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STIRLING ENG NES AND | RRI GATI ON PUMPI NG
C. D Vest

ABSTRACT

This report was prepared in support of the Renewabl e
Energy Applications and Training Project that is sponsored by
the U S. Agency for International Devel opnent for which ORNL
provi des technical assistance. It briefly outlines the
performance that mght be achievable fromvarious kinds of
Stirling-engine-driven irrigation punps. Sone enphasis is
pl aced on the very sinple |iquid-piston engines that have been
the subject of research in recent years and are suitable for
manufacture in | ess well-devel oped countries.

In addition to the results quoted here (possible linits
on M* and punping head for different-size engines and various
operating conditions), the method of calculation is described
in sufficient detail for engineers to apply the techniques to
other Stirling engine designs for conparison

1. STIRLING ENG NE POAER QUTPUT

If well-designed and constructed, conventional Stirling engines (see
Ref. 1 for a guide to Stirling technologi) have a rather sinﬁle rel ation
between the brake power, the piston stroke of the machine, the pressure
of the working fluid, the frequency of operation, and the tenperature of
the heater and cool er

T
H
W v me Y Ty + K . (1)

A survey of 23 very different engines! indicated the average val ue of W
to be 0.25, and this is the nunber usually enployed in nmaking rough cal -
cul ations or predictions of the performance of new Stirling engines. The
w, of 0.25 is only applicable if a consistent unit set (such as SI units)
is used in Eq. (1).

If the engine is used to drive a punp, then the power may be used to
raise liquid (often water) against gravity:

T —TK
TH+ TK

VPHpg =~ W = 0.25 P £V (2)



This relation does not take imto account the |oss of power in the punp
itself. Actually, such an onmission is quite |egitimte because sone of
the engi nes surveyed to assign a value to W, were punping engines. Their
measur ed power output referred to the actual punped vol ume and head; that
is, the pump efficiency (or inefficiency) has to some extent already been
included in W,.
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2. STIRLING ENG NE M*%

For convenience, We can rearrange Eq. (2) to calculate V. H whichis
the quantity sonetines cal | ed M*. However, we al so need to cgnvert the
punping rate fromm3/s (i.e., SI units) to m3/h (the units normally used,
unfortunately, for M*). Wth these changes,

. P 'I‘H—TK
M% = ¥ H = 3600 x 0.25 = x fV ———0. (3)
P Pg oT, T

Now, p =103 kg/m3 (for water), g = 9.81 m/s2, and substituting these
nunbers into Eq. (3) yields

TH-—T

T+ T (4)

M* = 0.092 P fV

Most Stirling engines operate at rather high pressure and high speed to
maxi m ze the specific power, but others, including the Iiquid-piston
machi nes (fluidynes) to be described later, are inherently |owpressure,
| ow-speed engines. Table 1 lists the relevant data for five different
engi nes and the value of M* calculated fromEqg. (4).

Table 1. M* calculated for various Stirling engines

4

Engine” (3&) (flz) (Z& <E‘é> 4(35) (mb‘f/m
G 60 0.2 40 60 6502  77P 20

Fl ui dyne punp 0.1 0.63 32,000 375 50P 60°
102-¢ 1.2 27 67 900 15 120
GPU-3 6.8 25 120 780 20 1,100
V- 160 13.0 30 226 720 50 4,100

"Brief descriptions of these engines can be found in
Tables 5.1, 5.2, and 6.2 of Ref. 1.

bEst i mat ed.

"This machine was actually operated as a punp (see Table 9.2
Ref. 1) with a neasured of very nearly 60, thus |ending credi-
bility to these calcul ations.



3. FLUIDYNE LI QUI D-PI STON STI RLI NG ENG NES

Fluidyne is the name given to a class of Stirling engines in which
the pistons are actually colums of liquid (usually water) noving up and
down in a set of Utubes. The appendix, a reprint of a 1984 conference
paper, describes the principles and practice of fluidynes, together with
a brief history.

Because the working parts of the fluidyne are water and the power
output is available in the formof either pulsating pressure or nmovement
of liquid in a tube, the most obvious application is as a punping engine
for exanple, in irrigation systens. However, only experinental and
dermonstration machi nes have been built so far. The largest one had a
throughput of nore than 15 m3/h and a lift of alnost 4 m« For rnore
information on the technology of the fluidyne , see Ref. 2.

In subsequent sections of this report, some estimates of the pos-
sible performance of fluidyne punping systems are nade.

3.1 Power Qutput of a U Tube Fluidyne

Suppose the displacer is water in a U-tube of dianeter Dwith a
stroke of D— that is, a “square” engine. The uprights are separated by
a thickness t of thermal insulation. To avoid excessive mixing and heat
| osses in the displacer liquid as it turns into the curved section of the
U-tube, the liquid surface at bottom dead center of the piston movement
is at a mnimm height D above the curved portion of the U-tube (see
Fig, 1). W assume, reasonably, that the phase angle between the liquid
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motion in the two arms of the U-tube is 90°. Then the net volune change,
which is the vector sumof the volume change at each end of the displacer
colum, is

D3
v, = I x I (5)

The operating frequency of a fluidyne is deternined al nost entirely by
the length of the displacer column3

1 2g
f T — T . (6)
27 LD

Fromthe geonetry of the displacer (Fig. 1), the length of the centerline
along the colum is calcul ated as

LD =3D + w(D/2 + t/2) . (7)
Ther ef or e,
] =L 28 (8)

27 N3 + w(D/2 + t/2) °

W can now cal cul ate the approxi mate power output of the fluidyne from
Eqs. (1), (5), and (8):

T, —~T

K
W = 0.25 P fV oo
o} m o TH + TK
o 1 2& /2nD3 TH B TK
0.25 x P x 55 \/3D T n0/2 +t/2) & % T, + T ° (9)

