspects.
Because heat engines function as complex, interactive thermal systems, they can
require considerable redesign and rebuild when thermal design errors are made.
In addition, the analysis code results and experiments with both successful and
unsuccessful engines have seldom directly pinpointed key sources of error. The
frequency with which thermal or pressure drop problems are encountered, how-
ever, suggests that part of the blame does lie on the initial flow and heat
transfer experimental data on which the codes are based, or on assumptions
implicit in their use.
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It is difficult to explicitly demonstrate the extent to which improved
understanding would ease heat engine development problems, however. Some
engines, because of their operating conditions, have not had the difficulties
that others have had. High-efficiency engines, though, have virtually all been
problematical, These machines depend strongly on excellent heat exchanger
performance, particularly that of the regenerator.

The regenerator is still an enigma to heat engine analysts. Pressure drop
multipliers (to increase calculated pressure drop beyond the level expected
based on simple test rigs), for instance, have been necessary for regenerator
analysis in Stirling design codes for many years (Martini 1983; Chen and
Griffin 1983). Such adjustments may still not reflect regenerator performance
with any accuracy, but rather may correct for errors in other component models
or in assumptions about how the heat engine system works., Thus a careful
review of current knowledge of regenerators, focusing particularly on present
experimental knowledge and future measurement needs, is an important priority
in heat engine development. This report provides such a review. For clarity
and because of the wide availability of data on their design and performance,
Stirting applications are typically taken as an example. The discussion is
equally applicable to a variety of other regenerative (Ericcson, Villemeuier,
etc.) cycles, and may also give insight into unsteady heat transfer and flow in
other heat engines, pulse combustors, and other applications.

Chapter 2.0 of this report outlines the experiences in engine development
and test programs, as well as with development of analysis tools, that identify
the regenerator as an area of insufficient understanding. Focusing on flow and
heat transfer in regenerators, Chapter 3.0 then discusses the fundamental equa-
tion set for the flows and derives similarity parameters for them. Chapter 4.0
reviews the limited experimental data currently available for heat engine anal-
ysis, and outlines problems with that data. Then in Chapter 5.0, a number of
experimental results from recent fundamental fluid mechanical and thermatl
investigations that shed additional light on the functioning of regenerators
are presented., General recommendations for further work are given.
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2.1.2 Regenerator Analysis

Researchers attempting to improve regenerator design have proposed a
number of simple calculation procedures that do not require large amounts of
computer time. These efforts seek to focus on specific tradeoffs in regenera-
tor design in far more explicit ways than are possible with numerical solutions
of the one-dimensional equations for the working fluid. One effort (Jones
- 1982a) emphasized the importance of the ratio between regenerator matrix and
working gas specific heats, which is a factor limiting regenerator perform-
ance, Another (Miyabe, Takahashi and Hamaguchi 1982} also focused on heat
capacity, paying special attention to the diameter of the wires and the number
of screens in screen regenerators. A third (Lazarides, Rallis and Kilgour
1984) developed an optimizing procedure based on calculating and minimizing the
ratio of energy loss to energy storage using simple models for losses. A
fourth (Bartolini and Naso, 1984) used a simplified regenerator model that per-
mitted development of parameterized curves examining the influences on thermal
effectiveness of types of working gas, gas temperature range, engine speed, and
regenerator mass and dead volume. There are few experimental data to support
or disallow any of their results. Three of the four efforts did include exper-
imentat work published overseas at Italian and Japanese conferences and in
graduate theses (Bartolini 1981; Boletta et al. 1981; Jones 1982b; Hamaguchi,
Takahashi and Miyabe 198la and 1981b), but the work was extremely limited.

