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LIST 'OF SYIGOLS 

D diameter of fluidyne displacer tube 

f frequency of operation. 

*g acceleration due to gravity 

H pumping head or lift 

H, . maximum possible pumping head or lift from' 

LD mean length of displacer liquid column 

H4 

a single stage
 

product of pumped volume and head (Note: Units are m3/h x m. 
Elsewhere in this report, SI units only are used) 

Pmi mean pressure of working fluid 

t thickness of thermal insulation 

TH heater temperature (must be in degrees absolute for use 'in 
equations) 

TK Cooler temperature (must:be in degrees. abs0lute for use in 
equations) 

Ve displacer swept volume, 

Vm: mean volume of'working fluid 

V0 * peak-to-peak volume change 

V volume of liquid pumped per unit time .p 

Wn the West number, (-0.25) 

Wo power output, 

p density of pumped liquid 

AP peak-to-peak pressure change in working 'fluid 

APd peak-to-peak pressure change in working fluid due to displacer 
action 

AP peak-to-peak pressure change in working fluid due'to- volumechange (tuning-line motion)
 



STIRLING ENGINES.AND IRRIGATION PUMPING-. 

C.M aWest 

ABSTRACT
 

This report was prepared in support of the Renewable
 
Energy Applications and Training Project that is sponsored by
 
the U.S. Agency for International Development for which ORNL
 
provides technical assistance. It briefly outlines the
 
performance that might be achievable from various kinds of
 
Stirling-engine-driven irrigation pumps. Some emphasis is
 
placed on the very simple liquid-piston engines that have been
 
the subject of research in recent years and are suitable for
 
manufacture in less well-developed countries.
 

In addition to the results quoted here (possible limits
 
on M4 and pumping 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 comparison.
 

1. STIRLING ENGINE POWER OUTPUT
 

If well-designed and constructed, conventional Stirling engines (see
 
Ref. 1 for a guide to Stirling technology) have a rather simple relation
 
between the brake power, the piston stroke of the machine, the pressure
 
of the working fluid, the frequency of operation, and the temperature of 
the heater and cooler:
 

TH+ TK
Wo Wn emf Vo TH K 

A survey of 23 very different engines1 indicated the average value of Wn 
to be 0.25, and this is the number usually employed in making rough cal
culations or predictions of the performance of new Stirling engines. The
 
Wn 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 pump, then the power may be used to
 
raise liquid (often water) against gravity:
 

VHpg O0.25 Pf V T +TK (2)
 
p0o m oTH +T
 



2 

This relation does not take into account the loss of power in the pump
 
itself. Actually, such an omission is quite legitimate because some of
 
the engines surveyed to assign a value to W were pumping engines. Their
 
measured power output referred to the actuaJ pumped volume and head; that
 
is, the pump efficiency (or inefficieicy) has to some extent already been
 
included in Wn
.
 



2. STIRLING ENGINE M4
 

For convenience, we can rearrange Eq. (2) to calculate V H, which ii
 
the quantity sometimes called M4 . However, we also need to c~nvert the
 
pumping rate from m3/s (i.e., SI units) to m3/h (the units normally used3
 
unfortunately, for M4 ). With these changes,
 

P 	 T - T
 
M4 
 H-3600 	 x 0.25-1 x fV H K
 

p Pg o TH + T 	 (3
 

Now, p 	 1 2
j03 kg/ 3 (for water), g - 9.81 m/s , and substituting Lthese. 
numbers into*Eq. (3) yields.. 

T' - T
 
M4 
 0.092 P fV H K 

m o T. + TK (4) 

Most Stirling engines operate at rather high pressure and high speed to
 
maximize the specific power, but others, including the liquid-piston
 
machines (fluidynes) to be described later, are inherently low-pressure,

low-speed engines. 
Table 1 lists the relevant data for five different
 
engines and the value of M4 calculated from Eq. (4).
 

