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(57) Abstract: Energy cell that is provided with a pressure vessel (2) with two chambers separated by a membrane, respectively a
first chamber (6) filled with a phase-change material (23) and a second chamber (7) filled with hydraulic fluid (24), whereby this en-
ergy cell (1) is provided with means to be able to heat and cool the phase-change material (23) alternately, coupled with a volume
change, whereby the second chamber (7) is provided with a passage (26) that acts as an input and/or output for the hydraulic fluid
(24), whereby the membrane (5) is stretched elastically upon a phase change whereby the volume in the first chamber (6) increases.
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Energy cell for converting heat into other forms of energy
and apparatus for the recovery of heat that makes use of

such an energy cell.

The present invention relates to an energy cell for
converting heat into hydraulic, mechanical or electrical

energy.

More specifically the invention relates to an energy cell
that makes use of the properties of a phase-change material
whose volume changes by definition upon each change of
phase from a solid to a liquid phase and vice versa, and
whereby the volume changes are used as a driving force for

generating mechanical, hydraulic or other forms of energy.

Such an energy cell is known from US 2011/0024075, for
example, in which an energy cell is described in the form
of a cylinder and a movable piston in the cylinder that
encloses a chamber in the cylinder that is filled with such
a phase-change material, which expands upon the transition
from a solid to a liquid state due to heating, and thereby
moves the piston in the cylinder, whereby this movement can

be used to exert a mechanical force.

Due to the alternating heating and cooling of the phase-
change material in the cylinder, the phase-change material
can be made to melt and solidify alternately and thus
expand and contract in volume, which results in an in-and-

out movement of the piston, whereby this movement can be
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converted into a motion for driving a motor or other

device.

Another example of an energy cell is known from the
international patent application WO 2010/074616 in which an
energy cell 1s described in the form of a cylindrical
pressure vessel with an elastic bladder therein that is
filled with a hydraulic fluid, and which extends axially
through the pressure vessel 1in a space surrounded by a
casing of phase-change material with which the space
between the pressure vessel and the bladder is filled. Upon
a volume increase of the phase-change material, hydraulic
fluid 1s sqgueezed out of the aforementioned bladder and the
volume displacement of the hydraulic fluid arising

therefrom is used to generate hydraulic energy.

Such an energy cell is more efficient than the construction
in the form of a piston-cylinder as there are no friction

losses when an elastic bladder squeezes together,

A disadvantage of an energy cell as described in WO
2010/074616 1is that the diameter of the bladder undergoes
relatively large changes as a result of volume changes,
which results in relatively high stresses in the material
of the bladder and in time results in a short lifetime of

the bladder.

Another disadvantage 1is that when the bladder squeezes
together, folds can occur that can weaken the bladder
locally or even close off parts of the bladder, such that

the hydraulic fluid 1in these parts 1is prevented from
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escaping, such that particularly high pressures can be
built up in these parts that do not contribute to the
conversion into useful Thydraulic energy, and which

constitute a risk of the bladder tearing.

Another disadvantage is that the construction of such an
energy cell is relatively complex and that the assembly and
replacement of the components is relatively complicated and

takes up a lot of time.

The purpose of the present invention is to provide a
solution to one or more of the aforementioned and other

disadvantages.

To this end the invention concerns an energy cell for
converting heat into hydraulic, mechanical or electrical
energy, whereby this energy cell is provided with a
pressure vessel with two chambers therein that are
separated from one another by an impermeable and elastic
membrane, respectively a first chamber that is filled with
a phase-change material whose volume changes upon each
phase change from a solid to a liquid phase and vice versa,
and a second chamber that is filled with a hydraulic fluid
when the energy cell is used, whereby the energy cell is
provided with means to be able to heat and cool the phase-
change material alternately in order to be able to make the
phase-change material change alternately from the solid to
the liquid phase and vice versa, each time coupled with a
volume change of the first and the second chamber, whereby
the second chamber is provided with at least one passage

that can act as an input and/or output for the hydraulic
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fluid upon each volume change of the second chamber, with
the characteristic that the energy cell is constructed such
that the membrane 1is stretched elastically upon a phase
change of the phase-change material, whereby the volume of

the phase-change material in the first chamber increases.

An advantage of an energy cell according to the invention
is that no undesired fclds can occur upon the expansion of

the phase-change material.

