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LIST OF SYMBOLS

diameter of fluidyne displacer tube

jfrequency of operation
acceleration due to gravity

_pumping head or lift

maximum possible pumping head or lift from a single stage

mean length of displacer liquid column :

vproduct of pumped volume and head (Note. Units are m3/h x L IO

Elsewhere in this report, SI units only are used)
mean pressure of working fluid
thickness of thermal insulation

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

Cooler temperature (must be in degrees absolute for use-in
equations)

displacer swept volume

'mean volume of working fluid
,peak-to-peak volume change |
;volume of liquid pumped per unit timef
tthe Hest number (-0.25)

'power output

'density of pumped liquid

.peak-to-peak pressure change in working*fluidi

peak-to-peak pressure change in workinggfluid due to displacer
action

peak-to-peak pressure change in working fluid due to:volume
change (tuning-line motion)



STIRLING zﬁcmz'é "AND “IRRIGATION PUMPING" -

€. Di West:
- -ABSTRACT

This report was prepared in support of the Renewable
Energy Applications and Training Project that 1s 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 M% 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.

T~ Tk o
Wy W BV (1)

0o Th + T

A survey of 23 very different enginesl indicated the average value of W -
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:
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 pump, then the power may be used to
raise liquid (often water) against gravity:

. T, — Ty —
VyHog ~ Wy = 0.25 BEV s T T, (2)

H K
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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 actuaf pumped volume and head; that
is, the pump efficiency (or inefficiency) has to some extent already been
included in W,.



3
2. STIRLING ENGINE M*

~+ For convenience, we can rearrange Eq. (2) to calculate V H, which 1i¢
the quantity sometimes called M*. However, we also need to cgnvertuthe,
pumping rate from m3/s (i.e., SI units) to m3/h (the units normally used;
unfortunately, for M%), With these changes, . = I

L B T, — T
MY = va = 3600 x 0.25 i fvoli;;frﬂfg f
Now, p.= 103 kg/n? (for water), g = 9.81 w/s2, and substituting these: -
numbers into Eq. (3) yields ;

y N ’0.(‘)92 .PﬁfVo -TH—:—TI(- N (4)

Moat‘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 M* calculated from Eq. (4).

Table 1. Mo calculated for various,Stiflingvengines

e Vg Mo
o TREReT L MPa)  (H2) G °)Tjﬁf;¢§f¢) S0 @im)

CFluidyne pump 0.1 0.63. 32,00 w5 sob . 00
102 L2 27 o7 g0 15 120
GPU-3 6.8 25 R izpkgququg_(t“zaéjgji 1,100
v-160 13.0 36 226 720 507 4,100

Tables 5.1, 5.2, and 6.2 of'Réf%-I:M_w,:
bEatimated. -.,!f‘fﬁv}“:K
®This machine "““»#czuallyfOﬁefhtédiﬁﬁfggéuﬁht(sécvIéble;9;2;,

bility to these‘cglculal:iorhq’,-vv TR 1 nd4

PBrief descriptions.of tﬁééé?éngiﬁe *éapfbeffohﬁdfiﬁ o

(3):

S



'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
dovm 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 1s 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 1ift 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-—
gible 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 centzr 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 87C-4107A ETD g
—D—rt— | —t— D —> .
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e :gg;;so#pmb;;
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" MEAN LENGTH OF /- \_ ©
 DISPLACER COLUMN ~ 1 "N\

'Fig, 1. Geometry of displacer U-tube.:
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~motion in the two arms of the Urtdbe‘is 90°, Then the'net volume change,
'~ which is the vector sum of the volume change at_each end of the displacer

~column, is

| aD3 : A
Vo-ﬁXT’.» (5)

Thénope;atlng.freqUencyupfwgiflu1¢yneg;§;dﬂtérﬁihédfélmost entirely. by

the:length of the displacer column3

gy o oy

2n LD

it

along the colum 1is calculated as

L, = 3D '+-fr<15/_2”7+_:£'/":2f>-‘. s m

Therefore, -

i
b 21 V3D + n(D/2 + t/2)

