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Nowadays vapor compression is still the reference technique for heat pumping applications.
There are Not-In-Kind heat pumping technologies where a prominent role is occupied by the
ones based on solid-state refrigerants, called caloric. The name of such class of technologies
comes from caloric effect, manifesting in caloric materials as temperature change due to an
applied external field which changes its intensity adiabatically. The reference
thermodynamical cycle is called Active Caloric Regenerative heat pump (ACR) cycle and it
is applied to a caloric solid-state structure which is both refrigerant and regenerator. The
structure is crossed by a Heat Transfer Fluid (HTF) (generally water) that transfers heat from
the cold to the hot environment. This paper proposes optimizing solutions as nanofluids for
enhancing the heat transfer. The energy performances of a caloric heat pump employing
Al2Oz-water nanofluids as HTF are evaluated through a 2-D model, for a wide set of caloric
materials. The investigation reveals that the addition of nanofluids carries to an upgrade of
the energy performances of the heat pump. The best combination occurs if the heat pump

works with Ni-Ti (as refrigerant) and alumina-water nanofluid (10 % vol) as HTF.

1. INTRODUCTION

Nowadays vapor compression is still considered the
reference technique for cooling and heat pumping
applications [1, 2]. Over the last 20 years vapor compression
is going through years of profound renewal [3, 4], due to the
damages in terms of ozone depletion and global warming,
provoked by the employment of fluid refrigerants [5-7].
Parallelly to the countermeasures adopted to limit the damage
caused by vapor compression [8-13], alternative solutions to
it are also being sought [14]. There are the cooling and heat
pumping technologies, defined as Not-In-Kind [15, 16]
where a prominent role is occupied by the class based on
solid-state refrigerants, called caloric [17-20]. The name of
such class of technologies comes from caloric effect: an
intrinsic property of ferroic materials manifesting as
temperature change due to an applied external field which
changes its intensity adiabatically [21]. If the variation occurs
isothermally, a total entropy change is detected in the
material. These two variations are regulated by:

= (20,0

I e (G,

The nature of the driving field Y particularizes the caloric
effect. Magnetic fields applied to magnetocaloric materials
give rise to magnetocaloric effect (MCE) [22, 23] where
Y=H and X=M, electric fields to electrocaloric effect (ECE)
[24] where Y=E and X=P, mechanical stress to elastocaloric
effect (eCE) [25], where Y=c and X=g, pressure field to
barocaloric effect (BCE) [26] where Y=- p and X=V.
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The reference thermodynamical cycle of a caloric heat
pump is called Active Caloric Regenerative heat pump
(ACR) cycle and it is based on a Brayton cycle [27]. The
ACR cycle is applied to a caloric solid-state structure which
is both refrigerant and regenerator. The structure is placed
between a cold and a hot heat exchanger and it is subjected to
alternative cycles of intensity increasing/decreasing of the
applied field. Therefore, the refrigerant has a solid-state but
an auxiliary fluid (generally water or water-glycol mixture) is
used to transfer the fluxes between the hot and the cold heat
exchangers; thus, it is called Heat Transfer Fluid (HTF).

The four processes identifying the ACR cycle are the
following:

1) adiabatic decreasing of the intensity of the external field
applied to the caloric structure whom, consequently, cools
down following caloric effect;

2) the cooled down caloric structure absorbs heat from the
HTF that crosses it from the hot to the cold side.

3) adiabatic increasing of the intensity of the external field
applied to caloric structure whom, as a consequence, heats up
due to caloric effect;

4) the heat exchanged is pumped toward the environment
by means of HTF flowing in the hot heat exchanger from the
cold to the hot side of the regenerator. Indeed, the heat
transfer fluid reaches the hot side (connected to the
environment to be heat pumped) hotter than the medium
temperature of the hot heat exchanger. Consequently, the
fluid adduces heat toward the environment, and it realizes the
desired effect of the ACR cycle for heat pumping.

As mentioned before, generally, the secondary heat-
transfer fluid is water or a water-ethylene mixture for sub-
zero applications. Since the auxiliary fluid is responsible of
the heat transferring in the regenerator from a side to another,



optimizing solutions should be proposed for enhancing the
heat transfer between the solid-state refrigerant and the fluid
itself. One of these is constituted by nanofluids [28, 29].

Nanofluids are classified as new kind of heat transfer
fluids; they are formed by common base fluids in which are
dispersed solid-state nanoparticles due of high thermal
conductivity. The nanoparticles, as the name suggests,
present nanometric dimensions (<100 nm) and they could
have metallic or non-metallic nature. The resulting fluid is a
stable mixture of a base-fluid with nanoparticles, called
nanofluid, due of enhanced thermal conductivity with respect
to the starting base-fluid [30, 31]. Nanofluids were presented
for the first time to scientific community in 1995 by Choi
[32] but, given the revolutionary discovered, they gained
much attentions and all over the world scientists started to
test nanofluids in the most varied applications [33-39].

