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FIG. 1
(PRIOR ART)

(57) Abstract: The present invention relates to a superelastic SMA
structure, with enhanced power density and compressive stability,
comprising two or more connected plate sections to form an overall
substantially closed perimeter, wherein the structure comprises an
opening positioned in the centre of the structure, and wherein the
connected plate sections are dimensioned with a circular symmetry
to allow a stacking assembly, and wherein each section includes an
array of hollow perforated cells formed between one or more thin
vertical walls of a thickness within a predefined range of values, and
wherein at least one perforated cell defines a fluid passageway within
a predefined range of hydraulic diameter values.
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Title
SMA stack structure for improved heat transfer and structural stability

Field
The present disclosure relates to a Shape Memory Alloy (SMA) stack or plate

structure. In particular the disclosure relates to a superelastic SMA structure with

enhanced power density and improved compressive stability.

Background
Recent research into the Elastocaloric [EC] effect has demonstrated its potential

as a solid-state alternative to traditional Vapour Compression refrigeration and
heat pumping approaches. The EC cycle takes advantage of the superelastic
behaviour of Shape Memory Alloys, which facilitates, through cyclic uniaxial
loading and unloading, the absorption of heat from a low temperature source and
its rejection to a higher temperature sink.

There has been a lot of interest recently in the use of SMA material to make
energy recovery devices and heat pump/refrigeration systems. One example of
a use of SMA plate material is in a heat pump device comprising at least one
stack of a plurality of plates where at least two plates are formed of a SMA
material and assembled, the plurality of SMA plates having one or a plurality of
fluid ports adapted to allow passage of a working fluid through the stack. Such an
application of a SMA stack application is disclosed in PCT patent publication
number W02021/219667, assigned to Exergyn Ltd.

WQ02021/219667 describes a known SMA plate structure (as shown in Fig.1)
substantially rectangular in shape with a number of rectangular openings to allow
for a working fluid to flow through one or more openings. Heat transfer from the
SMA into and out of the working fluid is critical for stack thermal performance.
Thinner walls give faster heat transfer, but this also reduces the stack stability

when under a compressive load.
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US 2016/0084544 discloses a system for heating/cooling and includes a plurality

of thermoelastic modules. Each of the modules includes one or more structures
formed of shape memory alloy, which converts from austenite to martensite upon
application of a first stress and releases latent heat from the conversion. The
system includes tubes of SMA. However, the tubes lack durability, making the
tubes uncommercial in terms of buckling strength and manufacturing cost for
macro scale heating and cooling devices. The tubes are thermally inefficient and
do not expand and/or contract uniformly. Moreover, the tubes suffer from buckling

during use.

There is therefore a need for an improved and more stable SMA stack structure
that has an improved rate of heat transfer into and out of the SMA material (and
therefore power density) while maintaining structural strength.

Summary
The present invention relates to a structure formed by an SMA material, as set

out in the appended claims. The SMA structure is particularly suited for use in a
heat pump/refrigeration system.

In one embodiment there is provided a superelastic SMA structure with improved
power density and compressive stability, the structure comprising a substantially
hexagonal or circular structure shape to define an array of hollow perforated cells
formed between one or more thin vertical walls wherein each perforated cell
defines a liquid or gas passageway. Any reference within this text referring to
fluid is determined to mean a working heat transfer fluid, which can be in the form
of a gaseous substance or a liquid fluid.

In one embodiment there is provided a superelastic SMA structure with enhanced
power density and compressive stability, the structure comprising a substantially
hexagonal or circular structure shape to define an array of hollow perforated cells
formed between one or more thin vertical walls of a thickness within a defined
range of values, and wherein at least one perforated cell defines a fluid

passageway within a certain range of hydraulic diameter values.
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In one aspect of the present invention, there is provided a superelastic SMA
structure, comprising two or more connected plate sections to form an overall
substantially closed perimeter, wherein the structure comprises an opening
positioned in the centre of the structure, and wherein the connected plate sections
are dimensioned with a circular symmetry to allow a stacking assembly, and
wherein each section includes an array of hollow perforated cells formed between
one or more thin vertical walls of a thickness within a predefined range of values,
and wherein at least one perforated cell defines a fluid passageway within a
predefined range of hydraulic diameter values.

