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Abstract: Elastocaloric cooling is considered an environmentally friendly future alternative to vapor-
compression technology. Recently, a shell-and-tube-like elastocaloric regenerator loaded in compres-
sion has demonstrated record-breaking heat-pumping performance and fatigue-resistant operation.
The aim of this work is thus to present a new 1D numerical model to simulate and optimize the
operation of an elastocaloric regenerator with a shell-and-tube-like design. In the first part of this
work, the superelastic and elastocaloric properties of a single NiTi tube, which serve as input data for
the numerical model, were determined through experimental characterization and phenomenological
modeling. In the second part, the results of the numerical model were compared with the experimen-
tally obtained results. Relatively good agreement was found regarding the temperature span, cooling
and heating power, and COP values, which indicates that the developed numerical model could be
used for accurate optimization of shell-and-tube-like elastocaloric regenerators. Finally, the effects of
operating conditions and hysteresis losses on the performance of the shell-and-tube-like elastocaloric
regenerator are modeled and discussed. This work shows that the shell-and-tube-like elastocaloric
regenerator with this configuration can achieve a maximum temperature span of more than 50 K
at zero-thermal-load conditions and a maximum cooling/heating power of up to 4000 W·kg−1 and
COP of about 4 (at zero temperature span).

Keywords: elastocaloric effect; caloric cooling; compressive loading; NiTi; numerical modeling;
hysteresis

1. Introduction

Growing global cooling demand and environmental awareness have led to the aban-
donment of environmentally harmful refrigerants such as chlorofluorocarbons (CFCs)
and hydrofluorocarbons (HFCs), which have been widely used in vapor-compression
technology [1]. In the long term, they must be replaced by natural refrigerants, such as
hydrocarbons (HCs) and carbon dioxide (CO2). However, these are not faultless since all
HCs are at least slightly flammable, and CO2 has rather low efficiency in hot climates [2,3].
Moreover, large vapor-compression systems achieve relatively high exergy efficiencies
(>50%), but this is not true for small systems, which are characterized by relatively low ex-
ergy efficiencies (<30%) [4,5]. Due to the rapid progress of developing countries and global
warming trends, the number of small refrigeration and especially air-conditioning systems
is expected to increase significantly over the next two decades. Elastocaloric cooling is con-
sidered a promising alternative to vapor-compression technology used for cooling/heating,
and its development could provide a solution for environmentally friendly cooling and
heat-pumping systems [6]. It has two important advantages over vapor-compression
technology: it is environmentally benign during operation and can potentially achieve
better efficiency (especially compared to small refrigeration units). In 2014 and 2016, the
US Department of Energy [7] and the European Commission [8], respectively, recognized
elastocaloric cooling as the most promising future non-vapor-compression refrigeration
technology. In addition to traditional HVAC applications, elastocaloric cooling can play
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an important role in micro-cooling applications for thermal management of electronic
devices [9,10], such as batteries and supercapacitors [11,12].

Elastocaloric technology is based on the elastocaloric effect (eCE) that occurs in su-
perelastic shape memory alloys (and other shape memory materials) [13]. Although eCE
has been known for more than 40 years [14], it is only in the last two decades that it has
attracted the attention of the scientific community in the field of refrigeration [15,16]. The
application of sufficient mechanical stress to a superelastic shape memory alloy (SMA)
causes the transformation of the crystal lattice from the high-temperature austenite phase
(cubic—B2) to the low-temperature martensite phase (less ordered monoclinic—B19 prime),
which is called forward martensitic transformation. This is an exothermic process that
causes a temperature increase of SMA under adiabatic conditions or an entropy decrease
under isothermal conditions. Namely, under adiabatic conditions, which is the case of rapid
mechanical loading, the latent heat of transformation does not have time to be transferred
to the surroundings, so the elastocaloric material heats up. In contrast, under isothermal
conditions, which occur during slow mechanical loading, the latent heat is transferred
to the surroundings and the temperature of the material remains constant. The reverse
martensitic transformation, which is endothermic, occurs when the mechanical stress is
removed and causes a temperature decrease under adiabatic conditions or entropy increase
under isothermal conditions. The temperature and entropy changes associated with the
phase transformation can be used for cooling or heat-pumping if used in the caloric cooling
cycle. The basic thermodynamic cycle for caloric technologies is the Brayton cycle, which is
based on the following four operational steps. The first step is the adiabatic mechanical
loading of the elastocaloric material (e.g., superelastic SMA), which causes the eCE and
thus the temperature rise of the elastocaloric material (eCM), followed by the heat transfer
to the surroundings at constant (high) stress/strain in the second step. The third step is the
adiabatic unloading of the eCM, causing the eCM to cool below the initial temperature. The
last step is heat transfer from the surroundings to the eCM at constant (low) stress/strain.
If these four steps are repeated continuously, active cooling or heating can be achieved. A
graphical presentation of the eCE is shown in Figure S1 in the Supplementary materials.
Among the many eCMs known today, NiTi alloys are the most studied eCMs, because
they are commercially available, have a large latent heat, and have relatively good fatigue
life compared to other eCMs. The use of alloying elements such as Cu, Fe, V, and Co has
been shown to reduce hysteresis losses and improve the fatigue life of NiTi-based alloys,
but at the expense of lower eCE [17–20]. In addition to NiTi-based alloys, eCE has also
been studied in Cu-based [21,22], Fe-based [23], and magnetic shape memory alloys [24,25]
as well as in shape memory polymers [26,27]. Recent reviews on eCMs can be found
in [13,28–30].

To date, about 15 proof-of-the-concept elastocaloric devices have been developed and
tested. Their operating principles and performances can be found in the literature [31–40].
The best overall cooling and heat-pumping performance to date has been achieved by shell-
and-tube-like active elastocaloric regenerator (AeCR) based on NiTi tubes, which generated
a maximum temperature span of 31.3 K (in heat-pumping mode) and more than 60 W of
cooling and heating power (4400 W·kg−1 of eCM) [35]. The concept of active regeneration
was originally developed in the field of magnetocaloric cooling [41] and was later applied
also in other caloric technologies [31,42]. An active elastocaloric regenerator (AeCR) is
essentially a porous structure (matrix) made of eCM through which a heat transfer fluid
(HTF), such as water, oscillates between the heat sink and the heat source. The eCM in
the AeCR has a dual function, acting as both a refrigerant and a heat regenerator enabling
an increase in the temperature span. The active regenerative caloric cycle is a unique
thermodynamic cycle in which a temperature profile is established along the length of
the regenerator under steady-state conditions. Therefore, each part of the caloric material
undergoes its own thermodynamic cycle at different temperatures, so the temperature span
between the heat source and the heat sink can be larger than the adiabatic temperature
change of the eCM itself.
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In parallel with the development of elastocaloric devices, several numerical models
have been developed in recent years to simulate and optimize their operation. Among
the developed models, a distinction can be made between steady-state and transient
models, the latter being further divided into one-dimensional (1D) and two-dimensional
(2D) models. The steady-state models are based on simple energy balance equations and
use certain performance metrics as input data [43,44]. This approach is usually used for
simulating complex systems to gain insight into the overall process behavior without much
computational effort. In more complex transient models, governing differential equations
are used to describe the thermal state of an elastocaloric device. Most transient numerical
models for elastocaloric devices are 1D. Although 2D models can be more accurate, 1D
models represent a good compromise between the complexity, the computational time
required, and the accuracy of the results. The transient numerical models are usually based
on a set of coupled governing differential equations describing the thermal state of the
elastocaloric porous matrix and the HTF (if included). These models can be divided into
the numerical models of elastocaloric devices with the heat-recovery principle [45,46], the
active regeneration principle [47–56], the single-stage principle [32,57] and the elastocaloric
heat-pipe principle [58].