As regards to solid-state refrigeration, very few have been
studies on the application on nanofluids in the caloric
systems and some of them are focused on magnetocaloric
refrigeration [40-42]. The study on working with nanofluids
in the other caloric-effects-based heat pumping systems is
still an unexplored field, except the work proposed by Greco
et al. [43] where the energy performances of a caloric heat
pump employing ALOs; + water nanofluids as HTF are
evaluated. The present paper aims to expand the above-
mentioned analysis, evaluating the significative energy
parameters. The investigation is perpetuated through a two-
dimensional model, previously experimentally validated [44,
45] with a rotary prototype [46, 47]. The tests were
performed changing both the nanoparticle volume fraction of
the nanofluids and the caloric materials, testing
electrocaloric, elastocaloric and barocaloric candidates.

2. THE STEPS OF THE INVESTIGATION

This section aims to describe the salient steps of the
investigation as: the choice of the caloric materials and the
nanofluids; the description of the 2-D numerical tool
employed for the investigation; the way the properties of the
nanofluids and the caloric effect materials were modeled in
the tool.

2.1 Caloric solid-state refrigerants

To select the caloric refrigerants for the present
investigation we based on high-caloric effects and diversity
criteria, in order to test the most performing ones, in room
temperature range, among the electrocaloric, elastocaloric
and barocaloric effect materials.

PboA97Lao,02(ZI‘0,75Sn0,13Ti0A07) O3 (PLZST) [48], deposited
on LaNiOs/Si (100) substrate, is the electrocaloric material
under test. It exhibits a maximum Giant ECE at 278 K but
ATaq remains very high in the range 278+298 K, making
PLZST suitable for heat pump applications. Specifically, we
considered it under electric field changes of 90 MV m! and
70 MV m! whose peaks of AT, are 54 K and 43 K,
respectively.

We also considered the elastocaloric Ni-Ti polycrystals
[49], benchmark of elastocaloric systems, showing a peak at
350 K but anyway exhibiting a remarkable elastocaloric
effect in temperature range devoted to heat pump
applications. The considered stress field change is 0.9 GPa
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which results in a peak of 25 K as adiabatic temperature
change due to elastocaloric effect.

The barocaloric oxyfluorides (NH4)2MoO:F4 [50] showing
a maximum direct barocaloric effect at 272 K which remains
remarkable until 360 K, ensures a good applicability for heat
pumps operation mode. The considered drop of applied
pressure field is 0.9 GPa that guarantees a maximum of 18 K
due to barocaloric effect.

As barocaloric we also focused on Acetoxy Silicone
Rubber (ASR) exhibiting a supergiant [51] barocaloric effect
investigated for Ap=[0.273; 0.390] GPa under which
associated maximums AT, of 30 and 41 K occur,
respectively.

2.2 The heat transfer nanofluids

In the present investigation the considered heat transfer
fluids are the alumina—water nanofluids. They are composed
of water, as base fluid, in which nanometric particles of
alumina (Al,Os3) were dispersed.

Table 1 lists the properties of the base fluid and the
nanoparticles of alumina-water nanofluids at T=293 K and
p=1 atm.

Table 1. Thermophysic properties of the base fluid the and
nanoparticles of the alumina-water nanofluids

p C K n
Substance kg [L w [k_g]
ﬁ] kgK [ﬁ] ms
Water 998.2 4182 0.597 9.93*10%
Al203 3970 765 36 -

The thermophysical properties of the nanofluids were
evaluated through the following mathematical correlations
available in open scientific literature [52-54]:
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where, ¢ is the volume fraction of the nanoparticles
dispersed on equal volume of base fluid as:
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2.3 The 2-D model of a caloric heat pump

The behavior of a caloric heat pump is described through a
2-D  model, already introduced [19] and validated
experimentally in previous investigations [44, 45]. The
geometry of the heat pump sees a parallel-plate regenerator
made of caloric material, separated by channels in which the
HTF crosses the regenerator. The desired effect is to add heat
to the indoor room connected with a hot heat exchanger at Th.
The cold heat exchanger is coupled with the outdoor
environment, whose temperature is Tc. Below there is the
mathematical structure that the 2-D model is based on:
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Eq. (8) models the fluid-flow processes of the ACR cycle;
Eq. (9) describes the field rising/falling phases. Caloric effect
is modeled through the Q-term reported in Eq. (10). It
converts the caloric effect into a power density. Since Q is a
function of the field and the temperature, its mathematical
expression was obtained by a mathematical finder software,
as a result of elaboration and manipulation of experimental
data of Cs (field, Ts) and ATa.q (field, Ts), coming from
scientific literature. Different Q-terms correspond to the
tested caloric materials.

