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Refrigeration is responsible of twenty percent of the worldwide energy consumption and
the majority of the systems are based on vapor compression.

In the scientific community, elastocaloric refrigeration, belonging to solid-state
refrigeration technologies, is increasingly attracting interest, as a valid alternative to vapour
compression. It is based on the latent heat generated as a consequence of the austenite-
martensite transformation phase, a phenomenon shown by Shape Memory Alloys (SMA)
as a consequence of cycles of stress/unstress under adiabatic conditions. The main SMA
property is the capability of keeping memory of the initial form and being able to recover
it after the remotion of the uniaxial stress (unloading). The elastocaloric effect can be
exploited in a regenerative thermodynamic cycle called Active elastocaloric regenerative
refrigeration cycle (AeR). The paper reports the data coming out though a numerical
analysis by modelling a single bunch of elastocaloric wires crossed by air. The heat transfer
and the energy performances have been investigated under a wide set of conditions:
different geometrical parameters of the wires and many air flow speed.

1. INTRODUCTION

The research for novel technologies for cooling and air
conditioning has been pushed by the new directives
prescribing [1] a progressive dismission of refrigerants fluids
because of their impact on global warming and atmosphere
caused by high Global Warming Potential (GWP) and not-zero
Ozone Depletion Potential (ODP). Over the years more space
has been gained by unconventional refrigeration, known as
Not-in-Kind [2-4], basing on solid-state materials showing
caloric effect [5]. The latter is a phenomenon where solid-state
refrigerants exhibit a temperature variation as a consequence
of an external stimulus coming from an adiabatic variation of
an external field [6]. These materials do not present any GWP
that consequentially derives in a more ecological impact of
caloric technology toward the environment, rather than vapor
compression [7-9]. The caloric technologies include
magnetocaloric, electrocaloric, elastocaloric and barocaloric
materials [10]; depending on the type of stimulus given by the
external field. Magnetocaloric effect rises as a consequence of
the application of a magnetic field [11, 12]; electrocaloric one
is forced by the variation of an electric field [13]; elastocaloric
is the results of a mechanical stress [14] and barocaloric effect
[15, 16] depends on the application of a hydro-static pressure.

The primary of the above mentioned technologies
developed and investigated over the last 30 years is the
magnetocaloric one [17] through manly the employment of
Gadolinium, is the benchmark magnetocaloric material that
exhibits a peak of the effect at room temperature (294 K). The
results of the investigation in this fields are clearly visible
since currently more than 100 prototypes of magnetocaloric
refrigerators or heat pump were developed [18], but the goal
of the commercialization was not scored, yet. The reasons are
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attributable to the small values of Coefficients of Performance
(COPs), cooling power and temperature span that a
magnetocaloric refrigerator could achieve, since limited are
the ATaq detected in the magnetocaloric materials. Moreover,
many of them are not easily available for a large scale use (rare
earths) and low are the intensities of the magnetic fields that a
permanent magnet could generate.

The natural and more rational consequence of the above
conclusions has been a wider extension of the researches
toward the other caloric effect-based techniques. Elastocaloric
cooling seems to be the most encouraging since the materials
are cheap, easy to produce as well as simpler is the application
of the mechanical stimulus. The elastocaloric benchmark
material is the Ni-Ti binary alloy [19, 20], that are Shape
Memory Alloys (SMA) showing elastocaloric effect at
ambient temperature. These materials are capable to memorize
the shape they have before being uniaxially stressed and the
possibility to come back in that shape once the mechanical
field was removed. When the stress is applied (loading
process), the elastocaloric material transforms itself
structurally from Austenite to Martensite (A-M); whereas a M-
A transformation takes place when the stress is removed
(unloading process). The shape-memory and the super
elasticity, exhibited aabove austenite stability temperature (Ay)
and below martensite stability temperature (My), respectively,
are two properties of the elastocaloric materials strictly
connected to A-M and M-A transformation. The latter
property allows the SMA being loaded up to 8.5% strain, thus
releasing the transformation heat; on the other side, the former
property allows to recover the initial shape, avoiding
deformations.

