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Introduction

General Concepts

More than 20% of overall energy usage is made up of refrig-
eration and air conditioning. The most popular cooling 
method nowadays is Vapour Compression (VC), which is 
not environmentally friendly due to the usage of refrigerants 
that contribute to the greenhouse effect and because its tech-
nological capabilities have been achieved. This explains why 
the scientific community is interested in creating novel, non-
conventional refrigeration technologies. Among them there 
are solid-state refrigeration-based technologies that benefit 
from: (i) use of solid refrigerants with no direct greenhouse 
effect, since zero is their Global Warming Potential (GWP); 
(ii) energy performance potentially up to +50 + 60% than 
VC systems [1]. The caloric effect of solid-state refriger-
ants manifests itself as a temperature variation of the caloric 
material in an adiabatic transformation changing the inten-
sity of the applied field. In the solid-state refrigeration tech-
nologies one of the most promising is that based on elasto-
Caloric Effect (eCE) [2]. Shape Memory Alloys (SMA) are 
used as solid refrigerants and exhibit superelasticity and the 
shape memory phenomenon, meaning that they may return 
to their original shape after being stressed or relaxed. A 
SMA can exist in the structural states of austenite and mar-
tensite, and the transition from one state to the other can also 
be obtained by the loading and the unloading process [3].

The elastoCaloric (eC) SMAs’ above-mentioned behavior 
enables the design of two different thermodynamic cycles. 
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The direct thermally driven cycle, which could be used in a 
heat engine, and the inverse stress-driven cycle, which could 
be used in a cooling or heating pump system. In many well-
known thermodynamical cycles, the inverse stress-driven 
cycle can be used to influence how a cooling system behaves 
[4]. The reverse Brayton-based AeR cycle, also known as the 
Active elastocaloric Regenerative refrigeration (AeR) cycle, 
is the most used eC refrigeration cycle. The elastocaloric 
SMA also serves as a means of regeneration in an AeR-
based system, and a secondary fluid acts as a means of heat 
transfer. Regeneration allows for the recovery of heat that 
would otherwise be lost in a single stage cycle. As a result, 
the AeR cycle can ensure that the temperature spread across 
the regenerator is bigger than the adiabatic temperature jump 
(ΔTad), which belongs exclusively to eCE and to the mate-
rial itself, it is defined as the temperature change that occurs 
when the elastocaloric material undergoes adiabatic defor-
mation, i.e., deformation without heat exchange with the 
external environment. The maximum temperature span that 
can be detected in the regenerator without regeneration is 
capped by the ΔTspan.

When the elastocaloric material is loaded, its temperature 
rises; next, a Heat Transfer Fluid (HTF) is crossed over it 
to release heat; next, it is unloaded, causing its temperature 
to drop and finally, a cold HTF is crossed over it to absorb 
heat from the thermal load. The benefits of elastocaloric 
refrigeration include: (1) readily available and inexpensive 
refrigerant materials; and (2) ease of delivering a mechanical 
field of high intensity to the material.

State of the Art

Ten years ago, elastocaloric refrigeration came into the 
public eye. Since then, scientists have concentrated their 
efforts on developing the devices and finding new promising 
materials that are appropriate for cooling and heat pumping. 
Additionally, modeling is important because it is linked to 
the branch of device realization and aids in optimization.

a) Nickel Titanium is the benchmark elastocaloric sub-
stance that has been investigated and used the most. Even 
if it can withstand up to 9% strain, the binary alloy contacts 
25.5 K and 17 K for 5% strain (loading and unloading) [5, 
6]. The binary alloy also has other benefits, such as strong 
shape memory qualities, widespread market availability, 
and a tolerable fatigue life for eC applications. The latter 
is essential since a material with a short fatigue life has a 
short service life. Hysteresis can be reduced or the fatigue 
life can be improved with the aid of Ni–Ti alloys made of 
three or four components [7]. Chluba et al. investigated and 
showed in 2015 [8] that the addition of Cu to Ni–Ti alloys 
can offer up to  107 cycles of loading and unloading before 
cracks emerge. Due to their cheaper prices and potential 
for eCE to develop under stress values lower than those for 

NiTi-based alloys, Cu- and Fe-based alloys were also used in 
eC procedures. The greatest ΔTad reported for the Fe-based 
alloys is 5 K, while the highest ΔTad detected in Cu-alloys 
is 15 K under 130 MPa of stress. Shape Memory Polymer 
(SMP) is a new class of elastocaloric materials that also 
includes natural or synthetic rubbers [9–11]. The rubbers’ 
biggest drawback is the extreme elongation required for eCE 
manifestation (strain up to 600% of the unloaded length).