The developed models of elastocaloric devices can be further distinguished with
respect to the implementation of eCE. Some models (e.g., [9,50]) integrate measured val-
ues of adiabatic temperature changes directly into the governing equation of the eCM.
However, since eCE depends on the applied stress/strain and temperature, a more ad-
vanced characterization of eCE is usually required to correctly capture the elastocaloric
response of the eCM in the model. Since eCE is closely related to the superelasticity of
SMA, it can be calculated based on the superelastic behavior as a function of stress/strain
and temperature. Tušek et al. [47] presented the phenomenological model describing the
superelastic and moreover the elastocaloric properties calculated based on the Maxwell
relation assuming complete phase transformation. Qian et al. [54] used a superelastic
model that takes into account the kinetics of phase transformation and allows accurate
prediction of eCE under partial phase transformation. This model is based on the Müller-
Achenbach-Seelecke model [59], which considers martensite and austenite fractions during
transformation. A similar approach was also used in [32,45,46,52,53,55,56,60]. Recently,
Bachmann et al. [61] modified the material modeling approach of the magnetocaloric effect
presented by Hess et al. [62] and used it for modeling the eCE. It is based on phenomeno-
logical modeling of heat capacity as a function of temperature and stress, based on which
the isothermal entropy change, adiabatic temperature change, and strain of the eCM were
calculated. Griffith et al. [63] recently presented a model for predicting the thermal behavior
of eCM based on the Debye approximation [64].

Here, we present a new, first-of-its-kind numerical model to simulate and optimize the
cooling and heating performance of the shell-and-tube-like AeCR. As recently shown [35],
such a design of the AeCR shows fatigue-resistant operation (due to compressive loading)
and has the best overall specific cooling/heating performance of all elastocaloric devices
developed to date. The developed numerical model is based on the governing differential
equations describing the thermal state of the regenerator. These were previously presented
by Ahčin et al. [65] for a passive oscillating-flow shell-and-tube-like regenerator to charac-
terize their thermohydraulic properties. In this work, the model is extended to include the
elastocaloric properties of the NiTi tube obtained through experimental characterization
and phenomenological modeling. The eCE is implemented in a unique way that allows us
to model partial transformations, including hysteresis losses without compromising com-
putational efficiency. The numerical model is verified using the experimentally determined
cooling and heat-pumping properties of the shell-and-tube-like AeCR at different operating
conditions (see [35] for details on the experimental results). Finally, the influence of the
operating conditions (applied strain, operating frequency, displaced fluid volume ratio,
and temperature span) and hysteresis losses on the cooling and heat-pumping performance
is modeled and discussed.
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The rest of the paper is organized as follows. In Section 2, the methods are presented,
where we describe the experimental determination and phenomenological modeling of the
superelastic and elastocaloric properties, as well as the numerical modeling of the active
elastocaloric regenerator. In Section 3, the main results of this work are shown, where
we present a verification of the numerical model against the experimental results and
the influence of some of the most important operating parameters on the regenerator’s
performance. In Section 4, the main conclusions of this work are drawn.

2. Methods

In the first part of this work, the superelastic and elastocaloric properties of the NiTi
tube were determined by experimental characterization. The obtained experimental data
were then used as input data for the phenomenological model, based on which a set of
elastocaloric properties was calculated as a function of applied strain and temperature,
necessary for further AeCR modeling.

2.1. Experimental Determination of Superelastic and Elastocaloric Properties

In this study, a medical-grade NiTi tube with 55.96 wt% Ni and Af = −7.3 ◦C from
Memry Corporation, with an outer diameter of 2.5 ± 0.01 mm and an inner diameter of
1.5 ± 0.025 mm, was used. The tube was cut and polished to a length of 29 ± 0.01 mm and
inserted into a specially designed holder [66] that provides uniaxial compressive loading.
The holder contained two ER collets that held the tube, prevented its movement in the
holder (outside the gauge length), and assured uniaxial loading. The gauge length of
the tube between the ER collets was 8 mm. Characterization of the superelastic behavior
was performed on the Zwick/Roell Z050 Universal Testing Machine (UTM), equipped
with a 5 kN load cell (maximum measurement uncertainty of ±0.4% of full scale), and
a Zwick/Roell thermostatic chamber. Since the UTM measures the displacement of the
crosshead, the measurements included a complex response of the entire system between
the crossheads (i.e., tube, holder, clamps). Therefore, the use of an extensometer or a
strain gauge was required to accurately measure the strain of the tube. Due to the short
gauge length of the specimen (8 mm) and poor accessibility for a mechanical extensometer
due to the design of the holder and the size limitations of the thermostatic chamber, a
video extensometer was used. The video extensometer was developed in-house and
comprised carefully positioned lighting and a Panasonic DC-GH5L camera that recorded
the movement of the tube during loading and unloading (a photo of the experimental
setup can be found in Figure S2 in the Supplementary materials). Details of the strain
measurements with the video-extensometer and their uncertainties, which can be up to
0.2% of the measured value, can be found in [66]. The schematic representation of the
experimental setup is shown in Figure 1. The gauge length of the tube was divided into
three sections (Figure 1). The middle section was painted with a thermographic paint with
high emissivity (ε = 0.92), which allows for accurate IR temperature measurements. The
upper and lower sections of the tube were painted with white base paint, onto which black
speckles were randomly sprayed for video extensometer measurements [66]. The force
measurements are made using the UTM’s load cell, where the stress is calculated based on
the initial cross-section of the tube.
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Figure 1. Schematic representation of the experimental setup for superelastic and elastocaloric
characterization of the tube, showing the tube with the marked regions of interest for the thermal
camera and video extensometer measurements.

The objective of the experimental characterization was to obtain the material properties
required for the phenomenological model, which was used to simulate superelasticity
and later eCE at different temperatures and stresses/strains. Since the numerical model
of AeCR requires the elastocaloric data at a very dense set of different temperatures
and stresses/strains, phenomenological modeling was necessary because experimental
characterization would have been impossible at such a dense set of data. However, the first
step of the experimental procedure was to stabilize the superelastic response of the tube
through the so-called training. The stress limits and the temperature at which the training
was performed were selected with the final application in mind, i.e., the temperatures and
stresses at which the eCM will operate in an elastocaloric device. Training temperature was
selected based on the highest expected operating temperature of the AeCR and was set at
45 ◦C. As shown in Tušek et al. [67], training at the highest temperature ensures a stable
superelastic response at lower temperatures as long as the maximum applied stress and
strain of the training are not exceeded. The stress limit during training was set at 1275 MPa,
which is near the end of the transformation plateau of the NiTi tube [66]. The training was
performed at a strain rate of 1.75 × 10−3 s−1 between 6.5 MPa and 1275 MPa for 100 cycles.
During the training, a decrease in the transformation stress, hysteresis loop area, and the
recoverable strain can be observed, and the residual strain increases (see Figure 2a), until
the response stabilizes towards the end of the training, as previously shown in [67,68].
Figure 2a shows the first and last training cycles. Once the tube was fully stabilized, a series
of isothermal and adiabatic tests were performed at room temperature (about 24 ◦C) and
45 ◦C. Four strain ranges were applied at each temperature.
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Figure 2. The first and last training cycles and determination of EA and EM (a); isothermal superelastic
stress-strain behavior at 24 ◦C and 45 ◦C and determination of transformation strain and critical stress
at the middle of the transformation (b); the phase diagram for the forward transformation showing
the martensite peak temperature and the corresponding Clausius-Clapeyron coefficient (c); and the
isothermal hysteresis loop area as a function of strain for both evaluated temperatures (d).

Isothermal tests were performed at a strain rate of 5.5× 10−5 s−1 (corresponding to the
isothermal conditions according to [69]) between 6.5 MPa and a selected upper limit, which
was 1100 MPa at 24 ◦C and 1275 MPa at 45 ◦C. Figure 2b shows the experimentally mea-
sured isothermal superelastic response of the tube at both evaluated temperatures, based
on which the material properties (Young’s modulus, transformation strain, martensite
peak temperature, and Clausius-Clapeyron coefficient) required for the phenomenological
modeling were extracted as explained below. The isothermal superelastic responses at all
strains evaluated are shown in the Supplementary materials (Figure S3). As explained and
discussed later, the phenomenological model is only used to model the loading curves.
Therefore, only the material parameters related to the forward transformation (i.e., the load-
ing curve) are extracted from the experiments. The transformation strain was determined
by extrapolating the elastic region of the martensite to zero stress, as shown in Figure 2b.
The martensite peak temperature (Mp) and Clausius-Clapeyron coefficient (CMp) were de-
termined from the phase diagram of forward transformation (Figure 2c). It was constructed
based on the critical stresses defined in the middle of the isothermal transformation plateau
for each temperature, as shown in Figure 2b. The hysteresis loop area was calculated
using Equation (1) and is shown in Figure 2d as a function of strain, where we can see
that the hysteresis loop area increases with both temperature and strain (but only until the



Energies 2022, 15, 9253 7 of 28

end of the transformation). An approximation function was fitted to the experimentally
determined hysteresis loop areas, based on which the entropy irreversibilities (Equation (4))
were further calculated for a wider range of strains and temperatures.

