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Caloric refrigeration can be a viable alternative to the traditional vapour compression
technology since a caloric solid refrigerant has zero vapour pressure and therefore is
ecological with no direct Ozone Depletion Potential and zero direct Global Warming
Potential. Caloric refrigeration embraces four main cooling techniques, each one based on
a different caloric effect. This paper is focused upon materials that display mechanocaloric
properties, with a transition induced through the application of variable pressure
(barocaloric cooling) or uniaxial stress (elastocaloric cooling). Materials that display solid-
state caloric effects driven by applied pressure/stress could lead to more accessible and
economic technological solutions. By means of a two-dimensional mathematical model an
energy analysis is performed with the most performing elastocaloric and barocaloric
materials to explore the potential of mechanocaloric cooling. Temperature span, cooling
power and coefficient of performance have bene evaluated. Results demonstrate best
mechanocaloric materials, like Cues.13Zni574Al16.14 and (NHa)2MoOzF4, provide energy

performances better than those of traditional vapour compression plants.

1. INTRODUCTION

Worldwide, about 18% of the overall energy consumption
originates from refrigeration. Most modern refrigeration units
are based on vapour compression plants, which consists of
compressing and expanding a refrigerant fluid in vapour
phase. This conventional technology is strictly connected to
the characteristics of the refrigerant fluids and has a
considerable environmental impact [1-5]. The impact is
related to both the potential of disruption of the stratospheric
ozone layer (ODP, Ozone Depletion Potential) and the
greenhouse effect (Global Warming Potential, GWP) of the
refrigerant fluids adopted. The refrigerant fluids, therefore,
damage the environment both directly and indirectly. The
first kind of pollution comes off when the refrigerants are
release in the atmosphere causing the ozone depletion and the
greenhouse effect (direct effect). The indirect pollution is
linked to the energetic efficiency of the plant: for the same
refrigerant energy as worse is the energetic performance of a
refrigerant fluid as greater is the quantity of electrical energy
requested. That means a greater quantity of carbon dioxide
emitted into the environment, because in a lot of country the
electrical energy is obtained by means of the combustion of
the fossil fuels (indirect effect). In order to reduce the ozone
depletion and the greenhouse effect in the past the CFC
(chlorofluorcarbons) fluids were replaced by HCFC
(hydrochlorofluorocarbons) and HFC (hydrofluorocarbons)
fluids; only the last ones, presenting chlorine fully replaced
by the hydrogen, are not harmful for the ozone layer [6-7].
Unfortunately, the HFC fluids present energy performance
lower than the ones of CFC and HCFC fluids damaging
indirectly the environment; moreover, the HFC fluids are not
fully harmless with reference to the greenhouse effect. The
vapour compression plants operating with the carbon dioxide
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seem to present low environmental impact but the electric
energy consumption is greater than the plants working with
the classical fluids (HCFC and HFC); for this the “indirect”
contribution can be very meaningful. Next to innovative
measures [8-9] taken for reducing energy consumption of
vapor compression plants the need the need arises to find
alternative solutions to vapor compression itself. Because of
these environmental problems, solid state refrigeration can be
a practical alternative to the traditional vapour compression
technology [10]. Since some decades ago some researchers
have begun to consider solid state refrigeration an alternative
both because of the environmental problems and because of
the technical problems, resulting a solid based refrigerator
less complex than a vapour compression system thanks to the
absence of the compressor and of the lamination valve. A
solid refrigerant has essentially zero vapour pressure, and
therefore is ecologically sound with no direct Ozone
Depletion Potential (ODP) and zero direct Global Warming
Potential (GWP).

Caloric refrigeration embraces four main cooling
techniques, each one based on a different caloric effect. As a
matter of fact, these techniques are linked to the group of
materials that show a magnetocaloric, -electrocaloric,
elastocaloric and barocaloric effect. This technology is
founded upon caloric effect, detected in in ferro-caloric
materials [11] manifesting itself as a temperature change as a
consequence of a variation of an applied driving field in an
adiabatic process. Dually, the same field variation happening
in isothermal process determines an entropy variation, as
described respectively as follows:
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Figure 1. (a) Brayton cycle; (b) ACR cycle.