b) To the best of our knowledge, there have been slightly 
more than fifteen elastocaloric devices created in laborato-
ries up to the year 2023 [12]. Some of these devices experi-
ment with the AeR cycle, while others use the solid-to-solid 
cycle. While some of them are rotary, some of them are 
forced by linear drives. Cui et al. [13] unveiled the first eC 
prototype in 2012; it was a rotating device made of two 
rings through which NiTi wires were fastened. The maxi-
mum temperature span (ΔTspan) recorded was 17 K but, due 
to the device’s design, the lifetime of the refrigerant was 
severely constrained by how easily cracks might form. Greco 
et al. and Kabirifar et al. [12, 14] examined the eC devices 
developed in 2019. Interesting among them was a rotary sys-
tem [15] that uses the quaternary alloy  Ni45Ti47.25Cu5V2.75 
to extend the life of the materials. Other smaller size elas-
tocaloric devices were created in addition to the previously 
stated devices that were focused on air conditioning or heat 
pumps. The bridge system created by Bruederlin et al. [16] 
is noteworthy since it does not require HTF because a slice 
of elastocaloric material is loaded through bending while 
also being transported up and down. The device was subse-
quently upgraded [17] by using a TiNiFe slice as the refrig-
erant. Through the cyclical stretching of a few Ni-Ti wires, 
the microscale cooler developed by Snodgrass and Erickson 
[18] in 2019 demonstrated the largest temperature span (28.9 
K). In parallel, Ossmer et al. [19] demonstrated a miniature 
elastocaloric cooler that could produce 2.9 W  g-1 of cooling 
power and 3.2 of coefficient of performance (COP).

The most recent elastocaloric devices were presented in 
2022 by Xi’an Jiaotong University [20], University of Lju-
bljana [21], Technical University of Denmark in collabo-
ration with the German Fraunhofer Institute for Physical 
Measurement Techniques [22], and University of Maryland 
[23]. Materials from the binary NiTi alloy with a variety 
of compositions are employed as elastocaloric refrigerants. 
The greatest temperature span of the Chinese prototype [20] 
is 9.2 K and it uses air as the heat transfer fluid. The other 
three, where water circulates as HTF, are all compression-
loading based. The Slovenian device [21] (mounting tubes 
of  Ni55.8Ti44.2) reached the maximum temperature span of 
31.3 K, which is the highest value ever at best we know. 
On the other hand, the DTU device’s [22] peculiarity is to 
demonstrate a promising 1071 W  kg−1 as specific cooling 
power, determined by using  Ni56.25Ti43.75 tubes in an AeR 
cycle. The University of Maryland’s prototype [23] is a 
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linear alternate mounting of a staggered  Ni50.5Ti49.5 tube. 
The highest temperature range that has been observed is 16.6 
K, however no information regarding cooling power or COP 
has yet been provided.

In 2022 the group of University of Naples Federico II 
introduced a hydraulic-driven rotary elastocaloric device 
[24]. The elastocaloric material is shaped as 600 wires 
(diameter 0.5 mm and length 300 mm) arranged in the annu-
lar section between two concentric cylinders (internal radius 
of 120 mm, an external radius of 135 mm, and a length of 
300 mm). A maximum COP of 6.22 (corresponding to a 
second law analysis efficiency of 60%) was evaluated under 
an airflow speed of 6 m  s-1 and a frequency of 0.3 Hz, cor-
responding to a utilization factor of 0.44. 28.5 K and 5400 W 
kg-1 are the reached peaks of temperature span and cooling 
power [25, 26].

One can see from the state of the art that there are still 
many steps to be done before an elastocaloric device can be 
produced on a wide scale. One of the causes is the lifespan 
of the devices as a whole and the eC materials used. The 
many studied and investigated areas of application for eC 
technology are refrigeration and air conditioning.

The short fatigue life of the eC materials combined with 
the type of applied stress (to make eCE manifest in the AeR 
cycle) as well as the achievement of optimal operational 
conditions is the bottleneck of the eC technology. Modeling 
allows for the optimization of the device’s dimensions and 
operational circumstances. With the exception of the mod-
els created by Cirillo et al. [27], where a group of wires 
was two-dimensionally studied, the majority of eC models 
established are 1D [28].

