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Abstract:

A new Ericsson free-liquid-piston engine (FLPEE) configuration was previously presented. This consists of a
U-shaped tube filled with water in its lower part, and whose two branches are closed by cylinder heads fitted
with valves. The space between the surface of the liquid and the cylinder head of one of the branches
constitutes the compression space, while this same space constitutes the expansion space in the other branch.
The configuration studied operates in an open cycle. This system is able to produce compressed air which can
be expanded in an external device to produce mechanical energy. This FLPEE is thought to be suited for the
conversion of thermal energy such as solar energy, biomass or flue gases. In this communication, the
experimental bench is presented in detail. In particular, the valve control system of the compression and
expansion spaces, the various sensors and the data acquisition system are described. Various experimental
results are presented, notably in the form of (p, V) indicator diagrams of the compression and expansion
cylinders. These results confirm what the theoretical modelling had predicted, namely that it is possible to
obtain a set of values of the operational parameters of the system leading to a stable operation of the free-
piston system.
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1. Introduction

External heat engines such as Stirling or Ericsson engines [1] are proving to be a relevant technological
solution for the valorisation of thermal energy such as solar energy, the energetic valorisation of hot gaseous
effluents or the combustion of biomass, in order to produce low power mechanical or electrical energy. A major
advantage of Ericsson engines over Stirling engines is that the heat exchangers are not dead volumes and
can therefore be sized solely on heat transfer considerations [2]. This is particularly interesting in the case of
hot sources with relatively low temperature or low transfer coefficient, such as flue gases. However, with regard
to Ericsson engines, despite their interest and numerous theoretical developments [3-7], there is still little
experimental work.

Liquid piston machines are particularly interesting because they ensure a perfect seal between the piston and
the cylinder, while drastically reducing frictional forces. In addition, they can considerably improve heat transfer
with the working fluid, for example to approach isothermal compression [8-10].

Free piston engines do not require a crank-connecting rod arrangement to transform reciprocating motion into
rotary motion. Mechanical losses are therefore lower and the cost of the engine is reduced [11]. There are free
piston internal combustion engines [12-15] or free piston Stirling engines [16-18] and free liquid piston Stirling
engines, also known as Fluidyne. These engines, developed for pumping applications, have a poor efficiency
[19-20].

In this paper, a totally new engine configuration combining the advantages of Ericsson engines, liquid piston
machines and free piston engines is studied [21]. Dynamic simulation results of this engine have shown that it
is possible to design a free liquid piston Ericsson engine (FLPEE) which, combined with a judicious choice of
operational parameters, allows stable operation with interesting energy performance [22]. In particular, the
FLPEE has a much better energy performance than the Fluidyne, which is the most similar configuration.
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An experimental bench is being developed to validate the theoretical results. This bench is described and the
first results are presented.

2. The test bench

2.1. The configuration under consideration

The configuration studied (Figure 1) consists of a U-shaped tube filled with water in its lower part, and whose
two branches are closed by cylinder head fitted with valves.
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Figure 1. Schematic diagram of the free liquid piston Ericsson engine.

The space between the liquid surface and the cylinder head of one branch is the compression space C, while
the same space is the expansion space E in the other branch. The configuration studied operates in an open
cycle, with atmospheric air entering the compression space, being compressed by the liquid piston, then
discharged to a heat recovery exchanger R and a heater H (hot source of the cycle) before being introduced
into the expansion space E. The hot air expanded by the descent of the liquid piston is then discharged to the
other branch of the heat recovery exchanger R, during the ascent of the liquid piston. In the case of the
configuration studied, only a part of the air mass flow discharged by the compression space is introduced into
the expansion space, the mass flow introduced being such that the expansion work exactly compensates for
the compression work. In this configuration, the liquid piston and the compression and expansion spaces it
defines are similar to a 'free piston gas generator', like the gas generator of the PESCARA engine [23-24]. The
compressed air mass flow not admitted to the expansion space can be used as such, at the outlet of the
compression space, the system being then a thermal compressor, or be taken after passing through the heat
recovery R and heater H exchangers and be expanded in a machine operating in parallel to the liquid piston
expansion space, if the objective is to produce mechanical energy (Figure 1).

