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Abstract: Barocaloric cooling is classified as environmentally friendly because of the employment
of solid-state materials as refrigerants. The reference and well-established processes are based on
the active barocaloric regenerative refrigeration cycle, where the solid-state material acts both as
refrigerant and regenerator; an auxiliary fluid (generally water of water/glycol mixtures) is used
to transfer the heat fluxes with the final purpose of subtracting heat from the cold heat exchanger
coupled with the cold cell. In this paper, we numerically investigate the effect on heat transfer of
working with nanofluids as auxiliary fluids in an active barocaloric refrigerator operating with a
vulcanizing rubber. The results reveal that, as a general trend, adding 10% of copper nanoparticles in
the water/ethylene-glycol mixture carries to +30% as medium heat transfer enhancement.

Keywords: nanofluids; caloric cooling; barocaloric; solid-state cooling; acetoxy silicone rubber;
Cu nanofluids; ethylene-glycol nanofluids; heat transfer

1. Introduction

The 21st century is characterized by a strong increase in energy demand. The World Bank
Open Data assert that the worldwide per capita energy consumption rose from 1400 kWh in 1975 to
3200 kWh in our current days [1]. This hunger for energy impacts all sectors, among the most crucial of
which are refrigeration and air-conditioning fields, to which more than 20% of the total world energy
consumption is attributed. The need to propose alternative solutions to the now well-established
cooling techniques has been a hot topic since the 1990s, alongside the first measures adopted by
the Montreal Protocol [2], the Kyoto Protocol [3], and the following amendments [4], which had
the aim of reducing environmental impact due to the refrigerant fluids used in vapor compression.
The initial immediate measures adopted by the scientific community were devoted to replacing the
most damaging fluids with substitute refrigerants [5–7]. Subsequently, there was a push to extend
the research to alternative techniques that could completely change the ways of refrigerating and
air conditioning [8–11]. One possible solution for supplying compensation for the use of vapor
compression is represented by the Not-In-Kind cooling technologies [12] with specific emphasis on
caloric refrigeration [13,14].

Caloric refrigeration embraces all the cooling techniques and was founded on a physical
phenomenon according to which, due to an adiabatic change in the intensity of an external
field, a variation of temperature (∆Tad) is detected in a solid-state material to which the field is
applied [15,16]. The specificity of the field particularizes such effects classified as caloric; a magnetic
field generates a magnetocaloric effect (MCE) [17–19], electric fields are associated with electrocaloric

Energies 2019, 12, 2902; doi:10.3390/en12152902 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-7424-7757
https://orcid.org/0000-0002-6869-6724
http://www.mdpi.com/1996-1073/12/15/2902?type=check_update&version=1
http://dx.doi.org/10.3390/en12152902
http://www.mdpi.com/journal/energies


Energies 2019, 12, 2902 2 of 15

effects (ECE) [20–22], and mechanical fields provoke elastocaloric (eCE) [23] or barocaloric effects
(BCE) [24], respectively, as consequences of stretching or of hydrostatic pressure application.

Caloric cooling is classified as environmentally friendly because it employs solid-state materials
as refrigerants that do not directly impact global warming since they do not disperse in the atmosphere,
as confirmed by a certain number of investigations [25–28] that asserted the eco-friendliness of all the
techniques belonging to magneto- [29,30], electro-[31,32], elasto- [33,34], and baro-caloric [35] cooling.

The reference and well-established systems for caloric cooling are based on the active caloric
regenerative refrigeration (ACR) cycle, a thermodynamic Brayton-based cycle in which the caloric
solid-state material acts as both the refrigerant and the regenerator, thus recovering heat fluxes through
the help of an auxiliary fluid that vehiculates them with the final purpose of subtracting heat from the
cold heat exchanger (and therefore the cold environment) [36]. To improve the efficiency of a caloric
cooler, the ACR system works with the optimal operative parameters (such as the geometry of the
regenerator, the fluid velocity, and the frequency of the cycle) [37–39] but the bottleneck is employing
materials due of high caloric effect in the temperature range toward the application is devoted to [40].
A very wide “chapter” is currently open in the research panorama regarding the efforts to realize
suitable caloric effect materials. A huge number of studies have been conducted over the last decades,
and several promising materials have been identified for each specific caloric technique [41–43].