It is not convenient to operate this kind of fluidyne at a nean pressure
above atmospheric (0.1 MPa) because a higher pressure woul d expel the
liquid fromthe tuning line. Substituting P =105 Pa and g = 9.81 ' s*
into Eq. (9) vyields

I, T

19, 600 D3
T T T, - (10)

/3 F n(0/2 +17/2) Tm

W ]
[o]

Because of the large surface area of a high-power, atnospheric-pressure
engi ne, good thermal insulation is essential to high efficiency. The
i nsul ation thickness shoul d probably be at |east equal to the Utube



diameter, that is, t =D. Then Eg. (10) becones

T, T
s/2 . T Tk |
Wo = 7900 D ol (11)

H K

Notice that Eg. (8) is not very sensitive to the exact value of t,
so that choice of an insulation thickness sonewhat greater or |ess than
t he val ue assumed here woul d not significantly affect the concl usions.

Equation (11) could be applied approximately to a concentric-
cylinder fluidyne by defining D as the dianeter of the innernost con-
centric cylinder

3.2 Punping Water with a U Tube Fl uidyne

A quantity of interest to many designers and sponsors of ‘irrigation
systens is the so-called M* of a system

M* = the volune of water punped x the [ift = 5p x H. (12)

For irrigation purposes, a mxed unit set of netres and hours is usually
adopted.  Now

ﬁpHpg = energy added to the water/unit tine.
In ST units, for a U-tube fluidyne, Egs. (11) and (12) indicate that

T T

¥ Hog = W= 7900 p5/2 H . (13)

Changing the time units fromseconds to hours gives

. sk
¥ Hog = 3600 x 7900 x DY/2 x T (14)
H K
T,—-T
: 3600 x 7900 T K
4 = 5/2 x — =
u* =V H 2 xD5/2 x [
T, —
_ 3600 x 7900  s/2, H” 'k
103 x 9. 81 T, . I
TH - TK
= 2900 D5/2 = . (15)

H K
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Assume Ty = 30°C (86°F). Then M* can be calculated as a function of
the displacer dianmeter and the hot-end tenperature. A heater tenperature
of 350°C is practical with the sinplest of materials and joining tech-
niques (including adhesives). Wth nore care paid to the choice of mate-
rials and construction methods, but with no exotic technol ogy, 550°C is
easily reached with safety.

Table 2 and Fig. 2 illustrate the rapid increase of M* as the dis-
placer dianeter is increased

Table 2. M* for various displacer
diameters and heater

temperatures

D M4 (m“/h)

(nm) Ty = 350°C 1, = 550°C
100 3.2 4.2
150 8.7 1.7
200 17.9 24.0
250 31.3 41.9
300 49. 4 66. 0
350 72.6 97.1
400 101. 4 135.5
450 136.1 181.9
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Fig. 2. Fluidyne punps: M"* as function of displacer dianeter and
heater tenperature.

3.3 Punping Head Available froma U Tube Fluidyne

Staging the punps by driving several punp arns fromthe same dis-
placer? can |ift water to any desired height. However, each stage can
lift the water no nore than a certai n maxi numincremental height because
t he maxi mum pressure available to drive the punp in an atmospheric-
pressure engine is quite limted.



An approxi mate cal cul ation of the maxi num head available is fairly
straightforward. Wen punping at close to the maxi num avail abl e head,
the vol ume punped will be lowwth little change of volune in the engine
during the punping stroke. Therefore, the main sources of pressure varia-
tions in the working fluid of the engine will be the displacer action and
the tuning-line action. According to Eq. (2.3) of Ref. 1, the peak-to-
peak pressure change due to displacer action is given by

Vo 2(T, — Ty)
e H K

AP, » P o —m—— (16)
d” "m Vo (T L) .

The mean vol ume of working fluid V, in the engine includes the heat
exchangers and connecting ducts, as well as the volume in the displacer
v Typically in modern designs, the heat exchanger and duct vol ume
(f.e” the unswept or dead volune) is such that V = 2.5 V ; see
Table 2.1 of Ref. 1.

The peak-to-peak pressure variation due to the volume change vV, is
sinply given by the ratio of the volune change to the mean vol une:

(¢}

AP = P — & (17)
As seen earlier, V = Y2 v,, and therefore
AP = /2P = . (18)

The two arns of the displacer were assumed to be noving with equa
strokes and a 90" phase difference (which is why V = VZ V.), and the
phase angle between the displacer action and the tuning-line or volume-
changing action is therefore 45°.

The pressure change due to the displacer action is in phase with the
di spl acer movenent, but the pressure variations due to the volume change
are 180° out-of-phase with the change (i.e., when the volune is m ninum
the pressure is maximum and vice-versa). Therefore, the phase angle
between AP, and AP_ i s 180° — 45" = 135°.

The t&tal pressure variation AP is the sum taking account of the
phase angle between them of AP and AP, :

AP =\AP2 + AP2 — 2AP, AP_ cos 135° . (19)

Substitute for APy and ap. from Egs. (16) and (18) recall that



vV, * 2.5V, and sinplify:

, - 2 —_T 1/2
o - S (B m S ()|
* H K/ \'H K

Only if the peak-to-peak pressure variation exceeds the hydrostatic pres-
sure fromthe punping head can the val ves open and the water begin to
flow.  Therefore, the maxi mum possible lift (excluding any possible en--
hancenent by dynamc effects) in a single stage is H ,  where

Hmax pg = AP

or

- - 1/2
. ) ZPm H T TH TK +_1- (21)
max 2.5 pg [\Ty + IK T + T 2 *

For an atnDspherlc engi ne and water punp, B = =105 Pa, p = 103 kg/m3 and

= 9,81 m/s?. Using Eq. (21), the nBX|nun1p053|bIe lift for a single-
stage fIU|dyne with a hot-end tenperature of 350°C is 8.0 m However,
remenber that the punping rate falls toward zero as the naxinun1possib|e
lift is approached, so that the practical limt is nuch |ower than the
theoretical one.