2.2. The experimental set-up

Figure 2 shows the schematic diagram of the test bench, while figure 3 shows an overview of the experimental
set-up. In order for the system to be tested in 'motored engine' mode, the device (Figure 2) is supplied with
compressed air from the lab network (1). The compressed air from the external air compressor first passes
through a pressure regulator (2) which allows the bench supply pressure to be adjusted, and then passes
through a safety valve (3) which limits the downstream pressure to 3 bar, in order to avoid any risk of bursting
the Pyrex tube (11). The valve (4) allows the compressed air in the test rig to be drained. A T-connection allows
the expansion cylinder to be supplied from both the external compressor and the compression chamber of the
liquid piston engine.
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When the valves (1) and (5) are open, the compressed air from the external compressor pressurises the entire
high-pressure branch of the device, including the two buffer tanks (8) and (15). The pressure line of the
compression cylinder is pressurised and the engine can be started by opening the inlet valve of the expansion
cylinder and introducing external compressed air.

When the valve (5) is closed, no more compressed air is introduced from the external compressor. A fluidic
circuit is established which allows the bench to operate in "engine mode", i.e. the compressed air leaving the
compression cylinder is divided into two flows: one part passes into the cold buffer (8), then through the heating
cartridge (14) and the hot buffer tank (15) to be admitted into the expansion cylinder (11), and the other part
passes into a back-pressure regulator (7) which makes it possible to keep the upstream pressure constant.
The flow of air delivered by this back-pressure regulator can be measured by the float flow meter (6). This
measurement allows the available air flow to be assessed for practical applications of the engine, such as the
production of compressed air or mechanical power by adding an external expander.

Compressed
airinlet

—
@ valve (@ Pressure reducingvalve ~ (3) Safety valve @ valve ® valve
@ Flowmeter @ Back-pressure regulator Cold buffer space @ Compression cylinder Displacement transducer
(@) Expansion cylinder () Float @) Engine frame Electrical heater (@ Hot buffer space

Figure 2. Schematic diagram of the test bench.

The lower part of the liquid piston system is made from commercial high-strength PN 10 pressure PVC pipe.
The compression cylinder is made of stainless steel, while the expansion cylinder is made of Pyrex pipe with
an external diameter of 180 mm, thickness of 8 mm, length of 500 mm. Two floats, with an external diameter
of 156 mm and a length of 250 mm, are inserted in the cylinders. The length of the floats has been chosen to
be at least equal to the maximum amplitude of movement of the liquid piston, so that water never licks portions
of the wall of the expansion cylinder that would have been in contact with hot air. This reduces the evaporation
of water from the liquid piston, as the nominal temperature of introduction of air into the expansion cylinder is
360°C.

Commercial YAMAHA XT500 motorbike engine heads are used to close the compression and expansion
cylinders. The valves in these heads are operated by Festo 3/2-way quick-acting 1/4" valves, model MHE4-
MS1H3/2G14K, and single-acting pneumatic cylinders, model AEN-40-8APA-S6, also from Festo. These
valves are supplied with compressed air from the external air compressor.

The compressed air is heated before it enters the expansion workspace by an electric heating cartridge (item
(14) in Figure 2), Osram Sylvania model SureHeat JET 074719, with a maximum power of 8 kW. A control box
allows the supply temperature of the expansion cylinder to be set.