The model is solved with Finite Element Method and the
ACR cycle runs cyclically several times until reaching steady
state that is satisfying the cyclicality criterion in every point
the ACR regenerator:

6§ =max{T(x,y,0+n0) —T(x,y,4t +no)} <& (11)

3. METHODOLOGY OF THE INVESTIGATION

We tested the caloric materials introduced in section 2.1 as
refrigerants of the active solid-state heat pump modelled by
the 2-D model. The heat pump was supposed to work in the
range Tc+Ty = 278+298 K at 1.25 Hz and 0.2 m s,
respectively as ACR cycle and nanofluid velocity. The
alumina-water nanofluid with nanoparticles volume fraction
varied in the range 0+10 % was employed in the heat pump
as heat transfer fluid.

The most significative energy performance carried out are
introduced below.

An outstanding parameter is the ACR temperature span
evaluated as:

4t+nb

1
Toe(L,y, )dt —— [ o Tae(0,7,8) dt

2t+n6

1
R

(12)

ATpcr is a parameter used to evaluate the maximum
temperature drop across the ACR since it measures the
temperature difference between the nanofluid exiting the
regenerator at the hot side (x = L) during the cold-to-hot
flowing phase and at the cold side (x = 0) during the hot-to
cold flowing phase.

Another remarkable parameter is the power of the heat
pump, that measures the power at which the system pumps
heat:
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1 r27+n6

QH = 5 +n0 mnanf(Tnf(L! Y, t) - TH) dt (13)

The Coefficient of Performance (COP) is conceived as the
ratio between the heating power of the pump and the total
energy spent to get it:

0 _ Qdy
WroT Weield+ Wpump

coP = (14)

Wror embraces both the contribution due to the external
field variation ( Wyiq ) and the one connected to the

mechanical power required for the fluid motion (Wpump ),
defined as follows:

Wriela = Qu — Qrer (15)
; _ Mng(ApCF+APHF)
Woump = T e (16)

4. RESULTS

Basing on the methodology and the working conditions
introduced in section 3, the most salient parameters to
evaluate the energy performances of the caloric heat pump,
were carried out and the results are reported in the present
section.

Figure 1 reports the ACR temperature span as a function of
nanoparticle volume fraction, for the set of the caloric
materials tested. The results reveal that the highest
temperature drops are proper of the electrocaloric PLZST for
both the AE considered. The absolute maximum is greater
than 70 K and it has been detected when the regenerator
works with PLZST under AE=90 MV m’!' as solid-state
refrigerant and with AlOs-water nanofluid (10 % vol) as
HTEF. All the materials exhibiting a mechanocaloric effect
(elastocaloric or barocaloric) present ATacr belonging to
30+40 K range. Among them the best ATacr are the ones
provided by ASR under Ap = 390 GPa. The addiction of
nanofluids brings to an increasing of ACR temperature span,
with augmenting ¢, for all the tested materials. A maximum
increment of +4.2 % has been observed for the elastocaloric
NiTi, if the nanoparticle volume fraction of the alumina-
water nanofluids grows from 0 % up to 10 %. Considering
globally the whole set of the caloric materials under test, the
medium benefit registered if the regenerator works with
nanofluids, in terms of AT acr is an increament of +3.4 %.

Avoid writing long formulas with subscripts in the title;
short formulas that identify the elements are fine (e.g., “Nd-—
Fe-B”).

Figure 2 shows the heating power of the caloric heat-pump
for the tested materials occurring under the operative
conditions of section 3, when the heat-transfer fluid is
alumina-water based nanofluid with variable concentration.
General considerations arising through the examination of the
data plotted are that Qy increases with ¢ for all the tested
materials. The medium benefit toward this parameter
translates in a medium increment of +19 % if the system
works with nanofluids. Specifically, PLZST under AE=90
MV m'!' as well as NiTi under Ac=0.9 GPa provide the
highest Qy with a maximum settled around 580 W if the
nanoparticle volume fraction of the alumina-water nanofluid
is 10 %. This is due to the Giant ECE shown at 278 K by the



former, and to the fact that elastocaloric effect is quite
constant in the considered temperature range. On the contrary
the lowest heating-powers are detected for (NH4),MoO:F,
since they do not exceed 240 W. Such results are due both to
the ATaq smaller than PLZST ones and to the peak located at
272 K (out of the working temperature range).
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Figure 1. ATacr as a function of nanoparticles volume
fraction, evaluated for the set of the caloric materials under
test
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Figure 2. Qy as a function of nanoparticles volume fraction,
evaluated for the set of the caloric materials under test