W¢ §An now calrulate the approxihate_bpﬁefﬁbﬁéﬁx‘3
“Eqs. (1), (5), and (8): ' S

SRR
WBj QTZS'mevo'TH + TK

~ L L 2g_____ {203, BT K
. 0.25 x B x e e L7 R R Ay

Iﬁfib-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 Py = lO? Pa and g = 9.8] m/s?
into Eq. (9) yields ' o IAREE ‘

W w—t9,60003 Ty~ T%
' ° VdDrazreny wmtk

 BéEéuse of the large surfacé area of a high-powér, étmoépheric-pressure
‘engine, good thermal insulation is essential to high efficiency. The
insulation thickness should probably be at least equal to the U-tube

From the geometry of the displacer (Fig. 1), the length of the centerline’

TS @

of the flutdyne fron

O

16"



diameter, that is,:t =D, ‘Then Eq..(10) becomes

e 5/2 H Ty SR E
Wy = 7900 D™ “T AT + Tx (11).

Notice that Eq. (8) is not very sensitive to the exact value of ¢,
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 Pumpingiwater with a U=Tube Fluidyne

A quantity of interest to many designers and sponsors of irrigationfg
systems is. the so—called M“ of a system: . '

M“ - the volume of water pumped X the 11ft - Iox

For irrigation purposes, a mixed unit set - of metre and hours is usu_ ! 2
adopted. Now, : -

VpHpg L3 energy added to the water/unit time'

.In SI units, for a U-tube fluidyne Eqs. (11) and2(12) indicate that

¥ Hog = W = s/z _E____JS . 13y
.Vp§P§:~." ‘ 7900 D T FT, ¢ 22(13)

Changingxthe:timernits»from.secondsftofhoursfgives*n

"3'13600 x 7900 x D5/2 x ok K (14) -

Th

T =T,
13600 % 7900, 1s/p , H K

MY = U =
va"_ - Pg: TH + Ty
Cainn T —T
_‘3620 x 7900 , ;s/2 4 B K
' T, =T, |
‘w2900 D5/2 H__ K- (15)'
2900 D2 (1§}t



" Assume Tg = 30°C (86°F). Then M* can be calculated as a function of
the displacer diameter and the hot-end temperature. A heater temperature
“of 350°C 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 M“ as the dis="""
placer diameter is increased. : , :

Table 2. M* for various displacer’
diameters and heater Lo

. temperatures
) gy e s0tc oy . ss0%
1000 3.2 a2
150- 0 8.7 B TRE
200 17.9 24,0
250 31,3 419
300 - 4904 66.0
35 72,60 0 97un
400 1014713505
450wl ey
R C OMNL-DWG 87C-40898 ETD
100~ ' E
[~ HEATER - =
" I~ TEMPERATURE "
- . 6509°C ]
S _
¥ ' \— HEATER o
.',19 = TEMPERATURE =
i;, - ‘350°C S E
gl vy

- 100 150 ‘200 250 300 350 . 450' ‘50

o ; ‘ ) ’ v ;LUIUINC'UIHMEIEH mmy ) e

o 2. Fluidyne pumps: M* as function of displacer diameter ‘and’
“heater temperature, < |

;Fig:?éiﬁ,

3.3  Pumping Head Available from a U-Tube Fluidyne

- Staging the pumps by driving several pump arms from the same dis-
‘placer? can 1ift water to any desired height. However, each stage can
1ift 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.

kst



_.An ‘epproximate 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 s

Ve Z(TH - TK)

APd ~ Pm-v—m- W . (16).