Table 1. M4 calculated for various Stirling engines
 

H4
TH TK
Enginea Pm f V6 

(HPa) 	 (Hz), (inL) (C)0 VC). (M 4 )
 

40'
C-60 0.2 	 60 
 6 50 b 7 7 b 20 

Fluidyne 	pump 0.1 0.63,, 000 b M 5 0b32 , 600
 

102-C 1.2 27 67 900 15 120
 

GPU-3 	 6.8 
 25 120 780 20 1,100
 

V-160 
 13.0 	 226 720 50 
 4,100
 

aBrief descriptions of these engines can: be found,in
 
Tables 5.1, 5.2, and 6.2 of Ref. 1.I
 

bEstimated.
 

This machine was actually operated as a pump (see Table 9.2,
 
Ref. 1) with a measured M of very nearly 60, thus lending credi
bility to these calculations.
 

L



3' FLUIDYNE LIQUID-PISTON STIRLING ENGINES
 

Fluidyne is the name given to a class of Stirling engines in which
 
the pistons are actually columns of liquid (usually water) moving up and 
down in a set of U-tubes. 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 form of either pulsating pressure or movement
 
of liquid in a tube, the most obvious application is as a pumping engine,
 
for example, in irrigation systems. However, only experimental And
 
demonstration machines have been built so far. The largest one had a
 
throughput of more than 15 m3/h and a lift of almost 4 m. For more
 
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 pumping systems are made.
 

3.1 Power Output of a U-Tube Fluidyne
 

Suppose the displacer is water in a U-tube of diameter D with 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
 
losses 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 minimum height D above the curved portion of the U-tube (see 
Fig. 1). We assume, reasonably, that the phase angle between the liquid 

ORNL-DWG S7C-4107A ETD 

4-D - t... - D 

-f-TOP DEAD CENTER 

MEAN WATER LEVEL D2 
MIDSTROKE 

0/2 

MEAN LENGTH OFD ' 0/ 

DISPLACER COLUMN 

Fig.e1. Geometry of displacer U-tube. 
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motion in the two arms of the U-tube is 900. Then the net volume change,

which is the vector sum of the volume change at each end of the displacer
 
column, is
 

wD 3 

V 
-

r2 
" 

- "(5)
V0 4
 

The operating frequency of-a fluidyne is determined: almost entirel-yby

the length of the displacer column,
 

f- LD 
 6)!
 

From'the geometry of the displacer (Fig.1), the length: of the centerline
 
along the column is calculated as
 

LD -3D +w(D/2 + t/2) . (7) 

Therefore,
 

2i N3D + w(D/2 + t/2)
 

We can now cal.tulate the approximate power output of: the fluidyne- from .Eqs. (1), (5), and (8): 

Wo -o.25PFfV ° +T 
T TT 

L
0.25 x,P x, (9T)-T
 

it is not convenient to operate this kind of fluidyne at a mean pressure
above atmospheric (0.1 MPa) because a higher pressure would expel the 
liquid from the tuning line. Substituting Pm 0 5 Pa and g1. 9.81 m/s2
 
into Eq. (9) yields
 

10)
W 19600 D0 TH- TK 

0 V3D + 7r(D/2 + t/2) TH + TK
 

Because of the large surface area of a high-power, atmospheric-pressure

engine, good thermal insulation is essential to high efficiency. The
 
insulation thickness should probably be at 
least equal to the U-tube
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diameter, that ist.-D. Then Eq. (10)becomes
 

5/2 THT K'
W..w 7900, (1Y)
o X 


Notice that Eq. (8) is not very sensitive to the exact value of t, 
so that choice of an insulation thickness somewhat greater or less than 
the value assumed here would not significantly affect the conclusions. 

Equation (11) could be applied approximately to a concentric
cylinder fluidyne by defining D as the diameter of the innermost con
centric cylinder.
 