Wth a hot-end tenperature of 550°C, the theoretical maxi num head in
a single stage is 8.8 m.

As an exanple, Fig. 3 conbines the results of Egs. (15) and (21) to
show the potential performance limts of a 300-mm (12-in.) displacer-
dianeter fluidyne operating at 350 and 550°C. The results are shown for
a single-stage and a two-stage punping system

ORNL-DWG 87C-40708 ETD
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4. SUMVARY

An existing correlation for the performance of Stirling engines can
be used to make estimates of M* for Stirling-powered irrigation punps.
Five engines, representing a w de range of different designs, have been
eval uated on the basis of the correlation; the M* values range from
20 m*/h for the smallest engine surveyed to 4000 m*/h for the |argest.

One particular type of Stirling nmachine, the fluidyne |iquid-piston
punp, was examned in greater detail. Depending on the size of the
engine, M* values in the range of 10 to 200 seemto be practical. The
maxi mum t heoretical punping head is about 8 or 9 m (depending upon the
operating tenmperature) for a single-stage design, or 16 mfor a two-stage
system The flowrate falls rapidly as the nmaxi num head i s approached.
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LIQUID-PISTON STIRLING MACHINES

C. D. West

0Oak Ridge. National Laboratory*
Oak Ridge, Tenneosee 37831
USA

ABSTRACT

Since the Invention of the Fluidyne engine in 1969,
several research groups have explored and described the
potential of liquid-piston Stirling machine designs for a
wide variety of applications, Including water pumping from
solar beat, simple and long-lived fossil-fuel-fired irri-
gation pumps, and heat-powered heat pumps. A substantial
amount of theoretical work has been published, along with
experimental results from a number of very different
machines and design data for the construction of experi-
mental engines. This paper describes the progress that has
been made and the performance of existing systems, identifies
putstanding research needs, and outlines some of the
potential for further progress.

By acceptance of this articie, the
publisher or recipient acknowledges
the U.S. Government’s right to
retain @ nonexclusive, royalty-free
license in and to any copyright
covering the article.

*Qperated by Union Carbide Corporation for the U.S. Department
of Energy under contract W-740%eng-26.
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BACKGROUND

The Fluidyne liquid-piston Stirling angina was invented at the Harwell
Laboratory of the United kingdom Atomic Energy futhority in 1969, snd the
first machines were operated there In 1970. Two internal reports wsre written
by the Inventor {1,2], and a British pstent was filed [3] coveting the basic
invention and some improvements. The Patent Specification was published in
1973, describing the basic theory and some early experimental results.

In 1974, a psper describing the Fluidyne concept was presented to a

meeting of the International Solar Energy Society [4] , and the’ attractive
simplicity of the liquid-piston mschine with its potential for low-cost
reliable water pumping was recognized; at that time, tha Metal Box group of
companies hsd already expressed an interest in collaborating with Harwell ‘on
the development of Fluidyne irrigation pmps. In 1975, tharefore, several
small-scale research efforts were under way; over the next few years, research
results confirmed the potential of the liquid-piston engine, while identifying
some problems that lie in the way and offering possible solutions. Some of
the major results of this research are reviewed in this paper.

PRINCIPLES

One of the simplest versions of the Fluidyne to construct and operate is
the liquid-feedback mschine shown diagramatically in Fg. l. Oscillation of
liquid in the displacer U-tube unaccompanied by any wovement of liquid in the
tuning or output column U-tube would represent, In terms of a conventional
Stirling engine, pure displacement; gas would be displaced between the hot end
cold spaces but with no net change in gas volume. Movement of liquid in the
tuning line &es result in a net change of gas wlume, as &es the power
piston of a conventional Stirling machine.

.JFor the mschine to function as an engine, the phasing must be such that
the liquid level in the open end of the tuning line is falling during the time
that the liquid level in the tot side of the U-tube is higher than that in the
cold side : this compresses the gas when wst of it Is in the cold space.
Conversely, when the liquid level in the hot side is lower than in the cold,
the level in the open end of the tuning line must be rising, thus expanding
the gas. It is apparent that with such a phasing, the Fluidyne will operate
as a Stirling-like engine in the alpha or Rider configuration.

For a Fluidyne of the type shown in Fig. 1, the positioning of the
junction between the tuning line and the displacer U-tube is crucial.
Usually the junction must be closer to the hot then to the cold end of the
displacer for successful operation as an engine, although exceptions to this
rule have been noted (5]. With the arrangement shown in Fig. 1, the two sec-
tions of the displacer-liquid column (between the junction and each free
surf ace) are subjected to the same pressure difference, if the pressure drop
in the gas flow across the regenerator/connecting tube is neglected. However,
the liquid mass between the junction and the hot surface -is less, because of
its shorter length, than that between the junction and the cold surface. As a

2w
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CONNECTING TUBE ANO REGENERATOR

ORNL-DWG 8356060 ETD

|
|
U le=—=L i L

N DISPLACER U-TUBE

== [:' = o =

y.

TUNING OR OUTPUT U-TUBE

Fig. 1. Liquid-feedback Fluidyne



20

consequence, the hot side of the displacer-liquid column responds to the
pressure difference mwre readily than the c0ld side, and its movement will be
more advanced in phase. This is exactly the relatisnship needed for a
Stirling engine, in which the hot expansion-space volume variation must lead
the phase of the cold compression-epace volume.

If the tuning line is driven externally, there will still, according to
the above argument, be a positive phase difference between the resulting
motions of the liquid surface In the short and long legs of the displacer U=
tube. Consequently, heat will still be moved between the two cylinder wolu=-
mes, and one will have a Liquid-piston refrigerator or heat pump.

