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Elastomeric elastocaloric regenerators have great potential for use in low-stress elastocaloric cooling devices. However,
these regenerators display an asymmetric fluid exchange when operating in an active elastocaloric cooling cycle, due
to the large required strains and associated volume change. During strain, the fluid volume increases, which passively
forces fluid flow into the regenerator; when the strain is released, the fluid volume decreases, which results in a fluid
flow out of the regenerator. During a traditional elastocaloric cooling cycle, there are also active fluid flow periods
provided by fluid displacers or pumps. Here we study the passive fluid flow in high-strain regenerators using a numerical
model and experiments in two types of regenerators. Hyperelastic models are used to fit the experimentally measured
mechanical behavior of thermoplastic polyurethane elastocaloric elastomers, and the model is subsequently used to
conduct finite-element simulations predicting regenerator volume changes for an applied strain of 200-600%. We
validated the results using a specifically designed setup for measuring volume changes using pressure differences on
a parallel-plate regenerator. For a strain range of 200-600%, the predicted volume change ratio is 69.5%, closely
matching the experimental value of 66.7%. We observed that the middle region of the regenerator experiences a higher

volume change, which can be accurately accounted by the numerical model.

Elastocaloric materials (eCMs) that exhibit temperature in-
crease and decrease in response to a unaxial strain load-
ing/unloading have seen a growing interest in recent years,
especially as a promising alternative to conventional vapor-
compression refrigerants. As elastocaloric cooling cycles
are based on a solid-state refrigerant in contact with a
water-based heat transfer fluid, the technology will have
a lower global warming potential than refrigerants used in
vapor compression'. Elastocaloric cooling is considered
one of the promising solid-state refrigeration technologies
(i.e. magnetocaloric“*, electrocaloric’8, elastocaloric®12,
and barocaloric'>!#) and can potentially have a higher coef-
ficient of performance (COP) and a net-zero greenhouse gas
emission'>!°. Elastocaloric cooling specifically was selected
as the most promising non-vapor compression refrigeration
technology by the US Department of Energy in 2014!7. The
investigation of high-performance elastocaloric materials and
regenerators is crucial for driving the progress and widespread
adoption of elastocaloric cooling technologies.

Soft elastomers, such as natural rubbers, thermoplastic
polyurethane (TPU), and synthetic polymers, have recently
emerged as potential materials for elastocaloric applications in
cooling and heating'®22. These materials exhibit much lower
applied stress requirements to trigger the elastocaloric effect
(eCE), typically several MPa or even less. In contrast, elas-
tocaloric alloys require several hundred MPa of applied stress,
highlighting the need for mechanically robust systems!%-16:23,
Overcoming the challenge of high applied stress remains an
ongoing engineering endeavor in elastocaloric refrigeration,
hindering the miniaturization of cooling systems and limit-
ing their potential applications. Recently, elastocaloric cool-
ing prototypes using soft elastomers have been demonstrated
with a comparably high COP = 6 and temperature span >8
K?021.24 " which provides an avenue for developing lower-

stress and miniaturized eCE devices.

Active caloric regenerators act as a combination of refriger-
ant and heat exchangers, and can extend the operating temper-
ature span for the thermodynamic cycle?>?°. The heat gener-
ation and absorption as well as exchange between the source
and sink take place in the regenerator structure. Over the
past few decades, significant research efforts have been ded-
icated to exploring and constructing improved heat-transfer
mechanisms and robust mechanical structures for magnetic
and elastocaloric regenerators”’ 0. In recent years, additive
manufactured (AM) technologies have become mature and
especially adept at fabricating complex 3D structures, capa-
ble of increasing freedom of the structural design. There are
an increasing number of studies with the goal of implement-
ing AM methods to the fabrication of caloric regenerators or
caloric materials preparation, some of which shows satisfac-
tory or even enhanced performance compared to traditional
regenerators”22%3! . Qur previous studies show the great po-
tential to implement AM to fabricate full-scale active eCE re-
generators, potentially improving the temperature span®2.

