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Abstract

Elastocaloric cooling and heating is an alternagive cooling technology that has
potential to be highly efficient and environmentally friendly. Experimental
results are reported for two elastocalori¢ regenerators made of NiTi alloys
in the form of parallel plates in two plate thickniesses. For the regenerator
made of 0.2 mm plates, a maximum no-load temperature span of 17.6 K was
achieved for an applied strain of 4.3°%. For the regenerator with 0.35 mm
plates, a maximum temperature span of 19.9 K was reached for a strain of
3.5 %. The 0.2 mm regenefater. failed after approximately 5200 cycles and
the 0.35 mm regenerator failedvafter approximately 5500 cycles.

Keywords: Elastocaléric refrigeration, regenerator, superelastic,

1. Introduction

Elastocaloric heatin; and cooling is a potentially attractive technology
for replacing vapor, ¢ompression for room temperature cooling applications
[1, 2, 3]. The technelogy is similar to magnetic refrigeration [4] in that it
is based on.a. caloric effect in a solid refrigerant. The elastocaloric effect
can be characterized as a change in temperature of a material when uni-
axially strained. The strain causes the crystal structure to transform from
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austenite to the lower energy martensite phase, which increases the material
temperature when the process is performed adiabatically. When the strain
of the material is coupled to a synchronized fluid flow, a regenerativéeycle
is realized. Elastocaloric cooling has been suggested as the most promising
technology for energy savings in refrigeration and air-conditioning applica-
tions by a recent report [5] and increased research into its application for
room temperature applications has also be suggested [6, 7]. ;Although the
technology has a large potential, devices operating under ¢gommercially rel-
evant conditions have not yet been reported, and the techmnology remains
relatively immature. ~

The elastocaloric effect is generally associated with, superelasticity and
the shape memory effect. Materials that exhibit a significant elastocaloric
effect near room temperature include shape memory alloys, such as Ni-Ti-
based alloys [8, 9, 10, 11], Cu-based alloys [12], and Fe-based alloys [13], shape
memory polymers [14], including natural rubbér [15;,16],"and magnetic shape
memory alloys [17]. Metallic elastocaloric materials are generally considered
more attractive due to their higher densities; but natural rubber and shape
memory polymers require lower forces fo achieve digh elastocaloric effects,
which may make them more suitable for some applications. Multi-caloric sys-
tems potentially exhibit higher performance than pure elastocalorics, such as
combining the electrocaloric effect withian applied strain [18], but no exper-
imental applications of devices exploiting these effects have been reported to
date. The system in this article uses,Ni-Ti alloys as the refrigerant because
they are commercially available'and exhibit a high elastocaloric effect, with
an adiabatic temperature change of16 K or higher [19] and an isothermal
entropy change upon straimof 30 J/g [20, 21]. A major drawback of Ni-Ti
is a relatively low fatigue life for operating conditions that are relevant to
elastocaloric cooling.[22):. Ref. [23] reported that polycrystalline samples of
Ni-Ti-Cu-Co have'been shown to last over 10 million cycles, and the material
has the potential te solve the problem of fatigue.

Although elastocaloric cooling is a relatively new research area, there are
several devices reported. The elastocaloric effect can be triggered by either
compression or tension, and devices operating on each principle have been
reported.s Devices based on straining a single plate in tension and using it
to direetly cool-a load have been presented by [24, 25]. A maximum tem-
peraturespan of 7. K was reported for a Ni-Ti plate by [25] and a maximum
temperature/span of 9.4 K was reported by [26]. A system based on com-
pression. of Ni-Ti tubes was reported by [2], with a maximum temperature