The description given above of the liquid-feedback mechanism is greatly
oversimplified. The liquid-feedback system was first proposed, on the basis
of intuition, by Goke=-Yarborough; not until 1974 did theoretical explana-
tion for Its operation become available when Elrod saw a description of the
liquid-feedback Fluidyne and devised an elegantly simplif led analysis of 1te
principles [6]. Elrod 's analysis vindicated Qoke-Yarborough's intuition.
The theory has been subsequently extended to take account of loss and loading
effects [7,8). Several computer analyses have also been carried out and are
included in the bibliography.

Other feedback systems have also been used or proposed, including systems
in which the displacer is given, by one of several pssible means, a rocking
motion to maintain the amplitude of oscillation of the displacer liquid.
Different configurations for the liquid columns have also been used, including
a mlticylinder arrangement of the Siemens type and a concentric machine in
which one leg of the displacer U-tube forms an annulus around the other.
Further details of these and other variants are given in Ref. [9].

Although the Fluidyne is essentialby a Stirling engine (or, at, least, has
the same kind of volume variations), the use of liquid pistons gives an added
freedom of design beyond that available with more conventional Stirling
machines. The potential advantage is obvious in cost, simplicity, and wain-
tenance requirements offered by pistons that always fit their cylinder’s
exactly, regardless of wear or manufacturing tolerances.

It mst be recognized, however, that the liquid pistons create or
exaggerate effect§ that are absent ‘or negligible in solid-piston engines.
These include the effect (generally undesirable) of oscillating flow on
viscous losses and on thermal leakage; the relative ease with which a
desirable isothermalization of the cold cylinder can be introduced; the possi-
bility (desirable or otherwise) of substantial evaporation in the hot
cylinder; the undesirable limitation on stroke and frequency imposed by
gravity-controlled oscillation and by the Rayleigh-Taylor instability of the
surface; and the need to keep a more or less constant orientation of the
engine so that gravity can hold the liquid in place. The major factors will
be discussed in the next few sections.

Oscillating Flow Effects

The liquid flow rate in the displacer and tuning lines is not constant or
even unidirectional; it varies approximately sinusoidally with two reversals
in each cycle. For channels or tubes of the size normally used in a Fluidyne,
the behavior of the liquid, and especially the viscous drag, is greatly
off ected by this oscillation. In effect, the boundary layer never has time to

-4~
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develop fully before the flow reverses* Even in laminar flow conditions, the
effect of the oscillatory nature of the flow is to confine the velocity gra-
dient in the liquid to a narrow region close to the wall {10]. The thickness
of this boundary layer is of the orderv/2v/w, where v is the kinematic visco-
sity of the 1iquid and o the angular, frequency of the oscillation. For room
temperature water oscillating at 1 Hz, thie thickness 18 of the order of 1 wm.

There are two ma jor consequences., First, the confinement of the velocity
gradient to a narrow region means that within that region, the gradient will
be higher than it wuld be if the shear stress were spread somewhat uniformly
across the full width of the tube, as it is in normal Poiseuille flow.
Therefore, the viscous flow losses are increased, On the other hand, the
characteristic length for the Reynolds number of the oscillating flow 1is not
the actual diameter of the tube, but the thickness of the boundary layer
within which the shear effects are concentrated: this raises the flow
velocity at which the onset of turbulence may be expected [9). Although the
effect of turbulence on viscous flow losses in oscillating flow is not
established, It is possible that once turbulence has set in, the distinction
between oacillating and unidirectional flow may be mich reduced.

Although the influence of the oscillations on the kinetic or “minor pipe*
losses is likewise unknown, it is reasonable to assuame (in the absence of.
published experimental evidence to the contrary) that the correlations for.
unidirectional turbulent flow may be used. These correlations are established
for conditions (turbulent flow) in which the time-averaged velocity profile in
a straight tube section also shows a characteristic narrow boundary layer near
the wall and a fairly uniform velocity over the rest of the tube diameter.

Second, the oscillatory motion of thz liquid also enhances, of ten by a
very large factor [9], the conduction of heat along the liquid column. The
magnitude of this undesirable effect depends, inter alla, on the ratio of
thermal conductivity to the square root of kinematic viscosity. This ‘ratio is
rather large for water (almost 1000, in SI units, at WC, compared with only
10 for a typical oil}, which is unfortunate because water is of ten the liquid
of choice for a Fluidyne. The effect may be a major source of heat loss from
the hot cylinder; although it can be greatly reduced by use of an insulating
float on the water surface, such a float (if solid) makes it impractical to
introduce extended surface area devices (such as fins or tubes) into the
cylinder to isothermalize the gas behavior,

Isothermalization and Transient Heat Transfer Losses

In an ideal Stirling cycle, all processes are isothermal. In practice,
the gas in the cylinders, and sometimes in the connecting ducts as well, does
not have time to exchange much heat with the walls during the course of a
single cycle — that is, it behaves almost adiabatically. Consequently, the
expansion and compression processes tend to lower and raise the gas tem-
perature in these spaces (except in the regions very close to the wall, where
there is a thermal boundary layer). Three major efficiency-loss effects can
be attributed to this cause, although it should be realized that there are
important interactions among the three.