The correct and customized developing with respect to the
desired purposes, depends crucially on the elastocaloric
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materials employed. Since the first pioneering investigations,
the NiTi binary alloys got unquestionably the benchmark role,
caused by the promising temperature changes shown at room
temperature. The latter are classifiable as Shape Memory
Alloys but elastocaloric materials can be alternatively Shape
Memory Polymers (SMP).

Shape Memory Alloys are all the Ni-Ti based alloys (doped
with Cu, Co, Pd, etc.), the Cu-based (doped with Al, Ni, Zn,
Mn, etc.) and Fe-based based (doped with Pd, Rh, Mn, Si, Ni,
etc.) binary ternary or quaternary alloys [21]. Recent
investigations revealed that the combination of a Nickel
Titanium alloy with vanadium or aluminum minimizes the
stress hysteresis and stretch the fatigue life [22]. The addition
of copper as fourth element of the alloy makes the A-M/M-A
transformations tunable in the desired temperature range [23,
24]. Other researchers noticed that the presence of aluminum
as third element of a Cu-based alloy (Cu-Zn-Al [25], Cu-Al-
Mn [26]) improves the conductivity of the elastocaloric
element and thus the heat transfer coefficients. The latent heat
released during the entire A-M adiabatic transformation in the
Cu-Zn-Al alloys provokes a 15 K temperature increase; the
con is the short fatigue life of such ternary elastocaloric
materials that condition the application requiring long-time
working. In the end, Fe-based alloys exhibit temperature
changes significantly lower than the other two families (5 K)
but smaller is the stress hysteresis, too [27].

Rubbers and polymers are the classes of elastocaloric
materials defined SMP [28, 29] and they are cheaper than Ni-
Ti alloys and due of a longer fatigue life but enormous strains
(up to 600%) are required to observe the elastocaloric effect,
i.e. the coupled significant elongations yield SMP not to easily
employable for practical applications in experimental
prototypes.

The keys to develop a well-operating elastocaloric
experimental protype is not limited to the choice of the most
appropriate material but an optimized projecting is required,
and this aspect can preliminary being studied through
numerical modelling.

Currently, the elastocaloric devices developed and
introduced to the caloric scientific community are no more
than 15 and far is the possibly of large-scale employment, yet.

Italy has not presented yet any developed prototype to the
worldwide community but the University of Naples Federico
IT is going to fill this gap through the “SUSSTAINEBLE”
research project [30, 31]. The final goal of SUSSTAINEBLE
is to develop a the first Italian elastocaloric prototype featured
by the rotation of several bunches of elastocaloric wires
crossed by air as heat transfer fluid. In this way the bunches
experiment their Active elastocaloric Regenerative (AeR)
cycle not synchronically each other. The four processes of the
AeR cycle are:

(1) the application of the stress ¢ to adiabatically load the
SMA up to making the A-M transformation happens and
observing a positive ATqq (T, 6) in the SMA;

(2) a heat transfer is the consequence of the air (colder)
flowing through the wires to absorb heat from them and
release it the environment or in a hot heat exchanger;

(3) the unloading of the SMA by reducing the stress from ¢
to 0 gives rise to M-A and a negative AT,q (T, o) is registered;

(4) the air (hotter) flowing through the SMA wires (colder)
allows the former to cool down and producing the cooling
effect, once reached the environment or the cold heat
exchanger.

A numerical investigation has been performed in this paper
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to evaluate the energy performances of a single bunch of wires,
following the variation of many parameters: cycle frequency,
air velocity, wires length and distance among them.