2
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span of 1.5 K. A microcooler based on a single sputtered elastocaloric film
in tension achieved a temperature span of 4.2 K for NiTi and 3.5 K for Ni-
Ti-Cu-Co [19]. These systems generally use some type of thermodynamic
cycle, with the exception of the device reported in [2], where the entire elas-
tocaloric material undergoes essentially the same cycle. The system used in
this article, however, uses a regenerative cycle where a temperature gradient
develops along the active material. Active regenerator cycles haye leng been
used in magnetocaloric cooling to accept a cooling load ovér a temperature
span many times higher than the adiabatic temperature change with magne-
tization of the active material and also allows multiple mmaterialsswith Curie
temperatures tuned to their local operating conditions tode used [4]. A re-
generative cycle is proposed for elastocaloric systems for.the same reasons: it
allows the device to operate at temperature spans higher than the adiabatic
temperature change of the material. It also allows multiple materials to be
used in a single regenerator, as has been préven to be beneficial for mag-
netocaloric systems. This paper presents updates to a previously reported
system [27], including new results for thespreviously tested Ni-Ti regener-
ator. A second Ni-Ti regenerator with/thicker plates and an overall larger
mass is also presented. The results show how the amount of elastocaloric ma-
terial, applied strain and fluid flow profile affect system performance. Both
regenerators were run until failure; andiboth failed between 5000 and 6000
cycles.

2. Background and Experimental setup

The regenerative elastoealoric setup used for testing in this work has been
previously reported[27], with-@maximum temperature span of 15.3 K for an
applied strain of 3.4 %.\The system has been modified to give more flexible
control of the fluid flow and to reduce the total mass of fluid by reducing
the pipe length hetween the regenerator and displacers and external heat
exchangers. “Both regenerators were built from a stack of Ni-Ti plates that
were laser weldedyinto a monolithic regenerator. The first regenerator was
made of 0:2 mm plates with a total of 9 plates and a spacing of 0.2 mm,
for whichyexperimental results were previously reported[27]. The second was
made from 10, plates of 0.35 mm thickness with a spacing of 0.35 mm.

The active elastocaloric regenerator cycle consists of four steps and is de-
scribeddn more detail in [3]. The system consists of an elastocaloric material
in a porous structure in thermal contact with a hot and cold fluid reservoir.
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Figure 1: Tllustration of the active elastocaloric regenerator cycle (a) and a photo of the
experimental setup (b). WR is the hot reserveir, OVuis ajcheck valve, LA is the linear
actuator, CHX is the cold heat exchanger, H HX is the ho% heat exchanger, and C'Y L is
a fluid displacer. The cold reservoir isgomprised (of the fluid volume entrained in CH X
and piping connecting it to the regenerator:

First the material is strainédypcausing.it to increase in temperature. Then
while the regenerator remains strained; fluid flows from the cold reservoir to
the hot, which results,in a heat tramsfer to the hot reservoir while the elas-
tocaloric material is cooled. The strain is then released, causing the material
to reduce in temperature. Fimally fluid flows from the hot reservoir to the
cold reservoir while the strain remains constant. Because the temperature
exiting the regenerator is.lower than the cold fluid reservoir temperature, the
fluid can cool the desired¢space or system. The cycle needs not necessar-
ily be broken into four distinct steps. In the results section, the effects of
overlapping thefluid flow process with the straining process is studied.

The regenerators,are constructed by cutting sheets of Ni-Ti into dog bone
shapes with an active width of 10 mm. The strain in the plate was measured
by the displacement of the mechanical actuator, and since the applied strains
are quite high in these experiments the effective length of active material is
difficult #o define. Strain is based on the equivalent gauge length of 70 mm
[27]7 The regenerator is constructed by stacking the dog bone plates with a

Page 4 of 21
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Table 1: Summary of the thin plate regenerator (REG1) and the thicker plate regenerator
(REG2).

Parameter REG1 REG2
Material (Wt%) Ni55.8Ti44_2 Ni56.0Ti44_0
Austentic finish temperature 280 + 5K 264 + 5K
Mass of active material 5.8 ¢g 128 g
Specific heat () 430 J/keg-K 430 J/kg-K
Plate thickness 0.2 mm 0.35 mm
Porosity 0.5 0.5
Number of plates 9 10 o
Regenerator length 50 mm 50 mm
Regenerator width 10 mm 10 mm
Heat transfer fluid water water