Magnetocaloric is the most mature solid-state cooling technique [44,45], as it was the first to
be investigated; however, there are still inherent limitations and holdups in creating high-intensity
magnetic fields by permanent magnet application [46,47]. More recently, electrocaloric and elastocaloric
techniques have gained interest in the scientific community—certain objectives are being reached, and
many prototypes have been presented and patented [48–50]. The barocaloric technique is the more
embryonic caloric cooling technique. Initial studies have already identified promising barocaloric
materials due to enhanced BCE that make it suitable for refrigeration and heat pump applications [51,52].
Vulcanizing natural rubbers and elastomers materials based on polydimethylsiloxane that exhibit giant
barocaloric effects have gained certain interest [53,54].

On the one hand, important steps have been taken in researching caloric materials. However, on
the other, much less attention has been paid to the secondary fluid of the active caloric system. Until
now, the most common auxiliary fluids were water or water-glycol mixtures, according to the operating
temperature ranges of the systems (above or below the zero Celsius point). Since the auxiliary fluid is
responsible for the heat vehiculation in the regenerator from one 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.

Nanofluids are classified as a new kind of heat transfer fluid; they are formed by common base fluids
in which solid-state nanoparticles are dispersed due to high thermal conductivity. The nanoparticles,
as the name suggests, present nanometric dimensions (< 100 nm) and could have metallic or non-metallic
natures. The resulting fluid is a stable mixture of a base fluid with nanoparticles—called nanofluid—due
to the enhanced thermal conductivity with respect to the starting base fluid [55]. In 1995, Choi [56]
presented the scientific community with the concept of nanofluids, and the discovery was revolutionary.
Over the years, nanofluids attracted many scientists from all over the world, who started to test them
in wide-ranging applications [57–63]. Therefore, the use of nanofluids seems to be very promising in
enhancing the thermal conductivity of a base fluid, but attention must be paid to the synthesis and
the characterizations of them. Depending on the dimensions and the nature of the base fluid and
the nanoparticles, the most appropriate methods for nanofluids synthesis must be chosen to avoid
undesired effects, such as agglomeration, which takes place during the process of drying, storage, and
transportation of nanoparticles. Agglomeration causes settlement and clogging of the channels, and
the thermal conductivity of the nanofluids is consequently decreased. In some cases, to avoid potential
agglomeration, specific processes of synthesis of the nanofluids could require high costs, and this could
represent a drawback in their employment [64].
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In regards to solid-state refrigeration, just two methods have been studied for the application
of nanofluids in the caloric systems, and both were focused on magnetocaloric refrigeration [65,66].
Working with nanofluids in other caloric-effects-based cooling systems is still an unexplored field. In this
paper, we introduce a numerical study conducted on an active barocaloric refrigerator operating with a
vulcanizing rubber, which employed glycol-based nanofluids as auxiliary fluid. The tool employed for
the investigation was a two-dimensional model of a parallel-plates active caloric regenerator, which
was already validated experimentally in our previous investigations [16,67,68]. The analysis is focused
mainly on the heat transfer performances of the regenerator.

2. Thermodynamic Cycle and the Tool of the Investigation

2.1. ABR Cycle: The Thermodynamic Cycle for Barocaloric Cooling

The active caloric regenerative refrigeration cycle applied to barocaloric cooling is defined as the
ABR cycle (active barocaloric regenerative refrigeration cycle). As is visible in Figure 1, the ABR cycle
is composed of four processes that are repeated cyclically in a refrigeration system:

A. Adiabatic compression;
B. Heat vehiculation from Cold Heat EXchanger (CHEX) to Hot Heat EXchanger (HHEX);
C. Adiabatic decompression;
D. Heat vehiculation from HHEX to CHEX.