First, heat flows across the” temperature difference between the gas and
the wall, which is an irreversible process. Although the net heat flow over a
cycle will ‘be zero, once the equilfbrium conditicn has ‘been reached, heat is
lost from the gas to the wall during the part of the cycle when the gas
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temperature is above the wall temperature and is returned to the gas &ring
the part of the cycle when its temperature is lower. Giving up heat at a high
temperature and regaining it at a lower temperature is obviously an inef-

f icient process. This loss mechanism is often called the transient heat-
transfer loss, the hysteresis loss (because of its Importance in gas springs),
or the cyclic heat-transfer loss. It was first recognized as a very important
effect in the Fluidyne by Ryden, whose report [11] was not however made public
until 1983. For a truly adiabatic cylinder, the transient bat-transfer loss
will be zero because, by definition, there is no heat exchange between the gas
and the wall in an adiabatic space. On the other hand, neither will an
ideally isothermal cylinder suffer from transient heat-transfer losses because
there is, by def inftion, no temperature difference between the gas and the
wall in such a cylinder. It follows that there is a worst case somewhere in
between the zero heat transfer ooeff icient and infinite heat transfer coef -

f icient cases. In fact, Lee has shown [12] that the worst case will occur
when the thermal boundary layer thickness is about equal to the hydraulic
radius of the cylinder. The thermal boundary layer thickness is given by
V2a/w, where a is the thermal diffusivity and w the angular frequency of the
oscillations. For l-Hz oscillations in air at room temperature and pressure,
the thickness calculated from the thermal diffusivity based on’ pure conduction
is ~3 m. Notice that the ratio of the flow boundary layer thickness to the
thermal boundary layer thickness is u/a, the Prandtl number. FRr gases, the
Prandtl number is of the order of 1, so that gas spaces large enough to show
marked oscillating flow effects will tend to behave nearly adiabatically;
nearly isothermal spaces, on the other hand, will not show very marked
oscillating gas flow effects. In practice, the thermal diffusivity will be
enhanced by convection and turbulence that will modif y , and of ten increase,
the transient heat-transfer loss.

By placing fins, tubes, or other area enhancements in the Fluidyne
cylinder , provided the spacing between them is less than a few millimeters,
the gas behavior can be brought into the nearly isothermal regime. The tran-
sient heat-transfer loss may still be considerable; although the temperature
fluctuations and therefore the heat transferred per unit area will be greatly
reduced, this is offset by the increase in area. Nevertheless, as we shall
see, the reduced temperature fluctuations favorably affect some other losses,
and near-isothermalization is generally worthwhile if it can be achieved
without an excessive increase in complexity or in flow losses. It is
obviously eastier with a liquid piston, where the liquid will invest the spaces
between the fins regardless of tolerances, than with a solid piston, where
close matching of moving and stationary fins would be needed.

The second major effect of the pressure-induced fluctuations in the
cylinder gas temperature is that the mean gas temperature over the cycle is no
longer equal to the temperature of the adjacent heat exchanger. During the
compression phase when the gas temperature will be raised by adiabatic
compression, mst of the gas is In the cold compression cylinder. During the
expansion phase when the gas temperature is falling, there is relatively
little gas in the compression cylinder. Therefore, the mean temperature of
the gas in the compression cylinder reflects the compressive heating more than
the expansive cooling, and so the mean gas temperature in the compression
cylinder is higher than that in the cooler. Similarly, the mean gas tem-
perature in the expansion space is lower than the heater temperature. As a
result, the effective temperature difference between the expansion and
compression phases of the cycle is less than the difference between the heater
and cooler temperatures, so that efficiency calculations based on gas
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teaperatures | a the . . . exchangers will bs overestimates. Clearly, reducing
the amplitude of the temperature fluctuations by partially isothermalizing the
cylinders will usually reduce the Off iciency loss due to this shifc of mean
temperature, although it may not decrease the transient beat transfer loss
unless the isothermalization is very effective. The use ‘of 1liquid pistons
makes {t easier to install attended surface area into the cylinders for this
partial isothermalization.

The third affect, which can also be reduced by even partial bother-
malization, arises from the instantaneous temperature difference between the
heater (or cooler) and the gas in the adjacent cylinder. With ideal com~-
ponents, gas leaving the heater and entering the expansion space till do s#o at
a constant temperature — the heater wall temperature. The gas already within
the cylinder will be at a different and usually lower temperature due to the
pressure-induced temperature variations. There will therefore be a mixing of
gas at two different temperatures = an kreveroible process. Similarly,
during the part of the cycle when gas is leaving the expansion space and
entering the beater, it will generally do so at 8 temperature that is dif-

f erent from and, for most of the cycle, lower than the heater. Once again,
heat is transmitted irreversibly across a finite temperature difference,
leading to a loes of eff fciency .

Effect of Evaporation on Engine Performance

Unless the liquid in the expansion cylinder has a low vapor pressure at
the operating temperature or is separated from the hot gas by Some kind of
insulating float, enough evaporation will take place from the liquid surf ace
and wetted cylinder walls to wodify substantially the composition and pressure
of the working gas. Because the evaporation will naturally tend to take place
wainly during the downstroke of the expansion piston when hot gas is entering
the cylinder, it will raise the pressure during the expansion phase and
thereby increase the indicated power. Calculation8 have indicated that a
several-fold increase may be attainable, and this is presumably the reason
that small Fluidynes (which suf fer from the large tramsient heat-transfer
looses associated with the Increased surface-to-volume ratio of small cylin-
ders and the large flow losses associated with emall-diameter tubes) will not
work In the absence of evaporatloa [13],

Much greater beat input is needed for the evaporative (“wet”) cycle than
for one in which evaporation is suppressed (“dry” Fluidyne). A convéntional
regenerator cannot recover such of this extra heat because the saturation tem-
perature of the fluid is higher during the high pressure of the compression
phase (when mich of the hear stored in the regenerator should be returned to
the wrking fluid) than &ring the expansion phase, when the beat was stored
in the regenerator. Without regeneration, an earlier study suggested that the
brake efficiency of the evaporative cycle in a Simple Fluidyne may be limited
to around IX or 2 [14]. However, with wre careful control of the quantity
and timing of the evaporation an Indicated efficiency in the range of 3 to %
at low temperatures (110 to 130°C) may be achievable even without
regeneration [15]); this may open the way to higher brake efficiency,

Moreover, a mwost Ingenious proposal by Renfroe {16] that uses a hydrated-salt
atorage medium in the regenerator has opened up the possibility of achieving
at least some degree of effective regeneration and hence still higher effi-

clency in evaporative Fluidynes,
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At present, the general conclusions ue that the theoretical eff iciency
advantage of the dry engine is likely to be realized in practice only for
larger machines (with s cylinder diameter perhaps >50 mm) and that for saall
engines evaporation is essential for succeessful operation. Similarly, for
operation across a small temperature difference — arch as might be available
from simple solar collectors — the greater indicated power output of the eva-
porative cycle may be needed. If the highest pssible efficiency is the goal,
then a large dry engine is needed.

