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ABSTRACT 

The rapidly asci 11 at i ng, variable density flows of regenerative heat 

engines provide a class of poorly understood unsteady flow and heat transfer 

problems. These problems are not currently 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. 
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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 1 i mited. Even the most camp 1 ex 

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 assu11ptions 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 flow, 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 salving the 
equations. Development of simi 1 arity 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 limited 
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 
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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 its 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 re 1 at i ve 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 

building 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 limited success. Improving instrumentation of working engines, as has 

been done in Japan, may be equally p ract i ca 1 for getting this type of ., compo­

nent test" results. 

In addition. the fundamental understanding that this type of work cannot 

provide nrust 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 in 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 wi 11 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 11 framework" and end goal), and pas-
sibly, acoustics (pressure measurement expertise). 
between disciplines that do not typically interact 

A great deal of cooperation 
wi 11 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 INTRODUCTION 

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, low noise, fuel flexi­

bility, convenient operating temperatures, and long life. 

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 analyze 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. In 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 

anecdota 1. 

The difficulty 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, 

Stirling 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 thermal 

investigations that shed additional light on the functioning of regenerators 

are presented. General recommendations for further work are given. 
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2.0 REGENERATORS 

This chapter outlines the basic operation of heat engine regenerators, 
using the example of Stirling engines. It discusses the current practical 

knowledge about how regenerators have worked in experiments, analysis and in 

recent engine development efforts. It shows the importance of regenerators to 

heat engines, and gives evidence on the degree to which they are not under­

stood. More detailed discussion on shortcomings in current understanding is in 
further chapters. 

In a Stirling engine, medium-to high-pressure gas flows through three heat 

exchangers (cooler, regenerator and heater) located between an expansion space 
cylinder and a compression space cylinder (Figure 2.1). The pistons in the 

cylinders control (or are controlled by) the thermodynamics occurring in the 

Q) ... 
::J 
1/) 
1/) 
Q) ... 
a. 

Q Q 

Q Q 

Working Space 

a a 

Volume 

FIGURE 2.1. Conceptual Diagram of Stirling Cycle (Martini 1983) 
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system. The flow geometries can be complex, and the overall volume available 

for the working gas varies as the engine produces work . The flow moves rapidly 
back and forth along short paths within the heat exchangers or into and out of 

the working spaces . 

The regenerator in high-efficiency engines is typically a packed stack of 
wire screens or a sintered wire matrix . Machines for use in low-temperature 
regimes often use different regenerator materials, such as packed beds of lead, 

because of significant differences in specific heats in the cryogenic regime 
compared with higher temperatures. The heater and cooler usually have more 

conventional tubular geometries, though connecting passages and other spaces 
may be quite complex. The regenerator may transfer an order of magnitude more 

heat than the other exchangers and may account for a large part of the overall 

pressure drop in some Stirling machines (Urieli and Berchowitz 1984). Thus it 

can contribute significantly to losses and to analytical and design errors. 
The role of the regenerator is similar in other types of innovative heat 

engines, such as Villemeuier heat pumps, Ericcson engines, and several types of 
low temperature refrigerators. 

2.1 EXPERIENCES WITH REGENERATORS 

There have been several documented experiment al and analytical efforts t o 

learn more about regenerators . Work in the Stirling field will be treated 
here, as it has been the most active area reported in the open literature. At 
least two published efforts (Moynihan, Berggren and Oochat 1983; Barnes and 
Reader 1986} include testing of regenerators in well-established working 

Stirling engines to determine effects of different materials and regenerator 
parameters . Design-oriented analyses have been developed that can focus more 
closely on the many tradeoffs in developing a regenerator than complex 

numerical codes can. Finally, recent engine devel opment efforts have had 

regenerator problems that provide additional perspective . 

2.1.1 Engine Tests 

Tests of regenerators in working engines do not show any clear, generaliz­
able causality between any tested regenerator attribute and changes in engine 

performance. Moynihan, Berggren and Oochat (1983 ) undertook a set of tests of 
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knitted mesh regenerators on a 1-kW, medium-speed (45Hz), medium-pressure 

(4.0 MPa) free-piston engine and compared the results with their engine 

simulation. Engine power decreased as mesh porosity increased above 70% 

(Figure 2. 2). This was partly because of an increase in dead volume (working 

gas within the regenerator that does not contribute to production of work), but 

mostly because of a reduction in the pressure phase angle (the key indicator 

for power production) of the compression space . How the increases in regen­

erator porosity caused this change in pressure phasing was not determined . 

> 
0 
c 
.9? 
0 

= w 
~ 
a> -"' .~ 
~ c 

.,--.. -~ 
---4..- '\.. 

Metex Regenerator Test 
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--- Calculated 
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.......... ~ 

b. '"\ "'Calculated from 
~ Engine Dynamics 

~Calcu lated with Power 
Discrepancy Correction 
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FIGURE 2. 2. Regenerator Test: Summary of Regenerator Porosity Effect on 
Power and Efficiency (Moynihan, Berggren and Oochat 1983) 

2.3 



Parameters thought to set this phase angle were all measured or presumed to be 

nearly constant except the heat exchanger pumping power (power used to overcome 
pressure drop). 

The pressure drop in the regenerators is therefore a key unknown, although 
from Moynihan's work it is difficult to say how i t changed engine power produc­

tion. The analysis code used did not reproduce either power or efficiency 

results, though it used pressure drop and heat transfer correlations that were 

accurate for the tested regenerators in steady flow. A further anomaly was 

that the engine's standard regenerator, a wire screen with 91% porosity rather 
than mesh design, opposed the porosity trend recorded in knitted-mesh result s 

by producing more power and efficiency than the best knitted design. Thus a 

relatively small change in regenerator geometry had a large and unpredictable 

effect on engine performance. 

A second set of experiments at England's Royal Naval Engineering College 
(Barnes and Reader 1986) has dealt with the relat i onship between regenerator 

performance, engine pressure variations and engine performance for a low-speed 
(20 Hz), low-pressure (0.4 to 1.5 MPa) crank drive air engine. This work aimed 

to provide data for semi-empirical analysis methods. Four different regener­

ators with different porosities were tested: loose- and close-packed stainless 

steel wire wool, 91% and 80% porosity, respectively; stainless steel wire mesh 

(59%); and Ni-Cr metal foam (87%). Far higher pressure peaks were reached with 

mesh than with the other materials, indicating it had fewer flow losses. Over­
all power output with close wool was almost as good, however, as was effi­
ciency, indicating that the thermal performance of the wool may have been 
superior. The more porous regenerators (loose wool and Ni-Cr foam) had much 
poorer performance; indeed, their power output decreased with an increase in 

engine pressure, while the close wool and mesh regenerators, as expected, did 
better with increased pressure. Efficiency results also strongly favored the 

lower porosity regenerators, but the huge gap in performance between close wool 

at 80% and Ni-Cr foam at 87% made it clear that the regenerator matrix geometry 

is at least as important as porosity or mass. 