The cycle is experimented upon by a barocaloric system formed by a regenerator containing the
barocaloric refrigerant and crossed by a thermo-vectoral fluid called heat transfer fluid (HTF), which
connects CHEX with HHEX. A pressure cell is used to change the operation pressure.
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Figure 1. The four steps composing the active barocaloric regenerative (ABR) refrigerant cycle.

In the first step (A), the barocaloric regenerator is adiabatically compressed by means of the
pressure cell; this causes the barocaloric effect to manifest with a rising temperature in the barocaloric
material. After the compression, while keeping the pressure at maximum value, the HTF flows from
the cold to the hot heat exchanger (B), thus the regenerator cools down, and the heat transferred to the
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fluid is released in the HHEX. When the fluid stops blowing, the adiabatic decompression begins (C),
and pressure progressively decreases until reaching the minimum value. As a result, the regenerator
cools further due to BCE. In the last step (D), the fluid crosses from HHEX to CHEX in the barocaloric
regenerator, releasing heat to the latter and thus realizing the desired effect with the heat removed
from CHEX.

2.2. Numerical Model

A two-dimensional (2-D) model of the parallel-plate matrix of the barocaloric material with
stacking channels for HTF flow was employed to perform the investigation introduced in this paper.

Figure 2 shows the geometry of the model. The HTF flows along the x-axis in both directions. On
the left side, by means of a first-type boundary condition, the presence of CHEX (with TC as the set
point temperature) is modeled; the same is done on the right side, where TH is the first-type condition
associated with HHEX.
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The mathematical system that stems from forcing the ABR cycle on the geometry is composed of
the following equations: 
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Q = Q(p, TS) =
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τ
, (3)

The equations system (1), which defines the continuity of mass equation, the momentum equations
of fluid (Navier-Stokes), and the fluid and the solid energy equations, is imposed during the fluid flow
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processes (steps B and D of the ABR, as shown in Figure 1). Laminar flow and incompressible fluid
are assumed.

The equations system (2) acts during the phases of adiabatic compression and decompression.
Because the fluid is not moving in these steps, it is composed only by the fluid and the solid energy
equations. In the solid energy equation, the temperature change due to barocaloric effect is included
by means of Q term, whose expression is explicated in Equation (3). Equation (3) practically converts
the adiabatic temperature change due to BCE in a power density. The term depends on the working
temperature of the barocaloric material and the applied pressure to the system. The related mathematical
function for Q is evaluated through mathematical finder software following the elaboration and the
manipulation of experimental data of specific heat and ∆Tad(p, Ts), according to scientific literature. A
complete description of all the steps we followed in the Q-terms building is reported in Aprea et al. [16].
Next to the construction and the manner of including Q in the field increasing/decreasing processes of
the 2-D model, we detail how we accounted for the phenomenon of the thermal hysteresis that could
become relevant for first order transition materials.

The model is solved through the finite element method (FEM). The ABR cycle is repeated cyclically
many times until detecting that the regenerator has reached the steady-state condition. The latter must
satisfy the cyclicality criterion in every point of the ABR regenerator:

δ = max
{
T(x, y, 0 + qθ) − T(x, y, 4τ+ qθ)

}
< ε, (4)

The main peculiarity of this model is the extreme flexibility in making the caloric regenerator
work with every caloric effect material (magneto-, electro-, elasto-, baro-), regardless of the specificity
of the nature of the caloric effect exhibited. This extreme ductility constitutes a strongpoint of the
tool, and it allows for the possibility of experimentally validating the model with just one of the
four caloric effect-based prototypes. To this purpose, the model was introduced in our previous
investigations [16,67] and validated with a prototype of a magnetocaloric cooler developed at University
of Salerno. The validation, carried out both at zero load and with refrigerant load, showed fairly good
agreement with experimental data [16,67,69].

3. Materials Employed in the Investigation

3.1. The Solid-State Barocaloric Refrigerant

The choice of the solid-state refrigerant to be employed in the active barocaloric system was
done according to the requirements underlined by Aprea et al. [16] that a material must satisfy to be
considered suitable for the specific caloric application.