In an embodiment of the present invention, each hollow perforated cell has a
substantially hexagonal honeycomb shape or a circular shape. Further, the
opening positioned in the centre of the structure provides a larger second moment
of area, therefore allowing stability from buckling, and longer stacks with reduced
support structures. There is a numerical relationship between stack diameter,
second moment of area, stack height or length, and power density. Also, the
structure with an opening in the center has improved heat flux (W/m2) or heat

transfer coefficient (W/m2/K).

In one embodiment the thickness of the one or more vertical walls is selected

from the range between 0.75mm and 1.25mm.

In one embodiment the thickness of the vertical walls is Tmm. It has been shown
that when the SMA material mid-point to fluid wall distance is reduced to around
0.5mm, exponential improvements can be made in heat transfer, and therefore

power density is also improved.

In one embodiment an effective hydraulic diameter of the fluid passageway for

one or more cells is selected from the range between 2mm and 3mm.

In one embodiment the effective hydraulic diameter of the fluid passageway is

2.4mm.
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In one embodiment the structure comprises a large opening positioned near the

centre of the structure.

In one embodiment the opening is dimensioned to accommodate a support

element.

In one embodiment the support element comprises a central pillar and

dimensioned to support a plurality of superelastic SMA structures.

In one embodiment the structure comprises two or more connected plate sections
to form an overall substantially closed perimeter, with each section a substantially
hexagonal or circular structure shape to define an array of hollow perforated cells
formed between one or more thin vertical walls wherein each perforated cell

defines a fluid passageway.

In one embodiment the number of connected sections comprises three or six

sections.

In one embodiment the connected sections are dimensioned with a circular

symmetry to allow a stacking assembly.

In one embodiment the connected sections are dimensioned with such a pattern

to allow full or partial nesting during manufacture from larger sheets.

In one embodiment each section is configured to interlock with an adjacent

section to define the superelastic SMA structure.

In one embodiment a tensioning element is positioned around the outer perimeter

of the structure.

In one embodiment a tensioning element is positioned around the inner perimeter

of the structure opening.
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In one embodiment a tensioning element is positioned around the exterior
perimeter of the structure opening, and/or an array of individual tension elements
so arranged around the exterior of the stack positioned to reduce SMA loading

during operation.

In one embodiment one or more tensioning elements are positioned internally

and externally to reduce SMA loading during operation.

In one embodiment the tensioning element is thermally insulated from, or

insulated with respect to, the SMA structure.

Brief Description of the Drawings

The invention will be more clearly understood from the following description of an
embodiment thereof, given by way of example only, with reference to the
accompanying drawings, in which:-
Figure 1 is a prior art SMA plate material that can be used in an
elastocaloric device or system;
Figure 2 illustrates a graph and a table showing the relationship between
power density and material mid-point to fluid channel distance of the SMA
material;
Figure 3 illustrates a plan view of a hexagonal shaped superelastic SMA
structure according to one aspect of the present invention;
Figure 4 illustrates a plan view of a hexagonal shaped SMA structure with
an opening cut through its centre;
Figure 5 illustrates a plan view of a hexagonal shaped SMA structure with
an opening cut through its centre and a tension pillar located within the
inner perimeter of the structure;
Figure 6 illustrates a plan view of a hexagonal shaped SMA structure
divided into interlocking parts;
Figure 7 illustrates a plan view of a hexagonal shaped SMA structure
divided into interlocking parts with multiple tension carrying elements;
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Figure 8 illustrates a number of views of the hexagonal shaped
superelastic SMA structure with different shaped openings;

Figures 9 (a) and (b) illustrate a hexagonal shaped SMA structure with
circular shaped holes, in accordance with an embodiment of the present
invention;

Figure 10 illustrate a substantially hexagonal shaped SMA structure with
circular shaped holes, in accordance with an embodiment of the present
invention; and

Figures 11 (a) and (b) illustrate a circular shaped SMA structure with
hexagonal shaped holes, in accordance with an embodiment of the

present invention.