3.2 Pumping Water with a U-Tube Fluidyne
 

A quantity of interest to many designers and sponsors of irrigation
 
systems is the so-called M4 of a system:
 

M4
 - the volume of water pumped x the lift - V x H . (12) 

For irrigation purposes, a mixed unit set of metres and hours is usually'
 
adopted. Now,
 

VpHpg - energy added to the water/unit time
 

In SI units, for a U-tube fluidyne, Eqs. (11) and ,,(12) indicate that
 

T -T 
VpHpg -,w' :7900 D5/2 T""+T (13)
 

Changing the time units from seconds to hours gives
 

T T' 
V+Hpg -,3600x 7900x DS/2 x H K (14
p Ig TH+TK 

3 6 0 0 H TK
.4 x 7 9 0 0 xDS/2x 


SP9.81 TH + TK
3600 x7900 H -TK 

T -T 
2900 D5/2 TH (15)T +TH K 
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Assume TK  30*C (86*F). Then M4 can be calculated as a function of

the displacer diameter and the hot-end temperature. A heater temperature

of 350C is practical with the simplest of materials and joining tech
niques (including adhesives). 
With more care paid to the choice of mate
rials and construction methods, but with no 
exotic technology, 550*C is
 
easily reached with safety.


Table 2 and Fig. 2 illustrate the rapid increase of MH
4 
as the dis-
placer diameter is increased.
 

Table 2. M4 for various displacer'

diameters and heater
 

temperatures
 

D H4 (ni
4/h)
 
) TH " 3500C " 5500 C
TH 


100 3.2. 4.2. 
10- 8.7 11.7 
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
 

ORNLDWG 37C-406gS ETD 

100 -

HEATER
 
TEMPERATURE 
550 0C
 

.E
SHEATER
 
10 	 TEMPERATURE 

360 0 C 

100 150 200 250 300 350 400 450 

FIg. 2. Fluidyne pumps: M4 as function of d spLacer diameter and,
 
heater temperature.
 

3.3 PumpingHead Available from aU-Tube Fluidyne
 

Staging the pumps by driving several pump arms from the same dis
placer 2 
can lift water to any desired height. However, each stage can
 
lift the water no more than a certain maximum incremental height because
 
the maximum pressure available to drive the pump in an atmospheric
pressure engine 	is quite limited.
 



8
 

An approximate calculation of the maximum head available is fairly
 
straightforward. When pumping at close to the maximum available head,
 
the volume pumped will be low with little change of volume in the engine
 
during the pumping 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
 

V 2(TH- TK) (16)
 
d m V (T + T)
 

m H K 

The mean volume of working fluid Vm 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 volume 

ae., the unswept or dead volume) is such that Vm - 2.5 Ve; see 
Table 2.1 of Ref. 1.
 

The peak-to-peak pressure variation due to the volume change Vo iS
 
simply given by the ratio of the volume change to the mean volume:. :
 

V
 
AP "P 0 (17)
 

t mV 
m,
 

As seen earlier, V - '2Ve and therefore
e0 


V
 
tl mV(8
 

m
 

The two arms of the displacer were assumed to be moving with equa.
 
strokes and a 90° phase difference (which is why Vo - /'2 Ve), 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 
displacer movement, but the pressure variations due to the volume change 
are 1800 out-of-phase with the change (i.e., when the volume is minimum, 
the pressure is maximum and vice-versa). Therefore, the phase angle 
between APd and APt is 1800 - 450 - 135%• 

The total pressure variation AP is the sum, taking account of the,
 
phase angle between them, of APd and APt:
 

AP - 4Ap2 + Ap2 - 2AP AP cos 135 0 . (19)
d
t d a t
 

Substitute for. APdqn A t from,,Eqs., (16) .and (18) recall..that,' 



Vin- 2.5 Ve, and simplfy:
 

"
 2P TTH 1/2T_ 

2.5 T 


(20)
 

Only if the peak-to-peak pressure variation exceeds the hydrostatic pres
sure from the pumping head can the valves open and the water begin to
 
flow. Therefore, the maximum possible lift (excluding any possible en
hancement by dynamic effects) in a single stage is Hmax %here
 

Hax Pg AP
 

or
 

2m jrjl K, K : .i11/. / H 7--T
H max 2.5 pg () +~TH +THK (2f( .. lj / 
 (21
 

For an atmos heric engine and water pump Pm - 10 5 Pa, p - 103 kg/m 3 , and 
g - 9.81 m/s . Using Eq. (21), the maximum possible lift for a single
stage fluidyne with a hot-end temperature of 350C is 8.0 m. However,
remember that the pumping rate falls toward zero as the maximum possible

lift is approached, so that the practical limit is much lower than the
 
theoretical one.
 