As indicated earlier, transient beat transf er is a major source of loss
in the Fluidyne engine; if the expansion cylinder is filled with tubes or fins
to isothermalize the space, then the liquid piston in that cylinder will be
approximately the same temperature as the gas. Evaporation wuld then be an
important effect unless a lower vapor pressure liquid were used in place of
water or unless very low temperature6 are used, but as already stated, it is
difficult to achieve efficient low-temperature operetion without evaporation.

Although the discussion here has centered around machines in which the
working fluid is either a permanent gas (usually air, although lower molecular
weight gases have been used with good results) or a gas/vapor mixture, one
could construct a Fluidyne type of engine in which permanent gas is excluded
from the working space so that the cycle depends entirely on steam or some
other vapor [17]. Apparently, no experimental results from such a machine
have been published.

Frequency and Stroke Limitations

For the type of machine shown in Fig. 1, the frequency of opeation is
determined largely by the natural frequency of oscillation of the liquid in
the displacer tube under the restraining force of gravity. This natural fre-
quency is equal to v2g/L rad/s, where g is the acceleration due to gravity and
L is the length of the liquid column. Some small demonstration wodels have
been built with a displacer column as short a6 100 mm, corresponding to a fre-
quency of about 2 Hz, but for larger engines the minimum length is limited by
the diameter of the displacer tubing and the need to accommodate the stroke in
each upright of the U-tube. For an engine with a 150-mm diam displacer and a
bore-to-stroke ratio of 1, it would be diff icult to construct a displacer U-
tube of much less than l-m length (Fig. 2), corresponding to a frequency of
only 0.7 Hz; in fact, both the engines of this size described in the litera-
ture [18,19]) have a displacer somewhat larger than 1 @ and operate at a fre-
quency of ~0.55 Hz.

There are way6 to circumvent these limitations to a certain extent, such
as using a displacer tube of nonuniform cross section or using a rocking-beam
configuration in which the frequency is determined primarily by the motion of
the displacer tube itself rather than the Liquid column within it [9]. A wre
fundamental approach is to increase the restoring force beyond that provided
by gravity alone. In the multicylinder engine shown in Fig. 3, each liquid
column 16 subject to the restoring forces arising from the compression or
expansion of gas in the adjacent cylinders a6 well as from gravity. Usually,
these gas spring forces are mich larger than the gravitation81 ones, and so
the resonant frequency is much higher than it would be for the same column
osclllating under gravity alone.

In a stationary liquid with a free surface, the direction of the acce-
leration due to gravity is from the dense fluid (liquid) toward the less dense
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fluid (gas), and the interf ace 1is stable — as in a glass of water. In the
last century, lord Rayleigh showed that if the acceleration is in the opposite
direction (e.g., if the glass is rapidly accelerated downwards, ‘or if it is
turned upside down), the Interface is unstable and will break up — that is,
small departures from a smooth flat surface will tend to grow. According to
legend, the theory was reinvented by Taylor in the course of investigations
into the problems encountered during W 11 while trying to obtain a smooth and
spherically symmetrical implosion of the core of an atomic bomb. In any case,
it is mow known as the Rayleigh-Taylor instability. For g sinusoidal movement
of the liquid, the peak acceleration of the surface is sw /2, where s is the
etroke and w the angular frequency. If this exceeds the acceleration due to
gravity, then the liquid surface will be subject to the Rayleigh-Taylor insta-
bility during the downstroke. For a 100~mm stroke, this will be the case for
all frequencies higher than 2.2 Hz. This could pose a severe design
constraint, especially on a high-frequency milticylinder engine and on the
output column of a liquid-feedback engine. (The output column is usually made
from narrower tubing than the displacer to minimize Its length, and it has a
higher stroke so that the output column will reach the stability limit before
the displacer column,) However, even beyond the limits of the Rayleigh-Taylor
instability, the surface disturbances have a finite rate of grqwth, and the
stability boundary can be crossed without problems for at least a short time.
Both the stability limit and the rate of growth are affected by surface ten-
sion and other effects that may be particularly Important in narrow tubes;
this may explain why Martini’s multicylinder beat pump Fluidyne [20] has suc-
cessfully operated with a frequency/stroke combination exceeding gravitational
acceleration. This question has not been very deeply explored, especially mwot
in a quantitative manner, although it is clear that some sort of limit mst
exist; it is, after all, well known that water will generally fall from a
glass held upside down.

PERFORMANCE DATA

Having described some of the interesting theoretical aspects of the
Fluidyne engine, one may turn to the measured performance of some of the
machines that have been built.

Table 1 lists the characterfetics, in relation to the previous

discussion, of several different engines along with the engine performance.
This table includes only engines used for pumping. The wet machines operate
successfully even in small sizes, but no results have been published showing
the performance of a large engine with evaporation. The three larger engines
listed in the table all operate on a dry cycle, and although they show a
higher efficiency , a higher operating temperature is needed. The effective
cylinder temperature of the vet machines is not recorded, but it is presumably
no greater than 100°C or so because there is usually o boiling during opera-

tion. All these machines had air as the permanent gas fraction of the working
fluid.