Regarding the type of loading used, it is unavoidable that 
cracks may develop over time due to the mechanical solici-
tations the material is subjected to throughout the cycles 
of loading and unloading. Xu et al have deeply reviewed 
tension-compression pro and cons of NiTi alloys [29] The 
crack growth that occurs during loading and unloading 
cycles is a drawback of tension. Cycles of SMA trainings 
before employment can improve the resistance to fatigue 
life of NiTi alloys [2, 30]. Compression has the drawback 
of reducing the amount of available heat transfer surface 
[31]. Although there have been several studies on the fatigue 
life of SMAs (mainly the binary NiTi alloy) under tension, 
there have been far fewer investigations on the same issue 
under compression. Studies, for instance, demonstrate that 
a durable operation  (105 cycles) can be accomplished in 
the NiTi alloy with strains of around 2%, which translates 
to a comparatively tiny ΔTad. With the potential to attain 
up to 70 million loading/unloading cycles, the first inves-
tigations on NiTi cylinders and cubes under compression 
revealed a considerable improvement compared to tension 
[32, 33]. In addition, a recent study [34] focused on tor-
sion as an alternative to compression and tension, showing 

a substantial increase in the material’s lifetime even with a 
smaller amount of adiabatic temperature change. It appears 
that bending is a good solution for both the issue of cracks 
and acceptable temperature variations. According to Sharar 
et al. [35], axisymmetric bending permits a fivefold decrease 
in the force needed for similar COP and temperature span, 
which directly translates to a decrease in the size, weight, 
and power input needed for eC cooling systems. These 
advantages of loading by bending can all be seen as a prom-
ising way to get over some of the major obstacles that elas-
tocaloric system realization faces.

Aim of the Investigation

CHECK TEMPERATURE is the acronym of “Controlling 
the Heating of Electronic Circuits: a Key-approach Through 
Elastocaloric Materials in a Prototype Employing them as 
Refrigerants of an AcTive Ultrasmall Refrigerator”. In order 
to cool electrical circuits, the CHECK TEMPERATURE 
project aims to create the first elastocaloric device custom-
ized for this purpose. The plan has been to create a device 
based on the AeR as the thermodynamic cycle and bending 
as the loading/unloading mode, even if it is small-scale and 
unlike the ones that already exist.

The purpose of this study is to provide the findings of a 
numerical analysis used to build the CHECK TEMPERA-
TURE prototype, which involved optimizing both the work-
ing environment and the geometrical configuration for the 
assembly of the elastocaloric material in the channel.

The following are the primary novelties in this paper:

• The area of application. In reality, the cooling of elec-
tronic circuits is an intriguing yet unexplored area for 
elastocaloric refrigeration. There are several applications 
where a more sophisticated cooling system is necessary 
to prevent the devices’ working temperatures from con-
tinuously rising. The failure probability of electrical cir-
cuits increases exponentially as temperature rises. The 
previously reviewed elastocaloric devices don’t specifi-
cally target this field.

• The numerical model and analysis were accurate and 
comprehensive throughout. The majority of elastocaloric 
system models that have been created and presented to 
the scientific community are 1D [28] and there are not 
published studies that draw broad maps of elastocaloric 
device performances on a small scale while simultane-
ously optimizing the geometrical design and operational 
parameters.

The specifications for electronic cooling depend on the 
specific requirements of the application and the electronic 
components involved. Some of the key parameters may 
include determining the maximum allowable temperature for 
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electronic components during operation and calculating the 
amount of heat produced by electronic components, which 
must be dissipated to prevent overheating. In the specific 
case under consideration, the cooling of a computer server 
has been examined, which cannot exceed a temperature of 
85 °C and has a power dissipation requirement of approxi-
mately 50 W. The values of ΔT (temperature variation) and 
the cooling powers that the EC device should meet depend 
on the specific application and cooling requirements. Opti-
mal ΔT values should be at least 10 K. A computer server 
typically uses a system of fans and a bulky finned struc-
ture to dissipate heat. The term ’ultrasmall’ implies that the 
device is extremely small in size compared to those com-
monly used for these applications. The reduced size can be 
advantageous in terms of space and weight.

Design of the CHECK TEMPERATURE 
Architecture

The issue of cooling electronic circuits represents a crucial 
challenge in the design and operation of advanced elec-
tronic devices. Electronic circuits generate heat during their 
operation due to electrical resistance in components, energy 
losses, and other intrinsic processes related to device func-
tioning. Excessive temperatures can lead to various prob-
lems: at high temperatures, the electrical conductivity of 
some materials may decrease, causing a reduction in circuit 
efficiency; elevated temperatures can accelerate the degrada-
tion of materials and solder joints, reducing the overall lifes-
pan of the device; at high temperatures, certain components 
may become unstable, causing malfunctions and unpredict-
able circuit behavior; the resistance of conductors increases 
with temperature, leading to greater energy dissipation in 
the form of heat. Effective cooling solutions are required to 
address these issues. To design CHECK TEMPERATURE, 
the study first compares two different configurations for 
system design: one bending-based and one tensile-based. 
It is targeted to satisfy the application of electronic circuits 
cooling. An example of an electronic device that may need 
to dissipate around 50 watts of heat could be a high-end 
server or an intensive processing system, such as a data 
processing server or a 3D graphics rendering server. These 
types of devices often contain powerful processors, graph-
ics processing units (GPUs), and other high-performance 
components that generate a significant amount of heat dur-
ing their operation.