With a hot-end temperature of 550C, the theoretical maximum head in
 
a single stage is 8.8 m.
 

As an example, Fig. 3 combines the results of Eqs. (15) 
and (21) to
 
show the potential performance limits of a 300-m 
(12-in.) displacer
diameter fluidyne operating at 350 and 550C. The results 
are shown for
 
a single-stage and a two-stage pumping system.
 

ORNL-DWO 67C-40708 ETD70
 

60 - SINGLE-STAGE PERFORMANCE LIMITS
50 ~ n TWO-STAGE PERFORMANCE LIMITS 

E 50 
b- 40 - HEATER
 

TEMPERATURE
 
z 30 - 550 0C
 

20 HEATER 
TEMPERATURE
 

10, C 3 00 C 

0 2 4 6 8 10 12 14 16 18 

LIFT (m) 

Fig. 3. Haximum pumping rate vs 
lift for 300-mm bore fluidyne.
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4. SUMMARY'
 

An existing correlation for the performance of Stirling engines can
 

be used to make estimates of M4 for Stirling-powered irrigation pumps.
 

Five engines, representing a wide range of different designs, have been
 

evaluated on the basis of the correlation; the H4 values range from
 

20 m4/h for the smallest engine surveyed to 4000 m4/h for the largest.
 

One particular type of Stirling machine, the fluidyne liquid-piston
 

pump, was examined in greater detail. Depending on the size of the
 
10 to 200 seem to be practical. The
engine, M4 values in the range of 


maximum theoretical pumping head is about 8 or 9 m (depending upon the
 

operating temperature) for a single-stage design, or 16 m for a two-stage
 

system. The flow rate falls rapidly as the maximum head is approached.
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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 
vide variety of applications, including wacer pumping from 
solar beat, simple and long-lived fossil-fuel-fired :ri
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
mntel engines. This paper describes the progress that has 
been made and the performance of existing systems, identifies 
joutstanding research needs, and outlines some of the 
potential for further progress. 

By acceptance of this article, the 
publisher or recipient acknowledges 
the U.S. Government's right to 
retain a nonexclusive, royalty-free 
license in and to any copyright 
covering the article. 
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The lluidyne liquid-piston Stirling engine was invented at the Harwell 
Laboratory of the Unt&4 Kingdom Atomic Energy Athority In 1969, and the 
first machines mrs operated there in 1970. Two Internal reports were written 
by the inventor (1,2], and a British patent mas flied [31 covering 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 paper describing the Fluidyne concept was presented to a 
meeting of the International Solar Energy Society [4], and the attractive 
simplicity of the liquid-piston machine with its potential for low-cost 
reliable water pumping was recognized; at that time, the Hatal Box group of 
companies had already expressed an interest in collaborating with Harwell on 
the development of Fluidyne Irrigation pumps. In 1975, therefore, 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 machine shown diagramatically in Fig, 1. Oscillation of 
liquid in the displacer U-tube unaccompanied by any movement 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 and
cold spaces but with no net change in gas volume. Movement of liquid in the 
tuning line does result in a net change of gas volume, as does the power
piston of a conventional Stirling machine.
 

For the machine to function as an engine, the phasing must be such that 
the liquid level n the open end of the tuning line is falling during the time 
that the liquid level in the hot side of the U-tube is higher than that in the 
cold side: this compresses the gas when mst of it is in the cold space.
Conversely, when the liquid level in the hot side Li lower than in the co4d,
the level in the open end of the tuning liP3 mst be rising, thus expanding
the gas. It is apparent that with such a phasing, the Fluidyne will operate 
as a Stirling-lLke engine in the alpha or Rider configuration. 