spacer the same thickness as the plates between the dog bones at the clamping
area. The entire stack is then laser weldedrintora single structure shown in
Fig. 2, as described in [27]. Two regénerators,were tested, and they are
summarized in Table 1. Both Ni-Ti alloys/were supplied by Memry GmbH.
The first regenerator (REG1) is‘constructedyfrom 0.2 mm plates that have
a higher austenitic finish temperature, A¢, than the 0.35 mm plates used in
REG2. The higher A; means that REG1 was operated at higher temperatures
in order to ensure that it was alwaysin.the austenitic state when no strain was
applied. REG2 has a larger activeamass of elastocaloric material and requires
more force to transformthe regenerator. REG1 required approximately 6 kN
to transform the materialtommartensite during training, while REG2 required
approximately 12 kN. The foreeirequired during operation depends on strain
rate, temperature and errating conditions. The larger mass of REG2 means
there is more elastocalaric effect to cool the fluid in the system and overcome
heat leaks to the'environment. Finally, REG1 has a lower surface area for
heat transfer because itiuses fewer plates than REG2, but since the plates are
more closely staeked, the heat transfer between the solid and fluid is higher
for REG1{ REGL is expected to perform better as a regenerator, although
the lowetrmass of active material means the expected cooling power would
be correspondingly lower.

Beforé the regenerator is mounted in the system, each regenerator was
trained for 300 cycles by slowly applying a strain. Training Ni-Ti alloys has
been shown to improve the uniformity of the elastocaloric effect over the
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entire plate, especially at strains below full transformation [22], which is im-
portant because all experiments reported here use a partial transformation
of the plate. After training, fluid flow ports are attached near the clamping
areas, and the regenerator is wrapped with flax fiber impregnated with sili=
cone in order to give a housing that is able to flex in the direction ofistrain
application but can withstand the pressure force during the fluid flow peri-
ods. More details about the system design and regenerator preparation are
given in [27]. The strain is applied by a Zwick Roell EZ030 mechanigal tester
that can apply a maximum force of 30 kN. Forces were measured with an
Xforce K load cell with a 30 kN capacity. Fluid flow isprovided:by a linear
actuator coupled to two fluid displacers with check valves to control the flow
direction through the system, and water is used as the heat fransfer fluid.
Temperatures are measured using calibrated thermocouples placed directly
in the fluid flow at the inlet and outlet of both the eold and hot fluid circuits.
The temperature span is defined as the difference between the temperature of
the fluid exiting the hot end of the regenerator and thefluid exiting the cold
end once steady state operation has been.achieved. Thermocouple locations
are marked in Fig 1(a) and the temperature spansis the difference between
T4 and T'3 in the schematic. The experimental setup has been modified from
that reported in [27] by reducing the.diameterof the displacers from 16 mm
to 10 mm and mounting them to a more rigid coupling. The control of the
actuator that drives the displacers wag.also improved, allowing different cycle
timing to be tested. The displacersiare controlled by measuring the position
of the mechanical tester using almagnetic linear encoder and commanding
the position of the linear actuator attached to the displacers based on the
position of the mechanical tester. The displacers and hot heat exchanger
were moved closer to the regenerator to reduce the thermal mass in the tub-
ing connected to the regenerator. Efforts were made to thermally insulate
all components that are in contact with the fluid. The reduced displacer vol-
ume, shorter piping and improved insulation should reduce the time taken to
reach steady state, reduce heat leakage and increase the temperature span.
The best_operating strategy for an elastocaloric cooler is not clear. The
effect of strain and strain rate on the efficiency of a non-regenerative elas-
tocaloriéheycle was performed by [28], but a full study on a regenerative
elastocaloric eyelé has not been performed. The regenerative cycle adds sev-
eral degrees of freedom not available to non-regenerative cycles, which are
employed inmost other devices, such as the fluid low volume, fluid flow rate
and timing of the fluid flow process relative to the strain. To study how fluid

6
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Figure 2: Photograph of the thick plate regenerator (REG2) before itni§ installed in the
test setup. It can be seen that the 4th and 5th plates from the top are.deformed from the
training process. Other plates are also slightly deformed.