. Instead, the primary verification used for the research noted above and in
other simplified design approaches is comparison with the results of detailed
Stirling cycle simulations. Although they do not focus closely on the regener-
ator, these simulations do provide a more realistic treatment of overall work-
ing gas behavior by solving more complete forms of the basic equations {includ-
ing mass, momentum and energy equations). As noted in Seume and Simon (1986)
and Hutchinson and Lyke (1987}, these codes depend very clearly on steady flow
friction and heat transfer tests on regenerator materials, and thus (as dis-
cussed in Chapter 4.0) cannot be regarded as validated for real engine operat-
ing conditions,

Thus "verification" of simple codes with more complex codes is a misnomer
and does not necessarily contribute to the understanding of regenerators.
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Rather, it shows how to simply mode]l the same behavior that is predicted,
correctly or not, by the complex code, under the circumstance used for the
comparison. When used with skill and judgment, complex codes do seem to work
well in certain c¢ircumstances--those that involve more familiar flow regimes
for which experience can assist in the analysis. But they can still be
unreliable in new flow regimes or in inexperienced hands. Both simple and com-
plex approaches to regenerator analysis, then, are limited by the same short-
comings in experimental data.

2.1.3 Engine Development Effaorts

Recent engine development efforts provide anecdotal evidence on the
importance of regenerators to heat engines and on shortcomings in regenerator
design. The key development efforts are not building variations on current,
well-tested engines, but entirely new ones. They include several efforts in
Japan by researchers new to Stirling engines; a similar effort by General Elec-
tric (GE) on a different type of engine in the United States; and the Jlatest
Mechanical Technology Inc. (MTI) space power design, which operates in a new,
high-frequency regime. Essentially the same types of basic (steady flow) data
have been used by almost all Stirling designers in recent years, so although
problems encountered in each application may differ, it is not because each
designer's data are individually faulty in distinct ways. Instead, they would
have to be collectively faulty. The “newness" of the development efforts
mentioned leads to the expectation that any lack of fundamental understanding
will be reflected in difficulties in the development process.

Indeed, there were regenerator problems in each development case mentioned
above, although not enough detail is publicly available (nor is there adequate
understanding) to isolate a particular analysis assumption or data set as the
culprit. In a paper reviewing Japanese Stirling engine progress (Mitsuda
et al. 1985), three of the four Japanese engines developed were determined to
have regenerator design problems: Toshiba's 3 kW engine had excessive fric-
tion, and Mitsubishi's 3-kW design had excessive thermal losses, as did the
30 kW Tokyo Sanyo machine.

In a case in the U.S. for which details are available, General Electric
developed a 3-kW free-piston engine for a Stirling-Rankine heat pump. This
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engine suffered from huge friction losses in the regenerator and cooler, far
more than GE's and other codes predicted (General Electric 1984), While the
cooler losses, hetween 6 and 10 times those predicted by various c¢odes, are
believed to have been caused by spring insets used to enhance heat transfer,
the regenerator losses, between 3 and 7 times those predicted, were not
explained. In addition, despite this high pressure drop, regenerator thermal
performance (effectiveness) was still far lower than desirable,

Problems have beset firms that are experienced with Stirling engines as
well, In developing a large, high-frequency, free-piston engine, MTI destroyed
a wire mesh regenerator in which the screens were not sintered in place, even
though the engine was operating far short of peak pressure and operating speed
(Slaby 1986). The ability of a regenerator to destroy itseif inm a high-
frequency machine had not been clear from analysis. With a structurally sound
regenerator in place, this machine apparently does perform as expected.

There are, of course, engines for which no particular problems with regen-
erator operation have occurred. But because the knowledge of operating behav-
ior necessary to satisfactorily design Stirling heat regenerators {(and certain
other components} is not currently explicit, development progress is sometimes
impeded and every advanced heat engine design is a risky project.