2.4 



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 Nasa, 1984) used a simplified regenerator model that per­

mitted development of parameterized curves examining the influences on thermal 

effectiveness of types of working 

regenerator mass and dead volume. 

or disallow any of their results. 

gas, gas temperature range, engine speed, and 

There are few experimental data to support 

Three of the four efforts did include exper-

imental work published overseas at Italian and Japanese conferences and in 

graduate theses (Bartolini 1981; Boletta et al. 1981; Jones 1982b; Hamaguchi, 

Takahashi and Miyabe 1981a and 198lb), 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 simp 1 e codes with more camp 1 ex codes is a misnomer 

and does not necessarily contribute to the understanding of regenerators. 
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Rather, it shows how to simply model 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 circumstances--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 experi menta 1 data. 

2.1.3 Engine Development Efforts 

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 latest 
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 1 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 1 S 3 kW engine had excessive fric­

tion, and Mitsubishi 1 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, between 6 and 10 times those predicted by various codes, 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 
we11. 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 itself in 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.l in Appendix A). The recent 

data have many limitations, partly because they were typically from 
application-oriented experime_ntal 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 limiting the development of such machines. Tests of various regenera­
tors in engines have been unable to provide understanding or good correlations 

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, for which design data and currently used correlations are 

most readily available. The governing equations for three-dimensional, t1me­

varying flow in a complex geometry like a regenerator cannot be solved with 

current computational ability. Dimensional analysis, however. is a highly 

effective means of examining fundamental relationships without solving complex 

equation sets. It has the added advantage of producing dimensionless numbers 

(similarity parameters) that can be used to characterize the important physics 

in the problem being examined. Similarity parameters are not currently 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

larity parameters for such flows. 

In this chapter the governing equations for regenerator flows are intro­

duced and similarity parameters for regenerators are developed. CollJtllications 

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. 

3.1 REGENERATOR SIMILARITY PARAMETERS 

This section determines the important parameters governing regenerator 
flows by examining the governing equations. The treatment assumes sinusoidal 

flow oscillation 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: 

+ 
~+ + 
at " 
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Although the gas flow in heat engines is clearly of varying density, the com­

This is legiti-pressible form of the momentum equation has not been chosen. 

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 rrust 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 probably 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 um,max• the angular velocity wand reference fluid properties p0 

and v0 gives the dimensionless equation: 
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Here * signifies a dimensionless property; this result is identical to that 

obtained in Seume and Simon (1986). Dimensionless frequency Re (also called 
w 

kinetic Reynolds number or Valensi number) deals with temporal acceleration, 
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and the amplitude Reynolds number, Remax• 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 Ar· An amplitude ratio of less 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 

expressed by combining parameters (including, for example, a simple geometrical 
descriptor, 1/d, for a tube geometry) we have already identified: 

(3.3) 

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 dimensionless 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 • ( k vT) - v • q r = p ~~ + + Pv • u (3.4) 

Normalizing using reference values for specific heat and other gas properties 
and (T - T 0 )/~T0 for temperature gives the Prandtl number and the Eckert number 

as similarity parameters in addition to Rew and Remax• 

The familiar Prandtl 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 incompressible 
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 6T0 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 low-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 
useful 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
lar applications, Table A.l 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. 

All 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 energy equation 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 Prandtl number from the energy equation (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. 

amplitude Reynolds number. and amplitude ratio have been calculated for heat 

exchangers in a number of Stirling engines. While perhaps not typical of all 

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 1 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 simi 1 ari ty 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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regimes in current Stirling engine regenerators have been presented using the 

similarity parameters just derived . The next chapter will discuss available 
data and show how it addresses, or misses, these flow regimes. 
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4.0 EXISTING DATA ON FRICTION AND HEAT TRANSFER 

Experimental data can be grouped into two sets: data commonly used in 
regenerator design in the past, and data deriving from specific tests of heat 

engine regenerators in more realistic (oscillating} flow conditions. A pre­

vious report (Finegold and Sterrett 1978) summarizes the first set of data; 
more recent steady flow results and oscillating flow data are presented in 

Table A.3 of Appendix A. This chapter discusses steady flow and oscillating 
flow data and experimental methodologies, paying particular attention to short­

comings in the data as applied to the heat engine application. 

4.1 STEADY FLOW DATA 

Data used in past regenerator design and heat engine analyses have basi­

cally come from "steady" flow heat transfer and friction testing. Quotation 
marks are used because the flows used for heat transfer are seldom actually 

steady; the tests are quite difficult and accuracy is often obtained by using 

step changes or sinusoidal variations in temperature. The data do not, how­

ever, include any information about frequency, and Rew is not part of the 
correlations. Most correlations include a Reynolds number and a friction 

factor or Nusselt or Stanton-Prandtl number combination. None give an Eckert 
number. 

Many of these correlations have their roots in the extensive heat 
exchanger testing done by Kays and London of Stanford in the 1950s and 1960s 
(Kays and London 1984) to provide the knowledge base necessary to design regen­
erator matrices for gas turbines. A number of experiments that provide the 
technology base for process design have also been done by chemical engineers, 
who treated packed beds of many types in both gas and liquid flows. These data 
have been summarized by Barker (1965} and Gupta et al. (1974}, among others. 
Finally, researchers on Stirling and other heat engines have developed some 

steady flow correlations themselves, including cryogenic work at the National 

Bureau of Standards in Colorado, in Canada (Walker and Vasishta 1970}, in Japan 
(Miyabe, Takahashi and Hamaguchi 1982}, and a variety of proprietary work at 
private companies. 

4.1 



A number of important points arise from review of this work and are dis­

cussed in this section. First, the flows tested are non-Darcy flows, as turbu­
lence or other noninertial effects are important. Second, many different 

approaches to geometric parameterization have been used, but there is still 

little agreement at present. Third, the testing i tself is quite difficult, for 

the thermal storage taking place in the regenerator is not steady, and direct 
measurement of the heat transfer taking place has not been possible. Finally, 

the quasi-steady assumptions used to justify the application of steady flow 

data to unsteady flows in heat engines are questionable. 

4.1.1 Non-Darcy Flow 

The correlations for friction in the tested flow, such as the steady flow 
examples in Table A.3, show that the flows are non-Darcy (in which friction 

factors are not strictly dependent on viscous effects) for they are not 

inversely proportional to Reynolds number (and velocity). This occurs because 
these flows are fast enough for inertial effects--flow separation, form drag 

and perhaps turbulence, each of which scale with velocity squared--to be impor­
tant. These effects must not be confused with acceleration effects in oscil­

lating flows, which can also add a non-Darcy term to pressure drop but are not 
generally important in heat engine regenerators. 

4.1.2 Geometric Parameterization 

There is considerable difficulty deciding how to correlate the data for 
both friction and heat transfer, particularly with respect to the length scale 

used. Some workers, including Kays and London (1984), chose to report each 

geometry and porosity separately for friction and heat transfer. Recorrelation 
of Kays and London measurements (Chen and Griffin 1983), using wire diameter 
(instead of a more conventional hydraulic diameter) as suggested by Miyabe, 

Takahashi and Hamaguchi (1982), helped collapse their data. There are many 

other approaches, however. Work on non-Darcy flows through screens (Beavers 
and Sparrow 1969) indicated that, when used as the length scale in the Reynolds 

number, the square root of permeability (measured from pressure drop in the 

Darcy regime) was able to collapse data from matrices with varying meshes and 

porosities but the same overall type of geometry. 
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The chemical engineering community has used porosity directly (Gupta 
et al . 1974) in heat transfer correlations; such treatment also recreates the 
dependence of Kays and London data on porosity very well (Hutchinson and Lyke 

1987) . It has recently been suggested, however {Dybbs et al . 1984), that the 

use of the length/diameter ratio of a typical pore in the matrix as a separate 
nondimensional parameter was necessary . Treatments {Vafai, Alkire and Tien 
1985; Vafai and Tien 1981) from chemical engineering invoke local averaging, 

and, on the basis of a number of empirical parameters necessary when using such 
averaging, can treat not only friction and heat transfer but also nonuniformi­
ties and entrance effects in regenerators . These results are discussed in the 

next chapter. 

