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Elastocaloric cooling shows considerable potential as an alternative to vapor-
compression refrigeration, but fatigue-related problems limit its true potential.
Here, we present a new design of an elastocaloric regenerator consisting of Ni-Ti
tubes loaded in compression, acting as a cooling or heat-pumping device. It
enables durable operation and record performance with a temperature span of
more than 31 K (in heat-pumping mode) and heating/cooling powers above 60 W
(equivalent to 4,400 W per kg of elastocaloric material).
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High-performance cooling and heat pumping
based on fatigue-resistant elastocaloric

effect in compression

Ziga Ahgin,! Stefano Dall’'Olio,” Andrej Zerovnik," Urban Zvar Baskovi¢," Luka Porenta,’
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SUMMARY

Inrecentyears, elastocaloric cooling has shown great potential as an
alternative to vapor-compression refrigeration. However, there is
still no existing elastocaloric device that offers fatigue-resistant
operation and yet high cooling/heat-pumping performance. Here,
we introduce a new design of an elastocaloric regenerator based
on compression-loaded Ni-Ti tubes, referred to as a shell-and-
tube-like elastocaloric regenerator. Our regenerator design, which
can operate in both cooling and heat-pumping modes, enables dura-
ble operation and record performance with a maximum temperature
span of 31.3 K in heat-pumping mode or maximum heating/cooling
powers of more than 60 W, equivalent to 4,400 W/kg of the elasto-
caloric material (at temperature span of 10 K). In terms of both
maximum performance metrics, these results surpass all previously
developed caloric (magnetocaloric, electrocaloric, and elastocaloric)
devices and demonstrate the enormous potential of compression-
loaded elastocaloricregenerators to be used in elastocaloric devices
for a wide range of cooling and heat-pumping applications.

INTRODUCTION

Refrigeration (cooling, air conditioning, and heat pumping) is crucial for modern so-
ciety; however, it is one of the most polluting sectors in the world. Cooling and air
conditioning are nowadays responsible for 20% of the world’s electricity consump-
tion and 7.8% of all the greenhouse gas emissions, ' but due to the rapid progress of
developing countries combined with global warming trends, the refrigeration de-
mands are increasing exponentially.” Besides cooling and air-conditioning, heat
pumps for domestic and industrial heating are becoming an increasingly important
renewable heating technology in an effort to eliminate coal/gas/petrol heating sys-
tems. However, refrigeration is almost exclusively based on vapor-compression
technology, which is more than a century old and is one of the oldest electrically
driven technologies still in use without a viable alternative.”" Despite decades of
development and continuous improvements, the efficiency of most (i.e., small-scale)
vapor-compression systems remains relatively low,>® and they still rely on environ-
mentally harmful refrigerants.” Most refrigeration devices currently in use still utilize
high global warming potential hydrofluorocarbons (HFCs), which must be phased
out by the year 2047 according to the Kigali Amendment to the Montreal Protocol®
and replaced by natural refrigerants only.

In the last two decades, a great scientific effort has been made to develop caloric
cooling technologies based on the magnetocaloric, electrocaloric, elastocaloric,
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and, more recently, barocaloric effect.”” " These technologies are based on solid-
state phase transitions of ferroic materials that occur under the influence of external
stimuli (e.g., magnetic field, electric field, and mechanical stress). They are poten-
tially more efficient than vapor-compression technology'* and considerably friend-
lier to the environment since they utilize environmentally benign solid-state refriger-
ants. The most advanced caloric technology today is magnetocaloric (magnetic)
cooling. To date, about 100 magnetocaloric demonstrators and prototypes have
been developed in universities and laboratories worldwide.'*'> Despite some
recent advances with demonstration of a magnetocaloric prototype achieving ex-
ergy efficiencies of more than 40% (at the temperature span of 7 K and the specific
cooling power of around 115 W/kg of the magnetocaloric material),’® magnetic
cooling has not yet made the breakthrough necessary to meet the urgent global
need for more efficient cooling. This is mainly due to the unavoidable use of expen-
sive rare earth materials and the relatively low available latent heat of the magneto-
caloric effect. Elastocaloric cooling, on the other hand, has shown very promising
potential in recent years. It does not require expensive or toxic elements for opera-
tion and can produce very high temperature and entropy changes when elasto-
caloric materials (eCMs) are subjected to an external mechanical stress. Accordingly,
elastocaloric cooling has been selected by the U.S. Department of Energy” and later
also by the EU Commission'’ as the most promising future non-vapor-compression
refrigeration technology.

Elastocaloric cooling is based on the elastocaloric effect (eCE), which is closely
related to the superelasticity of shape-memory materials. In the case of shape-mem-
ory alloys, which are the most-studied eCMs, the eCE occurs due to a stress-induced
martensitic transformation. When eCM is mechanically stressed (with external force),
the transformation from an austenitic to a martensitic phase occurs. This is an
exothermic transformation, resulting in the release of the latent heat and thus heat-
ing of the eCM under the adiabatic conditions. During unloading, the reverse
martensitic-austenitic endothermic transformation occurs, leading to the absorption
of the latent heat, which in the case of the adiabatic conditions, results in cooling of
the material below the initial temperature.