The nature of the driving field particularizes the caloric
effect [12]. Magnetic fields applied to a magnetocaloric
materials give rise to magnetocaloric effect (MCE) [13-15]
where Y = H and X = M, electric fields to electrocaloric
effect (ECE) [16] where Y = E and X = P, mechanical stress
to elastocaloric effect (eCE) [17], where Y = ¢ and X = &g,
pressure field to barocaloric effect (BCE) [18] where Y = - p
and X = V. Caloric effects are exploited in a Brayton based
thermodynamical cycle [19] (Figure 1 (a)) applied to an
Active Caloric Regenerator (ACR), made of the solid-state
caloric refrigerant and acting both as refrigerant and
regenerative medium to recover heat fluxes. ACR counts four
processes, reported in Figure 1 (b), executed sequentially and
cyclically, applied to a regenerator. It is placed between a
cold and a hot reservoir (CHEX and HHEX), subjected to a
variable flied and free to be crossed by a thermo-vector fluid.
The four processes are:

a) adiabatic field increasing;
b) fluid flows from cold to hot side;
c) adiabatic field decreasing;
d) fluid flows from hot to cold side.

During the field increasing process (A), the external field
applied to the caloric material, is increased until reaching the
maximum value (F;) while the fluid is not flowing, causing
the increasing of the material’s temperature, due to caloric
effect. In the second stage (B), the field remains constant and

the cold fluid crosses the ACR from the cold to the hot side,
thus cooling the regenerator and rejecting heat in the external
environment through the hot heat exchanger. When in the
third stage (C) the field is reduced until reaching the
minimum value (Fo), while the fluid hasn’t any motion, the
regenerator sees another decrement in its temperature, thanks
to caloric effect. As a final stage (D), while the field is absent,
the fluid flows across the regenerator from the hot to cold
side, cooling itself and then reaching the cold heat exchanger,
where it absorbs heat from the latter, producing a cooling
load.

In this paper attention is focused on solid materials that
display mechanocaloric properties, with a transition induced
by means of pressure or uniaxial stress. There are a lot of
review papers dealing with magnetocaloric [20-22] and
electrocaloric materials [23-25], but there a very few papers
on mechanocaloric materials. Magnetocaloric materials and
permanents magnets are mainly based on rare-carth
compounds, whose production is very costly and ecologically
detrimental [26-29]. Moreover, large magnets are necessary
to apply the high fields (at least 1.5 T) required to produce a
significant MCE, representing a practical problem for
commercial devices. In turn, electrocaloric materials present
risk of breakdown at high electric fields and are limited to
thin film materials.

Therefore, materials that display solid-state caloric effects
driven by applied pressure/stress could lead to more
accessible and economic technological solutions.

Elastocaloric cooling, also known as thermoelastic cooling,
has been recognized as the most promising technology in the
field of solid-state refrigeration [30]. It is based on latent heat
associated with the martensitic phase transformation process,
which has been found in Shape Memory Alloys (SMAs)
when they are subjected to cyclic uniaxial loading and
unloading stresses. The SMAs are characterized by the
mechanical property that they remember the original shape
and can return to the pre-deformed shape. The SMA is
initially fully austenite under the stress-free state at the
application temperature. Then the stress is imposed on the
SMA, when it exceeds the “saturation stress” of phase
change, the austenite starts to transform into the martensite
phase. During the phase transformation, an exothermic
process occurs, and latent heat is released to the ambient or,
under adiabatic conditions, the material is heated. When the
stress is removed, the reverse phase change from martensite
to austenite takes place once the loading stress decreases
below the “saturation stress” of phase change. In this case an
endothermic process occurs, and heat is absorbed from the
ambient or, under adiabatic conditions, the material is cooled.
In this investigation the choice of the promising elastocaloric
refrigerants range has fallen upon two kinds of
mechanocaloric materials which show giant effect in the
room temperature range:

e the class of Cu-Zn-Al crystals: particularly
Cuss.13Zn;5.74Al1613 [31] that, for stress changing
among [0;140] MPa, shows constant values of As
(21 J/kgK) and ATad (16 K) at room temperature.

e Ni-Ti polycrystals due to superelastic behaviour
showing a maximum AT,q of about 25 K at 350 K
when driven by uniaxial stress of Ac = 900 MPa
[32].

In barocaloric materials the transition is sensitive to
external hydrostatic pressure [33]. In the number of
barocaloric candidates for room temperature refrigeration, the



investigation has focused upon three distinct materials:

e the (NH4);MoO-F, oxyfluorides [34], direct BCE
material, whose Tpeak is about located around 272 K
considered for three different pressure fields applied;

e the hexagonal Ni2ln-type MnCoGe0.99In0.01 [35]
exhibiting an inverse barocaloric effect due to a
pressure-driven orthorhombic-hexagonal magneto-

MnCoGe0.99In0.01 occurs around 298 K with a
ATad of -18.3 K.

e vulcanized natural rubber (V-NR) [36] that show an
increase of temperature change due to BCE with the
initial temperature, reaching values up to 11.13 K at
333 K for an applied pressure of 173 MPa.