Ahyst =
∮

σ dε (1)

The experimentally determined NiTi properties needed for further phenomenological
modeling are listed in Table 1.

Table 1. Experimentally determined properties of NiTi tube required for further phenomenological modeling.

EA
(GPa)

σAM,24
(MPa)

σAM,45
(MPa)

εtrans
(/)

CMp
(MPa·K−1)

Mp
(K)

Ms
(K)

Mf
(K)

113.3 463 633 0.0225 7.83 239 315 163

After the isothermal tests, the adiabatic tests were performed to evaluate the adiabatic
temperature changes, which were then compared to the modeled adiabatic temperature
changes (Figure 3b). A thermal imaging camera FLIR A6750sc with a 50 mm focal length
lens and an absolute accuracy of ±2% of the temperature reading was used to measure
the adiabatic temperature changes. The adiabatic tests were performed at a strain rate of
4.2 × 10−2 s−1 (corresponding to adiabatic conditions according to [69]) between 6.5 MPa
and selected upper limits, which were the same as for the isothermal tests (i.e., 1100 MPa
at 24 ◦C and 1275 MPa at 45 ◦C). A holding time of 60 s was applied after each adiabatic
loading and unloading to allow the temperature of the tube to adjust to the ambient
temperature. In this way, we ensured that the temperature conditions for loading and
unloading were the same. To assess the repeatability of the measurements, three adiabatic
cycles were performed at each applied strain and each temperature and based on this the
standard deviations were calculated and included in Figure 3b as error bars. Since the
video extensometer and the UTM were not synchronized, the actual strain of the tube
could not be controlled (held constant) during the hold time but was instead controlled
by the crosshead displacement. As a result, the actual strain of the tube could change to
some extent during the holding time (due to the heating or cooling of the tube by heat
transfer to the environment). Thus, since the strain of the tube during unloading was not
the same as during loading, the measured negative adiabatic temperature changes were
not evaluated and considered in the modeling. However, as explained later in the text, the
negative adiabatic temperature changes included in the AeCR model were determined
by subtracting the temperature irreversibilities due to hysteresis losses from the positive
adiabatic temperature changes.

2.2. Phenomenological Modeling

The phenomenological model developed by Tušek et al. [47] was used to model the
superelastic behavior. The model describes strain as a function of applied stress and temper-
ature and uses the experimentally determined material properties described in Section 2.1
as input data to predict the full superelastic behavior. Since the phenomenological model
presented in [47] can only account for a complete transformation, a different approach is
taken in this work to model partial phase transformations as well. Here, the superelastic
behavior is calculated only for loading, and the elastocaloric properties are subsequently
corrected with the experimentally determined irreversibilities (based on the hysteresis loop
area—see Figure 2d) to account for hysteresis behavior. A similar approach was used to
model hysteresis losses in magnetocaloric cooling [70]. The superelastic stress-strain re-
sponse during loading (forward transformation) was modeled with the following equation:

ε(σ, T) =
εtran

2
tanh

(
2.9444

CMp (Ms −M f )
·(σ− σAM(T))

)
+

σ

EA
+

εtran

2
(2)
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Figure 3a compares the modeled and experimentally determined superelastic behavior
of the NiTi tube during loading where relatively good agreement between both can be seen.
Based on the modeled superelastic behavior, the isothermal entropy changes (∆siso) during
loading were calculated using the Maxwell relation:

∆siso =
1
ρ

∫ ε2

ε1

(
∂σ

∂T

)
ε

dT (3)

Entropy irreversibilities (see Figure 3d) were calculated as a function of strain and
temperature based on the hysteresis loop area (Equation (1)) and shown in Figure 2d:

∆sirr =
1

ρT

∮
σ dε =

1
mT

Ahyst (4)

Irreversibilities are included in the numerical model of AeCR as entropy generation
during the loading and unloading of the eCM (see Section 3 for details). However, in the
next step of the computational process, the total entropy (s′tot = stot − stot(T1)) was calcu-
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lated as a function of temperature and strain. It was calculated based on the total entropy
at zero applied strain (first term in Equation (5)), where c denotes the baseline specific
heat at the reference temperature T1 (well below the transformation temperatures where
transformation can be neglected) and was assumed to be 430 J·kg−1·K−1 [69]. A complete
total entropy diagram (Figure 3c) is obtained by adding the values of the isothermal entropy
changes (second term in Equation (5)) and subtracting half of the entropy irreversibilities:

s′tot(ε, T) =
(∫ T2

T1

c(T1)

T
dT
)

ε=0
+ ∆siso(ε, T)− ∆sirr(ε, T)

2
(5)

It is assumed that half of the irreversibilities occur during loading and the other half
during unloading [61,70]. Based on the obtained T-s′tot diagram, the specific heat (c) and
adiabatic temperature changes (∆Tad) can be calculated as follows (both as a function of
strain and temperature):

c(ε, T) =
(

∂s′tot(ε, T)
∂T

)
T (6)

∆Tad(ε, T) = T2
(
s′tot,ε, ε

)
− T1

(
s′tot,ε=0, ε = 0

)
(7)

When comparing the modeled and experimentally determined adiabatic temperature
changes (Figure 3b), the results agree very well. Here it should be noted that the temper-
ature irreversibilities were added to the modeled adiabatic temperature changes for the
sake of this comparison. Certain discrepancies between the modeled and experimentally
determined adiabatic temperature changes are observed only for the largest applied strains
at room temperature. This could be related to the suppression of phase transformation at
higher temperatures (during training), which means that the superelastic response is not
fully stabilized at lower (room) temperature. This phenomenon needs to be investigated in
more detail in the future.

2.3. Numerical Modeling of the AeCR

A transient 1D numerical model originally developed in [65] for a passive shell-and-
tube-like regenerator was extended to simulate and optimize the shell-and-tube-like AeCR.
The following assumptions were made:

• the HTF flow is incompressible, with no flow maldistributions,
• the HTF properties are defined according to the mean temperature,
• the stress throughout the AeCR is constant,
• the strain within the segment of the AeCR is constant,
• the mechanical loading and unloading are adiabatic,
• a step on and off function of the fluid flow period is assumed,
• the strain is kept constant during the HTF flow period,
• it is assumed that the energy released during unloading is fully recovered.

The governing differential equations of the AeCR model are derived based on the
law of energy conservation, taking into account the above assumptions and other as-
sumptions normally used in modeling caloric regenerators [65,71]. The model couples the
time-dependent differential equations of three different domains, namely, the heat transfer
fluid (HTF) (Equation (8)), the eCM (Equation (9)), and the regenerator housing (Equation
(10)), and describes their thermal state and the thermal interaction between the domains.
The differential equation of the housing also includes the thermal mass of the supporting
elements (baffles, see Figure 4) and takes into account the heat exchange with the environ-
ment (heat losses/gains). Considering the geometry specification of the shell-and-tube-like
regenerator (Figure 4), Equations (8) and (9) include a term describing the heat transfer
through the baffles in the longitudinal direction (Equation (11)). This allows the use of
a 1D numerical model where the numerical grid runs along the HTF path, as shown in
Figure 4, but still accounts for the heat transfer through the baffles. Adiabatic boundary
conditions (dT/dx = 0) were applied at both ends of the eCM and housing domains, and a
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temperature boundary condition (T(x = 0) = Tin) was set at the inlet of the AeCR in the
HTF domain (see [65] for details on the mathematical model and boundary conditions).