The Device Configuration Based on Tensile Loading

Figure 1a shows the design of the layout system. In the left 
and right SMA beds, respectively, are two locations for the 
 Ni50.8Ti49.2 wires. Each regenerator has two hollow support 

structures into which the wires are attached. The two mid-
dle supports are pulled by a hydraulic piston, and the load is 
then transferred to the  Ni50.8Ti49.2 wires. The left and right 
SMA beds were both set to 50% maximum strain under 
equilibrium conditions as a result of the system’s symmet-
rical design, which allowed the work recovery function to 
increase system effectiveness. The left SMA bed could be 
loaded automatically using the unloading force when the 
right SMA bed was discharged from the 100% maximum 
strain back to the equilibrium strain. Due to the residual 
stress from the left/right SMA bed, the force supplied by 
the pistons might be decreased from the equilibrium strain 
condition to the strain-free state. The wires have a diam-
eter of 0.5 mm and are 300 mm long. To avoid the leakage 
phenomenon that could harm the prototype’s mechanical 
component, air was chosen as the HTF. Additionally, the air 
offers simpler mechanical design and easier handling. On 
the left and right sides, there are two air inlet and outflow 
ducts. A temperature profile along the duct is caused by the 
cyclical traction (loading) and relaxation (unloading) of the 
wires, allowing for a continuous flow of cold and hot air 
that might be supplied directly to the electronic equipment 
to be refrigerated.

The Device Configuration Based on Loading Through 
Bending

The bending-based prototype comprises two miniature chan-
nels (an upper and a lower one) where wires made of elasto-
caloric materials are placed along the direction of the HTF; 
the wires are secured to the extremities through bars. The 
two channels are separated by a lengthy bar system. A bend-
ing plate is positioned in the middle of the channels, and as 
Fig. 1b explains in more depth, it oversees the loading and 
unloading of the wires due to the bending operation pro-
duced by up and down movements. When the elastocaloric 
material is loaded, HTF (air) flows through the channels and 
releases heat; when the eC material is unloaded, it absorbs 
heat through the HTF flowing in the opposite direction. The 
inner wires should be put in an unloaded position in the 
downer channel at the same time, and the air should flow 
in the opposite direction to transfer heat to the SMA wires. 
Additionally, the device behaves in the opposite manner 
as the plate goes downward: the wires in the top channel 
become unloaded while those in the lower channel become 
loaded. By doing this, the refrigeration cycle’s beneficial 
effect can be attained at double frequency with respect to 
the operations of a single AeR regenerator. As first design 
prescription, 240  Ni50.8Ti49.2 [36] alloy wires (D = 0.5 mm; 
L = 0.3 m each, for a total mass of 61 g) are intended to be 
mounted in the device.  Ni50.8Ti49.2 was chosen because of 
its Austenite Finish  (AF) temperature (that determines the 
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most suitable temperature range) since room temperature 
was intended to be the operating range for the device.

The Numerical Model

The CHECK TEMPERATURE device was designed and 
numerically tested using the same mathematical model 
in both the tensile and bending configurations. The tem-
perature distribution in the cross section is regarded as 
negligible in this model due to the thin channel walls. As 

a result, the model is 2D, and the temperature distribution 
has been assessed in both the x (direction of air flow) and 
y directions. With the following simplification, the model 
reproduces all four AeR cycle phases. The following fac-
tors are assumed: (1) the elastocaloric material is isotropic 
with respect to thermal conductivity; (2) the irradiation 
heat transfer mechanism is not taken into account; (3) the 
device is deemed adiabatic with respect to the external 
ambient; (4) the viscous dissipation term in the energy 
equation of air is omitted.

The ruling equations are:

Fig. 1  Layout of a tensile and b bending configurations
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where gʹʹʹ takes into account the eCE and represents a heat 
source during the loading phase of the AeR cycle and a sink 
during the unloading process. Since the stress is constant 
during the fluid flow processes (II and IV process), the g’’’ 
component is not considered in the solid energy equation (in 
other words it is equal to zero). The equations of continu-
ity of the mass and the balancing equations of momentum 
of the fluid are not taken into account during loading and 
unloading steps (I and III processes) since the fluid velocity 
is zero. Convective components in the fluid energy balance 
equation are not even taken into account throughout these 
two phases. The g’’ is positive during loading, whereas it is 
negative when unloading and it has the following equation:

where an1(t) and an2(t) are two analytical functions repro-
ducing two square waves functions, whose amplitude can 
be valuated as:

By adopting variable values of latent heat for loading 
and unloading, as well as the necessary effort, the ther-
mal hysteresis of the SMA is not directly modeled but 
estimated [37]. Tusek et al. [38] state that the area con-
tained by the hysteresis cycle created by the transforma-
tions in the s-T plane can be used to estimate the net-work 
as follows:

The martensite volume fraction �̇�M is evaluated through 
Eq. (6):

during the A-M and the M-A transformations:

The transition probabilities ψMA and ψAM are calculated 
through the approach proposed by Qian et al. [39]:
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The binary alloy  Ni50.8Ti49.2 [36] subjected to treatments 
to achieve a longer fatigue life is the SMA used in this study. 
Table 1 lists the thermophysical characteristics.