Operating as an active eCE regenerator, elastomer-based re-
generators are subjected to four steps: loading, the cold-to-
hot blow (cold blow), unloading, and hot-to-cold blow (hot
blow). Figure 1 a illustrates the fluid-channel volume change
evolution over an elastocaloric thermodynamic cycle. The
temperature variation associated with corresponding loading-
unloading steps of elastocaloric elastomers is shown in Figure
1 b as obtained from our previous work??. During the first
process 1 to 2, the regenerator is stretched resulting in a tem-
perature increase. At the same time the fluid-channel volume
increases as the regenerator undergoes large strains, as shown
in Figure 1 a. The volume change is expressed as Vy —V;
indicating the difference of the final and initial fluid-channel
volume.
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FIG. 1. Schematic illustration of the volume change induced by large deformation and the corresponding steps in an elastocaloric cycle, a and
b; schematic regenerator and two selected fluid channels labeled with the related geometric dimension (unit in mm), ¢. Note that the schematic
channels differ from the real numbers of channels, which are 18 for PP channels and 18 x 5 for square channels.

Importantly, it can been observed in a rubber-tube eCE
cooler and in elastomers>*3? that large strains cause the vol-
ume of fluid channels to change in an unclear manner which
results in asymmetric hot and cold blows as well as poten-
tially unwanted heat transfer between the fluid and eCM dur-
ing the loading and unloading processes. However, this effect
has never been specifically investigated.

In this work, we study the volume change produced by
the large deformation in elastomeric regenerators both exper-
imentally and numerically to understand how to realize a re-
generative elastocaloric cooling system with continuous fluid
compensations. We study different fluid channels to inves-
tigate the geometrical impacts on volume changes, as illus-
trated in Fig. 1. Hyperelastic models are implemented in finite
element (FE) simulations to predict volume changes of eCE
regenerators. The corresponding regenerators are 3D-printed
for validation of volume changes under large deformations.

The extra increased volume should be compensated to en-
sure the best-possible fluid flow profile throughout the cy-
cle. In continuous flow systems, compensating for volume
increases of the channel is typically inevitable due to the re-
sulting negative pressure. Accordingly, a tailored fluidic com-
pensation strategy can be devised to accommodate this vol-
ume change. The strategy involves managing compensations
from the hot or cold reservoirs during the loading process and
returning them to the reservoirs during the unloading process,
depending on the specific cooling or heating implementations.
Quantifying the amount of compensation volume is necessary
for the development of high-performance regenerative elas-
tomeric eCE regenerators.

We consider two typical regenerator fluid channels, namely
parallel-plates (PP) and square channels, as shown in Figure
1 c. For both regenerator geometries, the external regenerator
shape is a dogbone to avoid stress concentrations. The PP
regenerator comprises 18 identical channels with a height of
4 mm while the square channel regenerator consists of 18 x 5
channels uniformly distributed in the regenerator. Both the
PP channel and the square channel have a channel length of
36 mm in the same regenerator shape.

TPU possesses various complex mechanical properties such
as hysteresis, softening, Mullins effect, time dependence>*.
In this study, we have simplified the constitutive model based
on the actual operating conditions of eCE regenerators. These
regenerators undergo alternating loading and unloading at a
constant strain rate, ultimately reaching a steady thermal ex-
change status and mechanical equilibrium. To accurately cap-
ture the fluid-channel volume change during cyclic loading,
we start with FE simulations by employing hyperelastic con-
stitutive models to fit the equilibrium stress-strain response for
large-deformation eCE regenerators. Explicit FE methods are
implemented in the simulation for the volume change predica-
tion. Hyperelasticity is also commonly employed to simplify
phenomenological models for rubber-like materials>>7.