2. THE MATHEMATICAL MODEL

A single bunch of NiTi wires has been modelled since it is
one of the elements that act as solid-state refrigerant, that will
be mounted on the ring of the rotary prototype operating
continuously. Specifically, it is conceived as formed by
several bunches of elastocaloric wires placed around the
circumference of two co-rotating disks. The aim is to develop
an elastocaloric refrigerator prototype as a direct air-cooling
unit, without using additional heat exchangers, i.e. air crosses
the SMA bunches during the rotation of the ring, by flowing
in the channel and investing them parallelly. The continuous
extraction of hot and cold air is allowed by an appropriate
positioning of the air inlets and outlets on the prototype base.
To optimize the geometrical parameters of the elastocaloric
elements to be mounted in the prototype, a single bunch of
wires was modelled. In this way it is also possible to evaluate
the energy performances while many operating parameters are
varying: rotation frequency, air velocity, wires length, distance
between wires.

The material under test in the present investigation is the
benchmark Niso.4Tisg.6, With an Austenite finish temperature As
of 20°C. This temperature allows to achieve the pseudo elastic
behavior at ambient temperature. For this material, the
complete Austenite-Martensite transformation corresponds to
a latent heat of 20 J g and to an adiabatic temperature change
of 40 K. The SMA was subjected to a strain rate of 0.25 s* that
corresponds to an adiabatic transformation with a loading and
unloading time of around 200 ms. We avoided to solicit the
wires with larger strain rate because of the crucial
consequential reduction of fatigue life. The time variation of
the fluid flow has allowed to vary the operating frequency.

The supporting mathematical model is described by the
following equations:
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To develop the model, the following assumption have been
made: 1) negligible is the loading/unloading time with respect



to the heat transfer time caused by the air flow. This ensure the
loading/unloading process to be considered adiabatic. ii) the
A-M and M-A transformations occurs uniformly though
uniaxially stretching operations; iii) the external boundary
conditions of the regenerator ensure it is adiabatic with respect
to the environment; iv) the model is 2-dimensional; v) the
elastocaloric effect is evaluated through the estimation of the
latent heat and the work needed for loading/unloading
processes.
where, G is the heat source due to elastocaloric effect, i.e. it
depends on the latent heat AH , the martensitic phase
transformation &,, and the work required w and it can be
evaluated as:
G = psua(4H + W)y (2)

In SMA elements the heat source associated to the A-M and
M-A transformations is different due to the stress hysteresis.
According to Tusek et al. [32] the net-work is:

Whet = Wioad — Wunload (3)
representing the entropy-temperature hysteresis cycle area.

The martensitic phase transformation &,,can be estimated
through the following differential Eq. (4):

EM = fM‘PMA(TSMA' o) — EAIPAM(TSMA' o) 4

where:

Sutéa=1 (5)

Since the time required for the loading/unloading processes
is negligible compared to the heat exchange time with air, the
term &,, assumes only +1 or -1 as numeric value. Therefore, G
changes its sign during the A-M/M-A transformations. During
the convective heat transfer process, the elastocaloric material
is kept in a fixed strain condition, thus &,,=0 and consequently
the heat source term G is zero.

3. OPERATING CONDITIONS

The air flow crossing the elastocaloric wires has an entering
temperature of 293 K on both sides since in this preliminary
investigation we do not connect the cold and hot heat
exchangers to the device, and we suppose direct exchanges
with the environment where the prototype is placed. 0.25 s7! is
the strain rate for the stress/unstress cycles on Ni-Ti wires, thus
corresponding to a time period of 0.2 each. Keeping constant
this time, the working frequency of the AeR cycle was
changed depending on the time for fluid flowing. The thermo-
physical properties of Niso4Tisg6 are: 15 W m™'K-! as thermal
conductivity; 6500 kg m™ as density; 500 J kg™' K'! as specific
heat [33].

The cycle frequency, i.e. the time for fluid flowing was set
in relation to the transient constant t that regulates the
convective heat exchange between the fluid and the
elastocaloric material:

= PsmaCsmaVwire _ PsmaCsmaDwire

hAire 4h ©
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The (6) underlines that the smaller the wire diameter is, the
higher will be the cycle frequency. In these simulations the
wires are designed with a diameter of 0.3 mm, since a smaller
value would have carried the elastocaloric elements to break
with greater ease.