[The mean volume of working fluid V  in the engine includes the heat.
1exchangers and connecting ducts, as well as the volume in the displacer
_ Typically in modern designs, the heat exchanger and duct volume
. (f.e., the unswept or dead volume) is such that V ~ 2,5 V.i see
Table 2.1 of Ref. 1. ;
The peak-to—peuk pressure variation due to the volume change V is
simply given by the ratio of the volume change to the mean volume...;;fﬁ

v : U
AP, n P 2. Q)
V. R
A
As, seen earlier, V, ™2 Ve, and therefore

NREREE R (18

The.. two arms of the displacer were assumed to be moving with equai
strokes and a 90° phase difference (which is why Vo= 2 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
displacer movement, but the pressure variations due to the volume change
are 180° out—of-phase with the change (i.e., when the volume is minimum,,,
the pressure is maximum and vice-versa). Therefore, the phase angle o
between AP, and AP, is 180° — 45° = 135°,

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

= 2 2 — ] ‘ ‘ I ’
AP =\aPZ + AP2 — 24P, AP cos 135° . U (19),

Substitute for AP, and APy from .Eqs. (16) and (18) recall that :




Vy ™ 245 Voy and simplify:

R YT TN 10 T = T\ [1/2
N ‘-'zp“s“" (:“ +"’E{‘) '%+ (———-;“ +_:"> / (20)-
B A i 75 w ¥ T =ik

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 where h

Hmax Pg = AP

or

i - szm: 5 TH‘ . Tx 4 ‘TH Tx +_1_ B _;(21,)»,,
max 2.5 pg Ik Th + TK» 2 o

For an atmospheric engine and water pump, P, = 105 Pa, p = 103 kg/m3, ‘and
g = 9.81 m/s®., Using Eq. (21), the maximum possible lift for a single~
‘stage fluidyne with a hot-end temperature of 350°C is 8.0 m. However,. .
remember that the pumping rate falls toward zero as the maximum possible
1lift is approached, so that the practical limit is much lower than the
theoretical one. ' '

With a hot-end temperature of 550°C, 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-mm (12-in.) displacer-
diameter fluidyne operating at 350 and 550°C. The results are shown for
a single-stage and a two-stage pumping system.

ORNL-DWG 87C-40708 ETD

T T T T T T
g 60 [~] IXSX SINGLE-STAGE PERFORMANCE LIMITS —]
o .| { TR TWO-STAGE PERFORMANCE LIMITS |

£ 60 - 7
E 40 |- HEATER —
= TEMPERATURE
© 30 - 550°C -
z )
S 20— HEATER —
2 TEMPERATURE
Z 0 - 350°C -
: D
ol L | | | freeresssasme—

0 2 4 6 8 10 12 14 18 18
LIFT (m) — '

7Fi§; 3. 'Méximdmvpumping rate vs lift for 300-mm Bdfegfldidyne.
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. An existing correlation for the performance of Stirling engines can
be used to make estimates of M* for Stirling-powered irrigation pumps.
Five engines, representing a wide range of different designs, have been
evaluated on the basis of the correlatior; the M* values range from
20 m*/h for the smallest engine surveyed to 4000 m“/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
engine, M* values in the range of 10 to 200 seem to be practical. The
maximum thecretical 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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* LIQUID-PISTON: STIRLING MAGIINES

C. D, West
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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
wide variety of applications, including water pumping from
solar heat, simple and long=-lived fossil-fuel=fired i'ri=
gation pumps, and heat—powered heat pumps. A substantial
amount of theoretical work has been published, along with
experimental results from a mmber of very different
machines and design dats for the construction of experi-
mental engines. This paper describes the progress that has
been made and the performance of existing systems, i.denl:ifiel
putstanding research needs, and outlines some of the :
potential for further progress.
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RACKGROUND

Ths Nuidyne liquid-piston Stirling engine was invented at the Harwell
Laboratory of the Unitc¢d Kingdom Atomic Energy Authority in 1969, and the
first machines were operated there in 1970, Two internal reports were written
by the inventor [1,2], and a British patent was filed [3] covering the basic
invention and some improvemants. 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 ite potential for low=cost
reliable water pumping was recognized; at that time, the Matal 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 ressarch efforts were under way; over the next few years, research
results confirmed the potential of the liquid-piston engine, while identifying
sone problems that lie in the way and offering possible solutions. Some of
the major reeults of this research are reviewed in this paper..

PRINCIPLES

One of the simplest versions of the Fluidyne to construct and operate 1is
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 betwveen the hot aad
cold epaces but with mo net change in gas wlume, Movement of liquid in the
tuning line does result in a net change of gas wlume, as does the power
piston of a conventional Stirling machine.