4.1 .3 Experimental Difficulty 

The complications of steady flow testing are not to be taken lightly, par­
ticularly for thermal experiments. Friction measurement is simpler, for the 

experiment actually reaches a steady state, and methods to accurately measure 

pressure drop in such flows are not too difficult if flow profiles are known . 
In the case of friction, key concerns are problems with regenerators 

themselves--they are currently made by hand and can vary a great deal . They 

may also have significant nonuniformities that can affect their performance 
strongly, as discovered by Jones {1982b). The fit between the matrix material 

and the regenerator casing is a typical problem, leading to a strongly nonuni ­

form flow profile. 

Thermal measurements are tougher to make because regenerators are not 
steady-state devices; instead, they depend on the transient thermal storage in 
the matrix material for their operation . Production of "steady flow" results 
is often artificial, designed to be useful to the analyst for applicat i ons in 

which the dynamics of the heat transfer are not important or are otherwise dis ­
counted. A number of different regenerator thermal tests are possible, includ­
ing internally heating the matrix material and using steady flows, thermal step 

function testing in a variety of ways, and even using sinusoidal flows more 

similar to Stirling conditions than the steady flow form in which the results 
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are reported. The latter thermal frequency response tests, carefully developed 
to give results suitable for application in analys i s following quasi-steady 
assumptions, may be the most effective "steady stat e" tests (Stang 1970). 

4.1.4 Quasi-Steady Assumptions 

The quasi-steady assumptions certainly hold t rue for the gas turbine 
applications that drove the experiments of Kays and London, Stang, and many 

others. Gas turbine regenerators receive long, steady, periodic blows, and the 

residence time of any particular gas particle in the exchanger is very short. 

The assumptions are unlikely to hold true for most closed cycle heat engine 

regenerators and other heat exchangers with gas particle residence times of the 
same order of magnitude as the blow time (Organ 1975). Analysis of a simpler 

application helps explain why. Looking at oscillating flow in pipes, for which 

analytical solutions exist (Schlichting 1979, Seume and Simon 1986), shows that 
the velocity profiles from which friction factors are derived are totally dif­

ferent from what would be predicted using quasi-steady assumptions. Chen and 

Griffin (1983) have noted that in pipe flows this holds only for higher Rew 
flows, in which frequency effects are strong. Flow in regenerators probably 

has a lower Rew, but there are geometrical assumpt i ons involved both in apply­

ing pipe flow results to regenerators and in calculating Rew for regenerators 

that are not resolved. Thus selecting a particula r Rew that determines whether 
the quasi-steady assumptions are valid is a very uncertain exercise. It must 
not be forgotten that long residence times of gases in some regenerators are a 

fact and the analysis approach used should reflect it. 

4.1.5 Steady Flow Summary 

This examination of steady flow results shows that the heat engine regen­
erator application is quite different from the applications that have driven 

tests of porous media and matrix materials in the past. It is typically nei­

ther a Darcy flow nor, perhaps, a quasi-steady flow. The past steady flow work 

treated non-Oarcy flow aspects, but did not in general solve difficulties of 

length scale in the resulting correlations. Early researchers often treated 

such problems very cautiously by providing separate data for each change of 
geometry and porosity. Later work has suggested many different approaches, but 
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no complete treatment of the problem has been produced (in the public litera­
ture) for the heat engine application. Indeed, the whole idea of using steady 

flow results may be suspect. Using the quasi-steady assumption when developing 
data for and analyzing Stirling heat exchangers is, in many respects, a last 

resort (Urieli and Berchowitz 1984) because until very recently there have been 

no other data. Once this fact became clear to researchers, the next step was 

to do experiments that did not require a quasi-steady assumption, i.e., experi­

ments on oscillating flows. The early results will be reviewed here. 

4.2 OSCILLATING FLOW REGENERATOR DATA 

Oscillating flow experiments are now an area of considerable activity 

among those interested in heat engines. The first new experiments in tubes or 
ducts, typically using water (Dijkstra 1984; Taylor and Aghili 1984), are not 

treated here; they are effectively reviewed in (Seume and Simon 1986). New 

regenerator results are just beginning to be reported. Older results include 

the work of Murray and Martin (1961) and Rea and Smith (1967). After noting 
that the shape of the flow oscillation affected heat transfer more than the 

frequency in a 0.5-to 3.3-Hz range, Murray and Martin returned to steady flow 

testing because of the difficulty of the experiments (Bayley and Rapley 1961). 

Rea and Smith (1967) made tests on oscillating flow heat transfer in a packed 
bed that showed little change from steady flow results. 

The more recent efforts include a far more complex approach undertaken at 
Reading in England (Rice et al. 1983; Rice, Thonger and Dadd 1985). After 

several years, painstakingly averaged heat transfer data, as well as some low­
frequency (7 to 11 Hz) pressure traces deviating markedly from the smooth 
sinusoidal ones produced by today•s codes, have been presented. Work in a 
sophisticated rig at Argonne National Laboratory has produced some similar 

pressure traces (Roach 1986, Krazinski et al. 1986). The correlations from 
oscillating flow experiments are summarized in Table A.3 in Appendix A. 

Figure 4.1 sketches where all available results are estimated to fit on the 

Stirling engine flow regime as detailed in Figure 3.1. The Galitseiskii and 

Ushakov data (1982) in Figure 4.1 are from porous media research in Russia, and 
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FIGURE 4.1. Experimental Results Within Stirling Regenerator Flow Regime 

are included to point out that results from other fields may be relevant to 

heat engines. Porous media are discussed in the next chapter. 

4.2.1 Experimental Problems 

Perhaps the key observation from work to this point is that oscillating 

flow regenerator experimentation is extremely difficult, and the uncertainty of 
early results is high. Most groups to attack the problem, beginning with 
Murray and Martin (1961), have had difficulty obtaining reliable results. Only 

one group has run tests at realistic frequencies thus far, and the data 
required to calculate kinetic Reynolds numbers for these constant volume pres­
sure drop measurements were not published (Nakajima, Kohno and Azetsu 1985). 
Each of the two major efforts (Reading and Argonne) to design a realistic 
experiment, with a good thermal gradient through the regenerator, realistic 

speed of operation and sinusoidal flow waveform, has run into problems. 

The Reading group (see Figure 4.2 for rig schematic), which in the five 

years since their constant volume rig's development has exercised the rig con­

siderably, has had sealing problems and nonuniform heating problems that 

strongly degraded measurement accuracy (Jones 1982b). To make thermal measure­

ments an ultrasonic thermometry technique was developed (Oadd 1982) requiring 

assumptions about the nature of flows in the rig in order to produce a measure­
ment. No uncertainty analysis was reported for this arrangement; in addition , 
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the nature of the flow being tested affects the desired thermal results, so 
making assumptions about the flow diminishes the ability of the experimenter to 

examine the physics in the rig. 