The most-studied eCMs are binary Ni-Ti alloys, with which reproducible adiabatic
temperature changes of about 25 K or even more could be achieved.’® " Alloying
binary Ni-Ti with Cu, Fe, V, and/or Co has been shown to improve fatigue behavior
and/or reduce hysteresis losses but at the expense of a smaller eCE.?*?° The eCE
has also been characterized in Cu-based”®?” and Fe-based,”” magnetic shape mem-

29,30

ory alloys and shape memory polymers.?’*# Recently, a new elastocaloric alloy

(Ni-Mn-Ti-B) with a measured reversible adiabatic temperature change of 31.5 K
was discovered, which is one of the largest directly measured caloric effects.**
Recent reviews of eCMs can be found in the literature.>*~>8

To date, about 10 proof-of-the-concept elastocaloric devices have been developed
and tested.'®** In general, they can be classified according to the heat transfer
mechanisms, the applied thermodynamic cycles, and the loading modes.** Thus,

we can distinguish between devices with a contact heat transfer between the eCM

39-43

and the heat sink/source and devices with a convective heat transfer between

the eCM and the heat sink/source using a heat transfer medium.**">* We can also

39,42,43,48

distinguish between single-stage devices, where the temperature span be-

tween the heat sink and the heat source is limited by the adiabatic temperature

change of the eCM and multi-stage devices, such as cascade,*’*” heat recovery,****

46,47,50,52

and active regeneration-based devices, where the temperature span can

2 Joule 6, 1-20, October 19, 2022

Joule

"Faculty of Mechanical Engineering, University of
Ljubljana, Askerceva 6, 1000 Ljubljana, Slovenia

?Lead contact
*Correspondence: jaka.tusek@fs.uni-j.si
https://doi.org/10.1016/j.joule.2022.08.011


mailto:jaka.tusek@fs.uni-lj.si
https://doi.org/10.1016/j.joule.2022.08.011

Please cite this article in press as: Ahcin et al., High-performance cooling and heat pumping based on fatigue-resistant elastocaloric effect in
compression, Joule (2022), https://doi.org/10.1016/j.joule.2022.08.011

Joule ¢ CellP’ress

OPEN ACCESS

be increased beyond the adiabatic temperature change of the eCM. The latter is
crucial for most practical applications where temperature span of more than 30 K
is usually required. Most elastocaloric devices are based on tensile and compressive
loading.* In terms of performance, the largest temperature span of any elasto-
caloric device to date was 28 K and was measured on a cascaded (3-stage) device
using Ni-Ti wire under tension and convective heat transfer.*” On the other hand,
impressive specific cooling/heating powers of 19 W/g* and 20.9 W/g*? of eCM
were measured on single-stage, tension-loaded devices with contact heat transfer
using Ni-Ti-based foil and natural rubber, respectively. Because these are single
stage and rather miniature devices, their temperature span is limited by the adia-
batic temperature change of the eCM and since they use a very small mass of
eCM, their absolute cooling/heating power is less than 1 W. So far, the best elasto-
caloric performance has been thus obtained with the devices operating under tensile
loading since they can use thin elastocaloric elements (wires, sheets, and foils) that
allow for fast and efficient heat transfer between the eCM and the heat sink/source.
On the other hand, eCMs are susceptible to fatigue under tension, resulting in a
short lifetime of tension-based elastocaloric devices. It has been estimated'® that
an elastocaloric device should undergo several million loading cycles in a 10-year
lifetime, whereas tensile-based devices typically fail after 10,000 cycles or even
earlier.””:*?°% |t is well known that compressive loading can improve fatigue perfor-
mance compared with tensile loading.>* Several recent studies have shown that in
compression, the eCM can reach well over 1 million cycles without any functional
or structural fatigue.?’>*~>” However, developing an efficient and high performance
compression-loaded elastocaloric device is challenging because thin-walled elasto-
caloric elements required for efficient heat transfer tend to buckle in compression,
whereas thicker, more robust elements that would be mechanically stable cannot
provide fast and efficient heat transfer and thus high performance when used in elas-
tocaloric devices. To date, five elastocaloric devices loaded in compression have

425253 are based on relatively long Ni-Ti tubes in-

been developed. Three of them
serted into a housing that prevents the tubes from buckling, with the heat transfer
fluid flowing inside the tubes, resulting in relatively poor heat transfer. The other

tWO50,51

are based on short mechanically stable tubes, with the heat transfer fluid
flowing in a cross-flow around the tubes. Since the tubes are short, this results in a
relatively low mass of the eCM and a small heat transfer area or, on the other
hand, a high force required to induce the eCE if the number of the tubes is increased.
Nevertheless, all compression-loaded elastocaloric devices have withstood several
hundred thousand loading cycles (one of them®" even 107 cycles) without significant
functional degradation or fatigue failure but their overall performance (temperature
span and specific cooling/heating power) is evidently lower compared with the best
tensile-based elastocaloric devices. The largest measured temperature span for
compression-loaded elastocaloric devices is 21.3 K (but the maximum specific cool-
ing power is limited to 155 W/kg of the eCM),*? whereas the maximum specific cool-
ing power is 6,270 W/kg of the eCM (but with a limited maximum temperature span
of 5.6 K).>" A direct comparison of different caloric devices in terms of maximum
temperature span and maximum specific cooling/heating power is presented in
the results and discussion section.

In this paper, we present for the first time an elastocaloric regenerative device that is
fatigue-resistant, yet powerful and efficient, with a maximum specific performance
metrics that particularly in the heat-pumping mode surpasses all previously devel-
oped caloric cooling and heat-pumping devices. We introduce a new design of an
active elastocaloric regenerator made of Ni-Ti tubes that allows for functionally sta-
ble cyclic compressive loading and fatigue-resistant operation (due to compression)
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and also good heat transfer characteristics. Such a design is reminiscent of the well-
known shell-and-tube heat exchanger and is thus refer to as shell-and-tube-like elas-
tocaloric regenerator. It provided a record performance with a maximum tempera-
ture span of 31.3 K in heat-pumping mode (at zero cooling/heating power) or
maximum heating/cooling powers of more than 60 W, equivalent to 4,400 W/kg
(at temperature spans of up to 10 K), using only 13.7 g of the eCM. The regenerator
has demonstrated fatigue-resistant operation with more than 300,000 loading cycles
atthe stress levels of up to 825 MPa, with no signs of performance degradation when
operating in cooling or heat-pumping mode over a wide temperature range.