We use hyperelastic constitutive models to fit the uniaxial
stress-strain response of the elastocaloric TPUs. The hypere-
lastic model is based on different strain potential density func-
tions, W. We assume that our printed elastomers are isotropic.
The constitutive relationship based on the theory of contin-
uum mechanics can then be expressed by the three invari-
ants of the right Cauchy-Green deformation tensor C3%. For
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rubber-like elastomers during uniaxial tensile tests, the me-
chanical response is close to incompressibility (J = 1) under
small stretches. However, when applying large strains, Pois-
son’s ratio and mechanical responses will be highly strain-
dependent®>*0. For our cases, the applied strain reaches large
strains 500-600% where volume changes play an important
role and the incompressibility constraint is no longer satisfac-
tory. Here we choose the Mooney-Rivlin model and Ogden
model to fit the stress-strain response of TPU elastomers. The
Mooney-Rivlin strain energy function can be expressed as*!:

N ~ o SN )
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and the Ogden strain energy function can be expressed as*’:
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In these strain energy function expressions, the invariants
are modified in principal stretches (marked with the overline)
form based on the deviatoric-volumetric multiplicative split
for compressible material models®#3. See details in methods
of supplementary information.

To approach stabilized mechanical behavior, the standard
sample was loaded for 20 cycles at a strain rate of 1 s~!
which reaches equilibrium, as shown in Figure 2 a (see
experimental details in the supplementary information).
The performed strain range 0-500% is based on our desired
operating range for a prototype. The equilibrium stress-strain
response of loading process of the 20th cycle is employed
for the hyperelastic model fitting by removing the creep
regime. Basically, this bucking is always observed due to
creep caused extension, even upon full contraction of the
loading conditions. The fitting results are shown in Fig. 2 b.
The fitting error can be evaluated as:

£ | Ggim — Oexp| d€
error (%) = Meie“’ x 100% 3)
jSO Oexpd€

The fitting parameters for these four models are summa-
rized in the table I. Comparing the fitting results, the N=5
Ogden model achieves the best fitting and is therefore imple-
mented in the FE simulation for the 3D-printed regenerator
fluid-channel volume change prediction.

Next, a FE modeling of the regenerator to find the volume
change was conducted. Half of the regenerator was mod-
elled due to the symmetry and the inlet structures were also
neglected in the simulation. We applied a strain in a se-
quence from 0 to 600% and the volume change ratio (§V =
VfT:V’ % 100%) calculated is shown in Figure 3 a and c. It can
be seen that the volume change ratio in the PP-channel regen-
erator is higher than that of the square channel. Furthermore,
the PP channel has a higher stress in the middle active re-
gion of the regenerator due to its smaller cross-sectional area.
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FIG. 2. Hyperelastic model fitting for the stress-strain response of
TPU elastomers: a 20 tensile cycles (blue) with the equilibrium curve
for fitting (black); b Comparison of hyperelastic fittings.

In principle, the stress should be similar. But this section is
softer due to less material, thus more deformation goes there,
so it should experience a higher stress. To visualize the fluid
channels geometry variation under large deformation, the fluid
channels of the initial and final states at a strain of 600% are
shown in Figure 3 b and d for PP channels and square chan-
nels, respectively. Comparing the deformed channels in Fig-
ure 3 a and b, we observe that the PP channels are subject
to a buckling along the Z-axis (thickness direction) which is
significant at the boundary channels while this is not observed
for the square channels. This buckling might be the reason of
the observed reduction in stability in the Z-axis of thin plate
walls between the channels when undergoing a large uniax-
ial strain*. As a consequence, the PP channel buckling con-
tributes to an increased volume change ratio in the PP chan-
nels. In addition, higher strains (~53 mm, 600%) are obtained
by PP channels.