The Argonne group (see Figure 4.3 for rig schematic) has not yet reported 
thermal measurements and is still in the early stages of their experimental 
program. With their experiment, however, they must compute velocities based on 

assumptions about flows in the rig (Roach 1986), thus making assumptions about 
what may be controlling phenomena in a manner similar to Reading's thermal 

measurement. This severely limits the value of Argonne's ability to simulate 

variable volume operation and simulate a realistic Stirling cycle. Argonne has 
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also had curious results from their pressure measurement system, which gives 

extra 200-250 Hz signals that have avoided explanation. Although apparently 

not directly affecting measurements of pressure variations at the rig's 
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operational frequencies (below 50 Hz), resonances and other problems recur in 
making this type of measurement in many applications. Related pressure wave 

phenomena may play a key role in some heat engines, particularly free-piston 

Stirling devices. Reviewed from this perspective, the problems that Argonne 
and Reading faced in developing realistic experimental rigs include many of the 

problems inherent in building and testing a full working Stirling engine. 

4.2.2 Simplifications Used 

These problems have occurred despite the careful attempts to make measure­

ments more feasible by 11 leaving out 11 certain characteristics of working engines 

in the design of the Argonne and Reading experimental rigs. Reading avoided 
variable volume operation and used heavy gases (nitrogen) and low-speed opera­
tion to avoid excessive leakage (Jones 1982b). Argonne opted for a long, thin­

tube rig geometry to try to spread out and simplify measurements (Roach 1986), 

which in turn made flow measurement close to impossible and made acoustic reso­

nances and other acoustic effects more likely. The choices made to simplify 

the experiments have thus created problems of their own that have sacrificed 

accuracy and realism. Those choices have not resulted in experiments simple 

enough to produce the expected range of new results or insights in the five 

years or so since each rig was designed. 

Using a different approach early in their Stirling research programs, the 
Japanese built special engines for making test measurements (Mitsuda et al. 

1985). Details of these rigs are in papers published in Japanese. These 

engines were very inefficient and crude but could be instrumented almost as 
well as the Argonne rig in current form, although they lacked its flexibil­

ity. It is difficult to say how valuable the results were, since a crudely 
operating Stirling engine may have vastly different flow and thermodynamic 
characteristics than a powerful and efficient one. But there is a fine line 
between 11 realistic 11 experiments and running engines; both suffer measurement 

difficulties that severely limit the amount of understanding that can be gained 
from them. 
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4.2.3 Regenerator Testing Approach 

Both the Argonne and Reading experiments were designed to produce improved 
correlations for designers to use in developing new engines . Unfortunately 

there is still considerable uncertainty over how to correlate data, or even 

exactly which parameters to measure . The correlations from the Reading work, 

shown in Table A.3, do not use the similarity parameters that were shown in 

Chapter 3.0 to be among those determining regenerator behavior, nor are boun­
dary conditions (geometry, including porosity) carefully treated. It is thus 

not clear that the lessons that might have been gained from experiences with 

steady flow experiments have been well learned, especially with respect to the 
effects of varying regenerator geometries. In addition, the requirement of 

matching the experiment to reality with a full set of similarity parameters, as 

well as matching it to the analytical methods used to analyze the regenerator, 
must be clearly understood. In the current regenerator work, the choice of 

measurements is driven more strongly by time, resources, and available measure­

ment technology than by the actual need to understand new physics. 

4.2 .4 Data Analysis 

Uncertainty about this new physics requires very careful and explicit 
averaging and also very explicit and careful data reduction. The effect of 
averaging is very important and frequently underestimated (Jones 1985) . The 

type of averaging used to reduce the data (or used implicitly in making the 
measurement) must match that used to apply it in analysis; otherwise, the 
results simply do not apply to the analysis without gross, unintended assump­
tions (Hutchinson and Lyke 1987). For example, Reading carefully averaged its 

early oscillating flow heat transfer results over a cycle (Rice, Thonger and 
Oadd 1985), using a finite element method, to develop a dataset for design . 

The resultant correlations cannot be used in sophisticated Stirling codes 

because the codes require correlations for ••instantaneous" friction and heat 

transfer that apply to a portion of a regenerator for a portion of a cycle . 
The most detailed oscillating flow heat transfer data taken to date were thus 

presented in such a way that they were not usable by state-of-the-art codes . 
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4.2.5 Oscillating Flow Summary 

All oscillating flow friction and heat transfer experiments have been very 

difficult. Key efforts in England and the U.S. have approached the problem 
with very sophisticated rigs aimed at testing a wide variety of regenerators 

and other components. The difficulties encountered in making these experiments 
operational have forced limitations on operating regimes and use of additional 

assumptions about the nature of flows within the rigs, with the result that the 
experiments cannot be relied upon for fundamental understanding. Indeed, given 

current measurement technology, a suitable alternative to such rigs intended to 
provide component test data might be to improve instrumentation on a working 

engine, an approach that has met with some success in Japan. Perhaps because 
of the many experimental limitations, past experimental efforts have given too 

little emphasis to similarity parameters: Eckert number and kinetic Reynolds 

number are simply not mentioned in reporting of results. Instead, customary 

steady-flow forms are used. Finally, despite an avowed effort to provide 
results usable to designers, little attention has been paid to the data actu­
ally required by heat engine design codes. Improved coordination between 

experimenters and analysts is required. 

4.3 RESEARCH NEEDS 

Given all the complications outlined above, there is a strong need for 

improved fundamental knowledge of oscillating flow. Such work will have to 
provide a basis for understanding, directing, and guiding regenerator testing, 
which should in turn provide the numerical information necessary for design. 
The ability to directly visualize flows with at least limited physical similar­

ity to heat engine flows would be extremely valuable and should not be consid­
ered impossible. Work in rigs with measurement limitations such as those at 
Argonne and Reading, should concentrate on the accuracy, analysis and presenta­

tion of the data that can be measured and can be demonstrated via similarity 

analysis to be relevant to key applications. Improved cooperation with heat 

engine analysts to work out experimental goals and necessary accuracies is 
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important. Researchers should continually recognize the importance of devel­
oping self-consistent sets of assumptions with which to attack regenerator 
problems. 

There is also a great deal to learn from researchers outside the heat 
engine field who have completed fundamental work relevant to regenerators. It 
is also worthwhile to review the fundamental research done with Stirling 

engines in mind. The next and final chapter of this report introduces several 

areas of fundamental work that have seen recent activity for a variety of 

reasons and are of importance for heat engine applications. The development of 

fundamental knowledge about regenerators should build on these efforts. 
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5.0 DATA FROM FUNDAMENTAL INVESTIGATIONS 

This chapter outlines basic experimental results and analytical approaches 

that illuminate some of the physical phenomena that may be active in a heat 
engine regenerator. Rough calculations are performed for some of the phenomena 

to determine their possible relevance to a General Motors GPU-3 Stirling 
engine, a particularly well-documented heat engine. Because of the wide 

variability in operating conditions and flows between machines, however, the 
importance of various phenomena to current heat engines may differ widely. 

Four separate topics are covered in the chapter. They were selected from 
the literature because of perceived relevance to heat engine regenerators and 
evidence of recent scientific activity and progress. The first topic concerns 
the effects of compression and expansion on heat transfer. It has been inves­

tigated with heat engines in mind, but as yet includes extremely limited exper­

imental evidence. The second topic, enhanced conduction in laminar oscillating 
flow, is also known to Stirling researchers. The third topic, on alternative 

analysis methods for porous media, includes as an example the effects on heat 
transfer of nonuniformities such as those occurring in regenerators. The final 

topic treats possible heat transfer enhancement mechanisms in porous media. 