We ultimately chose a barocaloric refrigerant with natural materials and elastomeric properties:
acetoxy silicone rubber (ASR) [70]. Polydimethylsiloxane, additive, preserving agents and fillers are the
components forming ASR, the latter exhibits a super-giant barocaloric effect with a peak of adiabatic
change of temperature falling in correspondence of the crystalline–amorphous transitions with the
consequence of polymer chains rearrangements. The adiabatic temperature change detected in acetoxy
silicone rubber for decompression (∆p = 0.390 GPa) is shown in Figure 3.

The main thermodynamical and barocaloric features of ASR are reported in Table 1. A 41.1 K
peak of adiabatic change of temperature occurs at 298 K. The latter data confers to ASR a relevant
barocaloric effect in the temperature range where cooling and freezing applications are devoted to.
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(ASR) during adiabatic decompression (∆p = 0.390 GPa).

Table 1. Thermal and physical features of acetoxy silicone rubber.

Material Tpeak [K] ∆p [GPa] ∆Tad,max [K] Density
[kg/m3]

Thermal Conductivity
[W/mK]

ASR 298 0.390 41.1 960 1.48

Following the methodology introduced in Section 2.2 about Q modeling, we built the mathematical
expressions of Q terms for acetoxy silicone rubber. As an example, we report in Figure 4 the fitting of
the Q term for the ASR representative of the adiabatic decompression process from 0.390 GPa to 0 GPa.

Energies 2019, 12, x FOR PEER REVIEW 6 of 16 

 

 

Figure 3. Temperature change due to barocaloric effects (BCE) and detected in acetoxy silicone 
rubber (ASR) during adiabatic decompression (∆p = 0.390 GPa). 

Table 1. Thermal and physical features of acetoxy silicone rubber. 

Material Tpeak 
[K] 

Δp 
[GPa] 

∆Tad,max 
[K] 

Density  
[kg/m3] 

Thermal Conductivity 
[W/mK] 

ASR 298 0.390 41.1 960 1.48 

Following the methodology introduced in Section 2.2 about Q modeling, we built the 
mathematical expressions of Q terms for acetoxy silicone rubber. As an example, we report in Figure 
4 the fitting of the Q term for the ASR representative of the adiabatic decompression process from 
0.390 GPa to 0 GPa. 

 

Figure 4. Q term constructing for ASR during adiabatic decompression process from 0.390 GPa to 0 
GPa. 

The resulting mathematical expression is: 𝑄D ∙ 𝜏 = 106(1.33𝑇 + 0.000211𝑇2 sin(4.33 + sin(−0.0636𝑇)) 𝑠𝑖𝑛(4.12 +sin(0.0726𝑇)) − 165 − 0.00216𝑇2), 
(5)

Figure 4. Q term constructing for ASR during adiabatic decompression process from 0.390 GPa to
0 GPa.

The resulting mathematical expression is:

QD·τ = 106
(
1.33T + 0.000211T2 sin(4.33 + sin(−0.0636T))sin(4.12 + sin(0.0726T)) − 165− 0.00216T2

)
, (5)
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3.2. Nanofluids as Heat Transfer Termvectorial Fluid

The role played by the secondary fluid is crucial for the heat vehiculation between the cold and
the hot heat exchanger. Therefore, the heat transfer processes between the solid (parallel plates of
barocaloric materials) and the fluid (auxiliary fluid) should be as efficient as possible so to allow
the regenerator to work at a higher frequency in the ABR cycle. The optimization of the solid–fluid
heat transfer process was not investigated deeply. Therefore, we proposed nanofluids as the solution
to improve heat exchange, replacing the ordinary, common base fluids used until now (water or
water-glycol mixtures).

The temperature range used in this investigation was one typical of refrigeration and freezing
purposes; therefore, the starting base fluid was a 50% water − 50% ethylene glycol (EG) mixture,
where the freezing point was 236 K. To improve the thermal conductivity of such an auxiliary fluid,
Cu nanoparticles were dispersed. Thus, we chose to operate with metallic nanofluids because of the
non-interaction of the metallic nature with the field generation for detecting the barocaloric effect
(whose nature is mechanical).