2.2 ROLE OF RESULTS FROM OTHER FIELDS

Data commonly used to design heat engine heat exchangers originated in
applied and basic heat transfer research undertaken for other applications 20
to 40 years ago (Kays and London 1984; Finegold and Sterrett 1978); it has
recently been supplemented by data taken by researchers specifically for
Stirling and heat engine components (see Table A.1 in Appendix A). The recent
data have many limitations, partly because they were typically from
application~oriented experimental programs and thus did not examine in much
detail the physical processes being tested. In the meantime, other applica-
tions have resulted in considerable advances in fluid mechanics and heat trans-
fer, Up to this point, heat engine regenerator design has been almost entirely
dependent on results developed with other applications in mind. It is impor-
tant to continue to build on past work, but with a new focus on fundamental
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work, to ensure that heat engine problems are resolved, rather than to accept
available data because they are the only data available.

2.3 CONCLUSIONS

This chapter outlined practical experience with regenerators in Stirling
engines in order to emphasize the importance of regenerators to heat engine
performance and to illustrate the extent to which a lack of solid experimental
data is Timiting the development of such machines. Tests of various regenera-
tors in engines have been unable to provide understanding or good correlaticns
between regenerator characteristics and performance. The effects of regenera-
tor geometry were apparently important but it is not known exactly how.

Regenerator analysis, while often illuminating important issues in regen-
erator design, is not based on experimental knowledge but rather on agreement
with full (3-conservation equation) codes that in themselves are not fully ver-
ified. Engine developments using these codes have had mixed success, and in
several cases the difficulties in experimental engines have included severe
limitations in regenerator performance. The data on which these codes depend
were largely developed for applications and may not be suitable for many heat
engine applications. Chapter 3.0 discusses the fundamentals of flow in regen-
erators and introduces the conditions (similarity parameters) that must be met
for experimental data to be applicable.
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3.0 FLOWS IN CURRENT HEAT ENGINE REGENERATORS

This chapter focuses on basic equations and what can be learned from them
about regenerators in current heat engines. The focus is once again on
Stirling engines, far which design data and currently used correlations are
most readily available. The governing equations for three-dimensional, time-
varying flow in a complex geometry like a regenerator cannot be solved with
current computational ability. Dimensional analysis, however, is a highiy
effective means of examining fundamental relationships without solving complex
equation sets. It has the added advantage of producing dimensionltess numbers
(similarity parameters) that can be used to characterize the important physics
in the problem being examined. Similarity parameters are not currentiy agreed
upon for flows in regenerators; indeed, as will be seen, most of the correla-
tions currently being used for heat engine flows do not include important simi-
tarity parameters for such flows.

In this chapter the governing equations for regenerator flows are intro-
duced and similarity parameters for regenerators are developed, Complications
introduced by geometry and other boundary conditions and the oscillating, vari-
able density flow phenomena of the Stirling cycle are emphasized. Regenerator
characteristics that may prove important are summarized in Table A.l in
Appendix A as a supplementary means (to dimensional analysis) of introducing
important regenerator physics. Rough specification {using the derived
similarity parameters) of results for flow regimes in regenerators of a number
of engines, developed and published by Seume and Simon {1986), are then
presented.

J.1 REGENERATOR SIMILARITY PARAMETERS

This section determines the important parameters governing regenerator
flows by examining the governing equations. The treatment assumes sinusoidal
flow aoscillation for clarity and because it is, in general, an excellent
approximation to many Stirling and other heat engine waveforms., The com-
plications of the complex regenerator geometry are emphasized. From both a
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mathematical and a practical point of view, these initial and boundary
conditions are part of the equation and so their contribution to governing
parameters is essential too.

3.1.1 Momentum Equation

We start with a simplified Navier-Stokes equation; the vector form of the
incompressible, variable viscosity momentum equation:

I S S L (3.1)
at o

Although the gas flow in heat engines is clearly of varying density, the com-
pressible form of the momentum equation has not been chosen. This is Jegiti-
mate for engines if the time for the nonsteady flow pHenomena to take place in
the engine is much longer than the time required for a sound wave to traverse
the portion of the flow in which substantial changes of velocity take place
(Seume and Simon 1986, Schlichting 1979). This is almost certainly the case in
the regenerator, where the distance the wave must travel is very short. Stated
another way, the Mach number {(which is the additional similarity parameter that
would drop out of the compressible equation) for flow in regenerators is very
small, so shock phenomena brobably do not occur and the compressible momentum
equation is not required.