5.1 HEAT TRANSFER DURING COMPRESSION AND EXPANSION 

The compression and expansion of the working gas in Stirling, Otto, diesel 

and other heat engine cycles can have significant effects on gas temperatures 
and heat transfer. This compression/expansion effect can be important if the 
time a gas particle resides in the space is not small compared to the cycle 
time, e.g., if the amplitude ratio Ar (Seume and Simon 1986; Organ 1975) is not 
much greater than one. This is the case for the cylinders as well as the 
regenerators of many Stirling machines, and also for a variety of other recip­
rocating machinery including internal combustion engines and compressors and 
gas springs. 

When dealing with compression/expansion heat transfer to a surface, it 
is useful to view the situation as heat being absorbed or produced uniformly in 
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a fluid or gas (Oijkstra 1984) . This situation is fundamentally different from 
more conventional heat transfer formulations . For fully developed flow in 

pipes, ratios of Nuc (the Nusselt number for heat transfer to a constant tem­
perature wall from a fluid that produces or absorbs heat) with the more common 

constant surface temperature condition Nusselt number (Nut) or the constant 

surface heat flux cond i tion Nusselt number (Nuh) can be calculated at various 

flow rates. As shown in Figure 5. 1, under laminar conditions, Nuc is about 1.6 

times Nut, while Nuh is only 1.2 times Nut . The thermal entry length is also 

much longer for Nuc-type heat transfer, with both local and averaged Nuc much 
higher than Nut near the entrance of a pipe. These results indicate that the 

thermal boundary layers are quite distinctive for the heat source/sink case . 
When the heat source/sink is caused by alternating compression and expansion, 

and the boundary layers change in response, important losses can occur during 

the cycle. 

A simple analytical treatment has been devel oped by Lee (1983), emphasiz­
ing the phasing of the compression and expansion heat transfer. Lee studied 
compression/expansion heat transfer with constant wall temperature in a one­

dimensional 11 gap 11 space , with emphasis on the phasing of the heat transfer . 
Beginning with a simple, time-dependent one-dimens ional energy equation and 

treating fluctuations in gas pressure and temperature as harmonic and much 
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FIGURE 5.1. Compression/Expansion Heat Transfer Characteristics (Oijkstra 
1984) (Adapted from material copyrighted by the American Nuclear 
Society; used with permission . ) 
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smaller than their mean values, Lee developed an expression for temperature 
distribution in the gap. The solution is strongly dependent on the ratio of 
gap width to thermal diffusion layer thickness, a function of gas thermal dif­

fusivity and cycle frequency. Low values of this ratio (e.g., narrow gaps, low 
frequencies and high thermal diffusivities) have isothermal behavior; high 

values of the ratio have adiabatic behavior with heat transfer lagging the 
gradient by 45 degrees. Either case is acceptable, for as shown in Figure 5.2, 

it is only at intermediate ratios, and particularly near a ratio of 1.0, that 

phase lag is such that serious power losses occur. 

This type of cyclic heat transfer is being treated in an experimental 
effort at MIT in which gas is compressed in a cylinder, with pressure, volume 

and the ideal gas law used to determine temperature. In early work running 

with nitrogen, argon and helium, the researchers found that losses depended on 

Peclet or Reynolds number (which was averaged) and specific heat ratio 
(Faulkner and Smith 1983). More recent work with a modified apparatus has con­

firmed these dependencies and produced results that appear to be effectively 

correlated using the Lee model (Kornhauser and Smith 1987). Geometrical 
effects, flow regime changes, and other effects remain to be investigated. 
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FIGURE 5.2. Heat Transfer Losses in Compression/Expansion (Lee 1983) 
(Adapted from and reproduced by permission of the American 
Institute of Chemical Engineers.) 
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Applying the Lee results to the GPU-3 Stirling regenerator requires 
estimates for the gap width characteristic dimension and the effective thermal 
diffusivity in the regenerator. Neither of these are known. Following Lee's 

recommendations (enclosed gas volume divided by heat exchanger surface area for 
the gap width characteristic dimension, and the unrealistically low laminar 

thermal diffusivity) gives ratios ranging from about 1.0 down to 0.1 or less. 

The results depend strongly on the location (e.g., the temperature) in the 

regenerator, as well as the engine speed, and the gap width and diffusivity 
parameters. Thus the GPU-3 is somewhere on the "isothermal" side of the loss 

peak shown in Figure 5.2, but portions of the regenerator could still harbor 

substantial losses due to cyclic heat transfer. Because the heater and cooler 
and, most particularly, the working spaces of a Stirling machine function 

within a narrower hydraulic radius range on the loss curve in Figure 5.2 and 

are far less likely to be isothermal, cyclic heat transfer may be of greater 
importance there than in the regenerator. 

The above work and other efforts have shown that for cyclic heat transfer 

the heat transfer rate cannot be correlated with the difference between the 
mixed mean gas temperature and the wall temperature by means of a single heat 

transfer coefficient, as temperature does not vary monotonically with distance 
from the wall. In addition, power losses due to the cyclic heat transfer were 

quite significant; for instance, 4:1 compression of helium in a cylinder had a 
maximum (at intermediate Reynolds numbers) of 22% of compression work lost 
(Faulkner and Smith 1983). Further heat transfer research is certainly vital 
in order to isolate key geometrical and frequency dependencies. 

At the same time, the mean-parameter heat transfer modeling used in more 
sophisticated codes for Stirling and other applications should be adaptable to 
new heat transfer information in this area. Such codes currently calculate 

working gas thermodynamics, flow and heat transfer at many times during a cycle 

and in several spaces, already accounting for some of the integrated effects 
now being seen in experiments. Analysis to determine accurate mean-parameter 

correlations that include frequency dependence and other factors should be 
feasible if experimental results continue to be encouraging. 
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5.2 ENHANCED CONDUCTION IN LAMINAR FLOWS 

A second effect that could be of importance in a variety of higher fre­
quency oscillating flows is the enhancement of longitudinal thermal diffu­

sivity. Originally noted in mass diffusion, the analogous behavior for heat 

transfer was experimentally noted by Kurzweg in laminar oscillating flow in 

thin capillary tubes (Kurzweg and Zhao 1984; Kurzweg 1985). This effect has 

been noted by researchers familiar with heat engine technology (Chen and 

Griffin 1983; Gedeon 1986; Seume and Simon 1986), particularly since the 

coolers in some engines take the form of bundles of thin, brazed tubes similar 

to those in the Kurzweg experiment. The effect would be one to avoid in regen­

erators, which must be expressly designed to avoid longitudinal heat transfers 

as much as possible. The implications of the research findings in this area 

will be discussed here. 

The research by Kurzweg and coworkers treated flows in narrow capillary 

tubes or parallel-plate channels connecting hot and cold reservoirs that were 

subjected to high-frequency oscillations with small tidal displacements z. 