For loading and unloading cycles, 8% strain at a strain 
rate of 0.025  s−1 is taken into account. It is decided to load 
and unload for 0.2 s, time interval ensuring the transforma-
tion would be adiabatic.

The Finite Element Method (FEM) is used to solve the 
model, which is run through the software COMSOL Mul-
tiphysics. The domain has been divided into triangular ele-
ments in accordance with the FEM technique. This division 
was made after free triangular meshing.

The FEM model’s equations were solved using a time-
dependent solver that used the implicit Backward Differen-
tiation Formula (BDF) as a time-step method.

Until a steady state is reached, the four AeR cycle stages 
are repeated in sequences of four time-dependent sequen-
tial steps. Every step’s starting condition is the preceding 
step’s final condition. Until the cyclicity criteria is met at 
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Table 1  Thermophysical characteristics of binary NiTi alloy

Property Value Unit

Af − 14.5 °C
As − 25.5 °C
Mf − 38.1 °C
Ms − 51.2 °C
kSMA 15 W  m−1  K−1

ρSMA 6500 kg  m−3

cSMA 550 J  kg−1  K−1

ΔHload,tensile 12 J  g−1

ΔHunload,tensile 9.4 J  g−1

ΔHload,bending 7.2 J  g−1

ΔHunload,bending 6.1 J  g−1
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every location in the domain, the following procedures are 
repeated:

For the solver of the introduced model, the absolute 
and relative tolerances are set at 5 ×  10–4 and 1 ×  10–2, 
respectively.

Through the use of several grids with identical beginning, 
boundary, and operating circumstances, simulations were 
run to examine the solution’s independence from the spatial 
grid. The domain was divided into 81,218 volume triangle 
components for the coarse grid, 137,084 elements for the 
normal grid, and 384,424 volume elements for the dense 
grid. We observed a fair agreement between the solution 
using 137,084 and 384,424 (maximum difference between 
air temperatures lower than 0.03 K) with respect to the tem-
perature profiles in the last stage of the AeR cycle. As a 
result, we have decided to work with a normal grid (137,084 
volume triangular components) in order to reduce the cal-
culation time.

The model has been experimentally validated as exten-
sively reported by a previous investigation on the introduced 
model (see “Results and discussion” section of reference 
[40]).

Results and Discussion

Campaign of Simulations n° 1: Bending vs Tensile AeR 
Configuration

The first set of simulations [40] was run on both the regener-
ator configurations (bending and tensile) while 120 per chan-
nel are the elastocaloric thin wires (D = 0.5 mm; L = 30 cm) 
under the following operating conditions:

– Variable velocity of the air entering the device: 
3,5,7,9,11 m  s−1.

– Fixed temperature of the air entering the device: 293 K.
– 0.2 s is the time for loading and unloading steps whereas 

variable is the time for air flowing steps in the AeR cycle: 
from 4 to 12 s each, i.e. variable frequency of the AeR 
cycle.

The following thermal and energy performance of the two 
configurations of the device are estimated:

(12)
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The temperature span is measured as the difference, 
time-averaged over a full cycle, between the air tempera-
ture at the inlet and the air temperature exiting the cold 
side of the regenerator. On the cold side of the regenerator, 
the cooling power is responsible for the integral in the time 
of the air temperature variation.

The cooling power to global work per unit time ratio is 
known as the COP. The mechanical power associated with 
the air flow’s motion (as determined by pressure losses) 
and the loading of the wires (as determined by the tensile 
work recovery) is considered in the global work.

Figure 2 shows the temperature span for the two geom-
etries [(a) tensile, (b) bending] as a function of fluid flow-
ing time for parametrized air velocity. The two geometries 
exhibit quite distinct behaviors: for each velocity, the tem-
perature range of tensile is an increasing function of fluid 
flow duration, but under bending, it reaches a maximum 
and subsequently drops. We discovered that the SMA’s 
ΔTad is larger with tensile than with bending (17 K vs. 
11 K in unloading) based on experimental findings and 
conclusions from the numerical model. As a result, in the 
tensile configuration air needs more time to remove the 
thermal load from the wires due elastocaloric effect.