∂Tf
∂t

+ v
∂Tf
∂x

=
kf

ρfcf

∂2Tf

∂x2 + hef
As

cf
.

mfτ
(Ts − Tf) + hef

AH

cf
.

mfτ
(TH − Tf) +

∣∣∣∣F 2v3

dhcf

∣∣∣∣−Qbaf,f (8)

∂Ts

∂t
=

ks

ρscs

∂2Ts

∂x2 + hef
As

csms
(Tf − Ts)−Qbaf,s (9)

∂TH

∂t
=

kH

ρHcH

∂2TH

∂x2 + hef
AH

ρHcHVH
(Tf − TH) +

1
ρHcHRaVH

(Ta − TH) (10)
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The heat transfer through the baffles is calculated using the following equation (see
Figure 4c):

Qbaf =
1

(ρcRV)baf

[
T
(
xi, yj

)
− T

(
xi+1, yj+2

)]
(11)

Here, ρ, c, R and V are the density, specific heat, thermal resistance, and volume of the
wetted parts of the baffles (made of steel), respectively (see Table A1 in Appendix A for
more details).

In this work, the AeCR numerical model considers four periods of the elastocaloric
cooling cycle (e.g., the thermodynamic Brayton cycle). Namely, the adiabatic loading of
the eCM, the cold-to-hot HTF flow at constant (high) strain, the adiabatic unloading of
the eCM, and the hot-to-cold HTF flow at constant (zero) strain—see the flowchart of
the numerical model in Figure S4 in the Supplementary material. The eCE is not directly
included in the governing equations, but is applied to the model by considering the
appropriate adiabatic temperature changes of the eCM as a function of temperature and
strain (see Figure 3b) during loading and unloading. This is related to the assumption
of instantaneous mechanical loading/unloading and the associated adiabatic conditions
and is only valid if the loading/unloading time is very short so that the adiabatic loading
conditions are satisfied. Since the local temperature and local strain of the eCM change
during the operation of the AeCR (note that the strain within each segment is assumed to
be constant), the adiabatic temperature changes are determined for each node and time
step of the cycle as follows: (1) Starting from a global strain (applied to the AeCR as a
constant operating condition) and the average temperature of the eCM before loading and
unloading, the corresponding stress is determined from the stress-strain curves (Figure 3a).
(2) The local strain of each AeCR segment can be determined as a function of the local
eCM temperature (in each segment) and the stress along the AeCR (from the stress-strain
responses at different temperatures—Figure 3a). Note that the stress is assumed to be
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constant along the AeCR even though the local temperature and local strain vary. (3) When
knowing the strain and temperature of each segment before loading and unloading, the
corresponding (non-hysteretic) adiabatic temperature changes can be calculated from the
T-s diagram (Figure 3c) using Equation (7). Similarly, the entropy irreversibilities and
the specific heat of the eCM can be determined for each strain and temperature (see
Equations (4) and (6)). By knowing the (non-hysteretic) adiabatic temperature changes
and the entropy irreversibilities the realistic adiabatic temperature changes (including
the hysteresis irreversibilities) can be determined for both loading and unloading. As
mentioned before, it is assumed that half of the irreversibility occurs during loading and
the other half during unloading [61,70] and, therefore, half of the entropy irreversibility is
added to the cycle during loading and the other half during unloading.

To approach the real experimental conditions of the AeCR, the geometrical and mate-
rial properties used as input parameters for the model were taken from our experimentally
tested AeCR [35] and are listed in Table A1 in Appendix A. The material properties of
housing and NiTi are assumed to be constant, except for the specific heat (cs) of NiTi, which
is calculated using Equation (6). We assumed that the density (ρ) of NiTi is the same for the
martensite and austenite phases, although the thermal conductivity (k) of the two phases
is different, as shown in Table A1 in Appendix A. The HTF properties included in the
model (c, k, ρ, ν) are calculated according to the average temperature of the HTF before
each cycle. The heat transfer area of the eCM (As) included in the model is only the one in
contact with the water, ignoring the portion of the tubes in the baffles since they do not
directly contribute to the heat transfer. On the other hand, the mass (ms) and volume (Vs)
of the eCM taken into account in the model also include half of the mass of the tubes in the
baffles because, based on our preliminary analysis, we estimate that only about half of the
eCM in the baffles transforms (as it is constrained by the baffles) and thus only half of the
tubes contributes to active cooling/heating (by heat conduction through the tubes). The
AeCR length (fluid flow path) is defined by the active length, i.e., only the length that the
HTF passes through the tube bundle (excluding the turns between segments). Since the
housing and the baffles are complex in design (see [35] for details), the effective material
properties of the housing (ρH, cH, kH) and its volume (VH) were calculated based on the
volume fraction of each material in the housing assembly (see Table A1 in Appendix A).
Heat losses to the surroundings are accounted for in Equation (10) by defining the thermal
resistance of the housing (Ra) through each element, as shown in Table A1 in Appendix A.

During loading and unloading, the geometric properties of the AeCR change. The
channel height decreases and the tube diameter slightly increases during loading. The
latter was studied on a single tube under an applied strain of 3.2% using the Panasonic
DC-GH5L camera (see Figure S5 in the Supplementary materials). The increase in diameter
at the maximum applied strain was about 2.6% and it was assumed that the increase in
diameter has a linear relation with the applied strain. Therefore, the parameters affected
by the changes in AeCR geometry (e.g., As, dh), are calculated separately for loaded and
unloaded AeCR. The hydraulic diameter (dh) is calculated based on the equation normally
used for shell-and-tube heat exchangers [72] and is given in Table A1 in Appendix A. The
correlations Nu(Re) and F(Re) needed to calculate the convective heat transfer coefficient
(hef) and the friction factor (F) were taken from [65] where the shell-and-tube-like regen-
erators were tested for their thermohydraulic properties at operating conditions relevant
for such applications (Re < 2000). It should be noted that the governing equations include
the effective heat transfer coefficient (hef), which takes into account the finite thermal
conductivity of the eCM (see Table A1 in Appendix A).

To meet the experimental conditions, the dead volume of 100 mm3 on each side of the
AeCR is included in the model. The dead volume is defined as the HTF volume that exits
the AeCR but returns to the AeCR in the following fluid flow period instead of flowing
toward the heat exchangers, as shown in Figure 4a [73]. In addition, the heat losses/gains
of the HTF to/from the environment in the fluid connections between the AeCR and the
hot/cold heat exchangers are considered as a heat load on each side of the AeCR (based on
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the measured values). The latter is applied in the numerical model only for comparison
with the experimental results (Section 3.1) and is determined based on the temperature
difference between the HTF inlet and outlet temperatures on the cold and hot sides of the
AeCR. Heat loads of the fluid connections are omitted from the subsequent analysis of the
effects of operating conditions, hysteresis, and heat transfer area on the performance of the
AeCR (Section 3.2).

The governing differential equations were discretized using the implicit finite differ-
ence approximation. The system of equations was written in matrix notation and was
solved using MATLAB software. The influence of the discretization parameters and the
convergence criteria are shown in the Supplementary material (Figure S6). The performance
of the AeCR is calculated after steady-state conditions are reached (i.e., when the outlet
temperatures of the AeCR are periodically stable and do not change by more than 0.0002 K
in two consecutive cycles). The temperature span is defined as the difference between the
mean outlet temperatures at the hot (Th,o) and cold (Tc,o) sides of the regenerator.

Tspan = Th,o − Tc,o (12)

The cooling and heating powers are defined as:

.
Qc =

.
mfcf

(
Tc,i − Tc,o

)
(13)

.
Qh =

.
mfcf

(
Th,o − Th,i

)
(14)

Here,
.

Qc and
.

Qh are the absolute cooling and heating powers, and Tc,i, Tc,o, Th,o and
Th,i are the mean inlet and outlet temperatures on the cold and hot sides, respectively. In
addition, the efficiency of the AeCR is evaluated by the coefficient of performance (COP),
which is defined as the ratio between the cooling/heating power and the input power.

COPc(h) =

.
Qc(h)

.
Wmech +

.
Wpump

(15)

Input power includes the mechanical power (
.