As a result, the heat transfer fluids considered in the investigation and presented in this paper
were Cu + 50% water − 50% EG nanofluids with variable concentrations of nanoparticles of nanometric
dimensions (1÷10 nm). The thermophysical characteristics of the Cu nanoparticles are listed in Table 2.

Table 2. Thermal features of Cu.

Material Specific Heat [J/kgK] Density [kg/m3] Thermal Conductivity [W/mK]

Cu 383 8933 401

The considered thermophysical properties of the base fluid (50% water − 50% EG) were provided
by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (A. S. H. R. A.
E.) as table functions of the temperature [71]. We elaborated such data in the resulting mathematical
expression as follows:

ρbf = 1777− 0.3482T, (6)

Cbf = 2150 + 3.866T, (7)

kbf = 0.141 + 0.000769T, (8)

µbf =
−0.6474

229.5− T
− 0.006321, (9)

The thermophysical properties of the nanofluids were evaluated through the following
mathematical correlations (available in open scientific literature) [72–74]:

ρnf = (1−ϕ) ρbf + ϕ ρnp, (10)

ρnfCp,nf = (1−ϕ)
(
ρCp

)
bf
+ ϕ

(
ρCp

)
np

, (11)

µnf =
1

(1−ϕ)2.5µbf, (12)

knf =
knp + (n− 1) kbf − (n− 1) ϕ

(
kbf − knp

)
knp + (n− 1) kbf + ϕ

(
kbf − knp

) , (13)

where, supposing spherical nanoparticles, the empirical shape factor (n) is equal to 3.

4. Working Conditions of the Investigation

The model employed in this paper could reproduce the thermal-fluid dynamic behavior of an
active caloric system for cooling purposes. In the investigation, the model was used to simulate the
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behavior of an ABR system working in refrigeration and freezing mode. The set-point temperatures of
the cold and the hot heat exchangers were fixed, respectively, at TC = 255 K and TH = 290 K, and the
frequency of the ABR cycle was 1.25 Hz. The system was tested at variable HTF velocities in the range
0.04 ÷ 0.2 m/s. The Cu + 50% water − 50% EG nanofluid volume fraction also varied from 0% to 10%.

5. Results and Discussion

This paper mainly focused on the heat transfer between the solid and the fluid and on the
investigation of possible solutions for its enhancement. Therefore, to this aim, we focus on one of the
channels in which the HTF flows and there are two stacking parallel-plates of barocaloric material.

Figure 5 reports the mean temperature values of the boundaries of the channel (made of barocaloric
material) and of the nanofluid flowing during the fourth step of the ABR cycle as a function of volume
fraction and for a number of nanofluid velocities: (a) 0.04 m/s; (b) 0.06 m/s; (c) 0.10 m/s; (d) 0.20 m/s.
From the figures, one can appreciate that the temperature difference between solid and nanofluid
was reduced as nanoparticle volume fraction increased. This indicated that the heat exchange was
improved following augmentation of ϕ. Furthermore, one can notice that increased fluid velocity
caused a better exchange with the solid, and as a consequence, the fluid had a lower mean temperature,
whereas the solid had a higher one. Figure 5c represents an exception, because the fluid temperature
was slightly lower than the fluid with a velocity of 0.20 m/s (Figure 5d).
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The most important indicator to evaluate the heat transfer performances between the solid and the
fluid is represented by the convective heat transfer coefficient, defined as the proportionality coefficient
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between the convective heat flux at the solid-state boundaries of the channel and the temperature drop
between solid and fluid. Therefore, in our investigation, we evaluated it as:

h =

.
qc

∆T
(14)

The local convective heat flux was evaluated as:

.
qc(x, t) = knf

∂Tnf

∂y
, (15)

whereas the temperature difference was evaluated as:

∆T = Tnf − Ts, (16)

where both the partial derivative in Equation (15) and the temperature difference in Equation (16) were
evaluated at the boundary between the fluid and the solid interface. To obtain the mean value of the
heat transfer coefficient, both the local heat flux and the temperature difference were evaluated as
mean values along the channel wall with respect to the fluid flow time.