For a Fuidyne 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 than 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 
surface) 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 

-2
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consequence, the hot side of the displacer-liquid column responds to the 
pressure difference more readily than the cold side, and Its movement will be 
more advanced In phase. This is exactly the relationship needed for a 
Stirling engine, In which the hot expansion-spece volume variation mst lead 
the phase of the cold compression-space volume. 

If the tuning line is driven externally, tire will still, according to 
the above argument, be a lositive phase difference between the resulting
motions of the liquid surface In the short and long legs of the displacer U
cube. Consequently, heat will still be moved between the two cylinder volu
mea, 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 (boke-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 simplified analysis of Its 
principles [6]. Elrod's analysis vindicated (boke-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 in given, by one of several possible 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 essentially 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 mre conventional Stirling
machines. The potential advantage is obvious in cost, simplicity, and main
tenance requirements offered by pistons that always fit their cylinders
exactly, regardless of wear or manufacturing tolerances. 

It mist be recognized, however, that the liquid pistons cre~te or
 
exaggerate effects 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, &nd especially the viscous drag, is greatly
affected 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, theeffect of the oscillatory nature of the flow is to confine the velocity gra
dient In the iUquid to a narrow region close the wall [101.to The thickness
of this boundary layer is of the order)F-K, where v is the kinematic viscosity of the liquid and w the angular frequency of the oscillation. For roomtemperature water oscillating at I Hz, this thickness La of the order of I v. 

There are two major consequences. First, the confinement of the velocity
gradient to a narrow region means that region,that within the gradient will
be higher than It would be if the shear stress were spread somewhat uniformly

across the full width of the tube, as it is In normal Foiseuille flow.
Therefore, the viscous flow-1-'esa are Increased. 
On the other band, the 
characteristic length for the Reynolds number of the oscillating flow is 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 Ls possible that once turbulence has set 
in,the distinction
 
between oscillating and unidirectional flow may be much reduced.
 

Although the Influence of the oscillations on the kinetic or "minor pipe"
losses is likewise unknown, It is reasonable to assume (Inthe 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 nearthe wall and a fairly uniform velocity ovar che rest of the tube diameter. 

Second, the oscillatory motion of 'h2 1i4uid also enhances, often bya
 
very large factor [9], the conduction of hea 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 50°C, compared with only
10 for a typical oil), which is unfortunate because water is often the liquid
of choice for a FluLdyne. 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 #. imprac.tcal 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 wall, 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 effLcLency-loss effects can
be attributed to this cause, although it should be realized that there are
 
important Interactions amng 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 equilibrium condition 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 during 
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
ficient 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 heat-transfer lose
 
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 definition, no temperature difference between the gas and the
 
wall in such a cylinder. It follows that there ls a worst case somewhere in 
between the zero heat transfor coefficient and infinite heat transfer coef
ficient 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

I7a/w, where a is the thermal diffusivity and w the angular frequency of the 
oscillations. For 1-Hz oscillations in air at room temperature and pressure, 
the thickness calculated from the thermal diffusivity based on pure conduction
 
is 3 mm. Notice that the ratio of the flow boundary layer thickness to the
 
thermal boundary layer thickness is v/a, the Prandtl number. For 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 mdify, and often 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 easier 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 mving 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, most 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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tmpratures Ia the heat eschuers will be overestimates. Clearly, reducing
the amplitude of the temperature fluctuations by partially Loothermalizing thecylinders will usually reduce the aficiency lose due to this shift of man
temperature, althouSh It my not decrease the transient heat transfer loss
unless the iaothermalisation is very effective. The use of liquid pistonsmakes it easier to Install extended mrface area Into the cylinder* for this 
partial Leotherelization. 