RESULTS AND DISCUSSION

Design and operation of a shell-and-tube-like elastocaloric regenerator

The operation of the shell-and-tube-like elastocaloric regenerator developed in this
work follows the active elastocaloric regeneration principle originally presented in
Tusek et al.”® and experimentally demonstrated for a tensile-loaded regenerator.*®
The concept of the active caloric regeneration was first applied in magnetic refriger-
ation and remains the most promising concept for exploiting the magnetocaloric ef-
fect in magnetic refrigerators.’” In the recent years, the concept of the active caloric
regeneration was successfully applied also in electrocaloric® and elastocaloric tech-
nologies.*® The active elastocaloric regenerator is a porous structure made of eCM
through which a heat transfer fluid (e.g., water) is pumped in a counter-flow direction
between a heat sink and a heat source. The elastocaloric regenerator has a dual func-
tion in an elastocaloric device; it acts as a refrigerant, since it contains an active eCM,
and as a regenerator allowing an increase of the temperature span between heat sink
and heat source, which can be several times larger than the adiabatic temperature
change of the eCM itself. Figures 1A-1D show the four basic operating steps of a
compression-loaded shell-and-tube-like elastocaloric regenerator in the case of
the Brayton thermodynamic cycle, which is the most widely used thermodynamic cy-
cle in caloric cooling.' In addition to the elastocaloric regenerator, the setup in-
cludes a piston pump that generates a fluid flow through the regenerator, a series
of check valves (V) that control the direction of the fluid flow, and two external
heat exchangers, namely a cold external heat exchanger (CHEX) and a hot external
heat exchanger (HHEX), through which heat is absorbed and transferred from/to the
environment. In the first step (Figure 1A), the regenerator is adiabatically loaded
(strained) by the external force, causing the eCE and thus the heating of the eCM
in the regenerator. In the second step (Figure 1B), the piston pumps the fluid from
the CHEX through the loaded regenerator toward the HHEX (check valves V1 and
V3 are open). Due to the heat transfer in the regenerator, the fluid heats up and re-
leases the heat to the environment in the HHEX. In the third step (Figure 1C), the
regenerator is adiabatically unloaded (the external force is removed), causing
the eCM in the regenerator to cool down due to the eCE. In the fourth step (Fig-
ure 1D), the piston pumps the fluid in the counterflow direction from the HHEX
through the unloaded regenerator toward the CHEX (check valves V2 and V4 are
open), where the cold fluid, cooled in the regenerator, absorbs the heat from the
environment. When these four steps are continuously repeated, a temperature pro-
file is established along the regenerator.

Figure 2 shows the CAD model and the photo of the actual shell-and-tube-like elas-
tocaloric regenerator. The basic idea of this design is to use a series of elastocaloric
tubes inserted into supporting elements (baffles), similar to the well-known shell-
and-tube heat exchanger. In such a configuration of an active elastocaloric regener-
ator, the baffles act as supporting elements that prevent the tubes from buckling
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Figure 1. Schematic presentation of four basic operational steps of the shell-and-tube-like
elastocaloric regenerator

(A) Mechanical loading of the regenerator by applying the external force.

(B) Fluid flow from the CHEX toward the HHEX where the heat is released to the hot environment.
(C) Unloading of the regenerator by removing the external force.

(D) Fluid flow from the HHEX toward the CHEX where the heat is absorbed from the cold
environment.

and, at the same time, guide the heat transfer fluid in cross-flow over the tube bun-
dles (on the shell side), as schematically shown in Figure 1. Prior to applying this ge-
ometry as an active elastocaloric regenerator, we have characterized its thermo-hy-
draulic properties under oscillating-flow conditions.®® Details of the regenerator
design can be found in the experimental procedures section.

The regenerator was tested in a new in-house developed experimental setup, which
is presented in the supplemental information (Note S1; Figures ST and S2), where the
associated measurement uncertainties are shown as well (Note S2; Table S1). It
should be noted that the main goal of this experimental setup was to provide suit-
able and variable operating conditions to the regenerator in a range of high forces
and small strokes. Since the efficiency of the experimental setup itself was not crucial
at this stage, we have applied a hydraulic actuator, which is the most suitable/flexible
driving mechanism for assuring required operating conditions. Figure 3 shows an
example of the IR images captured during the operation of the regenerator in the
heat-pumping mode under the selected operating conditions. The inlet tempera-
ture on the cold side was around 20°C, whereas the temperature on the hot side
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Figure 2. Design of the shell-and-tube-like elastocaloric regenerator
(A and B) CAD model of the regenerator showing (A) cross-sectional and (F) longitudinal view.

(C) Photo of the actual regenerator.

was increasing during the operation and reached about 43°C in the steady-state
conditions. In further experiments, to demonstrate full capability of the regenerator,
it was tested in both heat-pumping and cooling modes, which is important for
several potential applications (e.g., electric vehicles) where the same system needs
to provide both cooling and heating. It should be noted that the cold-side temper-
ature in the heat-pumping mode (heat source) and the hot-side temperature in the
cooling mode (heat sink) were different in order to better approach real temperature
levels of cooling and heat-pumping applications and were maintained at 20°C and
30°C, respectively. The ambient temperature was maintained at 25°C + 1.5°C for
all the tests, by which we assure similar heat losses/gains for both operating modes.
However, in both operating modes, the regenerator was tested under different
operating conditions, namely different stress levels (g), different operating fre-
quencies (f), different displaced fluid volume ratios (V*), and different cooling/heat-
ing powers, using distillated water as a heat transfer fluid—see experimental pro-
cedures section for more details. The displaced fluid volume ratio (V*) is defined
as the ratio between the fluid volume in the regenerator and the fluid volume dis-
placed through the regenerator in a single fluid flow period (see Equation 1). In all
experiments, the maximum applied stress was limited to 825 MPa, which corre-
sponds to an applied force of 32 kN. Our preliminary results on this regenerator ge-
ometry (i.e., a test regenerator) revealed that the tubes show the beginning of struc-
tural instabilities at stresses above 850 MPa (based on naked eye observations) and
collapsed at stress of 950 MPa due to buckling. The results of mechanical behavior
and buckling analysis of the test regenerator are shown in the supplemental informa-
tion (Note S3; Figures S3 and $4). Although we have shown?’ that a single tube of the
same material and dimensions is mechanically stable up to stresses of 1,200 MPa,
the complex mechanical behavior in the shell-and-tube-like elastocaloric regener-
ator (longer tubes supported by baffles and related geometric inaccuracies and tol-
erances) reduces the mechanical stability and critical buckling stresses to some
extent, compared with a single tube.