This resulted in very large axial heat conduction rates even though there was 

no net convective mass transport. This occurred because in such oscillating 

flows, fluid elements at different radial positions have different velocities 

and displacements (Seume and Simon 1986). Heat is transferred radially to 

fluid particles which then move axially to colder regions where they provide 

the heating. This mechanism is thus dependent on having a high-frequency flow 

that sets up such nonuniform velocity profiles. A minimum kinetic Reynolds 

number of about 100 has been proposed (Gedeon 1986; Kurzweg and Zhao 1984), and 

most conventional wire-mesh regenerators for the Stirling application have 

kinetic Reynolds numbers near one. As it is also unlikely that today's mesh 

regenerators have fully-developed laminar flow, the enhancement mechanism as 

analyzed is not likely to be a problem with current regenerators. 

The topic still contains some uncertainties, however. While the ideal 

cases analyzed indicate a kinetic Reynolds limit far higher than what is 

expected in regenerators, experiments showed enhancement at somewhat lower num­

bers (Kurzweg and Zhao 1984); there was also some experimental indication that 

the mechanism might still be active in transition or turbulent flows. There 
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has been no work to see if the mechanism would operate in a geometrically 

interrupted flow like that through a stacked mesh regenerator. Although cur­
rent Stirling regenerators, for example, appear to be outside the regime for 

this effect, its existence and mechanism must be well understood in developing 
innovative future designs. One promising new regenerator approach, foil regen­

erators with long, thin flow tubes, seems to avoid the effect. But in innova­

tive concepts such as liquid working fluid engines and in tubular regenerator 

geometries aimed at decreasing friction losses and costs, it is possible that 
this phenomenon could provide an unpleasant surprise. 

5.3 GENERAL SOLUTIONS FOR POROUS MEDIA 

The fundamental work discussed up to this point in this report 
requires one to guess at effective diameters or other geometric parameters to 

use in treating flow through a regenerator. The regenerator on the GPU-3 

Stirling engine, consisting of 0.004-cm diameter stainless steel wires in a 
mesh of 79 X 79 strands per square em, with 309 layers of mesh packed into a 

small tube 2.26-cm long, is a typically tough application. Exact three­

dimensional analysis of flows through such a medium cannot yet be done, and 

thus the problem is collapsed into one dimension. A numner of different 
effective diameters have been used, primarily for data reduction, with some 

more effective (Chen and Griffin 1983) than others. This is not a new problem 
to researchers accustomed to dealing with porous media, however. 

A generalized analysis approach has been developed for steady, incompress­
ible applications (Vafai and Tien 1981; Vafai 1984; Vafai, Alkire and Tien 
1985). It treats porous media by way of .. macroscopic .. equations, based on 
averages over small volumetric elements, with the help of empirical relations 
for specific physical terms in the fundamental transport equations. Key empir­

ical parameters beyond common geometrical parameters and fluid properties (for 

the steady, incompressible case) are permeability and effective conductivity; 
both have been studied in great detail and their application is understood on 

both empirical and analytical grounds (Scheidegger 1974; Tien and Vafai 

1979). A similar depth of understanding may well be required for the unsteady , 

compressible flows of heat engine regenerators. 
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Some of the steady flow results obtai ned by Vafai and Tien using their 
explicit treatment of porous media are instructive . Regenerators are typically 
confined by external casings, a factor which, particularly in the case of annu ­

lar regenerators, could be important in determining performance. Vafai and 
Tien found that although the boundary effect for the flow field is confined to 

a very thin momentum boundary layer insignificant to overall flow considera­
tion, boundary and inertial effects can reduce heat transfer from the porous 

medium to the fluid by up to 50% (Vafai and Tien 1981; Vafai 1984). This 
effect is especially pronounced if the thermal boundary layer is of the same 

order or thinner than the momentum layer, as might be expected with large pres­

sure differences, strong inertial effects, and a short boundary length such as 

occurs in a Stirling regenerator . Although results for steady, noninertial 
flows are of little interest in Stirling analysis, the possible role of boun ­

daries in regenerators is a new factor to be examined experimentally and noted 
in design. 

A second case examined by Vafai (1984) is variable porosity, typically 
occurring in beds of spherical particles (due to geometry) and near the wall of 
packed wire mesh regenerators [due to manufacturing (Jones 1982b)]. The effect 

of this nonuniformity on heat transfer is a function of Reynolds number (based 

on pore diameter), free-stream porosity and Prandtl number, permeability, 
matrix geometry, and the length of the boundary wall. The boundary and vari­
able porosity effects were found to double the rate of heat transfer to the 

wall in the reported experiment; this was in good agreement with numerical 
results explicitly treating these effects . It is apparent that variable 
porosity is yet another factor capable of increasing regenerator losses. 

5.4 HEAT TRANSFER ENHANCEMENT IN POROUS MEDIA 

Vafai and Tien were able to verify the results of their analysis by exper­
imenting with porous media made up of packed spheres, a far more tractable 

medium than the typical heat engine regenerator. It permits internal temper­

ature and even flow measurements, as well as use of simple characteristic 
lengths based on analysis . Recent experiments and analysis have taken advan­

tage of this tractability to examine the heat exchange process in such a 
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medium, including the effect upon this process of high-frequency oscillations 

in the heat exchange fluid flow (Galitseiskii and Ushakov 1982). 

In contrast to other porous media studies in which the flow through the 
structure was modeled by parallel capillary channels or alternating constric­

tions and expansions in a flow channel, the flow was assumed to be analogous to 

a flow in a rough channel, in which the dimensions of the roughness (the mean 
statistical sphere diameter) were comparable to channel diameter. Such a flow 

was expected to be accompanied by the formation of stationary microvortices of 

sizes determined by the size of the packed spheres. In addition, the flow 

causes secondary vortices generated by its oscillations; these vortices have 
sizes dependent on the Stokes layer thickness. Thus heat exchange, with refer­

ence to the stationary case (subscript o), is 

(5.1) 

where E is the ratio of peak mass velocity in oscillating flow to that in 

steady flow (serving the same purpose as Remax). As in smooth channels 
(Schlichting 1979; Galitseiskii, Ryzhov and Yakush 1977), resonant phenomena 

might be expected when dimensions of the stationary vortices from flow over the 

structure are the same as the secondary vortices created by flow oscillations. 

Experiments in the ranges of Re 0 = 0.6 - 6.0, frequency = 20 - 400 Hz, and 
E = 5 - 150 were performed with small test sections of nickel and stainless 

steel balls. The steady flow Reynolds number Re0 was based on estimated porous 
channel diameter. With oscillating flows, a peak in the heat transfer coeffi­

cient was found at 220 to 225 Hz (Rew = 0.525, based on particle diameter) for 
all Re0 , with the effect increasing for higher Re0 and peaking at 4.3 times 

greater than steady flow at Re0 = 6.0. At this Rew the ratio of particle dia­
meter dp to oscillating Stokes layer thickness b was 0.55; i.e., they are 

clearly comparable. This result, shown in Figure 5.3 using a normalized scale , 

confirms the presence of resonant heat transfer enhancement phenomena in regu­
lar porous materials. The implications for interpreting steady flow test data 

for Stirling engine use are interesting. If results are valid for E = 1 (the 
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FIGURE 5.3. Heat Transfer Enhancement Due to Oscillating Flow in Porous Media 
(Galitseiskii and Ushakov 1982) (Adapted from material copyrighted 
by Plenum Press; used with permission.) 

smallest mass velocity ratio € tested was 5, but unless steady flow results 

were all for Darcy flow or were otherwise qualitatively different from higher 
speed results, they could be valid), then at some Rew (below 0.125 and above 

0.925, for the experiment described) the heat transfer in this type of flow can 

be exactly represented with steady flow data at the peak oscillatory mass flow 

rate . At other Re (between 0.125 and 0.925), the heat transfer ranges between w 
the steady flow value and twice that value (here at the peak of Rew = 0.525). 