The test bench is equipped with K-type thermocouple temperature sensors with a measuring uncertainty of
1+ 1.5 °C, Keller-Druk PR23S and 23SY pressure sensors which have been calibrated beforehand and have a
measuring uncertainty of + 0.025 bar, and a micro-Epsilon WDS-300-P60-SR-I displacement sensor with a
measuring uncertainty of £0.25 %. This sensor (item (10) in Figure 2) is connected by a pulley system to the
float of the compression cylinder. The measurement of the instantaneous pressure in each compression and
expansion space is obtained by means of pressure sensors connected to the original location of the spark
plugs in the cylinder heads. The sensors are connected to a National Instrument NI cDAQ 9172 modular
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chassis data logger controlled by Labview. The sampling rate is 1 kHz. A control box operates the solenoid
valves on the valve cylinders based on a comparison between the setpoints and the float position measured
by the taut wire sensor.

Figure 3. Overview of the experimental set-up.

3. First experimental results

The first tests did not allow the system to operate autonomously [25], for reasons that will be explained later.
The results presented here are therefore all related to a 'motored engine' mode, i.e. with consumption of
compressed air from the network. In addition, according to the theoretical results, the displacement amplitude
of the free liquid piston increases with the intake pressure of the expansion cylinder. However, in its current
version, the amplitude is limited by the length of the tubes and the length of the floats. Therefore, the tests that
have been carried out are limited to low pressure ratios. On the other hand, the frequency also depends on
the inlet pressure of the expansion cylinder. Experience shows that above a frequency of about 3 Hz, the
liquid-air interface no longer behaves satisfactorily. Due to its inertia, the float 'lifts off' from the liquid column
and the interface breaks up into a multitude of droplets. For these reasons, the tests are limited to an absolute
pressure of 1.6 bar at the inlet of the expansion cylinder.

3.1. Valves setting

The position of the liquid piston is denoted by x. The position x = 0 corresponds to the lowest bottom dead
centre possible in the expansion cylinder (float on the bottom stop of the cylinder) and the highest top dead
centre (TDC) possible in the compression cylinder (float in contact with the top stop of the cylinder). The
position x = 0.3 m corresponds to the lowest bottom dead centre (BDC) possible in the compression cylinder
(float on the bottom stop of the cylinder) and the highest top dead centre possible in the expansion cylinder
(float in contact with the top stop of the cylinder).

The compression cylinder valves are supposed to simulate automatic valves, whereas the expansion cylinder
valves are actuated valves whose opening and closing are governed by the values of the position of the liquid
piston and its direction of movement.

The valves are actuated as follows:

= The inlet valve of the compression cylinder is open when the liquid piston moves downward and the in-
cylinder pressure is lower than the atmospheric pressure.

= The outlet valve of the compression cylinder is open when the liquid piston moves upward and the in-
cylinder pressure is higher than the pressure in the exhaust pipe.

= The inlet valve of the expansion cylinder is open when the liquid piston moves upward and x > IVO or when
the liquid piston moves downward and x > IVC.

= The exhaust valve of the expansion cylinder is open when the liquid piston moves downward and x < EVO
or when the liquid piston moves upward and x > IVC.
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Figure 4 presents the valves setting of the expansion cylinder. Unless otherwise specified, the results
presented here correspond to the following expansion cylinder valves setting:

= IVO=0.16m
= IVC=01m
= EVO=0.03m

= EVC=0.16m

Theoretically, with this valves setting, there should be an expansion process of the working fluid, since all
valves are closed when the liquid piston moves downward from IVC = 0.1 m to EVO = 0.03 m, but there should
be no re-compression of the dead space volume since the inlet valve opens at the same time as the exhaust
valve closes: EVC = IVO.

X=0.3m X=0.3m
Inlet Valve open
~ [-IvO _
- EVC
IvVC
Expansion
cylinder

L N

EVO
Exhaust Valve open T
X=0m X=0m

Figure 4. Valves setting for the expansion cylinder.