flow timing influences system performancefthe normalized strain at which
the fluid flow process begins, £qoy, is introdueed.
L
o = Eflow,start (1>
Emax
where eqow start 15 the change in‘strain, when the fluid flow process starts.
During the strain process, this is simply the applied strain, but during the
strain release process, it is the difference between the maximum strain and
the current strain. e, is the maximum applied strain. eq,,, varies from 0
to 1, where 1 indicatessthat the strain process is fully complete when the
fluid flow starts. Startimg the fluid flow process before the regenerator is
fully strained allows the total eycle time to be reduced while maintaining
the same fluid flow peerd. Higher cycle frequency increases the amount of
cooling power a given mass of elastocaloric material can absorb and can make
the system more compact. The applied strain, strain rate and hold time once
the applied strain has'beén achieved are all controlled by the software for the
mechanical testers The beginning of the fluid flow process was controlled by
using the linear encoder to measure the strain on the regenerator. The strain
at which'the fluid displacers started moving was controlled by the signal from
the linear'encoder. An example of the strain and fluid flow profiles for a cycle
is shownn Kig. 3.
Due to the failure of REG1, flow timing studies were only performed on
REG2. It'should be noted that the number of cycles before failure is difficult

7
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is from the cold reservoir to the hot and eqoy is labelled.
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to determine for these experiments because many different test actuations
of the regenerator were performed in the process of verifying the setup and
testing. These test actuations were generally performed without fluid flow so
the forces were slightly different than during regenerative cycles. The cycles
were also performed over a range of applied strains and strain, rates. At
steady state, the plate has a temperature gradient in the direction of strain
so the cyclical loading of the regenerators in this article are.net,directly
comparable to plates loaded at well controlled constant conditions as usually
performed during fatigue testing of shape memory alloy [22].

The fluid flow for regenerators is generally expressed in termsiof the uti-
lization, U, as defined in Eq. 2. It represents the ratio of the thermal energy
entering the regenerator due to fluid flow compared to the4otal thermal
energy entrained in the regenerator.

MAowCt

U= (2)

where mgq, is the mass of fluid that flows into the regenerator during one
flow period while m; is the static mass of fluid entgained in the regenerator,
¢s 1s the specific heat at no strain in the solid (Ni-Ti), ¢ is the specific heat
of the fluid, my is the mass of the'solid. Thewalues of mg and ¢ used are
listed in Table 1, and the value of ¢g.corresponds to the baseline specific heat
away from the transition temperature[29].The value of mge,, varies with the
displacer stroke. The specific heat,of water is assumed to be 4200 J/kg-K
based on standard properties.

MgCq + meCt

3. Results and Discussion

3.1. Results for REG1

First, REG1 was tespediumder similar conditions to those from [27] to test
how the modifications to the test setup affect performance. Before installing
the regeneratoer in the.experimental setup, it was trained for 200 cycles at
a strain rate of 02000143 s™! up to a strain of 4 %, as detailed in [27]. The
optimal fluid flow. displacement was determined for a strain of 1.7 % and a
piston stroke of 15 mm, corresponding to a 1.2 mL fluid displacement (Mg
of 1.2.g)ywas.shown to give the highest temperature span. The same pro-
cedure was performed for this system previously with the 16 mm displacers.
To _compare the new setup with the previous, the experiment with an ap-
plied strain of 2.9 % and a cycle time of 4 s was repeated with the updated



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-113425.R1

setup and a temperature span of 14.9 K was achieved. This compares to_an
approximately 13 K span previously reported, which indicates that the'new
setup increases the temperature span of the regenerator by approximately
2 K. Further improvement of the insulation, especially from théregenerator
to the mechanical grips could give further improvement to the temperature
span. The effect of varying the cycle timing was tested by varying the pause
time of the mechanical actuator at the maximum and minimumn strain (the
time where fluid flow occurs), and therefore varying the total cygle time.
Each cycle consists of a 1 s strain application, a pause, a_l s strain release,
and a second pause. The pause time varies from 2 s for the 68 eycle to 0 s
for the 2 s cycle (where there is full overlap in the strain.and flow processes).
The effect of varying the cycle time is shown in in Figa 4. The results show
that a short pause for the fluid flow improves performance, but additional
hold time reduces the temperature span, as the 4 s’and 6 8 cycles had lower
temperature spans. The highest temperature'spamof 15.6 K was measured
for a 3 s cycle.