Normalization of Equation (3.1) using the maximum (during the cycle) bulk

mean velocity u xs the angular velocity w and reference fluid properties Py

m,ma
and v, gives the dimensionless equation:

Re 2* Re + * .k -Re *ox * * K
w A, Tmax o Yar max v E v v2 bt (3.2)
27 31‘.* 2 2 0

Here * signifies a dimensionless property; this resuit is identical to that
obtained in Seume and Simon (1986). Dimensionless frequency ReuJ (also called
kinetic Reynolds number or Valensi number) deals with temporal acceleration,
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and the amplitude Reynolds number, Rep.,, treats spatial acceleration and pres-
sure gradient terms. Choice of this particular equation as the governing one
clearly affects the results of dimensional analysis--note the absence of a Mach
number or other term expressing compressibility. The choice of normalizing
variables also affects the results; other variable choices are equally possible
and equally correct, and in some circumstances, the different resultant param-
eters might be more functional.

In fact, one very useful parameter for Stirling flows is the amplitude
ratio A.. An amplitude ratio of Tess than one means that fluid particles may
remain entirely within a given heat exchanger, which, as discussed shortly,
limits the assumptions that can be made about their time-variant behavior. The
inverse of this parameter was first introduced by Organ (1975); it can be
axpressed by combining parameters (including, for example, a simple geometrical
descriptor, 1/d, for a tube geometry) we have already identified:

_ 14 "emax
A - 21 (303)

A second type of dimensionless parameters must be defined when developing
methods to solve regenerator flows in practice. These derive from boundary
conditions because, by and large, we are interested in high-efficiency heat
engines for which the regenerator geometry is nothing like a simple tube. We
can compute only one-dimensional time-varying flows with any efficiency or
accuracy (for complex geometries). The geometrical description of regenerators
might include a vast number of dimensions, including regenerator length, diam-
eter, porosity, permeability, pore diameter, wire {mesh) diameter and spacing
and packing. These must be combined to form dimensioniess numbers describing
geometrical similarity, and/or used as length scales in the other similarity
parameters, to ensure complete specification of flow physics when comparing
different experiments or analyses. Developing appropriate sets of such
descriptors is still an important research topic.

A final dimensionless parameter for the momentum equation is the friction
factor, which is also a necessary part of a one-dimensional description of
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regenerator flows. It must contain all the information about boundary/fluid
interaction. It can be defined, as is standard practice in engineering flows,
based on fluid stresses at the wall, although in oscillating flows these
gradients vary with time.

3.1.2 Energy Equation

A suitable form of the energy equation for heat engine flows is the com-
pressible, variable thermal conductivity form of the energy equation. The
compressible equation is used to insure that the energy effects of the flow's
variable density are taken into account even though momentum-based compressible
effects are probably not important:

¢+v-(va]-v-cTr=pm—+Pv-J (3.4)

Normalizing using reference values for specific heat and other gas properties
and {T - TO)/AT0 for temperature gives the Prandtl number and the Eckert number
as similarity parameters in addition to Re, and Rep,y.

The familiar Prandt] number, which depends entirely on gas properties, is
the ratio of molecular thermal and momentum diffusivity. The Eckert number
governs temperature increase through adiabatic compression, These same para-
meters can be obtained from a simplified energy equation for an incompressibie
fluid with constant thermal conductivity, but the above interpretation (which
is the correct one for heat engines) of the Eckert number is then no longer
valid. If the temperature difference AT, is of the same magnitude as the free
stream temperature T, the Eckert number is directly comparable to {and
dependent on) the Mach number (Schlichting 1979), but in this Tow-speed case,
it is a distinct parameter.