Since it is impossible to test a flow time higher than 12 s 
because it would be equivalent to a cycle frequency that 
is too low, we are still a long way from the point where 
decreasing the temperature difference between wire and 
air reduces the effectiveness of the heat exchange. Con-
versely, when the contact time grows over 8–10 s during 
the bending, the wires become extremely close to the air 
temperature, reducing the temperature range and increas-
ing the efficiency of the heat exchange. As a result, there 
is an ideal fluid blowing time for each fluid velocity that 
maximizes the temperature range. At low fluid blowing, 
the temperature spans achieved with the two systems are 
comparable.

The temperature range of the tensile is greater for long 
times (12  s), reaching a maximum increase of 9  K at 
v = 3 m  s−1. The temperature range rises at a constant time 
as the air velocity falls. In fact, slowing down lengthens the 
time that air spends being heated by the elastocaloric wires. 
For tensile configuration tested at at 3 m  s−1 with a fluid 
blown duration of 12 s, the maximum temperature span is 
9 K, but for bending at 3 m  s−1 with a period of 8 s, it is 
7.2 K.

(14)

Q̇cool =
1

tcycle

tcycle+ntcycle

∫
tload+tfluid+tunload+ntcycle

ṁaircair
(
Tenv − Tair(0, y, t)

)
dt

(15)COP =
̇Qref

Ẇ
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The cooling power for both configurations: (a) tensile, (b) 
bending is presented in Fig. 3 as a function of fluid blown 
time parametrized for fluid velocity. Since the mass flow 
rate likewise rises, the cooling load at a given time is an 
increasing function of air velocity. Because cooling power 
is maximized at maximum velocity and temperature span is 
maximized at minimum velocity, there is a trade-off between 
the two. The cooling power for each velocity in the tensile 
design increases as the flowing time increases. In contrast, 
the cooling power for bending-based design reaches its max-
imum in accordance with the maximum temperature range. 
At the lowest fluid blowing velocity, the cooling power of 
the two systems is comparable.

For all the other investigated time values the tensile 
cooling powers are always better, reaching the maximum 
deviation (+ 30% mean value) at the maximum passage time 
(12 s). The maximum cooling power is 76 W for tensile at 
12 s and 65 W for bending at 10 s with an air velocity of 
11 m  s−1.

The tensile cooling capabilities are always superior for 
all other studied time values, reaching the maximum devia-
tion (+ 30% mean value) at the maximum passage time 
(12 s). With an air velocity of 11 m  s−1, the maximum cool-
ing power is 76 W for tensile at 12 s and 65 W for bend-
ing at 10 s. Figure 4 shows the COP for both the topolo-
gies: (a) tensile; (b) bending, as a function of air velocity 

Fig. 2  Temperature span vs time for fluid flow parametrized for air velocity: a tensile load; b bending

Fig. 3  Cooling power vs time for fluid flow parametrized for air velocity: a tensile load; b bending
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parametrized for blowing time. Since the work per time unit 
varies very slightly (the loading of the wires is the main 
contributor), and the cooling power grows with the flow rate, 
COP in the tensile device (Fig. 7a) is an increasing function 
of the velocity at fixed time.

On the other hand, the COP of the bending device reaches 
a maximum of around 9 m  s−1. At constant velocity, both the 
cooling power and COP rise with time. The eC system can 
only function at a lower limit with COP values of less than 
3, as these values have been tested for times shorter than 6 s. 
Because less work is required to load the wires in the tensile 
test than in the bending test (from a minimum of + 46% to 
a maximum of + 77%), the bending device’s COP is con-
sistently greater than the tensile test’s. Based on bending 
at 9 m  s−1 air velocity and 12 s fluid blowing duration, the 
device’s best COP is 7.7; for tensile at 11 m  s−1 and 12 s, 
it is 4.15.

The considerations emerging from this first investigation 
are:

– At moderate fluid flow times, the temperature range 
attained by the two systems is comparable.

– The temperature span of the tensile is greater than the 
temperature span of the bending at high time (12 s), 
reaching a maximum rise of 2 K at v = 3 m  s−1.

– At an air velocity of 3 m  s−1, or 9 K for tensile with a 
fluid blowing time of 12 s and 7.2 K for bending with a 
period of 8 s, the maximum temperature span has been 
reached.

– At the lowest fluid flowing time of 4 s, the cooling power 
of the two arrangements is comparable.

– The tensile cooling powers are consistently improved for 
all other passage periods, reaching the largest divergence 

(+ 30% mean value) at the longest possible passage time 
(12 s).

– At an air velocity of 11 m  s−1, or 76 W with tensile at 
12 s and 65 W with bending at 10 s, the maximum cool-
ing power is achieved.

– The system can only function at a lower limit with COP 
values of less than 3, as these values have been tested for 
times shorter than 6 s.