The third effect, which can also be reduced by even partial isother
*alization, rises from the instantaneous temperature difference between theheater (or cooler) and the g&is In the adjacent cylinder. With ideal com
ponents, Sas leaving the heater and entering the expansion space will do so at 
a constant temperature - the heater wall temperature. The gas already within
the cylir.Jer will be at a different and usually lower temperature due to thepressure-induced temperature variations. There will therefo-e be a mixing of 
gas at two different temperatures - an irreversible process. Similarly,

during the part of the cycle when gas is leaving the expansion space and
entering the heater, it will generally do so at a temperature that is dif
ferent from and, for zast of tho cycle, lower than the heater. Once again,heat is transamittad irreversibly across a finite temperature difference,

leading to a loss of efficiency.
 

Effect of Evaporation on Engine Parformance 

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 surface
and waetted cylinder walls to modify ubutantially the composition and pressure
of the working gas. Because the evaporation will naturally tend to take placemainly 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. Calculations have indicated that a
several-fold increase may be attainable, and this is presumably the reason

that small Fluidynes (which suffer from the large transient heat-transfer
 
losses associated with the increased urface-to-volume ratio of small cylin
ders and the large flow losses associated with small-diaaeter tubes) will not

work In the absence of evaporation [13).
 

Much greater heat Input is needed for the evaporative ("wet") cycle than 
for one In which evaporation is suppressed ("dry" Fluidyne). A conventional 
regenerator cannot recover much of tihis extra heat because the saturation tem
perature of 
the fluid is higher during the high pressure of the compression
phase (when mch of the beat stored in the regenerator should be returned to 
the Norking fluid) than during the expansion phase, when-the heat was stored
in the regenerator. Without regeneration, an earlier study uggested that the 
brake efficiency of the evaporative cycle in a simple Fluidyne may be limited 
to around I or 2% [14). However, with more careful control of the quantity
and timing of the evaporation an indicated efficiency in the range of 3 to 9%
 
at low temperatures (110 to 1300C) may be achievable even without
 
regeneration [15]; this may open the way to 
higher brake efficiency.

Moreover, a most ingenious proposal by Renfroe [16] 
chat uses a hydrated-salt
storage medium in the regenerator has opened up the possibility of achieving
at least some degree of effective regeneration and hence still higher effi
ciency in evaporative Fluidynes. 
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At present, the general conclusions are that the theoretical effLciency 
advantage of the dry mimenL is likely to be realized n practice only for 
larger machines (with a cylinder diameter perhaps >50 m) and that for small 
engines evaporation is essential for successful operation. Similarly, for 
operation across a mall temperature difference - much as might be available 
from simple solar collectors - the greater indicated power output of the eva
porative cycle may be needed. If the highest possible efficiency is the gal, 
then a large dry engine is needed. 

As Indicated earlier, transient heat transfer is a major source of loss 
in the Fluidyne engine; if the expansion cylinder is filled with tubes or fine 
to isothermalize the space, then the liquid piston in that cylinder will be 
approximately the same temperature as the gas. Evaporation would then be an 
important effect unless a lower vapor pressure liquid were used in place of 
water or unless very low temperatures are used, but as already stated, it is 
difficult to achieve efficient low-temperature operation wLthov~t 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 lood 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 V/ig7L rad/s, where g is the acceleration due to gravity and 
L is the length of the liquid column. Some small demnstration models have 
been built with a displacer column as short as 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-un diam displacer and a 
bore-to-stroke ratio of 1, it would be difficult to construct a displacer U
tube of much less than 1-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 [18,191 have a displacer somewhat larger than I m and operate at a fre
quency of "0.55 Hz. 