A Nusselt number, containing the film heat transfer coefficient, comes
from the condition of conduction at the boundary. The temperature or heat flux
at this boundary also depends on a time-varying conduction equation, including
a storage term, for the matrix. Additional similarity parameters, not speci-
fied here because of the wide choice of normalizations, arise from this conduc-
tion equation.
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The geometric parameters for the one~dimensional problem are the same as
for the momentum case, and are unknown for complex regenerator matrices. It is
usefu] to note that in other heat transfer problems with complex geometries,
data are gathered for each geometry without trying to specify governing geomet-
ric parameters. Though laborious, this may be necessary for regenerators as

well,

3.2 REGENERATOR CHARACTERISTICS

To further illustrate the many possible phenomena and alternate formula-
tions of important parameters applicable to regenerators for Stirling and simi-
Tar applications, Table A.1 in Appendix A offers a listing of regenerator char-
acteristics, their effects, and parameters used in description of those effects
in the literature. Most of the parameters could be specified equivalently by
the similarity parameters derived here but, in general, too few data are
available in papers on the phenomena to rigorously complete the transformation
of experimental results. The origins of the parameters are straightforward,

however,

A1l the characteristics under the heading of FLOW OSCILLATION--frequency,
waveform, amplitude, and reversal length--arise from the momentum equation and
depend on Reynolds number, kinetic Reynolds number, a combination of the two,
or, in the case of waveform, possibly an alternative formulation of the kinetic
Reynolds number that does not assume sinusoidal flow. The enhancement of con-
duction in high-frequency flows also depends on the enerqy eguation and thus
includes the Prandtl number as well,

Characteristics categorized under FLOW NONUNIFORMITY IN MATRIX also depend
largely on the momentum equation, and thus on the two Reynolds numbers, but
also include Prandt] number from the energy eguation (to specify thermal bound-
ary layers) and geometrical parameters such as length/particle diameter. The
matrix microstructure, under MATRIX PROPERTIES, consists entirely of currently
unspecified geometrical descriptors. PRESSURE OSCILLATION is described by the
Eckert number from the energy equation, and the ratio of specific heats, which
could also have been derived if an equation of state (e.g., perfect gas) had
been included in the equation set. The STEEP GRADIENT IN THE FLOW DIRECTION is
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the result of the imposed boundary and initial conditions on the energy equa-
tion, and as a result rather than a cause its parameterization depends on
whether the solution procedure being used can handle the gradients and their
effects on flow properties.

3.3 ENGINE FLOW DATA

In a recent paper (Seume and Simon 1986} the dimensionless frequency,
ampilitude Reynolds number, and amplitude ratio have been calcutated for heat
exchangers in a number of Stirling engines. While perhaps not typical of alil
the heat engine cycles in which regenerators are important, these data give a
good idea of the flow regimes of interest. The numbers are based on simple
isothermal Stirling cycle analysis and engine information collected from a
variety of sources. The figures do not include the effect of not operating
each machine at its specified design point. This is very important, as several
potential Stirling engine applications require good part-load performance. For
many engines the potential operating region covers a wide range of flow param-
eters, and may include fundamentally different types of flows.

The values of the Stirling engines' similarity parameters are given in
Figures 3.1 and 3.2. The parameters vary considerably because the engines have
been designed using different methodologies and for different purposes. Some
are aimed at extremely high efficiency, others at very high power densities,
others at modularity for ease in research and testing, and so on. Different
engines may also have fundamentally different types of flows. These roles and
the symbols used for the engines are detailed in Table A.2 of Appendix A.