In Table 1 are reported the main characteristics of the

structural ~ transition. =~ The  transition  for mechanocaloric materials considered in the present paper.
Table 1. Characteristics of the mechanocaloric materials
Material Tpeak [K] Ao [GPa] ATad [K] p [kg/m3] k [W/mK]
Cues.13ZN15.74Al16.13 234 0.14 16 7700 179
NiTi 350 0.9 26 6450 15
(NHz)2M0O2F4 272 0.9 18 2200 1
0.7 15
0.5 12
MnCoGeo.gslno.o1 298 0.3 18.3 7900 65
V-NR 333 0.173 111 930 0.13
Many have been models employed for evaluating the oTy a%Ty 82Ty
f f i i i Prlro 5, = ks (_2+_2)
performances of magnetocaloric, electrocaloric materials or, at ax ay )
at least, single-effect materials [37-43]; on no account about psC s _ (62Ts n OZTS) +0
a model able to work with materials presenting different $TSP ot $\oxz ~ ay?

types of caloric effects. In this paper by means of a two-
dimensional mathematical model an analysis is performed
with the most performing, elastocaloric and barocaloric
materials in to explore the potential of mechanocaloric
cooling.

2. MATERIALS AND METHODS

The model employed for the presented investigation is a
two-dimensional numerical model of an ACR operating at
room temperature. The regenerator has a rectangular shape
(20x45mm). The area is filled with 54 parallel plates of
caloric material; every plate has a thickness of 0.25mm. The
solid-state material occupies globally 60% of the total area of
the regenerator. The interstitial spaces stacked by each two
plates are channel where an auxiliary fluid flows with the
purpose of heat transferring. Different sets of equations,
describing the ACR cycle in the four phases, are applied to
the model. The equations that rule the regenerative fluid flow
processes, in both directions, are: the Navier-Stokes for the
fluid flow and the energy equations for both the fluid and the
solid particles. With the assumptions that the fluid is
incompressible, laminar and the viscous dissipation neglected,
the equations are:

ou ov

aox ady =0

ou ou ou _ 1 dp (62u azu)

at + ax + ay py dx v 0x2 + dy?

O T T

at + ax + ay py 0y v 0x2 + dy? (3)
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The equations that model the adiabatic field

increase/decrease processes are:
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They must include caloric effect which increases or
decreases the temperature of the solid by the variation of the
external field applied to the regenerator. Hence the adiabatic
temperature variation AT,q is converted into a heat source Q
as:

psCsp(field,Ts)AT 4 4(field,Ts)
At

Q = Q(field,Ts) = )

Table 2. Mathematical expression for Q function for the
different mechanocaloric materials

Material Mathematical expression
Cuss.13ZN15.74Al16.14 Q * At = 10° = [46.08]
Ac=0.14 GPa
NiTi Q*At=10°+%[29.33 T — 4471
Ac=0.9 GPa —0.04732 * T?]
(NH1)2M00O2F4 Q * At = 10% % [96.92 + 0.4259
Ap = 0.9 GPa * 5in(0.2341 * T) — 0.2063 * T]
(NH2)2M0O2F4 Q * At = 10° « [1.088 + 0.2777
Ap = 0.7 GPa * c0s(0.3995 = T) — 85.38
—0.002365 * T2]
(NH4)2M0O2F4 Q * At = 10° % [133.4 + 10.7
Ap =0.5 GPa % c0s(351.5% T) — 0.3822 % T

—0.03769 = T * cos(351.5 * T)]
Q+At=10°+[-31.83—

MnCoGeo.99lNo.o1

Ap =0.3 GPa 34.34+c05(0.0002128+T?)]
V-NR Qcomp * At = 10° = [1.362 + 0.06056
Ap =0.173 GPa * T + 0.242 % cos(0.272 * T)

—0.2702 * cos(0.2129 — 0.2714 * T]
Qaccomp * At = 106 % [0.07074 + T
+0.0911 * sin(1282 * T) — 0.4934]

Q has the dimensions of a power density and it is included
in the solid energy equation [44]. It is positive during field
increase, negative during field decrease. Q is a mathematical
expression obtained by elaboration and manipulation of
experimental data of C (field, T) and AT.d(field,T), available
from scientific literature, by the help of a mathematical finder
software. To provide a detailed framework of model building
with reference to the investigation performed, in Table 2 are



reported the Q *At function obtained from the experimental
data and employed in the field-changing processes of
AeR/BCR cycle.

The coupled equations that govern the AeR (Active
elastocaloric Regenerative cycle) or the ABR (Active
Barocaloric Regenerative cycle) cycle, imposed on this
model, are solved using Finite Element Method. The
AeR/BCR cycle is modeled as four sequential steps. The
same time step At has been chosen for the resolution during
all the four periods of the cycle. The cycle is repeated several
times with constant operating frequency until the regenerator
reaches steady state operation.