REG1 was then tested at higher straimssthan, previously reported, up to
4.3 % at the optimized cycle time of 3 g. The increased strain and constant
cycle time mean that the strain rate was higher for higher applied strains.
The value of mgoy was 1.2 g (U =10.85) and theflow period was 1 s. However,
during testing at 3.7 %, two plates failed, as could be determined by the
force required to transform, the material. “Testing of REG1 was continued
with only 7 active plates until antadditional plate failed at a strain of 4.3
%, and experiments were stoppedion REG1. The results obtained before the
regenerator failed are“shown in Fig.» 5. A maximum temperature span of
17.6 K was achieved for-REG1. The regenerator failed after an estimated
5200 cycles. As the mumber of cycles to failure for the entire stack was
similar to single plates reported by [22], the failure can likely be attributed
to typical fatigue/experienced in Ni-Ti plates. After testing was completed
the regenerator was/inspected and four failed plates were observed. It is
impossible tordetermine’which plate failed first. Both outer plates of the
stack failed, indicating that the plates that are in direct contact with the
clamps may carry more of the mechanical load than the interior ones. The
plates all:broke somewhere in the middle of the active area, and there is no
clear gonnectionsbetween the failure locations and their proximity to the hot
or cold reservoirsi Although the temperature span with 7 plates were better
than ‘those with 9 plates, the increase is most likely due to the increased
strain and does not indicate that the regenerator performed better after two

10

Page 10 of 21



Page 11 of 21 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-113425.R1

10

11

12 L 4
13

14

15

16

17 16 '

38 81 § ]
39

40 7 1 1 1 1 1 1 1 1
41 2 2.5 3 4 4.5 5 55 6
42 .

43 cle time (s)

44

45 Figure o-1 erature span as a function of cycle time for REG1.

53 d 5

54

55

56

: Q )

©CoO~NOUTA,WNPE

=
w
T

=
N
T




©CoO~NOUTA,WNPE

Temperature span (K)

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-113425.R1

17.6

17.4

17.2

[EY
\‘

L

158 1 1 1 1 1
3.7 3.8 3.9 4 4.1 4.2 4.3

Applied strain (%)

Figure 5: Temperature span as a functionrof stain for REG1. Cycle time is 3 s and U is
0.85.

plates failed.

3.2. Results for REG2

REG2 was tested in a_ similar manner to REG1. Before installing the
stack into the dewice, it was trained for 300 cycles by slowly applying a
strain of 3.6 % at a temiperature of 303 K. The training process deformed
several of the plates as.shown in Fig. 2, and a 3 kN force was required to pull
all plates parallehto each other. Therefore all experiments start from a base
force of 3 kN, which is considered 0 strain. The effects of fluid flow and other
parameters were‘tested at lower strains because the regenerator is expected
to be able tofwithstand more cycles, allowing for more investigations. The
strain was held constant at 2 %, the hot reservoir temperature was set to 298
K,and the utilization was fixed at 0.41. The cycle timing for all experiments

12
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Table 2: Cycle timing for all experiments on REG2.

Cycle time (s) Strain/release (s) Hold time (s)
3 1 0.5
4 1 1
6 2 1

performed on REG2 is given in Table 2. First, the effects of varying cqow
for three cycle times was tested, and the results are shown.in Fig: 6. For
each cycle time the temperature span was improved by starting the fluid
flow before the strain/release process was complete, whichdneans that there
is fluid flow during part of the strain application and release. The 4 s cycle
produced slightly higher temperature spans at higher values of eq.,, but the
highest temperature spans were reached by the 3's cycle. Results suggest
that the shorter the cycle time, the earlier the pistontshould start in the
cycle. For the 3 s cycle, starting the fluid flow early in the cycle can add over
3 K to the temperature span. Based on the.results shown in Fig. 6, a value
of 0.6 for eqo was used for all following experiments.