The ability of the length scale in Re0 and Rew to capture the effects of more 
complex geometries than packed spheres must be determined, of course. But 

Galitseiskii and Ushakov's work provides perspective for examining new oscil­
lating flow heat transfer data. 

5.5 DISCUSSION 

This chapter has presented experimental and analytical results from a 
variety of fields that describes phenomena that may be important in certain 
Stirling and other heat engine regenerators. The four topics discussed in 

detail may not turn out to always be the the most important, but rather were 

those that have received sufficient attention by investigators for useful 

insights to have developed at this time. Studying heat engine problems on the 

level of fundamental flow and heat transfer understanding has long been a key 
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factor in successful engineering development . Continued investment in generic 
research on fundamental problems is now crucial as the connection between 

poorly understood phenomena and heat engine performance is becoming stronger. 

For the four primary topics discussed, the connection with regenerators is 
different in each case. Compression/expansion heat transfer between the wall 

and the gas may not cause difficulties in most of today•s well-designed regen­

erators, for instance. But compression/expansion heat transfer effects and 

their influence on stagnant and moving gases in t he regenerator in Stirling 
cryocoolers is important today (Wolfs, Dijkstra and deJorge 1986), and wall 

heat transfer may be substantial in many heat engine and compressor cylinders. 
With proper understanding it can become a known f actor in design, and perhaps 

can even be taken advantage of. Enhanced conduct i vity in laminar flows is also 
unlikely to occur in well-designed regenerators but has immediate impl ications 

for other heat exchangers in Stirling and other applications. Better knowledge 

of how this effect works in turbulent or compressible flows or in more complex 

geometries may prove invaluable. 

Work focusing more particularly on flows in porous media, such as the 

well-meshed experimental/analytical methods of Vaf ia and Tien, or the intuitive 
experiments of Galitseiskii and Ushakov, has direct relevance to regenerator 

analysis and design. These approaches need more attention and work directed at 

regenerators. Other effects, such as the apparent enhancement of mass dif­

fusion thermal diffusion in regenerators (probably caused by the way the matrix 
breaks up the flow and imposes local, radial vel ocity components) also require 

attention. In studying the effect of geometry on flow properties one cannot 
ignore the underlying question of whether flow i n a given regenerator is 

turbulent. The nature of the flow in a given regenerator is the key to under­
standing which physical phenomena will be important: whether resonant vorti­

city generation can occur or what the local effect ive thermal diffusivity is, 

for instance . 

Within porous media it is not known under what conditions turbulent, lami­

nar, and transition flows occur and how these overlap. The onset of turbulence 
is known to be dependent on Reynolds number in pi pe flows, with transition typ­

ically occurring somewhere above 2000. Jones (1982b) has noted that turbulence 
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may occur within regenerators in oscillating flows at very low Reynolds numbers 
(10 to 20); Dybbs et al. (1984) suggested that in steady flow there was a tran­

sition region for 175<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 relaminar1zes 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. In 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 sma 11 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 

f._!~w -~;;cil l~tion 

r ro•qHPncy 

Arnpl i turlf' 