Before testing the regenerator for cooling and heat-pumping performance, we also
measured the eCE of the eCM in the regenerator. These preliminary tests were con-
ducted only up to the limited stress level of 800 MPa in order not to overstress the
regenerator and not to induce pronounced buckling instabilities (as demonstrated
by the test regenerator in Figure S4 in the supplemental information) before being
tested for cooling and heat-pumping performance. The results of the preliminary
tests are shown in the supplemental information (Note S4; Figures S5 and Sé) in
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Figure 3. IRimages (captured with the FLIR A6750sc IR camera) of the elastocaloric regenerator in the heat-pumping mode from the initial state until
the steady-state is reached (for the IR video of the operation, see Video S1)

the form of stress-strain diagrams, adiabatic temperature changes, and material co-
efficient of performance (COP) values. Moreover, Figure S5 also includes the eCE
and the material's COP values of a single Ni-Ti tube of the same batch.?’ One can
see from Figure S5 that the elastocaloric properties of the single tube and the regen-
erator are somewhat different but still comparable. This can be attributed to a small
degree of buckling of the tubes in the regenerator, which was not observed by the
naked eye under these conditions but can be detected in the IR images of the tubes
in the regenerator captured during loading and unloading (Figure Sé). This results in
a somewhat smaller transformation of the tubes and thus smaller adiabatic temper-
ature changes and smaller hysteresis loop area of the regenerator compared with
the single tube with a smaller (or zero) degree of buckling (see Note S4 for details).

Maximum temperature span

In the first series of tests, the objective was to determine the maximum temperature
span without adding any thermal loads to the system (i.e., without cooling or heating
power). The tests were conducted under various operating conditions in both cool-
ing and heat-pumping modes, as shown in Figure 4. Figures 4A and 4B show exam-
ples of the time evolution of the temperature span from an initial to a steady-state at
selected operating conditions in heat-pumping and cooling modes, respectively.
Note that in the examples shown in Figures 4A and 4B, the displaced fluid volume
ratio (V*) was larger in the cooling mode, which resulted in larger temperature fluc-
tuations at the outlets of the regenerator compared with the heat-pumping mode.
Remarkably, a temperature span of 31.3 K was achieved in the heat-pumping
mode, which is the largest temperature span achieved by any elastocaloric device
to date. Figures 4C and 4D show the temperature spans as a function of the dis-
placed fluid volume ratio measured at different operating frequencies (0.48, 0.9,
and 2 Hz) and two different applied stress levels (775 and 825 MPa). It is evident
that, compared with the cooling mode, larger temperature spans can be achieved
in the heat-pumping mode. This can be clearly seen also in Figure 3E, which shows
the temperature spans as a function of the applied stress for both cooling and heat-
pumping modes. Although somewhat better heat-pumping performance compared
with cooling was expected14 (input work is converted into heat), there are additional
sources of irreversibility that cause these trends. The first is that the eCE itself in Ni-Ti
is not fully reversible. Namely, due to the hysteresis losses, the positive adiabatic
temperature changes during loading are larger than the negative adiabatic temper-
ature changes during unloading.?>?" In addition, since the empty volume of the
regenerator is reduced during loading (the outer diameter of the tubes is increased
and the spacing between them is thus decreased), this results in a smaller hydraulic
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Figure 4. Maximum temperature span of the elastocaloric regenerator without adding any
cooling/heating power to the system

(Aand B) Time evolution of the temperature span in (A) the heat-pumping mode and (B) the cooling
mode.

(C and D) Temperature span as a function of the displaced fluid volume ratio in (C) the heat-
pumping mode and (D) the cooling mode.

(E) Temperature span as a function of the applied stress for the cooling and the heat-pumping
modes.

diameter and more intense heat transfer during the fluid flow toward HHEX and thus
improves the heat-pumping performance compared with the cooling. The third po-
tential reason is some internal friction in the regenerator, e.g., between the baffles
and the tubes, which could additionally heat up the regenerator to some extent.
As can be seen in Figure 4E, the difference between the temperature span in the
heat-pumping and the cooling modes increases with increasing stress, which is
due to the gradual increase of all three above-mentioned potential irreversibility
sources with increasing stress. Since the direct impact of different irreversibility sour-
ces on the regenerator performance cannot be evaluated solely based on the ob-
tained experimental data, a comprehensive numerical modeling’**? is currently in
progress to better understand the different sources of irreversibilities and their
impact on the regenerator performance. Moreover, it is important to note that the
cold-side temperature was limited to about 15°C and the operating conditions
that would lead to higher temperature spans were not applied in the cooling
mode, as shown in Figures 4D and 4E. This is due to the relatively high austenite
finish temperature (i.e., the temperature above which the reverse martensitic
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transformation is completed) of the Ni-Ti tubes used in the regenerator (about
—7°C). Since the negative adiabatic temperature change after the unloading can
be as high as 20 K,”' and we wanted to prevent the temperature of the eCM from
dropping below the austenite finish temperature at any stage of the cycle, the tem-
perature limit of about 15°C was applied at the cold side of the regenerator. Lower
temperatures would cause the temperature of the eCM on the cold side to tempo-
rarily drop below the austenite finish temperature immediately after the unloading,
resulting in a temporary residual strain of the tubes and consequently not fully
reversed superelasticity.'” This is highly undesirable, as it would lead to certain tech-
nical difficulties in the operation of the regenerator (e.g., non-uniform movement of
the baffles and the tubes), which we wanted to avoid. However, the applied Ni-Ti
tubes are not suitable for the temperatures below around 15°C. Larger temperature
spans in cooling mode would be possible if Ni-Ti with a lower austenite finish tem-
perature was used (see, e.g., Frenzel et al.o".