For the machine to function as an engine, the phasing must oe such that
the 1liquid level in the open end of the tuning line is falling during the time
that the liquid lavel in the hot side of the U-tube i{s higher than that in the
cold eide: this compresses the gas when mst of it 1s in the cold space,
Conversely, when the 1liquid level in the lot side 18 lower than in the cold,
the level in the open end of the tuning lir® must be rising, thus expanding
the gas. It 1s apparent that with such a phasing, the Fluidyne will operate
as & 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 than to the cold end of the
displacer for successful operation as an engine, although exceptions to this
rule have been moted [5]. With the arrangement shown in Fig, I, 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 1is neglected, However,
the liquid muss 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 ot side of the displacer-liquid column responds to the
pressure difference more readily than the cold eide, and its wvement will bLe
more advanced in phase. This is «xactly the relationship needed for a
Stirling engine, in which the ot expansion-spnce 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 & (ositive phase difference between the resulting
motions of the liquid eurface in the short and long legs of the displacer U~
tube. (onsequently, haat will still be mwoved between the two cylinder wolu=
mes, and one will have a liquid-piston refrigsrator or heat pump.

The description given above of the liquid-feedback mechanism 1is greatly
oversimplified. The liquid-feedback system wae first proposed, on the bseis
of intuition, by Goke-Yarborough; mot until 1974 did theoretical explans=~
tion for ite 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 Qoke-Yarborough's intuition.
The theory has besen 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 syctems have also been used or proposed, including systems
in vhich the displacer is given, by one of saveral 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
4 multicylinder 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, hag
the same kind of wolume variatione), the use of liquid pistons gives an added
freedom of design beyond that available with mre conventional Stirling
machines. The potential advantage 1is obvious in cost, simplicity, and main-
tenance requirements offered by pistons that always fit their cylinders
exactly, regardless of wear or manufacturing tolerances.

It mst be recognized, however, that the liquid pistons create or
exaggerate effects that are absent or negligible in solid-piston engines.
These include the effect (generally undesirable) of oscillating flow on
viscous logses 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. .

Oacillating Flow Effects

The liquid flow rate in the displacer and tuning lines 1s mot constant or
even unidirectional; it veries approximately sinusoidally with two reversals
in each cycle, For channelsg 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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devalop fully before the flow raverses. Even in laminar flow conditions, the
effact of the oscillatory nature of the flow is to confine the velocity gra~
dient in the liquid to a narrow regicn close to the wall {10), The thickness
of this toundary layer is of the order/Zv/u, where v is the kinematic visco-
sity of the liquid and u the angular frequency of ths oscillation. For room
temperature water oscillating at 1 Hz, this thickness is of the order of ! mm,

There are two major consequences. First, the confinement of the velocity
gradient to a nmarrow region means that within that region, the gradient will
be higher than it wuld be if the shear strass were spread somewhat unifornly
across the full width of the tube, as it 1s in normal Poiseuille flow,
Therefore, the viscous flow losses are increased. On the other hand, the
characteriatic length for the Reynolds number of the oscillating flow is mot
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 1s not
established, it is possible that once turbulence has set in, the distinction
between oascillating and unidirectional flow way be much reduced.

Although the influence of the oscillations on the kinatic or “minor pipe”
losses is likewise unknown, it 1s reasonable to assume (in the absence of
published experimental evidence to the contrary) that the correlations for.
unidirectional turbulent flow may be used. These correlations are establighed
for conditions (turbulent flow) in which the time-averaged velocity profile in
& straigat tube gection also shows a characteristic narrow toundary layer near
the wall and a fairly uniform velocity ovar the rest of the tube diameter,

Second, the oacillatory mtion of zhz 1iquid also enhances, often by_a
very large factor [9], the conduction of hea: along the liquid column. The
magnitude of this undesirable effect depends, inter alia, 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 18 unfortunate because water is often the liquid
of choice for a Fluidyne. The effect way 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 o
introduce extended eurface area devices (such as fins or tubes) into the
cylinder to isothermalize the gas behavior.