Wmech) required to load the regenerator
and the power required to pump the fluid through the system (

.
Wpump). The mechanical

input power assumes perfect work recovery during unloading [35] and corresponds to the
enclosed area in the stress-strain diagram (

∮
σdε) and is calculated as follows:

.
Wmech = f ms

∮
T ds (16)

Here, f is the operating frequency and ms is the active mass of eCM in the AeCR. The
model was tested for thermodynamic consistency by comparing the required mechanical
input power calculated based on the T-s diagram (Equation (16)) and input work calculated
from the difference between heating and cooling powers (Equation (17)) when the thermal
mass of the housing, heat losses to the surroundings and the frictional losses are excluded.

.
Wmech,Q =

.
Qh −

.
Qc (17)

The power required to pump the fluid (Equation (18)) is calculated based on the
pressure drop through the AeCR.

.
Wpump =

.
mf∆p

ρf
(18)
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The pressure drop is calculated using Equation (19), which contains the friction factor
(F) as a function of the Reynolds number (Re) [65]—see Table A1 in Appendix A for details.

∆p = F(Re)Lρfv2/2dh (19)

In addition, the numerical model was validated against the elastocaloric properties mea-
sured on a single tube (at the zero temperature span of the AeCR)—see Supplementary material
(Figure S7). Figure S7 shows the contributions of the different effects on the AeCR performance
(e.g., hysteresis losses, viscous losses, heat losses to the surroundings, heat capacity of housing,
and baffles) in terms of heating power, input power, and COP.

3. Results and Discussion

Before showing the numerically simulated cooling and heating properties of the AeCR,
we demonstrate the basic operation of the model. Figure 5a shows the time evolution of
the temperature span from the initial state until reaching the steady-state in heat-pumping
mode. Figure 5b shows the effect of temperature on local strain during mechanical load-
ing of the AeCR in the steady-state conditions, where the part of the NiTi tube with the
highest temperature experiences the lowest strain and thus the smallest adiabatic temper-
ature changes at the specified mechanical load. This so-called eCE degradation due to
elevated temperature has already been shown and discussed in [53]. Figure 5c,d show the
corresponding elastocaloric cycle in the T-s diagram for the first and steady-state cycles,
respectively. In the first cycle, the entire eCM has the same temperature and thus performs
the same thermodynamic cycle (Figure 5c). In a steady state, a temperature profile is
established and, therefore, each part of the eCM performs its own thermodynamic cycle at a
different temperature (Figure 5d). The inset in Figure 5d shows how entropy irreversibility
due to hysteresis losses affects the loading of the material (1–2) in the T-s diagram. It can be
seen that due to the hysteresis irreversibilities, the adiabatic temperature change during
loading is larger than that for the ideal transformation (1–2i) with ∆sirr = 0. A similar effect
occurs during unloading, except that the hysteresis irreversibilities reduce the negative
adiabatic temperature changes compared to the ideal transformation. Figure 6 shows the
temperature distribution during all four operating steps (a–d) along the HTF path of the
eCM in the AeCR after a steady state has been reached.

3.1. Model Verification against the Experimental Results

In this section, we present a comparison between the experimentally measured [35]
and numerically calculated cooling and heating performance of the shell-and-tube-like
AeCR. Figure 7 shows a comparison between the measured [35] and calculated maxi-
mum temperature spans established along the AeCR for the heat-pumping and cooling
modes at a stress level of 775 MPa (results for 825 MPa are included in the Supplementary
materials—see Figures S8–S10). The measurement uncertainty of the temperature span
was estimated at ±0.28% [35]. Operating conditions varied in terms of frequency (0.48 Hz,
0.9 Hz, and 2 Hz) and displaced fluid volume ratio (0.18–0.91). The displaced fluid volume
ratio is defined as the ratio of the HTF volume displaced through the AeCR in a single fluid
flow period to the total volume of fluid in the AeCR as defined by Equation (20).

V∗ =
Vpump

V0,reg
=

.
mfPf

ρfVregε
(20)
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(a) at a stress level of 775 MPa and cooling (b) and under different mechanical loads (c).

The maximum temperature span is reached when the AeCR operates without thermal
load, which means that the cooling and heating powers are zero. However, even when
there is no external thermal load applied, there were certain heat losses and gains on both
sides of the AeCR during the experiments, which were essentially the cooling/heating
power from the AeCR’s perspective. These were taken from the experiments (based on
the difference between the inlet and outlet temperatures on both sides of the AeCR) [35]
and included in the simulations to more accurately describe the operating conditions (for
comparison with the experiments only). In the case of the heat-pumping mode, the inlet
temperature of the fluid on the cold side was set to 20 ◦C, and in the case of the cooling
mode, the inlet temperature of the fluid on the hot side was set to 30 ◦C. From Figure 7, it
can be seen that the numerical model correctly predicted the increase in the temperature
span with increased frequency and stress, and generally also the effect of the displaced
fluid volume ratio, although some degree of overestimation of the numerical results is
evident. In general, larger deviations were found when the AeCR operated at a smaller
displaced volume ratio and higher frequency. This could be related to some malfunctions
of the check valves used in the experiments [35], which reduced the performance of the
AeCR, especially at small values of the displaced fluid volume ratio and high frequency.
For check valves to function properly, a certain pressure difference must be established
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between the two sides of the check valve, which directly affects the opening and closing
times. The pressure difference is smaller for a smaller displaced volume ratio, which can
result in HTF leakage before the check valve closes. On the other hand, a higher frequency
results in more dynamic operation of the check valves, which means that especially in a
combination with a relatively low pressure difference (at a small displaced fluid volume
ratio), the effects of improperly opened or closed check valves are more pronounced.

In the second series of simulations, the experimentally measured heating and cooling
powers were included in the numerical model. The measurement uncertainty of the
cooling/heating power was estimated at ±0.57% [35]. Based on this, the model calculated
the corresponding temperature span and the COP (see Equation (15)). Figure 8 shows a
comparison between the measured and numerically calculated temperature span—cooling/
heating power characteristics. The operating frequency was kept constant at 2 Hz as the
effects of three different displaced volume ratios were evaluated. In general, Figure 8
shows relatively good agreement between the numerical and experimental results, but
some overestimation can be seen particularly at smaller displaced volume ratios (as already
discussed above).
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Figure 8. Comparison between experimentally determined and numerically calculated temperature
span—cooling/heating power characteristics for heat-pumping (a) and cooling (b) at a stress level of
775 MPa.

The experimentally measured and numerically calculated regenerator efficiencies
were also compared in terms of COP (see Figure 9). The measurement uncertainty of the
COP values was estimated at ±3.12% [35]. At a stress level of 775 MPa, the numerical
model slightly underestimated the experimentally determined COP. The main reason
for the underestimated COP of the numerical model was most likely the overestimated
input mechanical work. It should be noted that the mechanical work in the simulations
was calculated based on the stress-strain characteristics of the trained single NiTi tube
(see Section 2.1). However, as shown in [69], the hysteresis loop area of the NiTi tube
was not fully stabilized after 100 training cycles and continued to decrease over up to
500,000 loading cycles, although the adiabatic temperature changes stabilized much earlier.
Since the AeCR underwent more than 100,000 cycles before the characterization of the
cooling and heat-pumping performance shown here, it was expected that its hysteresis
loop area was somewhat smaller than the hysteresis loop area of the single tube used for
numerical modeling.
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Nevertheless, as shown both experimentally [35] and numerically, the cooling perfor-
mance of the AeCR was less efficient than that of the heat-pumping, for which there may be
several reasons: the eCE itself was not fully reversible due to hysteresis losses in the NiTi
resulting in larger adiabatic temperature changes during loading than during unloading;
fluid friction and friction between the tube and the baffles were converted to heat; and the
geometry when the AeCR was mechanically loaded allowed better heat transfer due to the
smaller hydraulic diameter (larger tube diameter).