3.2. Cold tests

3.2.1. Frequency and stroke

Figure 5 shows the theoretical and experimental liquid piston displacement as a function of time, for a test
duration of 20 s with a time step of 103 s. The expansion cylinder inlet pressure is set to 1.3 bar. There is good
agreement between the theoretical and experimental data, both in term of frequency (about 2.2 Hz for the
experimental and theoretical results) and stroke (about 124 mm for the theoretical results and 105 mm for the
experimental ones, that is less than half the maximum possible travel between the stops).
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Figure 5. Liquid piston displacement as a function of time.
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Figure 6 presents the frequency and the stroke as a function of the expansion cylinder inlet pressure. As the
modelling has shown, it is not possible to vary the expansion cylinder inlet pressure without adjusting the
valves setting. The experimental results shown in figure 6 are obtained by varying the pressure of the air
admitted into the expansion cylinder from 1.15 to 1.5 bar. For the theoretical results, the model has been re-
run, with the experimentally imposed pressure and valves setting, to allow comparison between the
experimental and theoretical data. It can be seen that the theoretical frequency and stroke increases nearly
linearly with the expansion cylinder inlet pressure. The experimental values are in fairly good agreement with
the theoretical values, and the differences can be attributed largely to the fact that the experimental
instantaneous pressure in the expansion cylinder is far from the theoretical pressure, due to pressure losses
in the intake line, as will be shown below. The same applies to the compression cylinder, where the exhaust
valve generates large pressure losses.
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Figure 6. Frequency and stroke as a function of the expansion cylinder inlet pressure.

3.2.2. Instantaneous pressures

Figure 7 presents the instantaneous pressures measured at the expansion cylinder inlet (p_admE), in the
compression cylinder (p_C), at the compression cylinder outlet (p_echC), in the expansion cylinder (p_E) and
at the heater cartridge inlet (p_Cart), as a function of time for different expansion cylinder inlet pressures.
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Figure 7. Instantaneous pressures as a function of time for different expansion cylinder inlet pressures.

It can be seen in Figure 7 that the pressures at the inlet of the heater cartridge p_Cart and at the outlet of the
compression cylinder p_echC are almost constant, and almost identical, the pressure at the inlet of the
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cartridge being slightly lower due to the greater pressure drop in the connecting pipe. In contrast, the expansion
cylinder inlet pressure p_admE, which is supposed to be constant in the model, varies greatly when the inlet
valve opens and closes. This is due to the high pressure drop generated by the pipe that connects the hot
buffer tank to the expansion cylinder head. This line 'deflates’ when the inlet valve opens and 're-inflates' to
the cartridge inlet pressure when the inlet valve closes. The higher the pressure imposed by the compressed
air in the high-pressure branch, the more pronounced this phenomenon becomes. This high pressure drop is
the main reason why the engine has not yet been able to operate autonomously, without energy supply from
the compressed air network. During the opening phases of the expansion cylinder intake valve, the pressure
p_E in the cylinder is almost identical to the pressure in the intake pipe p_admkE, proving that the pressure
losses in the intake valve are negligible. However, these pressures are far from being equal to the constant
pressure p_Cart as assumed in the model.

As far as the compression cylinder is concerned, it can be seen that when the free liquid piston moves up
towards its top dead centre, the pressure in the cylinder p_C exceeds the pressure in the exhaust pipe
p_echpC even though the exhaust valve is open, which indicates that the pressure losses generated by this
valve are too high under these operating conditions.

3.2.3. In-cylinder pressures

Figure 8 presents the liquid piston displacement, the state of the valves (1 = open, 0 = closed) and pressure
in the expansion cylinder as a function of time. For the valves setting considered, it can be seen that there is
a time lag between the closing of the intake valve and the moment when the piston reaches its bottom dead
centre. This should lead to an expansion of the fluid in the cylinder, which does not seem to be systematically
observed. Similarly, it is also observed that the pressure in the cylinder increases when the liquid piston rises,
while the exhaust valve is open, which seems to indicate that the exhaust valve generates significant pressure
losses.