Detailed Description of the Drawings

A SMA plate stack application is disclosed in PCT patent publication number
WQ02021/219667, assigned to Exergyn Ltd. It is desirable that each plate has a
superelastic SMA structure with enhanced power density and compressive
strength. In practice this means a compromise has to be reached in improving
plate design. Figure 2 is an illustration of the SMA mid-point to fluid distance vs
power density. The invention can be used to make a core which may comprise of
a single stack or multiple stacks of SMA material which are mechanically aligned
axially in series and loaded. The SMA siructure as herein described is suitable to
be used in a thermodynamic cycle for heating and cooling in a system having
SMA material.

According to a preferred embodiment of the invention a superelastic SMA
structure with enhanced power density and compressive stability is provided.
Figure 3 illustrates an SMA structure comprising a substantially hexagonal
honeycomb structure shape 10 to define an array of hollow perforated cells 11
formed between one or more thin vertical walls and open at both ends. Each
perforated cell 11 defines a fluid passageway to allow fluid flow through to activate
the SMA structure 10. The purpose of the hexagonal honeycomb structure is to
achieve a mid-point to fluid channel distance of substantially less than 1mm. The
overall thickness of the vertical wall is therefore ideally near Tmm. It has been
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shown that when the SMA mid-point to fluid wall distance is around 0.5mm or
less, substantial improvements can be made in heat transfer, and therefore power

density is also improved, as illustrated in the table of Figure 2.

Figure 4 illustrates a plan view of a hexagonal shaped superelastic SMA structure
10 with an opening 12 cut through its centre. This embodiment involves a larger
footprint but open central area 12, meaning the manifolding for fluid transfer can
be easier to implement. This embodiment gives a larger second moment of area,
therefore allowing greater stability from buckling and so longer stacks with less
support structure. The superelastic SMA structure 10 comprises two or more
connected plate sections to form an overall substantially closed perimeter,
wherein the structure comprises an opening 12 positioned in the centre of the
structure, and wherein the connected plate sections are dimensioned with a
circular symmetry to allow a stacking assembly, and wherein each section
includes an array of hollow perforated cells formed between one or more thin
vertical walls of a thickness within a predefined range of values, and wherein at
least one perforated cell defines a fluid passageway within a predefined range of
hydraulic diameter values.

Figure 5illustrates a plan view of a hexagonal shaped superelastic SMA structure
with an opening cut through its centre and a thermally isolated tension pillar 13
located in the centre. In this embodiment the manifolding at each end of the SMA
stack structure 10 can be from both the outer and/or inner faces of the hexagonal
shaped superelastic SMA structure making the flow management of fluid easier.
The thick perimeter lines as shown in Figures 5 and 6 represent a rigid, flexible,
or combination of both, structure to ensure thermal isolation, 14, 15 of the tension
pillar 13 from the SMA stack, and also to ensure any working fluid within the SMA

stack is entrained only within that active SMA stack area.

Figure 6 illustrates a plan view of a hexagonal shaped superelastic SMA structure
where the structure is made from a number of elements or sections 17. In this
embodiment the superelastic SMA structure can be split into three or six identical

parts 17 that are designed with circular symmetry. If these identical parts 17 are
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designed so that they “jigsaw” or interlock together, they create a core assembly
that is self- interlocking, self-supporting and provide a more robust solution. The
interlocking of the SMA elements allows nesting of components when cutting from
sheet SMA material and therefore is efficient for production cost purposes, and

reducing waste.