3.2. Impact of the Operating Conditions and Hysteresis Losses

In this section, the influence of operating conditions (applied strain, frequency, and
displaced fluid volume ratio) and hysteresis losses on the performance of the shell-and-
tube-like AeCR was numerically evaluated. It should be noted that the heat losses and gains
on both sides of the AeCR, which were included in the model as cooling/heating power for
the purpose of the comparison with the experiments in Section 3.1, were neglected in this
set of simulations because it was assumed that they could be minimized by appropriate
insulation. Figure 10 shows the effect of applied strain at different operating conditions
(operating frequency and displaced fluid volume ratio) on established temperature spans
at no thermal load conditions. As expected from the results in Section 3.1, the temperature
span increased with increasing strain and frequency, and the increased displaced volume
ratio decreased the temperature span. As shown in Figure 10, the temperature span
increased almost linearly with strain between about 0.3% and about 3%, corresponding
to the transformation plateau (see Figures 2b and 3a) where most of the transformation
occurred. At strains above 3%, the temperature span remained almost constant because at
these strains the transformation was complete and the eCE remained constant. As predicted
by the model, at the maximum applied strain a temperature span of more than 50 K could
be reached in the heat-pumping mode and around 45 K in cooling mode at the frequency
of 2 Hz and a displaced fluid volume ratio of 0.2.
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heat-pumping (a) and cooling (b).

In the next set of simulations, the cooling/heating powers and the COP values were
evaluated at different temperature spans. It should be noted that in this case the temperature
span was defined as the temperature difference between both inlet temperatures and not
the outlet temperatures, as was the case with calculating the maximum temperature span at
no thermal load conditions (see Figure 10 and Equation (14)). In addition, the applied strain
was not varied in these simulations and was set to the maximum strain reached during
the experiments (2.7%) [35]. Figure 11 shows the cooling/heating power—temperature
span and COP—temperature span characteristics of the AeCR at different operating con-
ditions (three different frequencies and three different displaced fluid volume ratios). In
general, heating/cooling power and COP increase with decreasing temperature span, as
also demonstrated experimentally [35] in Figures 8 and 9. As expected, the maximum
heating/cooling power and COP were reached at a zero temperature span. There was a
linear trend of both the cooling/heating power—temperature span and COP—temperature
span characteristics, as normally observed for single-layered caloric regenerators [71]. One
can see from Figure 11a,c that a higher frequency (up to 2 Hz) and displaced fluid volume
ratio (up to 1) resulted in a steeper slope of the cooling/heating power-temperature span
characteristics. Application of a high frequency (f = 2 Hz) resulted in both a higher tem-
perature span and higher cooling/heating power compared to lower frequencies, and a
large displaced fluid volume ratio (V* = 1) resulted in higher cooling/heating power, but
a smaller temperature span compared to lower values of displaced fluid volume ratios.
The trends were somewhat different regarding the COP values (see Figure 11b,d), where it
could be seen that the COP was less affected by the operating frequency, but its dependence
on the displaced fluid volume ratio was significant. Similar to the case of cooling/heating
power, a high displaced fluid volume ratio resulted in high COP (up to around 3 in the
cooling mode and up to around 4 in the heat-pumping mode), but a smaller temperature
span. Nevertheless, it should be noted that as the temperature span increased, smaller
displaced volume ratios became better, both in terms of heating/cooling powers and COP.
Therefore, the amount of heat transfer fluid pumped through the regenerator during the
flow period (i.e., the displaced fluid volume ratio) should be adjusted to optimize the
performance of the regenerator at a given temperature span.
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Figure 11. The effect of temperature span on AeCR performance at a fixed strain of 2.7% for heat-
pumping (a,b) and cooling (c,d).

Based on the results shown in Figures 10 and 11, a threshold temperature span of 15 ◦C
was chosen for further analysis of cooling/heating power and COP. It should be noted that
also in this case the temperature span of 15 ◦C was defined as the temperature difference
between both inlet temperatures. Therefore, the inlet fluid temperatures on the cold and
hot sides were, in the case of cooling mode, set to 15 ◦C and 30 ◦C, and in the case of heat-
pumping mode to 20 ◦C and 35 ◦C. Figure 12 shows the effects of displaced volume ratio
and frequency, on the cooling/heating powers and COP. It can be seen from Figure 12a,c
that the heating and cooling power increase with frequency, reaching a peak value of 51 W
for the heat-pumping (corresponding to a specific heating power of 3740 W·kg−1) and
12 W for the cooling (corresponding to a specific heating power of 876 W·kg−1), both at the
frequency of 4 Hz (i.e., the maximum frequency analyzed). The optimal displaced volume
ratio in the heat-pumping mode was around 0.6 and increased slightly with frequency; in
the cooling mode it was around 0.5 and increased with frequency up to 2.5 Hz and then
started to decrease when the frequency increased further. On the other hand, the COP in
the heat-pumping mode increased with frequency, as did the optimal displaced volume
ratio (see Figure 12b), and the COP in the cooling mode increased with frequency up to
3.5 Hz and started to decrease at a frequency above 4 Hz (see Figure 12d). A similar trend
was expected also for the heat-pumping mode, only at higher frequencies (due to the larger
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adiabatic temperature changes during loading compared to unloading). The maximum
COP values were 1.65 and 0.43 for heat-pumping and cooling, respectively.
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Figure 12. The effect of displaced volume ratio and frequency on AeCR performance at a fixed strain
of 2.7% and temperature span of 15 K (based on inlet fluid temperatures) for heat-pumping (a,b) and
cooling (c,d).

Finally, as shown in Figure S7 in the Supplementary material and in the literature [74,75],
the hysteresis losses had a significant impact on the COP values and thus the impact of the
hysteresis losses on the AeCR performance was studied in more detail. Figure 13 shows the
effect of reduced hysteresis losses on the performance of the AeCR at different frequencies
at the applied strain of 2.7%, temperature span of 15 ◦C (based on inlet fluid temperatures),
and displaced fluid volume ratio of 0.6. One could see that by reducing the hysteresis,
heating power decreased and cooling power increased, since smaller hysteresis results in
smaller positive adiabatic temperature changes and larger negative adiabatic temperature
changes. The importance of reducing hysteresis was much more pronounced in the case of
COP, where significant (up to four times) improvements can be achieved if the material’s
hysteresis had been absent, especially in the case of high frequency. Reduced hysteresis is
therefore required for achieving higher COP, which could be potentially reached with the
development of new materials and improved manufacturing processes in the future [76–80].
Alternatively, the COP can be improved also by applying a more efficient thermodynamic
cycle [81,82].
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4. Conclusions

A new numerical model for the simulation and optimization of a shell-and-tube-like
AeCR was developed. It is based on the governing equations of three different domains
of the AeCR, namely the elastocaloric material, heat transfer fluid, and housing. Special
attention was paid to the correct evaluation and implementation of the eCE into the
AeCR numerical model. For that purpose, an experimental characterization of the eCE
of the NiTi tube was performed. Obtained experimental data served as an input to the
phenomenological model, which was used to generate a complete set of the elastocaloric
data required for AeCR modeling. The hysteresis losses were added to the numerical
model separately as entropy irreversibilities during the loading and unloading of the AeCR,
obtained from the experimentally determined hysteresis loop areas.

The numerical model was verified against the experimental results from [35], where
relatively good agreement between the numerical and experimental results was found in
terms of the maximum temperature span, cooling/heating power, and COP for both the
heat-pumping and cooling modes. The model correctly predicted the trends of dependency
although some overestimations could be observed. The verified model was further used to
simulate the shell-and-tube AeCR operation and to evaluate the impact of the applied strain,
frequency, displaced fluid volume ratio and reducing the hysteresis losses on its perfor-
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mance. It was found that the performance of the AeCR generally increases with frequency
(up to 4 Hz) and applied strain (up to around 3%). The optimal value of the displaced fluid
volume ratio strongly depends on the temperature span. High cooling/heating powers
(linked to small or zero temperature spans) are reached at small displaced fluid volume
ratios (e.g., V* = 0.2), and high temperature spans (linked to small or zero cooling/heating
power) are reached at higher displaced fluid volume ration (e.g., V* = 1). As calculated by
the model, the maximum temperature spans (at zero cooling/heating power) of more than
50 K in the heat-pumping mode and around 45 K in the cooling mode could be reached,
both at the operating frequency of 2 Hz, displaced fluid volume ratio of 0.2, and applied
strain above 3%. In the cooling mode, the maximum cooling power of 41 W (corresponding
to the specific cooling power of 2990 W·kg−1 of eCM) and COP of around 3 were obtained
at zero temperature span, operating frequency of 2 Hz, displaced fluid volume ratio of 1,
and applied strain of 2.7%, and in the heat-pumping mode, the maximum heating power
of 54 W (corresponding to the specific cooling power of 3940 W·kg−1 of eCM) and the
maximum COP of around 4 were obtained under the same operating conditions. At a tem-
perature span of 15 K, cooling power of 8.5 W (620 W·kg−1 of eCM) and COP of 0.45 were
obtained in the cooling mode, and in the heat-pumping mode, the heating power of 27 W
(1970 W·kg−1 of eCM) and COP of 1.4 were obtained at a frequency of 4 Hz and applied
strain of 2.7%. We demonstrated that the main source of irreversibility that results in rather
low COP values is the hysteresis of the eCM. The COP could be increased up to four times
if the material with no hysteresis but the same eCE could be applied. Therefore, it is crucial
to study an eCM with smaller hysteresis, which can be achieved by using a different eCM
(e.g., Cu-based SMAs or some Heusler alloys) and modifying the microstructure of the NiTi
alloys (e.g., grain size).