The set of the values of the time for fluid flow used in the
investigation  (always multiples of t) is:
[1.0;2.0;4.0; 6.0] s.

The set of the air velocity, chosen according to the typical
values of the air-cooling systems, is: V=
[3.0;5.0;7.0;9.0; 11.0] m s~ 1.

The elastocaloric elements have been designed placed at
three different distances each other: d = [0.5; 1; 2] mm.

Variable is also the wires length: L = [100; 200; 300] mm.

After each investigation the results have been collected and
studied through the evaluation of the main energy performance
indexes of an air-conditions: the temperature span and the AeR
cooling power, defined respectively in Eq. (7) and (8), were
calculated after each test:

tf:

tioad+tcur+no

J

tioad+nb

Tr(L,y, t)dt
1 _
ATspan = 5 (7

tioad +2tcHT +tunioad +nb
t

load+tCHT +tunload+n6

The temperature span is defined as the difference between
the average temperature of the hot air leaving the regenerator
in the second step of the cycle (when the heat is released) and
the temperature of the cold air exiting from the regenerator in
the fourth step of the cycle.

tioad+2*tf+tynioad+né

Qref = mef (Tenv

0
tioad+tf+tyunioad+nd

~Tp(0,,)) dt

®)

The cooling power is calculated as the integral in the heat
exchange time of the difference between environmental
temperature (293 K) and the temperature of the cold air exiting
from the system in the last step of the cycle.

4. RESULTS AND DISCUSSION

The Figure 1 shows the temperature span vs the cycle
frequency parametrized for air velocity when the distance
between two wires is: (a) 0.5 mm; (b) 1.0 mm; (c) 2.0 mm. It
could be noticed that the smaller is the air flow speed, the
lower is the frequency that maximizes the temperature span.
The reason is to be found in the higher values of convective
heat exchange transient constant corresponding to smaller
velocity, since larger is the time for optimal heat exchange. At
the same time, at fixed velocity, it could be noticed that the
greater the distance between two wires is, the higher is the
optimal frequency point.

At fixed distance between two wires and for every distance,
the data is a reduction of the temperature span for larger air
velocities; such data is more remarkable if smaller are the AeR
cycle frequencies. 40% is the value of the mean decrement. To
well understand the previously mentioned trend one can
consider that if the air flows slowly, greater is the time that air



spends in contact with the wires, i.e. major is the heat exchange,
with a consequential augmentation of the heat transfer.
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Figure 1. ATpan vs facr parametrized for air velocity when
the distance between two consecutive wires is: (a) 0.5 mm,;
(b) 1.0 mm; (c) 2.0 mm

The placement of the wires at smaller distances each other
carries to the detection of larger temperature span (+50% as
medium increment on the ATy, values calculated for d = 0.5
mm with respect to d = 1.0 mm). The increment is larger if
faster is the fluid flowing (the mean increment is 40% at 3
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m s™! air velocity and 60% at 11 m s™). Indeed, the placement
of the wires at reduced distance each other provokes an
increment of the convective heat transfer coefficient (on equal
air flow speed), increasing the heat exchange between the fluid
and the SMA elements.

The Qoo per mass unit of Ni-Ti as a function of frequency
parametrized for fluid velocity when the distance between two
wires is: (a) 0.5 mm; (b) 1.0 mm; (c) 2.0 mm is visible in
Figure 2.
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Figure 2. Cooling power per mass of the elastocaloric
element mass vs facr parametrized for v when d is: (a) 0.5
mm; (b) 1.0 mm; (c) 2.0 mm



The examinations of the curves plotted in the Figures 2 (a),
(b), (c) reveals that for all wire distance d large cooling powers
are associated to faster air velocities and the medium
increment with speed increasing + 60%, specifically between
3msland1lms

Indeed, on equal frequency for faster fluid flows greater
heat transfer coefficients are calculated, thus improving the
solid-fluid heat transfer. This increment is better visible is
smaller is the distance between the wires (+ 70% as medium
increment at d=0.5 mm whereas +50% is at d=2 mm). The is
an optimal frequency for every curve of iso-velocity. The
maximum value of the Qc,,; and the maximum value of the
ATspan correspond to different value of the optimal frequency.