Isothermalization and Traneient Heat Transfer logses

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 ouch heat with the walls during the course of a
single cycle —~ that 1s, it behaves almost adiabatically. Consequently, the
expansion and compression processes tend to lower and raise the gas tea-
perature in these spaces (except in the regions very close to the wall, where
there is s thermal toundary layer). Three ma Jor efficiency~loss effects can
be attributed to this cause, although it should be realized that there are
important interactions among the three.

Firet, heat flows across the temperature difference between the gas and
the wall, which is an irreversible prucess. 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

~5=

77



22

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 tramsient heat-
transfer loss, the hysteresis loes (because of its importance in gas springe),
or the cyclic heat-transfer loss., It was first recognized as a very important
effect in the Fluidyne by Ryden, whose report [ll} was not lowever made public
until 1983, Tor a truly adiabatic cylinder, the transient heat-transfer loes
will be zero because, by definition, there 18 mo heat exchange between the gas
and the wall in an adiabatic epace. On the othar 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 esuch a cylinder. It follows that there {8 a worst case somewhere in
betwaen the zero heat transfer coefficient and Infinite heat transfer coef-
ficient cases, In fact, Lee has shown [12) that the worst case will cccur
when the thermal boundary layer thickness 1s about equal to the hydraulic
radius of the cylinder. The thermal boundary layer thickness is given by
V2a/u, 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 mot show very marked
oscillating gas flow effects. In practice, the thermal diffusivity will be
enhanced by convection and turbulence that will modify, and often increase,
the transient heat-transfer loss.

By placing fins, tubes, or other area enhancements in the Fluidyne
cylinder, provided the gpacing 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 ghall
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 eolid 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 18 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 1s relatively
lictle 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 cxpansion 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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teapsratures in ths hsat exchangers vill bs overestimatss. Clearly, reducing
the amplitude of the teaperature fluctuations by partially isothermalizing the
cylinders will usually reduce the afficiency loss due to this shift of msan
temperature, although it msy not decrease the transient heat transfer loss
unless the isotheraalization is very effective. The use of liquid pistons
nakes it eacier to install extended surface area into the cylinders for this
partial isotharmalization,

The third effact, which can also be reduced by aven pertial tsother~
malization, arises fron the instantaneous temperature diffarence between the
heater (or cooler) and the gas in the adjacent cylinder, With ideal con=
ponents, gas leaving the heater and entering the expansion space will do e at
& constant temperature — the haater wall temperature. The gas already within
the cyliider will be at a different and usually lower teaperature due to the
pressure-induced temparature variations. There will therefo~e be a alxing of
888 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 maet of tho cycle, lower than the heater. Once again,
heat is transmaitted irreversibly acroes a finite temperature difference,
leading to a loss of efficiency.

Effect of Evaporation on Engine Porforaance

Unlass 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, emough evaporation will take place from the liquid surface
and wetted cylinder walls to modify subotantially the composition and pressure
of the working gas. Bacause the evaporation will naturally tend to take place
mainly during the downstroke of the expansion piston when hot gas is entering
the cylinder, it will raise the preasure 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
logses associated with the increased surface-to-volume ratio of small cylin-
ders and the large flow losses associated with emall-diameter tubes) will wot
work in the absence of evaporation [13],

Much greater heat input 18 needed for the evaporative ("wet®) cycle than
for one in which evaporation is suppressed ("dry” Fluidyne). A conventional
regenerator cannot recover mich of tiils extra heat because the saturation tem~-
perature of the fluid 1s higher during the high pressure of the compression
phase (when much of the heat stored in the regenerator should be returned to
the working fluid) than during the expansion phase, when the heat was sgtored
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 Z [14]. However, with more careful control of the quantity
and tining of the evaporation an indicated efficiency in the range of 3 to 9
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 most ingenious proposal by Renfroe [16] that uses a hydrated-salt

storage mediun 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. B
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At present, the geusral conclusions are that the theoretical efficiency
advantage of the dry engina is likely to be realized in practice only for
larger machines (with a cylinder dismster perhaps >50 ma) and that for sasll
engines evaporation is essentisl for successful operation. Similarly, for
operation across a susll temperature difference — such as might be available
from simple solar collectors — the greater indicated power output of the eva=~
porative cycle may bs nseded, If the highest pesible efficiency 1s the goal,
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 fins
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 presgsure liquid were ueed in place of
vater or unlese very low temperatures are used, but ae already stated, it 1s
difficult to achiave efficient low-temperature operation withovt evaporation.