In our future work, the developed and verified numerical model will be used to further
optimize the AeCR. In particular, we will investigate the effects of the geometry of the
eCM, different eCMs with different elastocaloric properties, different HTFs, etc., on the
AeCR performance. In addition, we will model and study layered AeCR with different
eCMs along its length, where each eCM will have optimized transformation temperatures
according to different working temperatures along the AeCR. Different thermodynamic
cycles of the AeCR will also be studied and optimized. Finally, the impact of the efficiency
of the work recovery during the unloading on the COP of the AeCR will be studied as well.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15239253/s1, Figure S1: Graphical representation of the elas-
tocaloric effect: superelastic stress-strain behavior during the superelastic/elastocaloric (a); thermal
imaging camera readings during adiabatic mechanical loading and unloading (b); temperature
changes during the cycle (c); Brayton elastocaloric cycle in the T-s diagram (d); Figure S2: A photo of
the experimental setup for determining the superelastic and elastocaloric properties of the Ni-Ti tube
at room temperature. Figure S3: Measured isothermal stress-strain curves of NiTi tube at four applied
strains at room temperature (a); and at 45 ◦C (b); Figure S4: Flowchart of the numerical model of the
AeCR; Figure S5: Comparison of the tube diameter in unloaded and loaded state (under applied strain
of 3.2%); Figure S6: Influence of convergence criteria on the calculated COP (a); influence of discretiza-
tion parameters on the calculated COP (b); Figure S7: Comparison of modeled and measured material
thermodynamic properties with breakdown of the most influential losses of the AeCR; Figure S8:
Comparison of the experimentally obtained and numerically calculated maximum temperature spans
established along the AeCR under different operating conditions for heat-pumping, (a) and cooling
(b) at the stress level of 825 MPa; Figure S9: Comparison of experimentally determined and numeri-
cally calculated temperature span—cooling/heating power characteristics for heat-pumping, (a) and
cooling, (b) at the stress level of 825 MPa; Figure S10: Comparison of experimentally determined
and numerically calculated COP—cooling/heating power characteristics for heat-pumping, (a) and
cooling, (b) at the stress level of 825 MPa.
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Nomenclature

Symbol Description Units
Roman
A area (m2)
c specific heat (J·kg−1·K−1)
COP coefficient of performance (/)
d inner diameter (m)
D outer diameter (m)
dh hydraulic diameter (m)
E Young’s modulus (GPa)
F friction factor (/)
f frequency (Hz)
h convective heat transfer coefficient (W·m−2·K−1)
H height (m)
k thermal conductivity (W·m−1·K−1)
L length (m)
m mass (kg)
.

m mass flow rate (kg·s−1)
Mp martensite peak temperature (K)
nt number of tubes (/)
ns number of segments (/)
Nu Nusselt number (/)
p pressure (Pa)
Pr Prandtl number (/)
Q heat (J)
.

Q thermal power (W)
R thermal resistance (K·W−1)
Re Reynolds number (/)
s specific entropy (J·kg−1·K−1)
S spacing (m)
T temperature (K)
t time (s)
v velocity (m·s−1)
V volume (m3)
V* the displaced fluid volume ratio (/)

.
W mechanical power (W)
x segment (/)
y a spatial node within the segment (/)
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Greek
δ thickness (m)
σ stress (MPa)
ε emissivity (/)
ε strain (/)
ρ density (kg·m−3)
µ dynamic viscosity (Pa·s)
τ time (s)
Subscripts
a ambient
ad adiabatic
A austenite
baf baffles
c cold
ef effective
f fluid
h hot
ht heat transfer
hyst hysteresis
H housing
i inlet
in inside
iso isothermal
irr irreversibility
L loading
mech mechanical
o outlet
out outside
pump pumping
reg regenerator
s solid
tot total
trans transformation
UL unloading

Appendix A

Table A1. Input parameters to the numerical model.

Material properties

eCM HTF housing

V (m3) 2.18·10−6 2.26·10−6 0.000119

c (J·kg−1·K−1) Equation (6) f (T, p) 726

ρ (kg·m−3) 6450 f (T, p) 5523

k (W·m−1·K−1) 8.6/18 f (T, p) 10.9

µ (Pa·s) / f (T, p) /

Geometrical properties

D (m) 0.003

d (m) 0.0025

S (m) 0.0003

H (m) 0.008

δsup (m) 0.004
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Table A1. Cont.

nt (/) 18

ns (/) 4

Aht,L (m2) π·DL·H·nt·ns·(1− ε) for heat transfer from eCM to HTF

0.00443·(1− ε) for heat transfer from HTF to housing

Aht,UL (m2) π·DUL·H·nt·ns for heat transfer from eCM to HTF

0.00443 for heat transfer from HTF to housing

Aht,a (m2) 0.0187

Aht,sup (m2) 0.00012

dh (m) 4
((

S2
√

3/4
)
−
(
πD2/8

))
/(πD/2) [72]

L (m) 0.082

Thermohydraulic properties

Re (/) v·dh·ρ/µ

Nu (/) 0.051·Re0.88·Pr0.36 [65]

F (/) 3993·Re−1.4 [65]

Ta (◦C) 25 ± 1.5

hout (W·m−2·K−1) 90

hin (W·m−2·K−1) Nu·k/dh

heff (W·m−2·K−1)
hin/(1 + Bi·χ(Fo)/4)

χ(Fo) = Fo·exp
[

0.246196− 0.84878· ln(Fo)−
0.05639·(ln(Fo))2

] [83]

[84]

Ra (m2·K·W−1) (δh/kh + 1/hout)·Aht,a

Rbaf,f (m2·K·W−1)
(
δsup/kSteel + 2/hin

)
·Aht,baf

Rbaf,s (m2·K·W−1)
(
δsup/kNiTi

)
·Aht,baf,NiTi
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35. Ahčin, Ž.; Dall’Olio, S.; Žerovnik, A.; Baškovič, U.Ž.; Porenta, L.; Kabirifar, P.; Cerar, J.; Zupan, S.; Brojan, M.; Klemenc, J.; et al.
High-performance cooling and heat pumping based on fatigue-resistant elastocaloric effect in compression. Joule 2022, 6,
2338–2357. [CrossRef]

36. Bachmann, N.; Fitger, A.; Maier, L.M.; Mahlke, A.; Schäfer-Welsen, O.; Koch, T.; Bartholomé, K. Long-term stable compressive
elastocaloric cooling system with latent heat transfer. Commun. Phys. 2021, 4, 194. [CrossRef]

37. Chen, Y.; Wang, Y.; Sun, W.; Qian, S.; Liu, J. A compact elastocaloric refrigerator. Innovation 2022, 3, 100205. [CrossRef] [PubMed]
38. Zhang, J.; Zhu, Y.; Cheng, S.; Yao, S.; Sun, Q. Enhancing cooling performance of NiTi elastocaloric tube refrigerant via internal

grooving. Appl. Therm. Eng. 2022, 213, 118657. [CrossRef]
39. Emaikwu, N.; Catalini, D.; Muehlbauer, J.; Hwang, Y.; Takeuchi, I.; Radermacher, R. Experimental Investigation of a Staggered-

Tube Active Elastocaloric Regenerator. Int. J. Refrig. 2022, in press. [CrossRef]
40. Li, X.; Cheng, S.; Sun, Q. A compact NiTi elastocaloric air cooler with low force bending actuation. Appl. Therm. Eng. 2022,