The cooling power increases if the wires are placed farer
due to the augmentation of the global fluid flow rate in the
prototype (at fixed number of wires). It is higher when the air
flow is lower. For slower air speeds, for example at 3 m s, the
geometry configuration where the wires are placed at 1.0 mm
or 2.0 mm as a distance, gives respectively +50% and +40%
as medium cooling power per mass unit increase with respect
to d = 0.5 mm; if the speed grows up to 11 m s, the registered
increment is only +8% and +18%, respectively for 1.0 mm and
2.0 mm.

There is compromise between the achievement of the
maximum of ATspan and the maximization of Qc,,;. For this
reason, a middle resolution could be working with parameters
set at the center of the range and choosing 1.00 mm as optimal
distance between the SMA elements. Once the previous
parameter was established, the wires length has been
investigated. In the Figures 3 ATspan @S a function of faer
parametrized for air velocity when the length of the wires is:
(@) 100 mm; (b) 200 mm; (c) 300 mm, is reported. To smaller
speeds higher values of temperature span are coupled. The
increasing of wire length positively impacts on ATspan,
stemming anyhow that the relative percentage increments with
the length are effectively function of the fluid velocity, more
than cycle frequency. For 3 m s speed, a medium value (with
respect to the tested frequencies) of +7% on ATspan has been
calculate if the length increases from 100 mm to 300 mm,
whereas +69% is shown for 11 m s* air speed. The increase of
the ATspan if the lengths augments from 200 mm to 300 mm is
detectable only for high speed whereas it is completely
inexistent for 3 m s,

The differences between the absolute maximum and the
absolute minimum, proper of each data set are: 12.7 K for
L=100 mm; 7.3 K for L=200 mm; 4.4 K for L=300 mm. From
Figure 3 one can assert that at 100 mm there is the most
sensitivity to the variation of the investigated working
parameters: v and faer.

The effect of the length variation has been studied also with
respect to the cooling power for mass unit, as Figure 4 shows
as a function of faer parametrized for v when the length of the
wires is: (a) 100 mm; (b) 200 mm:; (c) 300 mm.

The general consideration emerging from Figure 4 is that
higher cooling powers per mass unit are noticeable for larger
air flow velocities and there is a different optimal frequency
depending on the length. Furthermore, the Q,,,; per unit mass
rises with the wire length: more precisely, increasing the wire
length, the heat exchange paths that the air crosses are longer;
indeed, there is an augmentation of the heat exchange area.
When the length grows up the effect on Q,,,; is always very
pronounced if L grows from 100 mm to 200 mm, for all the air
velocities and the frequencies tested. Anyhow if L increases
from 200 mm to 300 mm a saturation in the cooling power
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augmentation is evident for all the frequencies at low speeds,
above all 3 m s%. Increasing the air velocity, the saturation
effect is evident only from the frequency 0.227 Hz upwards.
At 3 m s, the effect of augmenting L from 100 mm to 200
mm carries a + 10.5% as Q.,,; percentage increment but no
rising occurs for L increasing. The medium percentage
increments on cooling power at 11 m s!, are: + 45.4% from
100 mm to 200 mm and + 12.8% from 200 mm to 300 mm.
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Figure 3. AT pan vs facr parametrized for v when the L is: (a)
100 mm; (b) 200 mm; (¢) 300 mm
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Figure 4. Cooling power per mass unit vs facr parametrized
for v when L is: (a) 100 mm; (b) 200 mm; (¢) 300 mm

5. CONCLUSIONS

The effect of the variation of the most important operating
parameters of a bunch of elastocaloric wires on the energy
performances of the AeR cycle was investigated in this paper.