fffrn nn Stokes I ayer 
thickne<;> 

Effect• on transition to 
turbuiPnCe 

F.fff'O<; on size, nature of 
ser.nnolary vertices 

EOPrt; rm con~itionat 
turh" 1 ence--occurrence 
of relamlnarization 

Effpct on transition to 
turhulPnte 

Arn,unt nf time a flow 
particle spends in 
re~Pneratnr 

~~~-Tenlp<'rdlure Gra(!i!'c':.L I'!....~..!.!!!:!_~_; rect ton 

Vuying fluid properties, 
~Pnsity and velocity along 
re4enerator, Possible 
effects on flow structure 

[no'IOr~so;inn hp~ting, Hpan­
;inn conlin<J. Possible 
intPrn~l rl~velopment of 
ra<li•l temperature grarllents 
within g~s 

Flow tlonunlfnrmity In Matd< 

'llri~hle 
11erlh 

l'nrn>ity 

lhnuroi fnm 
Fnterln~ F1•1w 

r:~ ,. i x Prnr~t i ~s 

MlcrostructiJre 

Th;n '"flr'le~tlll'l an<! th<>rmal 
hou~~~ry layers on outer 
w~llo; 

!ncr~·1><>rl flow through 
P'ft. ·>f mMrlx, often 
~eu "'II 

!ocn'.\S' <f fl'lw through 
p~rt nf 111atrh 

~~tai Is nf flow 9~ometry 
rlPt~ro•oinP flow structure, 
tr~n,ition to turbulence 

Heat c~pacity, surface, 
propPrties, Integrity, 
corrnrl~bll tty 

Transport Effects 

Enhanced conduction 

Roles of diffusion and 
conduction effects In heat 
transfer, amount of pres· 
sure drop 

Resonant enhancement nf 
ment of heat transfer 

Role of diffusion and con· 
duct ton effects In heat 
transfer, amount of 
pressure drop 

Parameters 

Pc, a.f-;;;r;;-

..,, 
'" " 

. 
~ 

Re.,, Remax• 
geometry 

Role of diffusion and con· A,, Reo 
duct ion effects in heat 
transfer, amount of 
pressure drop 

Need to take time~ 
dependent effects 
such as varlahle flow 
profiles Into account 

Effects on transport 
properties of fluid 

Effects on thermal 
gradients/boundary 
layers, Effect of 
compressing no~worklng 
gas, heat transfer to 
nonworkIng gas 

Significant he,,t transfer 
effects~+ outer walls 

Pr GRe 
J::"• 7i:" 

!ncreaserl hpat transfer, 
pressure drop losses 

Increased to~at trMsfer 
pressure <lrop losses 

L ,. 
p 

Affects all transport mech· many 
anisms affected by flow 
structure, both friction 
and heat transfer 

''· 
Ld 
.-; 

Heat capacity determines 
thermodynam1 cs In regen­
erator. Surface proper­
ties affect flow structure 
and thus, friction and heat 
transfer, 

Cp matrix 

cp fluid 

A.l 

ReferPncPs 

Kurzweg anrl ?hao 
1984 

flerUi and Thomann 
1975 

GalHseiskii a~rl 
Ushakov 19ll? 

Murray am1 flartin 
1961 

Merkll ~ml Thm,ann 
191~. Rao•t<lprian 
and Tu 19ll0 

Seume and )imon 
1986 

Schllchtlno 1919 

Faulkner an~ 'mlth 
1983 
0/olfs et ~1. !'1')6 

Vafal anrl lH•n 
1981 

Vafal, AHirf' 
Tien 1985 

Gedeon \'lV'i 

Jones 1982a 



TABLE A.2. Documented Engines 

Engine Type Operating Conditions 

Kinematic Engines 
General Motors GPU~3 

Mechanical Technologies Inc. 
MOO! (upgraded) 

United Stirling P40 

Technical University of Oenmark, 
Stirling Total Energy System 

UK Consortium, Stirling Engine 
( .. configuration) 

Ford Phillips 4~215 

General Motors 4L23 

Free Piston Engines 
Mechanical Technologies Inc. 
Engineering Model 

Sunpower Inc. 3 kW Generator 
So< 

Sunpower Inc. RE~1000 

Mechanical Technologies Inc. 
Space Power Oemonstrator 
Engine 

Speed or frequency: 
Mean pressure: 
Wor~ing fluid: 

Speed or frequency: 
Mean press11re: 
Working fluid: 

Speed or frequency: 
Mean pressure: 
Working fluid: 

Speed or frequency; 
Mean pressure: 
Working fluid: 

Speed or frequency: 
Mean pressure; 
Working fluid: 

Speed or frequency: 
Mean pressure: 
>lorking fluid: 

Speed or frequency: 
Mean pressure: 
Working fluid: 

Speed or frequency: 
Mean pressure: 
>lor king fluid: 

Speed or frequency: 
Mean pressure: 
Wor1dng fluid: 

Speed or frequency: 
Mean pressure: 
Working fluid: 

Tria I Parameters: 
Speed or frequency: 

Mean pres~ure: 
0/orking fluid: 

Design Parameters: 
Speed or freqo1ency: 

Mean pressure: 
Working fluid: 

Source: Adapted from Seume and Simon, 1986. 

2500 rpm 
41 bar 

"' 
4000 rpm 
150 bar 

"' 
4000 rpm 
150 bar 

"' 
1500 rpm 
100 bar 

"' 
3000 rpm 
150 bar 

"' 
4000 rpm 
\03 bar 

"' 
2000 rpm 
103 bar 

"' 
58 "' 60 h" 

"' 
60 "' 25 bar ,,, 
30 "' 70 b" 

"' 
73 "' 75 b" 

"' 
105 "' 150 b" 

"' 

A.2 

Pur ose 

Test, power generation~~power, 
density, efficiency 

Automotive~wpower, efficiency, 
emissions 

Test, Automat1c~wpower, 
efficiency, emissions, 
modularity 

Cogeneration~-efficiency, 
rellability 

General Purpose Test~­
modu 1 ari ty 

A11tomntive--power, efficiency, 
emissions 

Automotive~-power, efficiency, 
emissions 

General Purpose Test 

Power Generation~~efficiency, 
re 11 ability 

General Purpose Test-w 
simplicity 

Space Pawer-~~igh power 
density, light weight, 
long life 

Abbreviations 

GPU3 

MODI 

P40 

STES 

UK 

4-215 

4L23 

EH 

Genset 

RElOOO 

SPOE-T 

SPOE-0 



TABLE A.3. Data on Friction and Heat Transfer in Regenerators and Porous Media 

Authors 

Steady Flow 

Littman, Barile, 
and Pulsifer 1968 

Gupta et al. 
1974 

Miyabe, Takahashi 
and Hamaguchi 1982 

Chen 
1983 

and Griffin 

Oscillating flow 

Murray and Martin 
1961 

Bartolini 
1984 

and Nasa 

Rice et al. 19!13 

Rice, Thonger and 
Oadd 1985 

Nakajima et al. 
1985 

Experiment 

Frequency response 
heat transfer 

Correlation of 17 
studies of packed­
bed heat transfer 

Steady flow friction 
in stacked screens 

Steady heat transfer 
in stacked screens 

Recorrelation of 
Kays and London data 
on steady flow 
friction 

Sinusoidal flow, 
heat transfer in 
wire mesh screens 

Periodic flow 

Sinusoidal flow 
heat transfer-­
calorimetric 
approach reduced 
to effectiveness 
via rerluced length 
approach 

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

Sinusoidal flow 
pressure drop in 
stacked screens 

Carre lati on 

Not given 

f E 33,6 + ,337 

""' 

f • 49.78 + 
,---:m-R • ., 

None obtained 

h • 

Nu m ,46Re•78 

.317 

Typical results are 
""8 = .04Re0 • for 
20 mesh, 3.33 Hl, 
Nz working flui~, 
6= .71 

f ~ 4~;6 + ,504 

He 10-500, 100 and 
200 mesh screens 

A.3 

Colmlents 

Focus on low Reynolds number (based 
on particle diameters) data (2-100) 
dynamic therma 1 conduQt i ~ity of solid 
phase measured; rises sharply for 
Re<6. 

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

Microscopic approach; Rel ~ lu/v, 
where 1 is distance between wires in 
mesh, u is fluid velocity within 
matrix 

Nud ~ dmh/k, where d 111 lS mesh w1re 
diameter. Red 1s also based on mesh 
wire diameter. 

3<Re1 < 
Miyabe et 

2000; parameters 
al. 1982 

same as 

For given average Reynolds ~. heat 
transfer increases with porosity. 
High porosity matrices also respond 
to changes in frequency {range 25-
200) while lower ones do not. 

1</here the Peclet number Pe " urh/'" 
rh • 4 (cross-section<ll area) 

perimeter 

Mean Reynolds f 6-100, varied by 
increasing gas pressure (helium) in 
rig. Tested frequencies 6-ll Hz. 
Re and Nu based on a hydraulic diam­
eter, see Rice et al. 1985, 

0 = Hydraulic diameter 

" dm T""7"i 

"" dm is wire diameter 

'"z ,._,_, 
,, , velocity in matrix, 

number of screens 
in regenerator 
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APPEND!X B 

NOMENCLATURE 

a tube radius, m 

A5 total regenerator surface area, m2 

b Stokes 1 ayer thickness 

CP specific heat at constant pressure, J/kgK 

Cv specific heat at constant volume, J/kgK 

d,D diameter, m 

dm mesh wire diameter, m 

dp particle diameter, m 

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

h convective heat transfer coefficient, W/m2 

f friction factor 

F function of 

k therma 1 conductivity, W /mK 

ke effective thermal conductivity, W/mK 

L length of regenerator wall, m 

1 distance between wires in mesh, m 

P 0 mean gas pressure, Pa 

P1 amplitude of pressure wave, Pa 
P pressure, Pa 

qr radiation heat flux vector 

t time, s 

~T0 free stream-wall temperature difference, K 

u convective velocity, m/s . 
u maximum bulk mean velocity, m/s 

V volume, ~ 
• 

~w power loss from cyclic heat transfer, W 

f).Z total displacement in one fluid oscillation, m 

Ac critical Reynolds number = 12 Reb 

Ar amplitude ratio, 8Z/L 

B.l 



E Eckert number, u2 I t.T 0Cp 
G defined function for convective terms in flow through a porous medium, 

F(K, Rel, Geometry) ~~ 
Nu Nusselt number 

Pr Prandtl number 

Re Reynolds number, based on regenerator length (L), Stokes layer thickness 

(b), permeability (K), maximum bulk mean velocity (max), as subscripted 

Rew kinetic Reynolds number, wd2/4v 

St Stanton number 

y 

w 

v 

p 

nondimensional hydraulic radius, gap width/212~/w 
thermal diffusivity, m2;s 

radian frequency, 1/s 

kinematic viscosity, m/s 
density, kg/m 

permeability, m2 

porosity 
e ratio of peak mass velocity in oscillating flow to that in steady flow 

1l viscosity, kg/ms 

y 

* 
• 

mechanical or viscous dissipation function 

CpfCv 
dimensionless quantity 

vector 

B.2 
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