Little has been published about the largest machine, designed and built
by R. Pandey as prt of a research program at the Metal Box Company of India;
the program was ultimately aimed at developing coal-fired irrigation pumps.
The engine is of concentric cylinder design with the tuning line constructed
as a spiral on the base of the displacer (Fig. 4 shows one possible layout of
this cype). The water puap is driven by the gas pressure variations in the
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Table 1. Characteristics of some Fluidyne water puups

Displacer Max {mum Max{iaun
diameter Frequeacy Cycle Input flow head
Referance (ma) (Hz) type w (L/h) (m) Notes
21 16 v1.0 Wet 10 22 0.3 Electrically heated, mo isothermalization,
and no hot end float
22 48 0.8 Wet 60 92 1.0 Electrically heated, no isothermalization,
and no hot end float
2 44 0.8 wet 530 390 1.6 Electrically heated, mno isotherzalization,
and no hot end float
19 150 0,561 Dry 200 740 1.3 Electrically heated, cold cylinder
isotherzalized, heater temperature 350°C,
and hot end float
18 159 0.554 Dry 300 1,700 3.0 Elactrically heated, cold cylinder
isothermalized, heater temperature 360°C,
and- hot end float
23 300" 0.625 Dry 4,400 16,000 3.7 Gas fired, cold cylinder isothermalized,

heater temperature 375°C, and hot end float

a
Estinated dianeter of inner cylinder in a concentric cylinder engine geometry.
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working space, a system known as gas-coupling. The Pandey engine operate6 at
a mean gas pressure equal to atmospheric and at a fairly low heater tem-
perature (375°C). Qnsequently , the specific output is low, even though the
Beale number is 0,008, which is qulte respectable for such a low-temperature
machine. A large, but simple; engine is therefore needed to generate the
pumping power, which for a throughput of 4,400 U.S. gal/h through a head of 12
f t is almost 1/4 hp. No details of the heater bead design are available, and
very little 1s known even about the basic = dimensions of the engine. tbwever.
it appears that the expansion cylmder, equlpped with a float to minimize eva-
poration, may have a diameter of about 12 in. and the tuning line an effective
diameter of 8 in. The operating frequency is 0.625 Hz, Implying a displacer-
liquid column ‘length of slightly more than & ft.

This uthor prepared an outline design, Including all ma jot dimensions,
for a pump intended to have a performance (80 gal/min through a head of 10 f t )
quite similar to Pandey 's machine. The design was prepared for the nggs
Stratton OGrporation, but it was never built; the company has kindly given
their permission for its publication. Pull’ details are available (24), but
briefly the design proposes a U-cube displacer with an Internal diameter of
13-1/2 in. and a tuning line internal diameter of 7-3/4 in. The heater is an
annulus placed above the expansion cylinder and concentric with It. The rege-
nerator matrix is 3-mm pitch aluminum honeycomb, and the cold cylinder is
filled with 5~mm pitch bn'eyconb for isothermalization. Evaporation and heat
conduction from the expansion cylinder are minimized by means of a short
insulation-f i{lled float on the vater surf ace.

APPLICATIONS

The moat obvious application for a liquid-piston engine is as a liquid
pump, and most of the Fluidyne research and development has been carried out
with this in mind. Many people have thought of the use of solar heat or waste
heat wicth this kind of engine, particularly for Irrigation pumping. Small
engines (15 mm~diam or smaller displacer cylinders) have in fact been success-
fully operated from sunlight focused with an inexpensive plastic Resnel lens
of perhaps 300~cw? area. In the quest for simplicity and reduced maintenance
requirements, various Fluidyne pumps of 10- to 100~mm displacer diameter have
been successfully operated with fluidic valves, In ‘a system having no solid
moving parts (except for a ot cylinder, float in the 100-un engine). For
irrigation pumping, the simplest type of Fluidyne has a limitation; by
choosing a mean working gas pressure equal to atmospheric pressure, construc-—
tion and opetal:ion are muich simplified compared with a pressurlzed engine, but
the pumping bead is limited by the available pressure swing to no more than
perhaps 15 ft. This Is, of course, adequate for lrrlgatlon pumping In many
areas of the world, but not in all. There, are ways to increase the pumping
head by staging or by pressurizing the working fluid (9], but these methods
have so far been little. explored.

Other pumping applications that have been proposed include water cir-

" culation in gas-fired hot water central heating systems (to reduce the depen-

dence of gas-fired systems on electricity supplies), drainage pumping,
domestic water supply in remote locations without benefit of utility electri-
city, combustion engine cooling with engine waste heat as the power source,
and failsafe cooling of nuclear reactors after shutdown.
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The multicylinder configuration can, in principle, be operated as 8 heat-
powered heat pump, with some of the expansion spaces being heated externally
and generating the power to sat the gystem into oscillation. The remaining
expansion cylinder(s) then act as the input side of a Stirling heat pump [9].
For several years, there was a series of conflicting arguments about this
scheme : some argued, on apparently impeccable grounds, that it could work;
some argued, on apparently equally impeccable grounds, that it could mot. The
imnediate question was resolved by Martini, who built a small machine that
worked {20]. Martini’s small proof-of-principle model does mot give any
guide to the ultimately available performence, cost, or efficiency of these
systems, but it does offer reassurance that the efficiency can be greater
than zero.

As mted earlier, a Fluidyne drivem by external gas preasure pulsations
would operate as a refrigerator, but it appears that no calculations, much
less experiments, have been carried out on sich a system.

Finally, it may be remarked thet the Fluidyne incorporates, in a working
heat engine simple enough to be put together in the smallest laboratory or
workshop, many of the Important basic lessons of classical physics — including
single~ and ewe-phase thermodynamics, kinematics, the behavior of tuned
oscillators and fluid flow. It is therefore a good teaching and learning
example for high school and college students; many successful student projects
on the Fluldyne are known to the author, and presumably there are others that
have ot been communicated.