Moreover, the size of the membrane is not limited by the
relatively small available space in the interior of the
energy cell, as 1s the case with the known energy cell
described in WO 2010/074616, such that the stresses in the
material of the membrane can be distributed over a larger
area such that the stresses can be reduced for the same
volume change of the phase-change material and the lifetime

of the membrane can be increased as a result.

In a practical embodiment of an energy cell according to
the invention, the pressure vessel is partly formed by a
first tube and the membrane is constructed as a second tube
that is affixed concentrically in the first tube, whereby
the first chamber that 1s filled with a phase-change
material is surrounded by the membrane, and the second
chamber that is provided to be filled with a hydraulic
fluid extends around the membrane between the housing and

the membrane.

The phase-change material is thus in the core of the energy

cell and upon a volume increase pushes the hydraulic fluid,
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for example o0il, that 1s around the membrane, to the

outside.

Because the hydraulic fluid i1is on the outside of the
tubular membrane, a smaller expansion of the diameter of
the membrane is required for the same volume displacement
of the hydraulic fluid, which leads to lower stresses 1in

the membrane.

In this practical embodiment both chambers are preferably
bounded by two covers that are held in the pressure vessel
at a distance from one another, and of which preferably at
least one cover, and preferably both covers, is or are
detachable and whereby the free edges of the membrane are
held in a sealing way in these covers or between the covers

and the housing.

In this way the assembly and replacement or maintenance of

the components is particularly easy and quick.

In this respect it is preferable to construct at least one
cover, and preferably both covers, from two parts with a
first part that is held in the pressure vessel and a second
part that 1is fastened in or against the first part with
clamping of an aforementioned edge of the membrane between
the first and the second part to form a seal between the
two chambers, which makes the assembly and replacement of

components even easier,
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A cheaper solution is a cover made from a single part,
whereby upon assembly the edge of the membrane is clamped

between the cover and the wall of the pressure vessel.

In order to prevent the membrane undergoing undesired
deformations, the membrane can be provided with ribs in
certain places on its outer periphery that act as spacers
as it were between the membrane and the inside wall of the
pressure vessel so as to prevent the hydraulic fluid, upon
an expansion of the phase-change material, being trapped in
certain zones between the membrane and the pressure vessel

with no way out to an output.

These ribs also act as reinforcing ribs for the membrane.

In the same way the inside wall of the pressure vessel can

also be provided with such ribs.

Preferably the aforementioned means to be able to
alternately heat and/cr cool the phase-change material are
formed by a heat exchanger with tubes that extend through
the phase-change material and which are provided to be
affixed on a supply and an outlet of a hot medium and/or a

supply and outlet of a cold medium.

This has the advantage that use can be made of the heat
that can be recovered from waste flows that are often
produced as a by-product of an industrial process in the
form of water or similar, and which is generally lost as

unusable heat as the temperature of these waste flows is
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often insufficient to recover energy in a cost-effective

way with the existing energy recovery systems.

In this respect it 1is wuseful to select a phase-change
material with the lowest possible melting temperature that
is preferably between 25°C and 95°C, and preferably below
60°C.

In this way heat can also be recovered from waste flows

with a low temperature, for example below 60°C.

Paraffin or wax 1s a suitable phase-change material for the
intended application, which, depending on the type of
paraffin or wax has a low melting temperature, for example
around 45°C, and whose volume increases substantially upon
the transition from the solid to the liquid phase and
preferably occupies 1ts original volume again upon

solidification.

The invention also relates to a device for recovering heat
from a hot medium and the conversion thereof into
hydraulic, mechanical or electrical energy, whereby the
device comprises at least one energy cell with a tube heat
exchanger as described above, whose second chamber 1is
connected to a hydraulic c¢ircuit to drive a hydraulic
consumer such as a motor or cylinder, and the heat
exchanger in the first chamber is connected via a valve
system to a circuit with a supply of a cold medium whose
supply temperature is below the melting temperature of the
phase-change material, and to a circuit with a supply of a

hot medium whose supply temperature is above the melting
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temperature of the phase-change material, whereby the valve
system 1s such that the cold medium and hot medium are
alternately driven through the heat exchanger for a certain

period.

With such a device i1t 1s possible to convert the thermal
energy of a waste flow into useful hydraulic, mechanical or

electrical energy.