Although the discussion here hae centered around machines in which the
working fluid 1s either a permanent gas (usually air, although lover molecular
weight gases have been usaed with good results) or a gas/vapor mixture, one
could construct a Fluidyne type of engine in which permanent gas is excluded
froa the working space oo that the cycle depends entirely on steam or some
other vapor [17]. Apparently, mo experimental results from such a machine
have bean published.

Prequency 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 1s equal to ¥2g/L rad/s, where g is the acceleration due to gravity and
L 18 the length of the liquid column, Some small demonstration 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~mm diam displacer and a
bore~to-stroke ratio of 1, it would be difficult to construct a displacer U~
tube of mich 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 m and operate at a fre-
quency of 0,55 Hz,

There are ways to circuamvent these limitations to a certain extent, such
as using a digplacer tube of nonuniform cross section or using a rocking=-beam
configuration in which the frequency is determined primsrily by the motion of
the dieplacer tube itself rather than the liquid column within it [9]. A oore
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 1s subject to the restoring forces arising from the compression or
expansion of gas in the adjacent cylinders as well as from grevity, Usually,
these gas spring forces are much larger than the gravitational ones, and o
the resonant frequency is much higher than it would be for the same eolumn
oscillating under gravity alone,

In a stationary liquid with a free surface, the direction of the acce=
lératipn due to gravity is from the dense fluid (liquid) toward the less dgqqg
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fluid (gas), and the interface is stable — as in a glass of water. In the
last cuntury, 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 unside down), the interface is unstable and will break up — that is,
saall departures from a smooth flat surface will tend to grow. According to
legend, the theory was reianvented by Taylor in the course of investigations
into the problems encountered during W II while trying to obtain a emooth and
spherically symmetrical implosion of the core of an atomic bomb. In any case,
it is mow known as the Raylaigh-Taylor instability. For a sinusoidal movement
of the liquid, the peak acceleration of the eurface is sw“/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, For a 100-mm stroke, this will be the case for
all frequencies higher than 2,2 Hz. This could pose a eavere 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 etroke oo 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~
slon 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 mot
in a quantitative manner, although it 18 clear that some sort of limit must
exist; it is, after all, well known that water will generally fall from a
glass held upside down,

PERFURMANCE 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 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 semall sizes, but no results have been published showing
the performance of a large engine with evaporation. The three larger ereines
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 1s not recorded, but it is presumably
no greater than 100°C or so because there 18 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 Metal Hox Company of India;
the program was ultimately aimed at developing coal-fired irrigation pumps.
The engine 1s of concentric cylinder design with the tuning line constructed
as a spiral on the bave of the displacer (Fig. 4 shows one possible layout of
this type)s The water puap 1is driven by the gas pressure variations in the
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working space, a system known as gas-coupling. The Pandey engine operates at
4 mean gas ,xessure equal to atmospheric and at a fairly low heater tem~
perature (375°C). Consequently, the specific output is low, even though the
Beale number is 0.008, which is quite respectable for such a low-~temperature
machine. A large, but simple, engine is therefore needed to generate the
puaping power, which for a throughput of 4,400 U,S. gal/h through a head of 12
ft 1s almost 1/4 hp. Mo details of the heater head dedign 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 eva=-
poration, may have a diameter of about 12 in., and the tuning line an effective
dianeter of 8 in, The operating frequency 1is 0,625 4z, implying a displacer=-
1iquid column length of aslightly more 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 a head of 10 ft)
quite similar to Pandey's mechine. The design was prepared for the Brigge &
Stratton Orporation, but it was never built; the company has kindly given
their permission for its publication., Rull details are available (24), but
briefly 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 1s an
annulus placed above the expansion cylinder and cncentric with it. The rege=-
nerator matrix is 3mm pitch aluminum toneycomb, and the cold cylinder is
filled with 5~ma pitch honeycomb for isothermalization. Evaporation and heat
conduction from the expansion cylinder are minimized by means of a short
insulation-filled float on the water surface,