Figure 7 illustrates a plan view of a hexagonal shaped superelastic SMA structure
10 where the structure is made from a number of elements or sections 17. A
plurality of tension elements 18 can be arranged around the internal, external, or
both perimeters of the SMA stack in order to reduce the loading forces applied.

One internal element 13 and four external elements 18 are shown for illustration.

Figure 8 illustrates a number of views of the hexagonal shaped superelastic SMA
structures 10 with different shaped openings 19. The overall shape of the
openings 19 can have a bearing on performance. While a hexagonal opening is
shown in the previous figures there are structural stability benefits in an annulus

geometry with a slight expense of surface area:mass ratio.

The SMA wall thickness in the honeycomb-type structures above has been
selected at Tmm overall as this provides an optimum balance between rate of
heat transfer from the SMA and compressive stability, where the structure is
stable enough to allow sufficient stack height to be practically useful, so that a
plurality of the SMA structures can be stacked together. An ideal/optimised range
of 0.75mm - 1.25mm can be selected to implement superelastic SMA structure
with enhanced power density and compressive stability. It will be appreciated
that by going smaller than this range value and keeping stack stability means that
small fluid channels must be used, and these create significant pressure drop in

the system and so reduce efficiency due to pumping losses during operation.

The hydraulic diameter affects heat transfer rate and pressure drop during
operation. The hydraulic diameter varies with internal passage geometry. The
example given in Figure 8 shows a nominal 2mm dimension across the passage

but each presents a quite different hydraulic diameter. Suitably a range of 2mm



10

15

20

25

30

WO 2023/242227 PCT/EP2023/065863

9

to 3mm is the optimum range for fluid channel hydraulic diameter when taking
into account pressure drop through the passageway. This gives the best balance

of heat transfer from SMA to fluid, stack stability, and reduced pumping losses.

Figures 9(a) and (b) illustrate a hexagonal shaped SMA structure 902 with circular
shaped holes 904, in accordance with an embodiment of the present invention.
In said hexagonal shaped SMA structure 902, the fluid channel ID ranges from
2.4mm to 2.5 mm, hydraulic diameter (Dh) ranges from 2.4mm to 2.5mm, and
SMA wall thickness ranges from 0.9 mm to 1Tmm. The ratio of fluid to SMA area
ranges from 0.705 to 0.821, and wetted perimeter ranges from 1176.2mm to
1225.22mm.

Figures 10 illustrates a substantially hexagonal shaped SMA structure 1002 with
circular shaped holes 1004, in accordance with an embodiment of the present
invention. In the hexagonal shaped SMA structure 1002, the fluid channel ID
ranges from 2 to 2.4mm, hydraulic diameter (Dh) ranges from 2 to 2.4mm, SMA
wall thickness is 1 mm, the ratio of fluid to SMA area ranges from 0.545 to 0.667,
and the wetted perimeter ranges from 1005.31 to 1147.7 mm. The SMA structure
1002 is made up of a number of interlocking SMA elements in a similar manner
to the SMA structure described in Figure 6. It will be appreciated other suitable

dimensions can be used.

Figures 11 (a) and (b) illustrate a circular shaped SMA structure 1102 with
hexagonal shaped holes 1104, in accordance with an embodiment of the present
invention. In said SMA structure 1102, the fluid channel ID ranges from 2 to
2.4mm, hydraulic diameter (Dh) ranges from 2 mm to 2.425mm, SMA wall
thickness is 1 mm, the ratio of fluid to SMA area ranges from 0.698 to 0.797, and
the wetted perimeter ranges from 1271.1mm to 1327.4mm. It will be appreciated

other suitable dimensions can be used.

It will be appreciated that in the context of the present invention the following

definitions apply throughout this specification:
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Segment — a section of a plate that is so arranged to allow efficient cutting, nesting
or stacking of two or more segments to then bring together and form a plate of
planar form.