With the intention of better showing the characteristics of
the invention, a few preferred embodiments of an energy
cell according to the invention are described hereinafter
by way of an example, without any limiting nature, with

reference to the accompanying drawings, wherein:

figure 1 schematically shows a perspective view of an
energy cell according to the invention cut in half;
figure 2 shows a cross-section of the energy cell of
figure 1, but with a partial omission;

figure 3 shows the membrane indicated in figure 2 by
arrow F3;

figure 4 shows the cross-section indicated in figure 2
by the box F4 on a larger scale, this time without
omission;

figure 5 shows the section indicated in figure 4 by
the box F5 on an even larger scale;

figure 6 very schematically shows a device according
to the invention that is provided with an energy cell
according to the 1invention with a phase-change

material in the solid state;
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figure 7 shows the device of figure 6 but with the
phase-change material in the molten state;

figure 8 shows a cross-section of an alternative
embodiment of an energy cell according to the
invention;

figure 9 shows a cross-section such as that of figure
4, but for a variant embodiment of an energy cell

according to the invention.

In this case, the energy cell 1 shown in figure 1 is
composed of a «cylindrical pressure vessel 2 with a
detachable cover 3 at both ends, which in this case is held
at a distance between the two covers 3 by a retaining ring

4 in the form of a nut in the pressure vessel 2.

The pressure vessel 2 is made to be able to withstand very
high pressures, for example pressures up to 10,000 kPa
(1000 bar) depending on the desired pressures in a certain

application.

The space that is delimited by the pressure vessel 2 and by
the covers 3 1s divided into two chambers by means of a
cylindrical membrane 5, respectively a first chamber 6 that
is surrounded by the membrane 5 itself, and a second
chamber 7 that extends around the membrane 5 between the
pressure vessel 2 and the membrane 5, as can best be seen

in figure 2.

The membrane 5 is made of an impermeable elastic material

such as rubber, for example nitrile rubber, or an elastomer
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or composite material or similar, and is held by a free

edge 8 in a sealing way at each end in a cover 3 concerned.

To this end the aforementioned edges 8 of the membrane 5
are provided with a thickening 9 that can act as an
integrated seal, and the covers 3, in the embodiment of
figures 4 and 5, are made of two parts with a first part 3A
that is held by the aforementioned retaining ring 4 in the
pressure vessel 2, and a second part that i1s fastened in or
against the first part with clamping of an aforementiocned
edge 8 with thickening 9 of the membrane 5 in a chamber 10

that 1s enclosed between the two parts 3A and 3B.

The second part 3B of each cover 3 1is clamped against the

first part 3A by means of bolts 11 or similar.

Seals 12 and 13 are provided between the cover 3 and the

pressure vessel 2 and the retaining ring 4.

On the outside oriented towards the second chamber 7 the
membrane 5 is provided with one or more ribs 14, in this
case peripheral ribs 14, of a certain thickness that can
act locally as spacers between the membrane 5 and the
pressure vessel 2, and which also act as reinforcing ribs
14 of the membrane 5. In the example shown, the ribs 14 and
the membrane 5 are made from one piece of the same

material, although this is not strictly necessary.

In the same way the pressure vessel 2 is provided with ribs
15 of a certain thickness on the inside oriented towards

the membrane 5, whereby these ribs 15 are preferably also
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constructed as peripheral ribs 15 and are preferably

provided opposite corresponding ribs 14 of the membrane 5.

The energy cell 1 is further provided with a tube heat
exchanger 16 in the form of a bundle of tubes 17 that
extend axially through the first chamber 6 and which are
held at their ends 18 by means of a sealing O-ring 20 in

the passages 19 in the respective covers 3.

The space around the tubes 17 in the first chamber 6 1is
filled with a phase-change material 23 which, when the
energy cell 1 is not used, 1s in a solid state as shown in
figure 4, and which in this state occupies a volume that is
just sufficient to fill the first chamber 6 when the energy
cell 1s empty and not in use, or is somewhat larger than
this empty volume of the first chamber 6 so that in this
state the membrane is not or only slightly tensioned in the

radial direction.

The tubes 17 form a link between the two ends 21 and 22 of
the pressure vessel 2, whereby these ends 21 and 22 can act
as an inlet and/or outlet for a cold or hot medium that can
be guided through it in order to heat or cool the phase-
change material 23 in order to make this phase-change

material 23 melt or solidify.