There are ways to circumvent these limitations to a certain extent, such 
as using a displacer tube of nonuniform cross section or using a rocking-beaa 
configuration in which the frequency is determined pcimrily by the wotion of 
the displacer tube itself rather than the liquid column within it [9). A core 
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 is subject to the restoring forces arising from the compression or 
expansion of gas in the adjacent cylinders as well as from gravity. Usually, 
these gas spring forces are much larger than the gravitational ones, and so 
the resonant frequency is much higher th.n it would be for the same column 
oscillating 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 Interface is stable- as In a glass of water. In the 
last c*ntury, lord Rayleigh showed that if the acceleration is in the opposite 
direction (e.,, 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 smoth flat surface will tend to grow. According to 
legend, the theory was reinvented by Taylor in the course of investigations
into the problems encountered dpring W II while trying to obtain a smooth and 
spherically symetrical Implosion of the core of an atomic bomb. In any case,
it is now known as the Rayleigh-Taylor instability. lbr sinueoidal movement 
of the liquid, the peak acceleration of the surface is aw /2, where s is the 
stroke 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. Ibr a 1O0-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 mlticylinder engine and on the 
output column of a liquid-feedback engine. (The output column Is usually Wde 
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 growth, 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 heat pump Fluidyne (20) has suc
cessfully operated with a frequency/stroke combination exceeding gravitational

acceleration. This question has not been very deeply explored, especially not
 
in a quantitative manner, although it Is clear that some sort of limit mast 
exist; it is, after all, well known that water will generally fall from a 
glass held upside down. 

PERYORMANCE 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 I lists the characteristics, 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 eraines 
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 wet machines is not recorded, but it is presumably 
no greater than 1001C or so because there is usually no 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 part of a research program at the Hetal iox 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 type). The water pump is driven by the gas pressure variations in the
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Table 1. Q.cracteristics of- sone 
Fluidyne .water puc-ps
 

Displacer, 
 'laxiium 111axi=UM

.,diameter Frequency. Cycle. 	 Input flow headReference 
 ( ) (Hz) type-	 (L/h) (M) Noteu 

21 16 '1.0 	 -Wet 10 22 0.3 Electrically heated, no Isothermalization, 

and n hot end float 
22 48-0.8 Wet 60 92 1.0 
 Electrically heated, 'no isothermalization, , 

and no hot end float 

I "2 44 0.8- Wet 530 390 1.6 Electrically heated, n isotheralization . 

and no hot end float 
:150 0.561 Dry 200.. 740 1.3 	 Electrically heated, cold cylinder 

isother=alized, heater temperature 350 QC, 
and hot end float 

18 150 §055 .	 Dry 300 1,700 3.0 	 Electrically heated, r-,ld cylinder 

isather=alized, heater temperature 360"C -

and-hot end float
 

S23 3 0 0 a :.0.625 .Dry" .4,400 /16,000 
 :--3, Gas fired, cold cylinder isothermalized, 

heater temperature 375*C, and hot end floatEstaedia-e.'
-..
 ter of inner cylinder in a concentric cylinder -engine geometry.
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working apace, A system known as gas-coupling. The Pandey engine operates at a man gas dressure equal to atmospheric and at a fairly low heater temperature (375"C). (onsequently, the specific output is 
 low, even though theBle aumber is 0.008, which is quite respectable for such a low-temperature
machines A large, but simple, engine is therefore needed to generate thepumping power, which for a throughput of 4,400 U.S. gal/h through a head of 12ft is almost 1/4 hp. No details of the heater head design are available, and very little is known even about the basic dimensions of the engine. However,it appears that the expansion cylinder, equipped with a float to minimize evaporation, may have a diameter of about 12 in. and the tuning line an effective
diameter of 8 in. The operating frequency is 0.625 iz, implying a displacer
liquid column length of slightly tore than 4 ft. 

This author 
prepared an outline design, including all major dimensions,
for a pump intended to have a performance (80 gal/min through heada of 10 ft)quite similar to Pandey'a mpchine. The design was prepared for the Briggs &
Stratton (rporation, but it waq never built; the company has kindly giventheir permission for its publication. Full details availableare (24), butbriefly the design proposes a U-tube displacer with an internal diameter of
13-1/2 In. and a tuning line internal diameter of 7-3/4 in. The heater is anannulus placed above the expansion cylinder and concentric with it. The regenerator matrix is 3-un pitch aluminum honeycomb, and the cold cylinder isfilled with 5-ma pitch honeycomb for isothermalization. Evaporation andconduction from the expansion cylinder are minimized by means.of 

heat 
a short

insulation-filled float on the water surface. 