APPLICATIONS

The met obvious application for a liquid-piston engine is as a 1iquid
punp, and moset of the Fluidyne research and development has been carried out
with this in mind. Many people have thought of the ugse of solar heat or waste
heat with 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 Fresnel lens
of perhaps 300-cm? area. In the quest for simplicity and reduced maintenance
requirements, various Fluidyne pamps of 10- to 10G-mm displacer diameter have
been successfully operated with fluidic valves, in a system having no solid
moving parts (except, for a hot cylinder float in the 100-mm engine), PBr
irrigation pumping, the simplest type of Fluidyne has a limitation; by
choosing a mean working gas pressure equal to atmospheric pressure, construc-
tion and operation are much simplified compared with a pressurized engine, btut
the pumping head is limited by the available pressure ewing to m more than
perhaps 15 ft, This 18, 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 oo far been 1little 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 wupply in remote locations without benefit of utility electri~ -

city, combustion engine cooling with engine waste heat as the power source,
and failsafe cooling of muclear reactors after shutdown,
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The multicylinder configuration can, in principle, be operated as a lwat-
powvared haat pump, with some of the expansion spaces being heated externally
and generating the power to set the system into oscillation. The remaining
expsnsion cylinder(s) then act as the input eide of a Stirling heat map (9].
For several years, there was a series of conflicting arguments about this
schese: some argued, on apparently impeccable grounds, that it could work;
some argued, on apparently equally impeccable grounds, that it could not. The
iomediate question was resolved by Martini, who built a small machine that
worked [20]. Martini's small proof-of-principle model does nmot give any
guide to the ultimately available performance, cost, or efficiency ol 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, mich
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 mut together in the smallest laboratory or
workshop, many of the important basic lessons of classical physics = including
single- and two-phase thermodynsmics, kinematics, the bshavior of tuned
oscillators and fluid flow., It is therefore a good teaching and learning
exauple for high school and college students; many successful student projects
on the Fluidyne are known to the author, and presumably there are othars that
have not been communicated.

CONCLUSION

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 mot 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 mmping, but other applications have also been con=
eidered.
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PATENTS

Co D. Weat, E. H. (boke=Yarborough and J. C. H, Geisow, "Improvements in or
.Relating to Stirling O/cle Heat Engines,” BEritish Patent 1 329 567, filed 1970_
(describes basic Fluidyne concept and numerous different oontiguutions' also
gives some experimental results). ,

C. D. West, “Improvemente in or Relating to Stirling Oycle Heat Engines,”
British Patent 1 487 332, filed 1974 (describes rocking beam fluidym-drinn '
by bellowa from working gas pressure variationu).

C. D, West, “Improvements in or Relating to Stirling Cycle Heat Engines,”
British Patent 1 507 678, filed 1974 (describes multicylinder Fluidyne engines
and refrigerators; applicationa also filed in India, Egypt and Kuwait).

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

C. D. West, J, C H. Geisow and R, B, Pandey, "Improvements in or Relsting to
Stirling Q/cle Heat Engines,” British Patent 1 581 748, filed 1976 (describes
the concentric cylinder layout, folded tuning line, mlticylinder concentric
layout, and application of multicylinder liquid pieton configuration to heat
activated heat pumping; applications also filed in India and Kuwait).

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

Jo Gerstmann and Y. Priedman, "Liquid Piston Heat Actuated Heat Pump and

Methods of Operating Same,” U.S., Patent 4,148,195, filed 1977 (delcribes o E
multicylinder, liquid-piston hent-actuated heat pmp, and methods of witching-.
between summer and winter operation).

E. PFranklin, "Improvements in or Relating to Pumps,” British Patent 21072278.

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