As can be seen in Figures 4C and 4D, higher stress levels allow for a larger temper-
ature span for all frequencies and displaced fluid volume ratios because a larger
applied stress results in a larger eCE and thus in larger adiabatic temperature
changes. It can also be seen that the temperature spans increase with operating fre-
quency for all displaced fluid volume ratios. The largest temperature spans were ob-
tained at the highest applied frequency (2 Hz), which corresponds to a single fluid
flow period of 0.2 s. According to the trends shown in Figure 4C, even larger temper-
ature spans can be expected in the heat-pumping mode if the operating frequency
was increased further. Another important parameter that has a significant impact on
the performance of an elastocaloric regenerator and its temperature span is the dis-
placed fluid volume ratio. As can be seen in Figures 4C and 4D, the optimal dis-
placed fluid volume ratio in the heat-pumping mode is about 0.2, whereas in the
cooling mode, it is slightly larger (between 0.3 and 0.4). This means that in the
heat-pumping mode only 20% of the fluid volume in the regenerator should be dis-
placed in a single flow period to achieve the largest temperature span. However, the
reason for the different optimal displaced fluid volume ratios in heat-pumping and
cooling modes is related to the definition of the displaced fluid volume ratio itself.
Note that it is defined based on the geometry of the regenerator in the unloaded
condition (see Equation 1). The volume reduction that occurs during loading of
the regenerator cannot be precisely defined and is therefore not considered in the
definition of the displaced fluid volume ratio.

Based on the measured temperature spans regeneration factors (i.e., the ratio be-
tween the temperature span of the regenerator and the adiabatic temperature
change of the eCM) were assessed. The regeneration factors were calculated on
the basis of the adiabatic temperature changes measured on the single tube of
the same batch?'—see Figure S5 in the supplemental information. At the stress level
of 825 MPa, the adiabatic temperature changes are about 18 K upon loading and 15
K upon unloading, which means that the regeneration factor is around 1.7 in the
heat-pumping mode (calculated based on adiabatic temperature change during
lading) and slightly above 1 in the cooling mode (calculated based on adiabatic tem-
perature change during unloading). Note that in the cooling mode, we were not able
to reach the optimal performance due to the limitations related to too high values of
the austenite finish temperature. As shown in Torello and Defay,®” the regeneration
factors of active magnetocaloric regenerators can be up to 10, whereas the parallel-
plate active elastocaloric regenerator loaded in tension had the regeneration factor
of around 1.8. However, although a high regeneration factor is required in the
case of low adiabatic temperature changes, a high regeneration factor essentially
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Figure 5. Cooling and heating powers of the elastocaloric regenerator

(A and B) Time evolution of the temperature span due to the gradual increase of (A) the heating
power in the heat-pumping mode and (B) the cooling power in the cooling mode.

(C) Temperature span—(specific) heating power characteristics at different operating conditions.
(D) Temperature span—(specific) cooling power characteristics at different operating conditions.

means that a significant amount of a caloric material in the regenerator contributes
only to the establishment of the temperature span and does not contribute to
the generation of the useful cooling or heating power (resulting in a low specific
cooling/heating power). Therefore, in the case of pronounced caloric effect (such
as in the case of eCE this work), relatively low regeneration factor, which due to
the relatively high adiabatic temperature changes allow for establishing large tem-
perature spans, results in higher specific cooling/heating powers compared with
the caloric regenerators with higher regeneration factors.

Cooling/heating power and efficiency

In the second series of experiments, two additional heat exchangers were added to
the experimental setup, through which a thermal load was supplied to the regener-
ator, simulating heating power in the heat-pumping mode and cooling power in the
cooling mode, as described in the supplemental information (Note S1). Figures 5A
and 5B show an example of the time evolution of the temperature span between
both fluid outlets of the regenerator when the heating power in the heat-pumping
mode (Figure 5A) and the cooling power in the cooling mode (Figure 5B) were grad-
ually supplied to the system. The procedure for calculating the cooling/heating po-
wer is explained in the experimental procedures section (Equation 4). As expected,'”
the temperature span decreases with increasing the cooling/heating power.
Figures 5C and 5D show linear dependence of the temperature span and the (spe-
cific) cooling/heating power, as normally observed for (single-layered) caloric de-
vices.'* The experiments were performed at the operating frequency of 2 Hz, consid-
ering two different stress levels and different displaced fluid volume ratios. A small
displaced fluid volume ratio allows for larger maximum temperature spans, but a
steeper slope of the temperature span—cooling/heating power characteristics at
the same stress level. This results in lower maximum (specific) cooling/heating
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Figure 6. The efficiency of the elastocaloric regenerator
A) Heating COP values as a function of the specific heating power.
B) Cooling COP values as a function of the specific cooling power.

D) Cooling exergy efficiency as a function of the specific cooling power.
E) Specific input mechanical and pumping power as a function of the specific heating power (for
the heat-pumping mode).

(
(
(C) Heating exergy efficiency as a function of the specific heating power.
(
(

(F) An example of the stress-strain curves in the heat-pumping mode (at the regenerator’s mean
temperature of 35.7°C) and in the cooling mode (at the regenerator’s mean temperature of 22.5°C).