Specifically, the dependence of the cycle frequency and the
fluid flow velocity by changing lengths and distance between
the wires of a bunch of SMA wires has been studied. The
bunches were designed since it will be one of several elements
placed in the first Italian elastocaloric prototype. In
SUSSTAIN-EL the bunches will be mounted circularly, and
they will be crossed by a heat transfer fluid. The purpose is to
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optimize the heat exchange between the air flow and Ni-Ti
wires, so to me the prototypes showing optimized energy
performances in terms of temperature span and the cooling
power. The results have been presented in the paper and
widely discussed; basing on this one can draw the following
conclusions:

+  for all the studied wire lengths the ATspan reduces its value
when the fluid velocity grows up on every frequency
tested;

+  for every fluid flow speed, the maximum value of AT span
is obtained at different frequency value. Fixing the
velocity, the optimal frequency reduces its value if the
SMA element is longer and if the distance between the
wires is reduced;

« asmaller distance between two wires can provide larger
ATspan (+50% as medium increment evaluated for d=0.5
mm with respect to d=1.0mm);

« for every v and faer, a length increase from 100 mm to
200 mm positively impacts on temperature span. There is
a greater effect when the length grows on ATspan from 200
mm to 300 mm with the increase of the speed, while on
the contrary, there is not for 3 m s™.

»  Tofasterair flows are coupled larger cooling powers. This
derives in the existence of a trade-off in the possibility of
maximizing ATspan and cooling power.

»  Fixing both f and flow speed the cooling power augments
if the distance between two wires is larger.

+  The Qoo PEr Mass unit grows also for longer wires. In
particular, it always grows passing from values of L of
100 mm to 200 mm, for all the fluid speed and the
frequencies tested. Whereas, passing from values of L of
200 mm to 300 m, there is a saturation that manifests for
every faer if the velocity is 3 m s, As speed increases, the
saturation effect is evident only from the frequency 0.227
Hz upwards.

In conclusion, with respect to the cycle frequency and the
air flow velocity, given the revealed trade-off between the
maximization of AT and Qceo;, in our opinion the most
suitable solution would be to operate with values located in the
centre of the tested ranges: i) 0.119 Hz as facg; ii) 7m s as v;
iii) 1.0 mm as optimal wire distance; iv) 200 mm as wire length.
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NOMENCLATURE

Roman symbols

XIIO—"‘Q_UO>

area, m?

specific heat capacity, J kgt K!

diameter, mm

Distance between two wires, mm

frequency, Hz

elastocaloric term, ki m

Latent heat, J g*

convective heat transfer coefficient, W m2 K1
thermal conductivity, W m* K
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=

l

< Xs<<<<cSc~+H0UT S533r

length of the wire, mm

Mass, kg

flow rate, kg s*

number of times

pressure, Pa

Prandtl number, -

power, W

temperature, K

time, s

x-velocity field component, m s
volume, m®

y-velocity field component, m s
velocity vector, m s
loading/unloading work, J g
longitudinal spatial coordinate, m
orthogonal spatial coordinate, m

Greek symbols

€ AaDouyncScT DO >

Subscripts

A
AM
ad

air

C
env

f
load
M
MA
net
SMA
span
unload

finite difference

strain, N

period of the AeR cycle, s

dynamic viscosity, Pa s

cinematic viscosity, m? st

volume fraction of the superelastic phase, -
density, kg m3

uniaxial stress, MPa

convective heat exchange transient constant, s
probability, -

Austenitic

Austenite-to-Martensite transformation
adiabatic

air

cooling

environment

fluid

loading

Martensitic

Martensite-to-Austenite transformation
net

Shape Memory Alloy

span

unloading