0,24
10 [1°
0,20 1,4
|_— he—T1 |_L—]
= LA B
%0,16 . e}
4E o)
0,5 F1,2 =
>["2
0,12 9]
-I ./ - 1.1 o
s
\_, 1,0
0,08
T T T T T T 0,0 - 0.9
0,0 0,2 0,4 0,6 0,8 1,0 1,2 14
Time (s)
x(m) —— V() —— EV(-) —— p_E (bar) p_Cart (bar)

Figure 8. Liquid piston displacement, state of the valves and pressure in the expansion cylinder.

Figure 9 compares the experimental and theoretical pressure evolutions in the compression cylinder
(Figure 9 (a)) and in the expansion cylinder (Figure 9 (b)). For the compression cylinder, it can be seen that
the experimental pressure is slightly higher than the simulation pressure during the discharge phase, with a
peak that is due to pressure drops around the exhaust valve. For the expansion cylinder (Figure 9 (b)), the
theoretical results predict isobaric inlet, then isentropic expansion, followed by isobaric outlet and finally
isentropic dead volume recompression. As mentioned earlier, the evolution of the experimental pressure p_E
is significantly different, due to the pressure losses in the inlet line and in the valves, and the time needed for
the complete opening and closing of these valves. Despite these problems, it can be seen that the theoretical
cycle time corresponds to the experimental cycle time.
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Figure 9. Instantaneous pressure in the compression cylinder (a) and the expansion cylinder (b).

3.2.4. Indicator diagrams

Figure 10 presents the (p, V) indicator diagram for the compression (blue) and expansion (red) cylinder. The
area included in the closed curve of the (p, V) diagram corresponds to the work of the pressure forces on the
liquid piston. A clockwise loop corresponds to a negative work, meaning that the working fluid produces
mechanical work on the liquid piston, while a counter-clockwise loop corresponds to a positive work, meaning
that the working fluid receives mechanical work from the liquid piston. Obviously, the two diagrams do not
resemble the theoretical diagrams composed of almost isobaric and isentropic transformations. Normally, the
compression cylinder indicator diagram should be a single counter-clockwise loop and the expansion cylinder
indicator diagram should be an identical but clockwise loop.
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Figure 10. Compression (blue) and expansion (red) cylinder indicator diagram.

Experimentally, it can be seen that the working fluid in the compression cylinder globally gives up work to the
liquid piston and the working fluid in the expansion cylinder receives mechanical work from the liquid piston
during some phases of the cycle, around the BDC. There are many reasons for this.

As far as the expansion cylinder is concerned, at the moment when, simultaneously, the exhaust valve closes
and the intake valve opens, the pressure p_E does indeed increase dramatically but with some delay, meaning
that the inlet valve does not open instantaneously. But as the piston descends from its TDC towards its BDC,
the pressure p_E, which should theoretically remain constant at its maximum value, decreases due to pressure
losses in the intake line as mentioned above. When the intake valve closes, there should be an isentropic
expansion of the fluid. However, the experimental pressure increases. This is due to the fact that the inlet valve
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does not close instantaneously, meaning that compressed air goes on entering the expansion cylinder after
the EVC point indicated on the red loop of figure 10. The liquid piston being nearly at rest around the BDC, the
pressure increases dramatically. Similarly, when the exhaust valve opens around the BDC, the pressure p_E
does not drop immediately to the value of atmospheric pressure, as would be expected in the theoretical cycle,
but instead begins to rise and then gradually falls. This phenomenon is attributable firstly to the time required
for the discharge valve to open fully, as it does not open completely instantaneously at the time shown in the
diagrams, and secondly to the pressure drop generated by this valve.