3.4 CONCLUSION

This chapter has introduced the fundamental equations governing regener-
ator operation and discussed the controlling parameters arising from those
equations, These are the similarity parameters that must be used to ensure the
relevance of experimental data to heat engine conditions. A more intuitive
presentation of the same ideas has been presented in Table A.l, and the rela-
tionship between the two presentations briefly outlined. Finally, the flow
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may occur within regenerators in oscillating flows at very Tow Reynolds numbers
{10 to 20); Dybbs et al. (1984} suggested that in steady flow there was a tran-
sition region for 1?5<Remax<300. These numbers are 2 to 3 orders of magnitude
lower than for oscillating pipe flows (Seume and Simon 1986). A primary cause
is the disturbance to the flow caused by the matrix. Qualitative evidence of
this effect comes from experiments in pipes where very small probe tips barely
protruding into a tube shifted transition Reynolds numbers down by 25% (Merkli
and Thomann 1975), but the degree to which geometry can affect the onset of

turbulence is not explicitly known.

Another way in which regenerator turbulence may differ from that in oscil-
lating pipe flows is the likelihood for intermittent turbulence. In oscillat-
ing pipe flows, turbulence may not occur throughout a whole cycle except at
very high Reynolds numbers. Instead flow becomes turbulent when the flow
decelerates, then relaminarizes during acceleration (Hino, Sawamoto and Takasu
1976; Ramaprian and Tu 1980). But in regenerators the flow acceleration may
not be sufficient to relaminarize the flow. 1In pressure drop regenerator tests
done twice in a row in rapid succession, for instance, some regenerator geome-
tries gave differing results the second time (Jones 1982b)}. This effect, pre-
sumably caused by residual vorticity, seems to be evidence of long decay times
for small vortices in regenerators.

Full understanding of detailed flows in complex heat engine regenerator
geometries may be both impossible and unnecessary., But more focused and funda-
mental analysis and experiment will provide very important insights into regen-
erator design. Good understanding of resonant heat transfer enhancements could
make simpler, cheaper designs just as effective as today's packed mesh regener-
ators, for instance. Understanding of compression/expansion heat transfer and
conductivity enhancement are also important building blocks for a variety of
energy conversion applications and could be important for innovative regenera-
tor approaches as well, Improved understanding will also make the nature and
validity of the assumptions made in even the most sophisticated heat engine
simulations clear, and will permit improvement of thermal modeling for best
possible design results,
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TABLE A.l.

Stirling Regenerator Characteristics and Parameters

__Characteristic Physical Effects Transport Effects Parameters References
Flow Oscillation
Freguency Fffect nn Stokes layer Enhanced conduction Pr, adwiv Kurzweg and 7Zhan
thickness 1984
. wd!z 20 s
Effects on transition tn Roles of diffusion and e S Markli and Thomann
turbirience conducttan effects in heat 1579
transfer, amount of pres-
sure drop
Effects on size, natura of Resonant enhancement of Re, Repay, Galitseiskii and
secondary vertices ment of heat transfer geometry Ushakay 1987
Haveform Eftects an condftional Roie of diffusion and con- Murray and Martin
turhnlence--aoccurrence duction effects in heat 1961
of relaminarization transfer, amount of
pressure drop
Amplitude Effect on transition to Role of diffusion and con- A, Re, Merk1i and Thomann
turbulence duction effects in heat 1975, Ramaprian
transfer, amount of and Ty 1980
pressure drop
Heversal Lenyth Amaunt of time a flow Need to take time- fi Senme and Simon
narticle spends in dependent effects 1986
reaenerator such as variahle flow
profiles fnto account
Steep Temperature Gradient in Flow Direction
Yarying fluid properties, Effects on transport
density and velocity along properties of fluld
reyencrator, Passible
eftects on flow structure
Prassure fIscillatfon 2
Crowiprassinn heating, expan-  Effects on thermal QTUC Schlichting 1979
sinn canling. Possible gradients /boundary o'p
interpal drovelopment of layers, Effect of
raidial temperature gradients compressing nonworking C va Faulkner and Smith
within gas gas, heat transfer to P 1983
nonworking gas Woifs et al, 1336
Flow Honuniformity in Matrix
Mall Effacts Thin womentun and thermal  Signiffcent heat transfer  or, ot Vafal and Tien
houndary layers on quter affects «+ outer walls vl 1981
walls
fariable Porosity Incyeased flow through Increased heat transfer, %—, fe, %Q Vafai, Alkire and
Hedia nart of matrix, nften pressure drop losses p e Tien 1985
near wall
Herrurni Form Increas:sat flow through Increased heat transfer fiadeon 198R
Fratering Flnw part nf makrix pressure drop losses
Matrix Properties
Micrastructure NMetails nf flow geometry Affects all transport mech- many
datermine flow structure, anismg affected by flow
transition to turbulence structure, both frictjon
and heat transfer
C_matrix