– The device’s COP based on bending is consistently 
greater (ranging from a minimum of + 46% to a maxi-
mum of + 77%) in all tests than the device based on 
tensile, since the latter requires a substantially smaller 
amount of work to load the wires than the former.

– The device’s best COP of 7.7 for bending at 9 m  s−1 
air velocity and 4.15 for tensile at 11 m  s−1 has been 
achieved during a fluid flowing period of 12 s.

Thus, it is feasible to conclude from the results that the 
most promising configuration is based on bending, a design 
choice resulting appropriate for cooling the electronic 
circuits.

Campaign of Simulations n° 2: the Influence 
of Distances on Bending Regenerator

After having asserted that bending regenerator is the choice, 
the second campaign of simulations [41] has the aim to well 
define the optimal combinations of geometrical parameters 
and operative conditions. Indeed, both of them are varied 
and the deriving energy performances are calculated and 
examined.

The distance d stacked between the positioning of two 
consecutive wires along the device’s channels has been the 

Fig. 4  COP vs time for fluid flow parametrized for air velocity: a tensile load; b bending
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first geometrical parameter to be studied. First, the influence 
of two distinct distances (d = 0.5 mm and d = 1.2 mm) on 
the energy performances of the device have been taken into 
consideration at a fixed length of the wire (20 cm).

Figure 5 depicts the temperature span global (ΔTspan,global) 
vs frequency of the device (f). The temperature span global 
accounts for the global span on the temperatures of the air 
between the hot flux and cold flux exiting from the device, 
in an entire cycle.

and it is estimated as:

There is always a perfect frequency that maximizes the 
temperature gap for fixed velocity and distance.

If the wires are positioned with d = 0.5 mm, under iden-
tical operating conditions, with peaks at 0.122 Hz for each 
tested v and an absolute maximum of 23.9 K with a velocity 
of 3 m  s−1, the measured ΔTspan,global are bigger.

If there is 1.2 mm between the wires, changing the veloci-
ties causes the maximum to fall at various frequencies. The 
highest possible global temperature span is 20.1 K, meas-
ured at 0.239 Hz, and 3 m  s−1. One can estimate a medium 
increment of + 55% for the ΔTspan,global depicted in Fig. 5a 
by comparing the two geometric configurations.

The cooling capacity of the device is shown in Fig. 6 
as a function of frequency parametrized for air veloc-
ity, with the wires spaced at (a) 0.5 mm and (b) 1.2 mm, 
respectively. Because of the increased fluid flow rate with 
increasing velocity values, the more is v, the higher are 
the cooling power values. If the velocity is fixed, Q̇cool 
peaks at frequencies other than those of temperature 

(16)ΔTspan,global =

(
1

tcycle∫
tload+tfluid+ntcycle

tload+ntcycle

Tair(L, y, t)dt −
1

tcycle∫
tcycle+ntcycle

tload+tfluid+tunload+ntcycle

Tair(0, y, t)dt

)

span, indicating a trade-off between maximizing ΔTspan 
and Q̇cool . With d = 0.5  mm and 1.2  mm, the highest 
Q̇cool evaluated are 68.1 W and 49.0 W at 0.096 Hz and 
11 m  s−1, respectively. For the geometry with d = 0.5 mm, 
the comparison between the two configurations identifies 
a medium augmentation in cooling power of + 30%.

In Fig. 7a and b, the COP is displayed as a function of 
the cycle frequency parametrized for air velocity.

Except for very low frequency values, the COP at fixed 
frequency increases with air velocity, reaching maxi-

mum values of 6.8 (v = 9 m   s−1; f = 0.096 Hz) and 5.2 
(v = 7 m  s−1; f = 0.096 Hz) for d = 0.5 mm and d = 1.2 mm, 
respectively. At constant speed, the COP falls off as the 
cycle frequency rises. The acceptable threshold value, 3, 
is the range above which the test gadget is expected to 
function. Given the length of time required to achieve a 
complete convective heat exchange between the wires and 
air, the device must operate at a lower frequency.

Convective heat transfer takes longer when cycle fre-
quencies are smaller. However, given that the geometry 
with wires spaced at 0.5 mm consistently outperforms the 
1.2 mm configuration by + 30%, it can be seen from the 
figures that, when always using 3 as the threshold value, 
the former (d = 0.5 mm) allows the device to operate up 
to higher frequencies (0.161 Hz), as opposed to the latter 
(1.2 mm), where the limit is 0.122 Hz.

The device mounting wires with a length of 20 and0 cm 
stacked at a distance of 0.5 mm worldwide confers greater 

Fig. 5  Temperature span global vs frequency of the device parametrized for air velocity for wires placed at: a 0.5 mm; b 1.2 mm
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energy performances in terms of temperature span, cooling 
power, and COP, based on all the analysis done.