Figure 3 reports the coefficients of performances of the set
of the caloric materials under test. COP has been reported
with respect to the nanoparticle volume fraction of the
alumina-water nanofluids. The situation is quite different
from the data about heat-pumping powers, since the material
with highest-COPs is still NiTi but not anymore PLZST. The
latter exhibits, for both the 90 MV m™ and 70 MV m’!
electric field wvariations, the lowest coefficients of
performances of the set of tested materials. Such turnarounds
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are caused by the expenses needed for large electric field
changing, resulting higher than mechanical stretching ones.
The NiTi based caloric heat pump presents 14.8 as maximum
COP, if it works with 10 % alumina-90 % water nanofluid. A
middle COP-increment of +15 % is detected if the nanofluid
concentration increases from 0% up to 10 %. The barocaloric
Acetoxy Silicone Rubber presents also satisfying COPs with
a maximum of 9.3 registered for =0.1 under Ap=0.39 GPa
and a middle increment of +19 % while increasing
nanoparticle volume fraction.
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Figure 3. Coefficient of performance as a function of
nanoparticles volume fraction, evaluated for the set of the
caloric materials under test

—m— PLZT 90 MV m-1
—e— PLZT 70 MV m-1
-o— NiTi 0.9 GPa

- -@- - (NH4)2MoO2F4 0.9 GPa

100 H - - ©- - ASR 0.390 GPa . ;
- &— ASR 0.273 GPa
; _
90 [ i i o + &
o o
80 e
e
i 70 i i i ] |
=
&
8 60 T 1
X e 2 e T
Q. 50 - : B € .
o} =
O | |
40 e ~
R
T R i
30 —
20 | | | | |
0 2 4 6 8 10 12
D [%]

Figure 4. COP on Carnot COP as a function of nanoparticles
volume fraction, evaluated for the set of the caloric materials
under test

Furthermore, in Figure 4 the obtained coefficients of
performance are compared to the Carnot COP. The material
that comes closest to the Carnot COP is the elastocaloric
NiTi with values mediumly around 85 % of it. Specifically,



the addiction of alumina-water nanofluids takes the COP of
NiTi from 78 % (with =0) up to 92 % (with =10 %).

On the contrary, due to the high expense required to
generate the considered electric fields, the electrocaloric
PLZST shows coefficients of performance just around 28 %
of ICM, with ¢=0. Not even the employment of nanofluids
leads to a significant increase, since the maximum
COP/COPicum achieved is 35 % (under ¢=10 %). Anyhow, as
general comment, the addiction of nanofluids has a positive
increment on the coefficients of performance of each material
tested, that come closer to the COPicm of +20 % (as average
data) if =10 %, with respect of the regenerator employing
the base fluid as HTF (=0 %).

5. CONCLUSIONS

This paper proposes optimizing solutions as nanofluids for
enhancing the heat transfer. The energy performances of a
caloric heat pump employing Al,Os-water nanofluids as HTF
were evaluated through a 2-D model, for a wide set of caloric
materials. The investigation reveals that the addition of
nanofluids carries to an upgrade of the energy performances
of the heat pump.

In terms of AT acr, the best performances are proper of the
electrocaloric PLZST for both the AE considered with an
absolute maximum greater than 70 K, detected under
AE=90MV m and ¢=10 %. Considering globally the whole
set of the caloric materials under test, the medium benefit
registered if the regenerator works with nanofluids, in terms
of ATacr is an increment of +3.4 %.

The highest heat pumping powers were noticed for PLZST
under AE=90 MV m™! as well as NiTi under Ac=0.9 GPa.
Considering the while set of tested materials, the medium
benefit toward this parameter translates in a medium
increment of +19 % if the system works with nanofluids.

The material with highest-COPs is still NiTi but not
anymore PLZST, whose COPs are the lowest due to the high
expense required for varying the intensity of the electric field.
The material that comes closest to the Carnot COP is the
elastocaloric NiTi with values mediumly around 85 % of it.
Anyhow, as general comment, the addiction of nanofluids
has a positive increment on the coefficients of performance
of each material tested, that come closer to the COPicm of
+20 % (as average data) if ¢=10 %, with respect of the
regenerator employing the base fluid as HTF (¢=0 %).

Therefore, basing on the results presented one can
conclude that the best combination occurs if the caloric heat
pump works with Ni-Ti as refrigerant, and alumina-water
nanofluid (10 % vol) as heat transfer fluid.
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