Material

Heat capacity, surface,
properties, integrity,
carrndability

Heat capacity determines
thermodyramics in regan- 1]
erator. Surface proper-

ties affect flow structure

and thus, friction and heat
transfer,

u

Al

Jones 19822



TABLE A,2.

Documented Engines

Engine Type Operating Conditions Purpose Abbreyiations
Kinematic Engines
Genreral Motors GPU-3 Speed or frequency: 2500 rpm Test, power generation--power, GPU3
Mean pressure: 41 bhar density, efficiency
Working fluid: He
Mechanical Technologies Inc, Speed or frequency: 4000 rpm Automotive-~power, efficiency, HMAaDT
MODI {upgraded) Mean pressure: 150 bar emissions
Working fluid: Hp
Ynited Stirling P40 Speed or frequency: 4000 rpm Test, Automatic--power, pan
Mean pressura: 150 bar efficiency, emissions,
Working fluid: Hy modularity
Technical University of Nenmark, Speed or frequency: 1500 rpm Cogeneration~--effigciency, STES
Stirling Total Energy System Mean pressure: 100 bar reliability
Working fluid: He
UK Consortium, Stirling Engine Speed or frequency: 3000 rpm General Purpose Teste- UK
{« configuration] Mean pressure: 150 bar modularity
: Working fluid: He
Ford Phillips 4-215 Speed or frequency: 4000 rpm Automative--power, efficiency, 4-21%
Mean pressure: 103 bar emissions
Working fluid: Hp
General Motors 4L23 Speed or frequency: 2000 rpm Automat ive--power, afficiency, 4L23
Mean pressure: 103 bar emissions
Working fluid: Hy
Free Piston Engines
Mechanical Technologies Inc. Speed or frequency: 58 Hz General Purpose Test M
Engineering Mode} Mean pressure: 60 har
Working fluid: He
Sunpower Inc. 3 kW Generator Speed or frequency: 60 Hz Power Generatien--efficiency, Ganset
Set Mean pressure: 25 bar reliability
Working fluid: air
Sunpower Inc. RE-1000 Speed or frequency: 30 Hz General Purpose Test-=- RE1000
Mean pressure: 70 bar simpiicity
Working fluid: He
Mechanical Technolegies Inc. Trial Farameters: Space Power--high power SPRE-T
Space Ppwar Demgnstrator Speed or freguency: 731 Hz density, light weight,
Engine Mean pressure: 75 bar long life
Working fluid: He
Oesign Parameters: SPOE-D
Speed or frequency: 105 Hz
Mean pressure: 150 bar
Working fluid: He

—

Source:

Adapted from Seume and Simon, 1986,
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TABLE A.3. Data on Friction and Heat Transfer in Regenerators and Porous Media