powers compared with larger values of the displaced fluid volume ratio, which on
the other hand allows for smaller maximum temperature spans. Thus, one can
change the performance of the regenerator between a high temperature span per-
formance and a high cooling/heating power performance by changing the amount
of the heat transfer fluid pumped through the regenerator during the flow period
(i.e., the displaced fluid volume ratio). Increasing the stress level from 775 to 825
MPa does not significantly affect the slope of the temperature span—cooling/heat-
ing power characteristics but the performance is—at the same operating frequency
and displaced fluid volume ratio, shifted to larger temperature spans and larger
cooling/heating powers. It should be noted that due to the system constraints,
the largest applied cooling and heating powers were limited to about 60 W, corre-
sponding to 4,400 W/kg of the eCM. However, according to the characteristics
shown in Figures 5C and 5D, cooling/heating powers of more than 100 W could
be achieved at zero temperature span (with a displaced fluid volume ratio of above 1
and a stress level of 825 MPa). Remarkably, in the heat-pumping mode, heating po-
wer of about 51 W (3,700 W/kg of the eCM) was measured at the temperature span
of 12 K (see Figure 5C).
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Based on the cooling/heating performance, the regenerator’s efficiency was further
evaluated (see Figure 6). The efficiency of a cooling/heat-pumping system is usually
expressed by the COP and the exergy efficiency, the calculation procedures of which
are described in the experimental procedures section (Equations 5, 6, 7, and 8). The
power supplied to the system includes the power required to pump the fluid, which
is calculated based on the pressure drop measurements across the system during
the fluid flow periods, and the applied mechanical power (see Equations 6 and 7).
It has to be emphasized that a complete recovery of the mechanical work is assumed
here, which is a common assumption in the efficiency analysis of the elastocaloric
devices,**40:44:46,48.49.53 Namely, it is assumed that the work released during the un-
loading is fully recovered. The input mechanical work is thus related only to its unre-
coverable part, which is essentially an enclosed area of the stress-strain diagram (the
hysteresis loop area). The work recovery can be achieved by applying multiple
phase-shifted elastocaloric regenerators as antagonistic pairs (see Bruederlin
et al."® and Qian et al.**) or in a rotating elastocaloric device.*® In such configura-
tions, the work released during the unloading of one (or more) elastocaloric regen-
erator(s) can be directly used to provide (a significant portion of) the loading work for
the other regenerator(s) and vice versa.>*

Figures 6A-6C show the COP values and the exergy efficiencies as a function of the
cooling/heating power under different operating conditions. As expected from basic
thermodynamics,’” the elastocaloric regenerator operates more efficiently, i.e., with
higher COP values and better exergy efficiencies, when operating in the heat-pump-
ing mode, where COP values of up to 5.2 and exergy efficiencies of up to 11% were
obtained at a specific heating power of around 3,700 W/kg (see Figures 6A and 6C)
and a temperature span of about 5 K (see Figure 5C). At lower temperature spans,
even higher COP values could be expected if higher heating/cooling powers were
applied. As shown in Figure S5 in the supplemental information, the material COP
values of the Ni-Titubes used in the regenerator range from 5 to 6 (at similar stresses),
which represents the upper COP limit of this material when operating in the cooling/
heat-pumping device. As expected, some additional losses occurred in the elasto-
caloric regenerator, e.g., heat transfer losses, losses due to the temperature span
generation, friction losses, etc., but it seems that these are not critical and still allow
for a relatively efficient operation. To achieve higher device's COP values, it is there-
fore crucial to use a more efficient eCM with lower hysteresis losses but preferably not
at the expenses of the high eCE as usually observed.®” As can be seen in Figures 6A
and 6B, the displaced fluid volume ratio does not affect the COP-specific cooling/
heating power characteristics, which remain linear and practically unchanged for all
values of the displaced fluid volume ratios. It has to be emphasized that as the cool-
ing/heating power increases, the temperature span decreases (see Figures 5C and
5D), and therefore, high COP values are related to low temperature spans. However,
the independence of the COP-specific cooling/heating power characteristics of the
displaced fluid volume ratio is closely related to the behavior of the mechanical input
power (see Figure 6E), which remains similar for all evaluated displaced fluid volume
ratios and the applied heating/cooling powers. Figure 4E also shows the power
required to pump the fluid through the system. It increases as the displaced fluid vol-
ume ratio increases but its contribution to the total input power is minor and its effect
on the COP values is therefore small.

Figure 6F shows an example of the stress-strain responses of the elastocaloric
regenerator operating in the heat-pumping mode (with Trean of 35.7°C) and in the
cooling mode (with Tr,ean of 22.5°C). Since the superelastic and thus the elastocaloric
response of shape-memory alloys are strongly temperature dependent, the
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stress-strain response is affected by the temperature of the eCM in the regenerator.
Asshown in Figure 6F, for the same stress level, the elastocaloric regenerator exhibits
different stress-strain behaviors, namely lower strain, when operated at a higher tem-
perature (in heat-pumping mode) compared with a lower temperature (in cooling
mode). This behavior affects the mechanical input power, and thus, the COP values
to some extent. However, since most of the tests were performed at average temper-
atures of the eCM between 20°C and 30°C, this influence is rather minor in our case.

Itis also interesting to note that for the same cooling/heating power (but at different
temperature spans), a lower applied stress enables higher COP values. Similar
trends have been observed at the material level (see Figure S5 in the supplemental
information), where the COP values of an eCM decrease with the applied strain/
stress, since the input work increases by a larger amount than the cooling/heating
energy, when the applied stress is increased.

The exergy or the second law efficiency (see Figures 6C and 6D) is an important mea-
sure of the system’s efficiency because it gives the ratio between the actual COP and
the maximum COP (i.e., the Carnot COP) that would theoretically be possible at a
given temperature span. Figures 6C and 6D show that the exergy efficiency gener-
ally increases with increasing the displaced fluid volume ratio and is not significantly
affected by the applied stress level. The maximum exergy efficiencies of about 11%
and 7% were achieved in the heat-pumping and the cooling modes, respectively.

Finally, although a small degree of buckling was observed in the preliminary tests of
the shell-and-tube-like elastocaloric regenerator, it withstood more than 300,000 cy-
cles at stress levels up to 825 MPa, when operated over a wide temperature range
(between 14°C and 51°C), in both, cooling and heat-pumping modes, without struc-
tural or functional fatigue. An example of the mechanical behavior of the regenerator
during cycling under different operating conditions is shown in the supplemental in-
formation (Note S5; Figure S7), from which one can see that no degradation of me-
chanical behavior occurred. The critical stress that led to the buckling failure of the
tubes in this regenerator was found to be approximately 940 MPa.