To validate the simulation results, experimental measure-
ments were conducted to determine the actual volume change
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TABLE I. The fitting results list of the different hyperelastic models with different parameter numbers

Hyperelastic models ~ Number

List of parameters

dj

N=3 C10 Co1 Cl1
Mooney model - 0205 0458 0.051 5.385e-05

Y Nes Ccl0  Col 20 cll

- 0414 0228 0.041 0.048
N=3 H [29] %% [2%]

50.515 0.048 0.048 4.796

Ogden model

N=5 H o Ha [25)

1.556  0.397 0397 2.835

c02 d
5.994e-4  0.159
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FIG. 3. Simulation results for PP channels a and square channels ¢ volume change prediction as a function of strain (Von Mises stress at 600%
for the insets), and corresponding 3D-fluid channels b and d under 600% strain where X = 0 mm is symmetric plane (Y-Z) and the clamped
area is at X = 25.5 mm and X = 85.5 mm for initial (blue) and deformed (red) channels (there is a 7.5 mm distance between the channel end

and clamped area before loading).

of the fluid channels during the stabilized mechanical process.
The experimental setup was designed based on pressure dif-
ference measurements (see details in supplementary informa-
tion). The idea is to apply the same pressure to the regenerator
and the air tank 2 (reference pressure) when the pressure gets
stabilized to seal the regenerator as a closed volume. During
the loading process, the volume change can be determined by
monitoring pressure changes between the regenerator and air
tank 2. The experimental fluidic system shown in Figure 4
a and Figure 4 b is the physical setup, where the regenera-
tor pressure is denoted as P/ and the reference pressure from
air tank 2 is denoted as P2. The volume change ratio can be
calculated based on the ideal gas law equation (PV = nRT):

v=-"SL—T- L 1= @)

Taking into account impacts from the temperature changes of
the regenerator and the connected tubes volume between the
regenerator and the pressure sensor, the actual volume change
ratio of the regenerator can be calibrated to be (see details
in supplementary information about pressure change calibra-
tions):
1 P
SVr=(1+=)(C5—1), 5

R = ( (x)( P ), 5
in which & and C are the temperature and volume calibration
ratio, respectively. The temperature ratio (C) is defined as:

_ BV Ty

PV, T ©

The volume ratio between regenerator channels and connec-
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FIG. 4. Pneumatic experimental setup and simulation validation: a. Fluidic circuit for pressure difference measurements (P1: regenerator
pressure, P2: air tank 2 pressure); b. Physical picture for the setup; ¢. Airtight examination by monitoring pressure holding; d. Comparison of
volume change ratio as a function of strains at different loading rates (simulations performed at 1 s~! loading rate).

tion tubes is define as o,

Viube '

The ¢ value is 0.985 for PP channels and the C value is 1.01
at 600%.

The PP regenerator is employed for the volume-change val-
idation experimentally. Before measurements, the airtight-
ness of the device and the regenerator need to be ensured.
We applied a 0.5 bar pressure to tank 2 and the regenerator
and closed the two solenoid valves (at 20 min in Figure 4 ¢)
and waited for 30 min to confirm the pressure maintenance.
The results of pressure differences (P/—P2) is stabilized ap-
proaching to zero indicating no air leakage in the regenera-
tor and thus a good airtightness of the sample. The volume
change measurements are performed under cyclic operation
along X-axis at different strain rates for a strain range of 200-
600% to avoid creep. The volume change ratio as a function
of strain at rates of 0.1 s~! and 1 s™! is shown in Figure 4 d
along with the simulation results normalized to 200% strain
to remove the creep regime. From the experimental results at
different loading rates, the higher loading rate shows a larger
volume change ratio. From the experimental results, we no-
ticed that the regenerator subjected to a higher loading rate ex-

(7

hibited a larger volume change ratio. This is because the lower
loading rate allows more creep deformation to occur®>*3. The
simulation results at 1 s~! were slightly lower than the ex-
perimental results overall. This difference could be because
the simulations did not include certain connecting structures
between the regenerator fluid channels and the fluid inlet and
outlet, which were present in the experiments, and could also
be that in experiments the cross-section is different due to the
printing. Here the Ogden model was applied to the simula-
tion for comparison. It is noteworthy that the Ogden 3 and
5 models provide satisfactory predictions for the regenerator
volume change in our desired operating range. When strains
exceed 500%, there is an over estimation for Ogden 3 due
to the constrained strain range (500%) employed for the hy-
perelastic fittings in Figure 2. It can be anticipated that by
employing a larger strain range during the hyperelastic model
fitting, more accurate predictions can be obtained.