Aythors Experiment Correlation Comment s
Steady Fiow
Littman, Barile, Fraquency response Not given Focus on low Reynolds number (based

and Pulsifer 1968

Gupta et al,
1974

Miyahe, Takahashi
and Hamaguchi 1982

Chen and Griffin
1983

Oscitlating Flow
Murray and Martin
1961

Rartolini and Nasg
1984

Rice at al. 1983

Rice, Thonger and
Dadd 1985

Nakajima et al.
1985

heat transfer

Correlation of 17
studies of packed-
bed heat transfer

Steady flow friction
in stackead screens

Steady heat transfer
in stacked screens

Recorrelation of
Kays and London data
on steady flow
friction

Sinusgidal flow,
heat transfer in
wire mesh screens

Pertfadic flow

Sinusoidal flow
heat transfer--
calorimetric
approach reduced
to effectiveness
yvia reduced length
approach

Sinusoidal flow
heat transfer--
from finite element
calculation and
measurement of
entrance and exit
temps.

Sinusoidal flow
pressure drop in
stacked screens

273 , 2.876 L3023
StPr _5d_ + e .35

None obtained

h = .05 & (e}’
h

Nu = .46Re78

Typtcal results are
HuB = .04Rep, for
200 mesh, 3.33 Hz,
Ny working fluid,
§= 71

. 19.6
f= " 504

Re 10-500, 100 and
200 mesh screens

A3

gn particle diameters) data (2-100)
dynamic thermal conductivity of solid
phase measured; rises sharply for
Re<é,

Reynolds number based on superficial
velocity and particle diameter (10
-16,000)

Micrescopic approach; Rey = lu/v,
where 1 is distance between wires in
mesh, u is fluid velocity within
matrix

Mug = d h/k, where d, is mesh wire
diameter. Req is also basad on mesh
wire diameter.

3« ReT < 2000; parameters same as
Miyabe et al. 1982

For given average Reynolds #, heat
transfer increases with porosity.
High porosity matrices alse respond
to changes in frequency {range 25-
200) while lower cnes do not.

Where the Peclet number Pe = ury/e«
ry = 4 {cross-sectional area)
perimeter

Mean Reynoids # 6-100, varied by
fncreasing gas pressyre (helium} in
rig. Tested frequencies 6-11 Hz.

Re and Mu based on a hydraulic diam-
eter, see Rice et al, 1985,

D = Hydraulic diameter

d 26
m T -3§

udm
Re = 5 O 1s wire diameter

24P
fx

u = velocity in matrix,
pu”n n = number of screens
in regenerator
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APPENDIX B

NOMENCLATURE

tube radius, m

total regenerator surface area, m2
Stokes layer thickness

specific heat at constant pressure, J/kgK
specific heat at constant volume, J/kgK
diameter, m

mesh wire diameter, m

particle diameter, m

specific internal energy {(per unit mass), J/kg

convective heat transfer coefficient, N/rn2
friction factor

function of

thermal conductivity, W/mK

effective thermal conductivity, W/mK
length of regenerator wall, m

distance between wires in mesh, m

mean gas pressure, Pa

amplitude of pressure wave, Pa

pressure, Pa

radiation heat flux vector

time, s

free stream-wall temperature difference, X
convective velocity, m/s

maximum bulk mean velocity, m/s

volume, m

power loss from cyclic heat transfer, W

total displacement in one fluid oscillation, m

critical Reynolds number = 2 Rey
amplitude ratio, az/L
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Nu
Pr
Re

Rey
St

¥ < e =

+

Eckert number, uzfﬁTOCp

defined function for convective terms in flow through a porous medium,
F(K, Re_, Geometry) G%K“

Nusselt number

Prandtl number

Reynolds number, based on regenerator length (L), Stokes layer thickness
(b), permeability («), maximum bulk mean velocity (max), as subscripted
kinetic Reynolds number, wdZ /4y

Stanton number

nondimensional hydraulic radius, gap width/2/2«/uw

thermal diffusivity, m? /s

radian frequency, 1/s

kinematic viscosity, m/s

density, kg/m
permeability, me

porosity

ratio of peak mass velocity in osciltating flow to that in steady flow
viscosity, kg/ms

mechanical or viscous dissipation function

Cp/CV

dimensionless quantity

vector
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