Campaign of Simulations n° 3: the Influence of Wire 
Length on Bending Regenerator

In the third phase of the study [41], wires with lengths of 
20 cm and 30 cm are compared, taking into account equal 
numbers of wires (240). This results in varying masses of the 
elastocaloric material used in the device, which are 61.23 g 
and 91.85 g, respectively, for lengths of 20 cm and 30 cm.

Figure 8 shows the temperature span (d = 0.5 mm) as a 
function of time for the two geometries where (a) L = 20 cm, 
(b) L = 30 cm. The two geometries exhibit distinct behaviors, 

as seen in the figures: the temperature span of the L = 20 cm 
design increases with fluid flow time for all velocities, 
the same trend is possible to observe for the longer wires 
(L = 30 cm). The temperature span is slightly, but not notice-
ably, affected by the length increase because the values are 
similar (+ 4% as a medium increment).

The cooling power is plotted in Fig. 9 as a function of air 
flow time, parametrized for v and with wire lengths of (a) 
L = 20 cm and (b) L = 30 cm. Since the mass flow rate like-
wise increases with air velocity, the cooling power increases 
with equal frequency, or air flow time. Consequently, once 
more, there is a trade-off between cooling power and 
ΔTSPAN. While Q̇cool for the design with L = 20 cm grows 
with air flow time, it peaks at the same frequency as the peak 

Fig. 6  Cooling power vs frequency of the device parametrized for fluid velocity for wires placed at: a 0.5 mm; b 1.2 mm

Fig. 7  COP vs frequency of the device parametrized for fluid velocity for wires placed at: a 0.5 mm; b 1.2 mm
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of ΔTSPAN for L = 30 cm. The computed variances became 
less at higher frequencies (the smallest being a + 10% mean 
value at f = 0.238 Hz, or 4 s for air flow time). + 20% is the 
maximum increment that has been evaluated for f = 0.098 Hz 
(10 s as air flow time).

The coefficient of performance versus fluid flow speed 
parametrized for the fluid time for (c) L = 20 cm and (d) 
L = 30 cm wire lengths is displayed in Fig. 9c and d. The 
COP for both designs under investigation increases as air 
flow speed increases, just as it does for cooling power. This 
is because the mechanical power required for wire loading 
dominates the fluid motion contribution to total work per 
unit time. While the former is fixed, the latter depends on air 
speed. Furthermore, for a given fluid flow rate, COP values 
increase with cycle time.

The COP for the L = 30 cm configuration, which ranges 
from a minimum of + 11% to a maximum of + 46%), is 
always greater than L = 20 cm in all working points. The 
time for fluid to flow must always be more than 6 s in order 
for the device to operate in working points with acceptable 
COP (not less than 3). The largest COPs are determined for 
t = 10 s and high velocities (9 m  s−1 and 11 m  s−1); in fact, 
the COP values fall between 6.0 and 6.5 in these operating 
conditions.

Conclusion

In this study, CHECK TEMPERATURE, a 2D numerical 
model is used to investigate the design of the first elastoca-
loric device for cooling electronic circuits. The following 
conclusions from the investigation’s findings can be summed 
up as follows:

• When it comes to the tensile arrangement, bending is 
the preferable option, according to the consideration of 
“Campaign of simulations n° 1: bending vs tensile AeR 
configuration” section;

• Wires stacked at 0.5 mm along the channel ensures higher 
values of temperature span, cooling power and COP.

• The time required for fluid to flow must always be 
longer than 6 s in order for the device to operate in 
working points with acceptable COP (not less than 3). 
The highest COPs are estimated for t = 10 s and high 
velocities (9 m  s−1 and 11 m  s−1), with values falling 
within the range of 6.0–6.5.

• With the number of wires in the device (240) remaining 
constant, the L = 20 cm configuration uses 61.23 g of 
elastocaloric material while the L = 30 cm configura-
tion uses 91.85 g.

Based on the previously mentioned points, it is clear 
that d = 0.5 mm is the ideal distance to arrange the wires 
among the objects under investigation. Additionally, 
although if the energy performance of the solution with 
wires 30 cm long is slightly higher, the solution with wires 
20 cm long must be preferred because 30% less elastoca-
loric material is utilized, resulting in a cost savings.

The gathered and discussed results support the viability 
of using elastocaloric technology in the area of cooling 
electronic circuits. The device is now being built, and the 
ideal geometrical design conditions have been found. The 
next aspect of the upcoming research will be the compari-
son of experimental data provided by the CHECK TEM-
PERATURE device with numerical results. The model 
will be helpful in identifying further areas for the experi-
mental device’s improvement.

Fig. 8  Temperature span on cold vs time for fluid flow parametrized for air velocity for wires length of: a 20 cm; b 30 cm, with d = 0.5 mm
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