Performance comparison with the state-of-the-art caloric devices

Comparing the performance of our shell-and-tube-like elastocaloric regenerator with
other caloric devices developed to date reveals its excellent performance. Figure 7
shows a comparison of the two most important performance metrics, namely the
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maximum temperature span and the maximum specific cooling/heating power (per
unit mass of the caloric material used) of the best caloric (magnetocaloric, electro-
caloric, and elastocaloric) cooling and heat-pumping devices developed and tested
so far. Note that due to some inevitable irreversibilities in caloric devices, the heat-
pumping performance is expected to be somewhat better than the cooling perfor-
mance (as also demonstrated in this work). The COP values were not used for the com-
parison since the methodology used for the calculation of COP (particularly the input
work) is not standardized, and therefore, a direct comparison of different devices from
the COP point of view would not be representative. It should be noted that Figure 7
shows the maximum temperature span and maximum specific cooling/heating power
achieved by different caloric devices, values of which were not achieved simulta-
neously, but they present the maximum capabilities of the system and the operational
extremes in between which the performance can be changed by changing the oper-
ating conditions. As mentioned above, the maximum temperature span is achieved
at zero cooling/heating power, whereas the maximum specific cooling power is
achieved at zero temperature span. However, most of the caloric devices presented
in Figure 7 (except,®* which uses multilayer active magnetic regenerators) have a linear
ornearly lineartemperature span—cooling/heating power characteristics (see Figure 5
for example). Assuming a linear relation between the maximum temperature span and
the maximum specific cooling/heating power, an approximate full performance char-
acteristic can be derived for each caloric device in Figure 7.

Nevertheless, in terms of both operation extremes, namely the maximum tempera-
ture span and the maximum specific cooling/heating power, the shell-and-tube-like
elastocaloric regenerator developed in this work outperforms (particularly in the
heat-pumping mode) all other caloric cooling and heat-pumping devices, as shown
in Figure 7. One magnetocaloric device®® generated a larger maximum temperature
span but a very small maximum specific cooling power. On the other hand, two elas-
tocaloric devices*®** have produced very high specific cooling powers of around
20,000 W/kg of the eCM, but since they are both miniature single-stage devices,
they have limited temperature spans and absolute cooling powers below 1 W. How-
ever, it should be noted that the best magnetocaloric devices can achieve cooling/
heating powers close to or even above 1 kW, ¢¢*¢%¢” byt they use more than 1 kg of
the magnetocaloric material, resulting in small specific cooling/heating powers (see
Figure 7), which limits their commercial potential.

Outlook

Despite very promising results, further improvements of the shell-and-tube-like elasto-
caloric regenerator are possible, both at the material level and in the regenerator
design. Regarding the material, in addition to the application of eCMs with well-suited
austenite finish temperatures for the target temperature ranges, eCMs with lower hys-
teresis losses are highly desirable, which is crucial for more efficient future elastocaloric
devices. From the regenerator design point of view, the improvements should be in the
direction of reducing the thermal mass of the housing and the supporting elements
(baffles), in order to reduce the longitudinal thermal conductivity and the parasitic los-
ses to the environment, but without compromising the stability of the tubes and the
whole structure of the regenerator. Although the dimensions of the tubes used in
the regenerator represent a relatively good compromise between the buckling stabil-
ity and the heat transfer capabilities, further improvements by using mechanically sta-
ble tubes with smaller wall thicknesses are possible, which can be achieved through a
better combination of slenderness and the thickness-to-diameter ratio of the tubes.
However, a fundamental limitation of the shell-and-tube-like elastocaloric regenerator
presented in this work is the reduced heat transfer area, since the heat transfer fluid only
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flows around the tubes, whereas the inside surface of the tubes is not in contact with a
heat transfer fluid and is therefore not directly used for the heat transfer. Alternative
and more advanced geometries of the same concept would therefore further improve
the performance of the regenerator. On the other hand, an important advantage of the
shell-and-tube-like regenerator design is its scalability. Namely, the length of the
regenerator could be increased without increasing its cross-sectional area. This would
increase the mass of the eCM, and thus, its absolute cooling/heating power and tem-
perature span but due to the same cross-sectional area, the operating forces would
remain unchanged. This is very important, since excessive required forces could
become a bottleneck for the elastocaloric technology.

Finally, the proposed and possibly further improved shell-and-tube-like elasto-
caloric regenerator(s) will be used in a rotating elastocaloric device driven by a suit-
able and highly efficient drive system.”>’® The rotating device will also use the prin-
ciple of work recovery to directly utilize the work released during the unloading,
which is crucial for highly efficient elastocaloric devices and would also allow smaller
required torque and more compact design.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Jaka Tusek (jaka.tusek@fs.uni-lj.si).

Materials availability
This study did not generate new unique materials.

Data and code availability
The datasets presented in this study are available from the lead contact upon
reasonable request.

Regenerator design details

The design of the regenerator is shown in Figure 2. It consists of 18 Ni-Ti tubes with
55.92 wt % Ni, an austenite finish temperature (Ay) of —7.3°C (determined by bend and
free recovery method in accordance with ASTM F2082 standard), an outer diameter of
3.0 + 0.01 mm and an inner diameter of 2.5 £+ 0.025 mm, supplied by Memry Corpo-
ration (SAES Group). The outer surfaces of the tubes were centerless ground and the
inner surfaces are oxide free. The total mass of the tubes was 13.7 g. Further details on
the material properties of the tubes, eCE, buckling stability, and fatigue performance

can be found in Porenta et al.?’