As far as the compression cylinder is concerned, it can be assumed that the exhaust valve does not close
instantaneously at the EVC point shown in the diagrams in figure 10. Compressed air would therefore enter
the compression cylinder even as the liquid piston begins its stroke towards its BDC, leading to a cycle
producing mechanical work instead of a cycle receiving mechanical work. In the case where there is no back
pressure at the exit of the compression space (figure 11), the discharge of the compressed air is done towards
the atmosphere. In figure 11, it can be seen that the indicator diagram (p, V) of the compression cylinder
rotates counter-clockwise, which means that mechanical work is absorbed by the working fluid, and the
expansion cylinder rotates clockwise, which means that mechanical work is supplied by the working fluid.
However, despite the early opening of the compression cylinder exhaust valve, the pressure drops around this
valve are significant, as the discharge is at a pressure p_C much higher than atmospheric pressure, especially
when the piston has a high speed, around its mid-stroke. It can be seen that as the piston approaches its top
dead centre, the pressure drop decreases and the pressure p_C falls towards atmospheric pressure. The
mechanical work supplied by the expansion cylinder is more than twice as great as that absorbed by the
compressor and the net work is 16.4 J/cycle at a pressure of just over 1.2 bar. The indicator diagrams of figure
11 confirms what the modelling has predicted, that is the possibility to design a free liquid piston Ericsson
engine. Indeed the inertia of the liquid piston allows to achieve the compression of the air in the compression
cylinder even when the pressure in the compression is higher than the one in the expansion cylinder, the liquid
piston moving against the pressure forces.
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Figure 11. Compression (blue) and expansion (red) cylinder indicator diagram without back-pressure at the
compression cylinder outlet.

Finally, it should be mentioned that, although the volumes swept by the liquid piston are obviously identical in
the compression and expansion cylinders, the indicator diagrams in figure 10 and figure 11 show that there
may be a very slight imbalance between the 2 branches of the liquid piston. The average volume of the
compression cylinder is slightly higher than the average volume of the expansion cylinder, which means that
the average height of the water in the E-arm of the engine is slightly higher than the average height in the C-
arm.
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3.3. Hot tests
Different tests were carried out at hot temperatures, up to 200°C.

The results of the experimental tests showed that the temperature does not affect the frequency or the stroke
of the free liquid piston, as shown in figure 12, which represents the temporal evolution of the liquid piston
displacement for different air inlet temperatures in the expansion cylinder, at the same inlet pressure of 1.3
bar. It can be seen that for the different temperature levels, the amplitude is almost the same. If, for example,
we take the displacement for a temperature of 20°C and 190°C, we notice that it is almost the same stroke
that is covered by the liquid piston, with the same cycle frequency, as predicted by the theoretical model.
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Figure 12. Liquid piston displacement for different inlet temperatures of the expansion cylinder.

The hot tests were carried out in a completely satisfactory manner, without any technical problems. At most,
some fogging was observed on the wall of the Pyrex tube, due to the weak evaporation-condensation
phenomena of the water in the liquid piston at high temperatures of the air admitted into the expansion cylinder.

4. Conclusion

The results of tests carried out on an original configuration of the Ericsson free liquid piston engine were
presented. In its current configuration, the test bench did not allow for 'engine' operation. Tests in 'motored
engine' mode using an external compressed air supply showed that it is possible to obtain stable engine
operation, provided that the operational parameters (supply pressure, valve opening/closing settings) are
carefully chosen. The oscillation frequency of the free piston and its stroke are in good agreement with the
results of the theoretical model. The hot tests also demonstrated the good operation of the engine at high
temperatures without encountering any technical problems. The examination of the experimental results
highlighted the improvements to be made to the test bench.

Nomenclature

v state of the inlet valve of the expansion cylinder

IvC inlet valve closure

IVO inlet valve opening

EV state of the exhaust valve of the expansion cylinder

EVC exhaust valve closure

EVO exhaust valve opening

p_admE instantaneous pressure at the inlet of the expansion cylinder, bar
p C instantaneous pressure in the compression cylinder, bar

p_Cart instantaneous pressure at the electrical heater inlet, bar

p E instantaneous pressure in the expansion cylinder, bar

p_echpC instantaneous pressure at the outlet of the compression cylinder, bar
X liquid piston instantaneous position, m

Subscripts and superscripts

C compression space

E expansion space

H heater

R heat recovery exchanger

T external expander
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