Preferably the tubes 17 are provided on their outside with
radially-oriented fins, that are not shown in the drawings,
and which are intended to increase the heat-transferring
area between the tubes 17 and the phase-change material 23.

Moreover, the fins as it were form the skeleton to support
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the phase-change material 23. The distance between the
radially-oriented fins can Dbe constant or variable

depending on the application.

The tubes can be provided or otherwise with internal fins
on the inside that are intended, for example, to increase
the heat-transferring area between the medium in the tubes
and the tubes or to make the medium eddy or similar, and as
it were generate microchannels such that the turbulent heat

transfer 1is better.

The phase-change material 23 is preferably a material with
a low melting temperature that is between 25°C and 95°C, or
better with a melting temperature of the medium that 1is
below 60°C in order to be able to melt the phase-change

material 23 at low temperatures of the medium.

An example of a suitable phase-change material 23 1is
paraffin or wax whose volume 1in the molten state 1is

substantially greater than in the solid state.

When the energy cell is in use, the second chamber 7 is
filled with a hydraulic fluid 24 originating from a
hydraulic circuit that is hydraulically connected to the
second chamber 7 by two connecting nipples 25 that are each
screwed in a passage 26 of the pressure vessel 2, and which
are provided with a cap 27 that prevents the membrane 5
from being able to be pushed in the radial direction from

the pressure vessel 2 in the nipple 25 or passage 26.
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The membrane 5 acts as an 1lmpermeable separation between
the phase-change material in the first chamber ¢ and the

hydraulic fluid in the second chamber 7.

The use of an energy cell 1 according to the invention 1is
very simple and is explained hereinafter on the basis of
figure 7 in which the energy cell 1 is shown as forming
part of a device 28 according to the invention for
recovering heat from a supply A of a hot medium that has a
temperature that is a greater than the melting temperature

of the phase-change material 23.

This supply A of hot medium is connected via a valve system
29 to end 21 of the energy cell 1, while the other end 22
of the energy cell 1 1is connected to an outlet B for the
hot medium after it has been driven through the tube heat

exchanger 16 of the energy cell 1.

Similarly the energy «cell 1 is connected via the
aforementioned valve system 29 to a supply C for a cold
medium and an outlet D for this same medium after its

passage through the heat exchanger 16.

The cold medium that is supplied has a temperature that is
below the melting temperature of the phase-change material

23.

The valve system 29 is such that the cold medium and the
hot medium can be driven alternately through the heat

exchanger 16 for a certain period.
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The energy cell 1 1is also connected via the connecting
nipples 25 and another valve system 30 to & hydraulic
circuit 31 to drive a hydraulic consumer 32, which 1is
presented here, by way of an example, as a hydraulic motor

33 for driving an electric generator 34.

The valve system 30 is arranged such that the fluid always

circulates in the same direction in the circuit 31.

The device operates as follows.

Starting with a situation as shown in figure 6 whereby the
phase-change material 23 is in a solid state, for a first
period of around fifteen seconds, for example, the valve
system 29 is controlled such that during this period hot
medium is driven from the supply A through the tube heat
exchanger 16 to the outlet B, as shown in figure 7 while

the supply and outlet of the cold medium is closed.

As a result of the heat of the hot medium, the phase-change
material 23 1is heated up and made to melt such that the
volume of the phase-change material 23 increases and as a
result the membrane 5 is pushed away radially such that the
volume of the second chamber 7 Dbecomes smaller and the
hydraulic fluid 1is pressed out of this chamber 7 into the
circuit 31 at a pressure that depends on the hydraulic
resistance of this circuit, and in particular on the load

demanded by the consumer 32.

During a subsequent period, as shown in figure 6, instead

of the hot medium the cold medium 1s driven through the
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heat exchanger 16 by a suitable control of the valve system

29.

As a result the molten phase-change material 23 solidifies
again and decreases in volume, such that the hydraulic

fluid can flow back from the circuit 31 to the energy cell.

In this way the energy cell 1 acts as a beating heart as it
were in order to alternately supply the consumer 32 with

hydraulic oil.