The purpose of the investigation introduced is to compare
the energy performances of the ACR regenerator while it
employs one by one the caloric refrigerants [45]. The most
salient energy parameters evaluated are the followings:

ATgpan =Ty — = [y T;(0,,t) dt (6)
ATspqn quantifies the temperature span across the Active
caloric regenerator at the end of a steady-state hot-to-cold
flow step.
Cooling power measures the power at which cooling
system removes heat:

. 1 4T
Qe =5 Jy, 1y Cr(Te = T7(0,,0)) dt (7)
Coefficient of performances is evaluated as:
cop=—2ef (8)
Qrej—Qref+Wp

where Q.. ; and Wp are estimated as:

. 1 27,

Orej = 5[, meCr(Tr(L,y, ) = Ty) dt ©)
iy _ M(Apcr+ApPHF)

Wo === (10)
3. RESULTS

The ranges where external applied fields vary are related to
the particular mechanocaloric material under test, the
operating conditions under which the simulations have been
done are common for all the materials. Fixed are: the active
caloric cycle frequency (1.25 Hz), cold and hot heat
exchanger temperature (T¢c=287 K, Ty=295 K) while fluid
flow rate was varied in the range 0.034-0.057 kg/s.

The results are reports as a function of the utilization factor
@ defined as:

_ Tf'l.foAt

® (11)

msCs

This dimensionless number is fundamental [46-48] in the
design of a prototype because it represents the ratio of the
thermal mass of the secondary fluid to the total thermal mass
of the solid regenerator.

In Figure 2 ATy,,, are reported the as a function of the
utilization factor for elastocaloric materials. From the plotted
data it is evident that all the values follow between 14 and 16
K.
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Figure 2. AT,y as a function of @ for elastocaloric
materials

In Figure 3 are reported ATg,,, as a function of the
utilization factor for barocaloric materials. Figure clearly
shows that for each barocaloric material ATy, is an
increasing function of the maximum hydrostatic pressure.
The best barocaloric material is (NH4)2MoO2F4 with Ap = 0.9
GPa, that reaches ATspan Values following in the range 15 -16
K similar to those of the best elastocaloric material
Cuss.13ZN15.74Al16.14.
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Figure 3. ATy, as a function of @ for barocaloric materials

Figures 4 and 5 report Qrer VS @ trends for elastocaloric
and barocaloric materials, respectively. The elastocaloric
materials overperforms the barocaloric ones. The best
barocaloric material, (NH4)>M0O3Fs with Ap = 0.9 GPa,
show Qs Values within 260 and 460 W similar to those of
the best elastocaloric material Cues.13ZN15.74Al16.14.
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Figure 4. Q,, ¢ as a function of @ for elastocaloric materials
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Figure 5. Qref as a function of @ for barocaloric materials

In Figures 6 and 7 are reported the COP values for
elastocaloric and barocaloric materials, respectively. From
the data reported in the figures it is clear that the best
mechanocaloric materials provide energy performances better
than those of traditional vapour compression plants. In
particular, with Cugs13Zni1574Al1614 and (NH4)2Mo0O3F4, the
COP values follow within the range 7-11.
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Figure 6. COP as a function of @ for elastocaloric materials
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4. CONCLUSIONS

The energy performances of mechanocaloric materials,
employed as caloric refrigerant, have been evaluated and
introduced in the present paper. The most promising
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elastocaloric or barocaloric materials have been tested at
room temperature varying the utilization factor. Results
collected reveal that elastocaloric materials slightly
overperform barocaloric ones but almost all gives more
promising performances than actual vapor compression
coolers. Thus, mechanocaloric cooling could be well
considered as cooling technique of tomorrow.
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NOMENCLATURE

Specific heat, J. kg, K1
thermal conductivity, W.m?, K
mass rate, kg. s

pressure, Pa

thermal power, W

entropy, J. kgt. K?
temperature, K

time, s

longitudinal fluid velocity, m.s
orthogonal fluid velocity, m.s?
mechanical power, W
conjugate field

applied driving field

LT B XO

<Xg<c~Ho

Greek symbols

A finite difference

€ strain, N

n efficiency, -

V1 dynamic viscosity, kg. m?. s
) utilization factor, -

v cinematic viscosity, m*2, st
P density, kg. m3

c stress, Pa

T time period of the cycle, s
Subscripts

0 minimum

1 maximum

ad Adiabatic

C cold heat exchanger

CF cold to ho fluid flow

F fluid

H hot heat exchanger

HF hot to cold fluid flow

P constant pressure

ref refrigerant

rej rejected

S solid