215, 118942. [CrossRef]

http://doi.org/10.1016/j.ijheatmasstransfer.2021.121075
http://doi.org/10.5545/sv-jme.2019.6369
http://doi.org/10.1007/BF02700450
http://doi.org/10.1038/s41578-022-00428-x
http://doi.org/10.1016/j.applthermaleng.2022.119540
http://doi.org/10.1016/j.actamat.2015.02.029
http://doi.org/10.1142/S179360471740001X
http://doi.org/10.1126/science.1261164
http://www.ncbi.nlm.nih.gov/pubmed/26023135
http://doi.org/10.1007/s40830-016-0054-3
http://doi.org/10.1063/1.4832339
http://doi.org/10.1098/rsta.2015.0309
http://doi.org/10.1016/j.actamat.2021.117486
http://doi.org/10.1007/s40830-017-0118-z
http://doi.org/10.1016/j.scriptamat.2021.114393
http://doi.org/10.1038/s41467-021-27746-y
http://www.ncbi.nlm.nih.gov/pubmed/35013283
http://doi.org/10.1016/j.applthermaleng.2021.117938
http://doi.org/10.1016/j.matdes.2020.109030
http://doi.org/10.1016/j.mtcomm.2021.102706
http://doi.org/10.1016/j.matdes.2021.109784
http://doi.org/10.1038/nenergy.2016.134
http://doi.org/10.1002/ente.201800152
http://doi.org/10.1063/1.5115793
http://doi.org/10.1038/s41598-019-54411-8
http://doi.org/10.1016/j.joule.2022.08.011
http://doi.org/10.1038/s42005-021-00697-y
http://doi.org/10.1016/j.xinn.2022.100205
http://www.ncbi.nlm.nih.gov/pubmed/35146469
http://doi.org/10.1016/j.applthermaleng.2022.118657
http://doi.org/10.1016/j.ijrefrig.2022.09.006
http://doi.org/10.1016/j.applthermaleng.2022.118942


Energies 2022, 15, 9253 27 of 28

41. Barclay, J.A.; Steyer, W.A. Active Magnetic Regenerator. U.S. Patent 4332135A, 1 June 1982.
42. Torelló, A.; Lheritier, P.; Usui, T.; Nouchokgwe, Y.; Gérard, M.; Bouton, O.; Hirose, S.; Defay, E. Giant temperature span in

electrocaloric regenerator. Science 2020, 370, 125–129. [CrossRef] [PubMed]
43. Han, Y.; Lai, C.; Li, J.; Zhang, Z.; Zhang, H.; Hou, S.; Wang, F.; Zhao, J.; Zhang, C.; Miao, H.; et al. Elastocaloric cooler for waste

heat recovery from proton exchange membrane fuel cells. Energy 2022, 238, 121789. [CrossRef]
44. Al-Hamed, K.H.M.; Dincer, I.; Rosen, M.A. Investigation of elastocaloric cooling option in a solar energy-driven system. Int. J.

Refrig. 2020, 120, 340–356. [CrossRef]
45. Qian, S.; Ling, J.; Hwang, Y.; Radermacher, R.; Takeuchi, I. Thermodynamics cycle analysis and numerical modeling of thermoe-

lastic cooling systems. Int. J. Refrig. 2015, 56, 65–80. [CrossRef]
46. Luo, D.; Feng, Y.; Verma, P. Modeling and analysis of an integrated solid state elastocaloric heat pumping system. Energy 2017,

130, 500–514. [CrossRef]
47. Tušek, J.; Engelbrecht, K.; Millán-Solsona, R.; Mañosa, L.; Vives, E.; Mikkelsen, L.P.; Pryds, N. The Elastocaloric Effect: A Way to

Cool Efficiently; Supporting Information. Adv. Energy Mater. 2015, 5, 1500361. [CrossRef]
48. Qian, S.; Wang, Y.; Xu, S.; Chen, Y.; Yuan, L.; Yu, J. Cascade utilization of low-grade thermal energy by coupled elastocaloric

power and cooling cycle. Appl. Energy 2021, 298, 117269. [CrossRef]
49. Sebald, G.; Komiya, A.; Jay, J.; Coativy, G.; Lebrun, L. Regenerative cooling using elastocaloric rubber: Analytical model and

experiments. J. Appl. Phys. 2020, 127, 94903. [CrossRef]
50. Zhu, Y.; Hur, J.; Cheng, S.; Sun, Q.; Li, W.; Yao, S. Modelling of elastocaloric regenerators with enhanced heat transfer structures.

Int. J. Heat Mass Transf. 2021, 176, 121372. [CrossRef]
51. Tušek, J.; Engelbrecht, K.; Pryds, N. Elastocaloric effect of a Ni-Ti plate to be applied in a regenerator-based cooling device. Sci.

Technol. Built Environ. 2016, 22, 489–499. [CrossRef]
52. Tan, J.; Wang, Y.; Xu, S.; Liu, H.; Qian, S. Thermodynamic cycle analysis of heat driven elastocaloric cooling system. Energy 2020,

197, 117261. [CrossRef]
53. Qian, S.; Wang, Y.; Yuan, L.; Yu, J. A heat driven elastocaloric cooling system. Energy 2019, 182, 881–899. [CrossRef]
54. Qian, S.; Yuan, L.; Yu, J.; Yan, G. Numerical modeling of an active elastocaloric regenerator refrigerator with phase transformation

kinetics and the matching principle for materials selection. Energy 2017, 141, 744–756. [CrossRef]
55. Cirillo, L.; Rosaria Farina, A.; Greco, A.; Masselli, C. The optimization of the energy performances of a single bunch of elastocaloric

elements to be employed in an experimental device. Therm. Sci. Eng. Prog. 2022, 27, 101152. [CrossRef]
56. Qian, S.; Yuan, L.; Hou, H.; Takeuchi, I. Accurate prediction of work and coefficient of performance of elastocaloric materials with

phase transformation kinetics. Sci. Technol. Built Environ. 2018, 24, 673–684. [CrossRef]
57. Ulpiani, G.; Saliari, M.; Bruederlin, F.; Kohl, M.; Ranzi, G.; Santamouris, M. On the cooling potential of elastocaloric devices for

building ventilation. Sol. Energy 2021, 230, 298–311. [CrossRef]
58. Bachmann, N.; Schwarz, D.; Bach, D.; Schäfer-Welsen, O.; Koch, T.; Bartholomé, K. Modeling of an Elastocaloric Cooling System

for Determining Efficiency. Energies 2022, 15, 5089. [CrossRef]
59. Heintze, O.; Seelecke, S. A coupled thermomechanical model for shape memory alloys-From single crystal to polycrystal. Mater.

Sci. Eng. A 2008, 481–482, 389–394. [CrossRef]
60. Yuan, L.; Wang, Y.; Yu, J.; Greco, A.; Masselli, C.; Qian, S. Numerical study of a double-effect elastocaloric cooling system powered

by low-grade heat. Appl. Therm. Eng. 2023, 218, 119302. [CrossRef]
61. Bachmann, N.; Fitger, A.; Unmüßig, S.; Bach, D.; Schäfer-Welsen, O.; Koch, T.; Bartholomé, K. Phenomenological model for

first-order elastocaloric materials. Int. J. Refrig. 2022, 136, 245–253. [CrossRef]
62. Hess, T.; Vogel, C.; Maier, L.M.; Barcza, A.; Vieyra, H.P.; Schäfer-Welsen, O.; Wöllenstein, J.; Bartholomé, K. Phenomenological

model for a first-order magnetocaloric material. Int. J. Refrig. 2020, 109, 128–134. [CrossRef]
63. Griffith, L.D.; Alho, B.P.; Czernuszewicz, A.; Ribeiro, P.O.; Slaughter, J.; Pecharsky, V.K. Toward efficient elastocaloric systems:

Predicting material thermal properties with high fidelity. Acta Mater. 2021, 217, 117162. [CrossRef]
64. de Oliveira, N.A.; von Ranke, P.J. Theoretical aspects of the magnetocaloric effect. Phys. Rep. 2010, 489, 89–159. [CrossRef]
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