APPLICATIONS 

The most 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 
wasteheat with this kind of engine, particularly for irrigation pumping. Small
engines (15 mn-diam or smaller displacer cylinders) have in fact been successfully operated from sunlight focused with an 
inexpensive plastic Fresnel lens
of perhaps 300-cm2 area. In the quest for simplicity and reduced maintenance
requirements, various luidyne pumps of 10- to 1OG-mm displacer diameter havebeen successfully operated with fluidic valves, in a system having no solid
moving parts (except, for a hot cylinder float in the 100-mm engine). 
 Fbr
irrigation pumping, the simplest type of 
Fluidyne has a limitation; by
choosing a mean working gas pressure equal to atmospheric pressure, construction and operation are mch simplified compared with a pressurized engine, but
the pumping head is limited by the available pressure swing to no more than
perhaps 15 ft. This is, of course, adequate for irrigation 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 circulation 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 electricity, combustion engine cooling with engine waste heat as the power source,

cooling nuclear afterand failsafe of reactors shutdown. 
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The .ulticylinder configuration can, In principle, be operated as a heat
powered beat pump, with some of the expansion spaces being heated externally 
and generating the power to set the system 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 not. The 
immediate question was resolved by Martini, who built a small machine that 
worked [201. Martini's small proof-of-principle model does not give any 
guide to the ultimately available performance, cost, or efficiency of these 
systems, but It does offer reassurance that the efficiency can be greater 
than zero. 

As noted earlier, a Fluidyne driven by external gas pressure pulsations 
would operate as a refrigerator, but it appears that no calculations, such 
less experiments, have been carried out on such a system. 

Finally, it may be remarked that 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 two-phase thermodynanmics, 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 Fluidyne are known to the author, and presumably there are others that 
have not been communicated. 

ONCLUSION 

The liquid-piston Fluidyne is a form of Stirling engine sharing many of 
the 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 not encountered or are not important in 
engines with solid pistons. Because the output is naturally available In the 
form of an oscillating liquid flow or a fluctuating pressure, the Fluidyne is
 
well suited to liquid pumping, but other applications have also been con
sidered. 
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C. D. West, L H. (boke-Yarborough and J. C. . Geimow, "Inproveuents in or 
Relating to Stirling Ojcle Heat Engines," British Patent 1 329 567, filed 1970 
(describes basic nuidyne concept and numerous different configurations; also 
gives some experimental results). 

C. D. West, "Improvements in or Relating to Stirling Ojcle Heat Engiuas,'
 
British Patent 1 487 332, filed 1974 (describes rocking beam fluidyna-driven
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C. D. West, "Improvements in or Relating to Stirling (ycle Heat Engines," 
British Patent 1 507 678, filed 1974 (describes multicylinder Fluidyne Sgines 
and refrigerators; applications also filed in India, Egypt and Kuwait).' 

C. D. West and J. C. H. Gelsow, "Improvements in or Relating to Stirling Ocle 
Engines," British Patent 1 568 057, filed 1975 (describes isothermalizer tech
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cooling; applications also filed in India, Egypt and Kuwait). 

C. D. West, J. C. H. Geisow and R. B. Pandey, "Improvements in or Relating to 
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layout, and application o2 mlticylinder liquid piston configuration to heat 
activated heat pumping; applications also filed in IrAia and Kuwait). 

C. D. West, J. C. H. Geisow and R. B. Pandey, "Improvements in or Relating to 
Stirling 01cle Heat Engines," British Patent 1 581 749, filed 1977 (describes 
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multicylinder, liquid-piston heat-actuated heat pump, and methods of witching 
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E. Franklin, "Improvements in or Relating to Pumps," British Patent 2107227B, 
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