The dependence of temperature span on the fluid displacement and cycle
time are shown in Fig. 7. As wasiobserved.for REG1, the 3 s cycle gave
the highest temperature span for mostidisplacements. The best mg., was
still 1.2 g, although it corresponds toa lower U for REG2 because the mass
of Ni-Ti is higher. The higher displacements were not possible with the 3 s
cycle because the piston actuator. could not move fast enough to complete
the stroke in the available time.

After the operating_conditions were determined, the regenerator was
tested at higher applied strains. The cycle time was fixed at 3 s, mean-
ing that the strain rate varies with applied strain. U was 0.41 and egoy Was
0.6. For strains above 3 %, the cycle time was longer than 3 s because the
grips of the mechanical actuator slipped at the higher strain rates. In these
cases, the minimum pessible cycle time was used. Although it was shown
that operating atylower values of U gives higher temperature spans, they
also result/in experiments that take longer to reach steady state and require
more cy¢les on the regenerator. Due to the concern of regenerator failure,
a higher'U' value‘was chosen to allow for more experiments to be run for a
given numberof eycles on the regenerator. It would be expected that higher
temperature spans could be achieved by using a lower U, although the re-
generator may have failed before the same number of experiments had been

13
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completed. The results for the high strain experiments are shown in Fig. 8
for the hot reservoir temperature held at 298 K. High strain results for REG1
are also plotted for reference, but it should be noted that REG1 operated
with two broken plates for the high strain results. The temperature span
increased from 18.9 K to 19.5 K by increasing the hot reservoir temperature
to 308 K and applying a strain of 3.5 %, and a maximum temperature span
of 19.9 K was measured for a hot reservoir temperature of 310 K: During
the 3.5 % strain test at a hot reservoir temperature of 310 K, a plate in the
regenerator failed and the experiments were shut down. Upon disassembly
of the system, it was observed that one of the interior plates failedsin an area
near the middle of the plate. The regenerator failed after.approximately 5500
cycles. Fatigue testing was done on the same plates that REG1 was fabri-
cated from using the same polishing technique, and the results were reported
in [22]. Fatigue testing of the individual plate gave.a similar result as the
stack of 10 plates, which indicates that testing of individual plates may give
a good representation of fatigue life of a regenerator.r The fatigue lives of
the regenerators tested here were far toodow for practical applications and
methods to improve fatigue life of elastocaloric regenerators are needed.

REG2 was able to produce a higher no-lgad temperature span than REG1;
however, it is difficult to know the reason forsthis. REG1 was tested exten-
sively on the previous setup, which'was shown to produce lower temperature
spans. The highest temperature spans achieved by REG1 were after several
of the plates had failed, so it is peossible that REG1 could have given better
results than REG2 if it had not failed.

Finally, it was showmthat temperature spans measured for this device are
higher than adiabatic temperature changes measured on the Ni-Ti material
used as a refrigerant [30]. This,indicated that a regenerative elastocaloric
device can operate at a\temperature span higher than the adiabatic temper-
ature change of the refrigerant, as has also been shown for magnetocaloric
devices. This is am important result, as it shows that the temperature span
of an elastocaloric cooler or heat pump is not limited by the adiabatic tem-
perature of its refrigerant.

4. Conclusions

Experimentaliresults for two flat plate elastocaloric regenerators made
of different Ni-Ti plates were presented. It was shown that by reducing
the volume of liquid entrained in the system and reducing piping length,

16
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the temperature span improved by approximately 2 K for a given strain.
Additionally, starting the fluid flow during the straining process was shown
to further increase the temperature span by 3 K for a 2% strain while alliother
parameters were held constant. The regenerator made from 0.2 mm plates
(REG1) achieved a maximum temperature span of 17.6 K compared to/15.3 K
from previously reported experiments. The regenerator with 0.35 mm plates
was shown to achieve a temperature span of 19.9 K at an applied, strain of 3.5
%, which is the highest temperature span that this systemhas achieved to
date and the highest reported for an elastocaloric system. The temperature
span the device could achieve was shown to be a direct function-efthe applied
strain. Although neither regenerator was tested up to full transformation,
indicating that improved performance is possible, testing of both regenerators
was limited by the fatigue life of the Ni-Ti plates. Both regenerators failed
before 6000 cycles, highlighting the need to improwve fatigue life of such a
system.
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