Operating in an eCE cycle, the ratio (V*) of displaced fluid
volume (Vy;5,) and regenerator volume (V) or Utilization are
one of evaluating factors for the eCE regenerator performance
to measure how much heat extracted from the regenerator by
heat-transfer fluids'>#%47. The V* shows to be 1 for the best
COP in a NiTi-based prototype at 1.7 %*, which means the
same Vs, and Vg. In this volume increased case, the V* can
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FIG. 5. Volume change distribution (volume change as a function of the X coordinate at 600%) along the tensile direction for the different
volume channels: a and b for the parallel-plate channel; ¢ and d for the square channel; in the figure of 3D-fluid channels Y-Z is symmetric
plane and X = 85.5 mm is clamped area (actually, there is a 7.5 mm distance between the channel end and clamped area).

be rewritten as:

_ Vdi.rp _ Vdisp
0.5 x (VR,,' + VR_f) VRr,i +O.5VR,,'5VR ’

v ®
For the PP regenerator, with a §Vg of 66.7% the equivalent
V* will be 0.74, indicating decrease in V* when the fluidic
channel volume increases by large deformation. In previous
regenerative coolers'>2*, it has been demonstrated that the op-
timized V*/Utilization ratio provides enhanced cooling power
and temperature span. However, this strain-induced volume
change leads to the deviatoric V* and asymmetric hot-cold
blows and further will reduce the temperature span. It sug-
gests a tailored flow system allowing compensating this vol-
ume change to maintain a satisfactory temperature span dur-
ing practical operation.

In an actual 3D printed elastocaloric regenerator, the vol-
ume change also may be position-dependent. Simulation re-
sults can quantify the volume change distribution along the
tensile direction. We consider the fluid channels segmented
into 15 segments to examine the volume change distribution
along the tensile axis. Figure 5 a and ¢ show the results for
the PP channels and square channels under 600% strain and
the volume change ratio of each segment is plotted in Figure
5 b and d. We observed after 20 mm of regenerator length
the volume change ratio gradually decreases in a certain coor-
dinate range for both PP channels (up to 48 mm) and square
channels (up to 40 mm) and then slightly increases. This de-
crease in volume change along the regenerator length direc-
tion is due to the compression exerted by the rounded section

of the dogbone-shaped regenerator, by observing deformed
structures in Figure 3 a and ¢. The volume change ratio in-
creases at the channel end could be attributed to the boundary
effect near the clamped side.

In conclusion, Ogden hyperelastic models achieve a good
fit for the stress-strain response of eCE TPU elastomers and
corresponding FE simulations for the prediction of regener-
ator volume compensations exhibit excellent agreement with
experimental results. The PP regenerator shows higher vol-
ume change compared to the square-channel regenerator un-
der significant deformation, due to thin-plate buckling insta-
bility. Subjecting the PP regenerator to a 200-600% strain
results in a 66.7% volume change ratio. A nonuniform vol-
ume change behavior is observed along the stretching direc-
tion, particularly in the rounded region of the dogbone-shaped
regenerators. These results hold promise for accurately pre-
dicting volume compensation in soft, large-deformation eCE
regenerators and inspiring the design and modeling of active
large-deformation regenerators.

See the supplementary information for experimental details
and methods for the hyperelastic model fitting. The modeling
conditions, and calibrations of pressure change measurements
are also included.
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