CONCLUSION

The liquid-piston Fluidyne is a form of Stirling engine sharing many of
she characteristics of conventional kinematic and free-piston Stirling
machines. The use of liquid pistons, however , gives it some unique advantages
as well as certain problems that are mot encountered or are not important in
engines with s0l11d pistons. Because the output is naturally available in the
form of an oscillating liquid flow or a fluctuating pressure, the Fluldyne is
well suited to liquid mmping, but other applications have also been con-
sidered.
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PATENTS

C. D, West, E. . Ghoke=Yarborough and J. C, H. Geisow, "Improvements in 0 r
Relating to Stirling Cycle Heat Engines,” British Patent I 329 567, f iled 1970
(describes basic Fluidyne concept and numerous different conf igurations; also
gives some experimental vesults).

C. D. West, “Improvement6 inor Relating to Stirling Cycle Heat Engines,”
British Pateant 1 487 332, filed 1974 (describes rocking beam fluidyne-driven
by bellows from working gas pressure variations).

C. D. west, *Improvements in or Relating to Stirling Cycle Beat Engines,”
British Patent 1 507 678, filed 1974 (describes nulticylinder Fluidyne engines
and refrigerators; applications aleo filed in India, Egypt and Kuwait).’

C. D. West and J. C, H. Geisow, “Improvements in or Relating to Stirling Cycle
Engines,” British Patent 1 568 057, filed 1975 (deecribee isothermalizer tech-
niques, cooling and heating through the liquid medium, use of a float to
reduce evaporation in the hot cylinder, and design of an internal pump for
cooling; applications also filed in India, Egypt and Kuwait).

C. D. West, J. C H, Geisow end R, B. Pandey, “Improvements in or Relating to
Stirling Cycle Beat Engines,” British Patent 1 581 748, filed 1976 (describes
the concentric cylinder layout, folded tuning line, milticylinder conrcentric
layout, and application of nulticylinder liquid piston configuration to beat
activated beat pumping; applications alsc filed in India and Kuwait).

C. D, West, Jo C. H, Geisow and R, B. Pandey, “Improvements in or Relating to
Stirling Cycle Heat Engines,” British Patent 1 581 749, filed 1977 (describes
means for pressurizing the working fluid in a Ruidyne pump; Applications also
filed in India, Egypt, Kuwait, and Nigeria).

J. Gerstmann and Y. Friedman, “Liquid Piston Beat Actuated Beat Pump and
Methods of Operating Same,” U.S. Patent 4,148,195, filed 1977 (describes
multicylinder, liquid-piston heat-actuated heat pump, and methods of switching
between summer and winter operation).

E. Franklin, “Improvements in cr Relating to Pumps,” British Patent 21072278,

filed 1979 (describes a Fluidyne in which the working fluid is vapor only,
with no permanent gas content).

-] B -



35

ORNL/ TM 10475
Internal Distribution
. N C J. Chen 9-11. C. D. \\ést
2. D. M Eissenberg 12-13. T. J. WI banks
3. W Ful kerson 14. S B. Wight
4. J. A Getsi 15.  ORNL Patent Ofice
50 F. P. Giffin 16. Central Research Library
6. M A Kuliasha 17.  Document Reference Section
7. F. R Mnatt 18-19. Laboratory Records Depart nent
8. H E Tramell 20. Laboratory Records (RC

External Distribution

21. Steve Baer, Zomeworks Corp., P.O. Box 25805, Al buquerque, NM
87125

22.  WIIliamBeale, Sunpower, Inc., 6 Byard St., Athens, CH 45701

23. E H Cooke-Yarborough, Lincoln Lodge, Longworth, Near Abingdon,
OX13 5pu, Engl and

24.  John Corey, Stirling Engine Systems Division, Mechanical Tech-
nol ogy, Inc., 968 Al bany-Shaker Rd., Latham, NY 12110

25. James G Dal ey, Components Technol ogy Division, Argonne National
Laboratory, 9700 South Cass Ave., Argonne, IL 60439

26, 0. R Fauvel, The University of Calgary, Department of Mechani cal
Engi neering, 2500 University Dr., NW Calgary, A berta, Canada
T2N IN4~

27. J. A Finnell, Energy/Agricultural Advisor, Ofice of Energy,
U.S. Agency for International Devel opment, Rm SA-18, Washington,
DC 20523

28. D. J. Jhirad, Senior Energy Advisor, Ofice of Energy, U.S.
Agency for International Devel opment, Rm SA-18, Washington, DC
20523

29. Lt. Cdr. G T. Reader, Royal Naval Engineering College, Manadon,
Pl ymout h, Devon PL5 3AQ, Engl and

30. Brad Ross, Battelle Pacific Northwest Laboratories, TRT4-5,
P.O Box 999, Richland, WA 99352

3. S, Schweitzer, Ofice of Energy, US. Agency for International
Devel opment, Rm SA-18, Washington, DC 20523

32. J. B. Sullivan, Office of Energy, US. Agency for International
Devel opment, Rm SA-18, Washington, DC 20523

33. J. R Senft, Departnent of Mathenatics/Conputer Systens,
University of Wsconsin-Rver Falls, River Falls, W 54022

34, S Toth, Ofice of Energy, US. Agency for International
Devel oprment, Rm. - SA-18, Washington, DC 20523

35. Professor G Wl ker, The University of Calgary, Mechani cal
Engi neering Departnent, 2500 University Dr., NW Calgary,
Al berta, Canada T2N 1N4

36. M A Wite, University of Washington, Joint Center for G aduate
Study, 100 Sprout Rd., Richland, WA 99352

37. Ofice of Assistant Manager for Energy Research and Devel opnent,
Departnment of Energy, ORO Cak Ridge, TN 37831

38-67. Technical Information Center, Department of Energy, Oak Ridge, TN

37831