The tubes were cut to a length of 56 + 0.01 mm using
Buehler IsoMet low-speed diamond saw with low cutting force to avoid overheating of
the material, which can lead to microstructural changes and loss of superelasticity. The
cut surfaces of the tubes were then polished using Buehler EcoMet30 and P800 grit
sandpapers. The tubes were inserted with precise fit with small clearance into five
4 mm-thick baffles evenly distributed along the length of the tubes (see Figure 2).
The gauge length (i.e., the free length between the baffles) of the tubes was 9 mm,
which, according to our preliminary buckling analysis on a single tube of the same ge-
ometry, resulted in functionally stable behavior with no signs of buckling under
compression over the entire transformation plateau (up to 1,200 MPa).”" A staggered
arrangement of the tubes was chosen because this configuration allows for higher
packing density with better heat transfer properties compared with a linear arrange-
ment.”” The baffles were fabricated using a precision milling process. They were
made of austenitic stainless steel (1.4307, X2CrNi18-9) and laminated with a
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polyetheretherketone (PEEK) layer to reduce heat losses through the guiding rods to
the environment (see Figure 2A). Each baffle was guided by a set of bronze bushings
(Meusburger E5156/8/12/10) on the four guiding rods to provide uniaxial loading and
prevent global buckling of the regenerator. The housing, located around the tube
bundle and between each baffle (see Figure 2), was additively manufactured with a
Formlabs Form 2 using Formlabs Elastic 50A material with high elasticity to follow
the deformation of the regenerator. The inner wall of the housing has a contour cor-
responding to the circumference of the tube bundle. The spacing between the inner
wall of the housing and the tube bundle was similar to the spacing between the tubes
(i.e., 0.3 mm). Finally, the regenerator was thermally insulated with insulating foam
(except for the test where the IR camera was used—see Figure 3), whereas a 10 mm
thick layer of PEEK was used at both ends of the regenerator to reduce the thermal
conduction and heat losses through the metallic loading and stationary heads.

Testing procedure/operating conditions

The regenerator was tested under different operating conditions in the cooling and
the heat-pumping modes using distillated water as a heat transfer fluid. During all
tests, the ambient temperature was maintained at 25°C + 1.5°C. In the cooling
mode, the HHEX temperature (i.e., the fluid inlet temperature on the hot side) was
setat30°C, whereas in the heat-pumping mode, the CHEX temperature (i.e., the fluid
inlet temperature on the cold side) was set at 20°C. The constant inlet fluid temper-
atures were provided by a thermal bath that was hydraulically connected to the
regenerator as discussed and shown schematically in Figure S1 in the supplemental
information. In both operating modes, the regenerator was tested at different stress
levels (0), different volume ratios (V*), and different operating frequencies (f). Initially,
stress levels between 620 and 825 MPa (+ 10 MPa) were applied at an operating fre-
quency of 2 Hz and a displaced fluid volume ratio of 0.18 for the heat-pumping mode
and 0.27 for the cooling mode (see Figure 4E). For all the tests, the lower stress limit at
unloading was set at 20 MPa (+ 10 MPa). At stress levels of 775 and 825 MPa, the per-
formance was further tested at three different operating frequencies (0.48, 0.9, and
2 Hz) and different values of the displaced fluid volume ratio and different cooling/
heating powers. The applied elastocaloric regenerative cycle consists of four oper-
ating steps, namely mechanical loading and unloading and two fluid flow periods.
The duration of loading and unloading periods were kept constant at 50 ms for all
tests, and therefore, the operating frequency was changed only by the variation of
the fluid flow periods, which were setat 1, 0.5, and 0.2 s, corresponding to the oper-
ating frequencies of 0.48, 0.9, and 2 Hz, respectively. It should be noted that during
the fluid-flow periods, the strain of the regenerator was maintained constant in both
loaded and unloaded positions. The displaced fluid volume ratio is defined as the
ratio between the fluid volume in the (unloaded) regenerator (Vg r¢g) and the fluid vol-
ume displaced through the regenerator in a single fluid flow period (Vpump):

Vs = Vpump _ my P

= = . Equation 1
VO.reg pf.vreg'g ( 4 )

where my is the mass-flow rate of the displaced fluid, Py is the duration of the fluid-
flow period, py is the density of the heat transfer fluid (i.e., distillated water) at the
average operating temperature, whereas Vg and ¢ are the volumes of the regener-
ator and its porosity, respectively. It should be noted that the mass-flow rate was not
measured directly but calculated based on the piston displacement (4), its cross-
sectional area (Apiston) and the duration of the blow period (Pf):

_ 4 I'Apiston *Pf

me P, (Equation 2)
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Regenerator’s performance metrics calculations

Under the steady-state conditions (i.e., when the regenerator’s outlet temperatures
are stable over time), the performance metrics of the elastocaloric regenerator were
calculated. The temperature span is defined as the difference between the outlet
temperature at the hot (T,,) and cold (T.,) sides of the regenerator averaged
over 4 cycles after the steady-state conditions were reached:

Tspan = ﬁ,o - i,ch (Equation 3)

The specific cooling and heating powers (per unit mass of the eCM in the regener-
ator) are defined as:

) Q, M * Cp f- (ﬁ - ﬂ)
9e = = . (Equation 4a)

Mecm Mecm

> meCote | Tho — Thi
g, = o = ° ( > (Equation 4b)

Mecm Mecm

Where Q. and Qj, are the absolute cooling and heating powers, mgcm is the total
mass of eCM in the regenerator (13.7 g), ¢, ris the specific heat of the heat transfer
fluid (4,200 J/kgK), and T, Tco, Tho and Ty are the inlet temperature at the cold
side, the outlet temperature at the cold side, the outlet temperature at the hot
side, and the inlet temperature at the hot side, respectively.

The COP is defined as the ratio between the cooling/heating power and the input

power, which includes the mechanical power (W ,cch) required to load the regener-

ator and the power required to pump the fluid through the system (Woump):

Q.
COP.py = ™

_ (Equation 5)
Winech + Wpump

The mechanical input power, assuming a perfect work recovery upon unloading as
discussed in the results and discussion section, corresponds to the area enclosed
in the stress (o)-strain (¢) diagram (¢ ade), as shown for example in Figure 6F and is
calculated as follows:

Wineah = f+Vecm § ade. (Equation 6)
where f is the operating frequency and Vecmis the volume of eCM in the
regenerator.

The power required to pump the fluid is calculated based on the pressure drop mea-
surements (see Note S6 and Figure S8 in the supplemental information) and is calcu-
lated as follows:

. mye+4p

Woump = . (Equation 7)
143

Finally, the exergy efficiency (also called the second law efficiency) is defined as the
ratio between the actual COP values (Equation 5) and the maximum possible COP
value at a given temperature span (Carnot COP) and is calculated as:

. - COP.ry  COPp
BT COParery ~ _Tems_

Tho—Teo

(Equation 8)
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