Plate — individual SMA element with one or more fluid passageways created to
allow fluid flow through the plates to facilitate heat transfer.

Stack — plurality of SMA plates, comprising a minimum of two plates which are
assembled together.

Housing — containment for a stack of plates. Provides thermal isolation and fluid
inlet/outlet.

Core - can consist of a single stack or multiple stacks which are mechanically
aligned axially in series and loaded.

Fluid — The heat transfer medium used to accept or reject heat into and out of the
SMA plates during operation. This fluid can be a gas, liquid, or in a transitionary
phase change state between solid-liquid or liquid-gas.

Wall thickness — the total distance from one fluid channel to an adjacent fluid
channel, normal to the wall. This is in effect twice the material mid-point to fluid
distance.

Hydraulic diameter — Used for non-circular fluid channels and can be defined as

four times the cross sectional area divided by the wetted perimeter of the channel.

In the specification the terms "comprise, comprises, comprised and comprising"
or any variation thereof and the terms include, includes, included and including"
or any variation thereof are considered to be totally interchangeable and they

should all be afforded the widest possible interpretation and vice versa.

The invention is not limited to the embodiments hereinbefore described but may

be varied in both construction and detail.
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Claims

1.

A superelastic SMA structure, comprising two or more connected plate
sections to form an overall substantially closed perimeter, wherein the
structure comprises an opening positioned in the centre of the structure, and
wherein the connected plate sections are dimensioned with a circular
symmetry to allow a stacking assembly, and wherein each section includes
an array of hollow perforated cells formed between one or more thin vertical
walls of a thickness within a predefined range of values, and wherein at least
one perforated cell defines a fluid passageway within a predefined range of
hydraulic diameter values.

The superelastic SMA structure of any preceding claim wherein the thickness
of the one or more vertical walls is selected from the range of between
0.75mm and 1.25mm.

The superelastic SMA structure of any preceding claim wherein the thickness

of the vertical walls is 1Tmm.

The superelastic SMA structure of any preceding claim, wherein a hydraulic
diameter of the fluid passageway for one or more cells is selected from the

range of between 2mm and 3mm.

The superelastic SMA structure of any preceding claim, wherein the opening

is dimensioned to accommodate a support element.

The superelastic SMA structure of claim 5 wherein the support element
comprises a central pillar and dimensioned to support a plurality of
superelastic SMA structures.

The superelastic SMA structure of any preceding claim wherein each section
has a substantially hexagonal structure shape or a circular shape.
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8. The superelastic SMA structure of any preceding claim, wherein each hollow
perforated cell has a substantially hexagonal honeycomb shape or a circular

shape.

9. The superelastic SMA structure of any preceding claim, wherein the number

of connected sections comprises three or six sections.

10. The superelastic SMA structure of any preceding claim wherein the connected
sections are dimensioned with such a pattern to allow full or partial nesting

during manufacture from larger sheets.

11. The superelastic SMA structure of any preceding claim wherein each section
is configured to interlock with an adjacent section to define the superelastic
SMA structure.

12.The superelastic SMA structure of any preceding claim wherein a tensioning

element is positioned around the outer perimeter of the structure.

13. The superelastic SMA structure of any preceding claim, wherein a tensioning

element is positioned around the inner perimeter of the structure opening.

14.The superelastic SMA structure as claimed in any preceding claim wherein
the tensioning element is positioned around the exterior perimeter of the
structure opening, and/or an array of individual tension elements so arranged
around the exterior of the stack positioned to reduce SMA loading during
operation.

15.The superelastic SMA structure as claimed in any preceding claim wherein
one or more tensioning elements are positioned internally and externally to

reduce SMA loading during operation.
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16.The superelastic SMA structure as claimed in any preceding claim, wherein
the tensioning element is thermally insulated from, or insulated with respect
to, the SMA structure.
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SUBSTITUTE SHEET (RULE 26)
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