In practice a battery of a number of energy cells 1 1is
always connected to the c¢ircuit 31, whereby the wvalve
system 29 will ensure that a proportion of the energy cells
1 are supplied, simultaneously and for equal periods, with
hot medium and another proportion are supplied with a cold
medium and that these cells are alternately and
simultaneously switched over from cold to hot medium or
vice versa, such that there are always cells that drive
hydraulic flulid to the consumer 32 and it can always be

driven in the same direction with greater regularity.

Figure 8 shows a variant of an energy cell whereby a part
of the valve system 29 is integrated in a double connecting
piece 35 at each of the ends 21 and 22 of the energy cell 1
in the form of a non-return valve 36 in each of two
connections 37 and 38 that are provided in each connecting

piece 35 for connection to a hot and a cold circuit.

Figure 9 shows a variant of an embodiment of an energy cell

1 whereby in this case a cover is constructed as a single
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component and whereby the edge of the membrane 5 is clamped
in between the wall of the pressure vessel 2 and the
single-component cover 3 in a hollowed chamber 10 for this

purpose.

Although in the example shown the pressure vessel 2 and the
membrane 5 are constructed as coaxial c¢ylinders, other
forms are not excluded that ensure that the membrane 5 is
stretched elastically upon an expansion of the phase-change

material 23.

Instead of using a phase-change material 23 that expands
upon melting, it 1s not excluded using a phase-change

material that contracts upon melting.

It is also not excluded that instead of a tube heat
exchanger 16, other means are used to alternately heat and

cool the phase-change material 23.

For the rest, it is not excluded that the tubes 17 are not
straight tubes but are folded into U-shaped tubes, for
example, that are held at both ends in the same cover 3,

for example.

The present i1nvention 1is by no means limited to the
embodiments described as an example and shown in the
drawings, but an energy cell according to the invention can
be realised in all kinds of forms and dimensions, without

departing from the scope of the invention.
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First part (32! and the second part (3B} to form a seal

batween the two chambers (& angd 7).

7.~ Ensrgy cell aceording to ¢lzim 8, characterissed 1n that

a chamber (10) is enclosed between the first part (33) and
the second part {(3By of the cover (3), and that the
aforementionsd edge (8] of the membrane (&) is provided

with & fhickening (9% that is held sxislily in this chanbsr

{10} as &#n integrated seal.

o

8.~ Energy cell according to any one of the previous
claims, characterised in that the aforementioned paszages
{2€;, that can sot as an  input andlor output fer the
hydraulic fluid (24) 4n the second chamber (7}, are
screensd off by & cap or screen {27} that prevents the
membrane (5} Trom being able to be pughed inte the passage
{26) concerned upen the expansion of the phase-change

material (23).

9.- Energy cell scceording to any one of the previeus

claims, characteriged in that the membrans (5 on the side

orisgnted towards the second chamber (7)) Is providad with
ane o more ribe (147 of a fertain thickness.

10.~ Energy cell according to claiwm 9, characterised in
that in the case of a tubular membrane (5) the xibs {14}

are peripheral ribs,

-

F_I
i

el

Easrgy cell acfording to ¢laim 8 of 10, characterised

in that the ribs (14) and the membrarne (5

are made Trom

¢rie plece of the same material.
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provided on thelp lnside with internal fins to increase the

Fs

heat=transferring area between-the medium in the tubss and
the tubss oy to engble the meédium to eddy or similar and ta
gensrate microchannels asg 1t were such that ths turbulent

sat bransier ig hatter.

1.~ Energy cell according to any one of the claims 15 to
17, characterised in that the .aforementioned wubes 17
extend betwesn an lnlet and an inlet, whareby the inlet and
the eutiet are edch provided with two connections (37, 38,
respestively one gonnection (37) for connegtion o @ hol
circuit with a hot medium to make the phase-change materisl
(23} melb and & connection (38) for connection to a oold
gircult with a wcold medium to make the phase~-change

material (23} solidify again.

19.~ Energy cell according to claim 18, characterised in
that ezch connection 1is -provided with a non-veturn valve
{36) that must enable the tubs heat exchanger {(1§) to ke

alteynmataly provided with hot and cold mediums

20~ Energy cell actording te any one of the previous

L

claims, characterised iIn that the phase-changs material
{23 ds material with a melting temperature that ds

a
between  285°C  and  95°C, preferably with & melting

temperature that is below 60°C.

Z1.~ Energy cell according to claim 20, charascterised in

that the phase-chinge material (23] can be paraffin or wax.
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