Figure 6 reports the convective heat transfer coefficient as a function of nanofluid velocity
parametrized for nanoparticle volume fraction. By fixing the velocity, one can appreciate the
enhancement of the heat transfer coefficient with increasing nanoparticle volume fraction. A maximum
h-enhancement of +34% was registered if the nanoparticles concentration increased from 0% up to 10%
with v = 0.06 m/s, and +30% of heat transfer improvement for nanoparticles concentration increased
from 0 to 10% was estimated as the mean value with respect to the nanofluid velocity. Moreover, one
can notice that each curve plotted in Figure 6 had minimum points located at v = 0.06 m/s for low φ

and at v = 0.10 m/s when the nanoparticles concentration increased. We found an explanation for this
trend by analyzing each contribution of the nanofluid energy equation:

ρnfCnf

(
∂Tnf

∂t
+ u

∂Tnf

∂x
+ v

∂Tnf

∂y

)
= knf

(
∂2Tnf

∂x2 +
∂2Tnf

∂y2

)
(17)
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The left side represents the inertia and the convection terms, whereas, at the second member,
there was the conduction term. Thus, the mean convective heat flux depended on fluid inertia,
convection, and conduction. Convection and conduction promoted heat transfer, whereas inertia
played a negative role.

At very low fluid velocities (0.04 m/s), inertia prevailed beyond conduction and convection, and
this was detrimental for the heat exchange between fluid and solid. Consequently, the fluid temperature
was higher, and this effect improved the fluid conductivity, increasing the conductivity heat exchange.
By increasing the fluid velocity (0.06 m/s), the convection was slightly improved; therefore, the fluid
temperature slightly decreased, consequently decreasing the conductive heat transfer. Therefore, the
heat transfer coefficient slightly decreased. With a further increase of the fluid velocity (0.1 m/s), the
convection term prevailed (rather than fluid inertia), and the heat transfer coefficient increased with
fluid velocity. Therefore, at very low velocities, inertia played a dominant role in the heat transfer.

Indeed, taking as reference the convective heat transfer coefficients evaluated for the base fluid
cases (φ = 0%), we estimated the corresponding h by means of the empirical correlations based on
the dimensionless numbers of the forced convection (Reynolds and Prandtl numbers) and on the
properties of the fluid itself at the reference temperature. The correlations used considered a fully
developed and stationary laminar flow. Figure 7 reports a comparison between the convective heat
transfer coefficients carried out from numerical simulations and the ones evaluated through empirical
correlations for φ = 0%. Different trends could be observed, for example, the heat transfer coefficient
from correlation was almost constant, whereas the numerical one first slightly decreased and then
increased. Indeed, when the velocity increased over the threshold value, the convective term prevailed
over the inertia, contributing to heat transfer enhancement. The correlations were based on steady
state equations and therefore did not account for the inertia term. Furthermore, correlations always
overpredicted heat transfer coefficients (from a minimum of +2.5% to a maximum of +16.5%) because
they did not consider the detrimental effect of the inertia term. At the highest (0.2 m/s) fluid velocity,
the difference between correlation and numerical model coefficient was at the minimum because the
effect of inertia was lower.
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To better analyze the effect of the heat transfer enhancement with nanofluids on the performance
of the active barocaloric regenerator, we introduced an outstanding parameter as follows:

∆TABR =
1
τ

∫ 2τ+nθ

τ+nθ
Tnf(L, y, t)dt−

1
τ

∫ 4τ+nθ

3τ+nθ
Tnf(0, y, t)dt , (18)
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∆TABR is a parameter used to evaluate the maximum temperature drop across the ABR 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.
To this hope, Figure 8 reports the trends of ∆TABR as a function of nanofluid velocity parametrized for
nanoparticles volume fraction. As a general trend, it was possible to observe that there was a maximum
of ∆TABR, located at v = 0.06 m/s for each volume fraction. At a fixed volume fraction, the ∆TABR first
increased with fluid velocity, where it reached a maximum and then decreased. Indeed, by increasing
the fluid velocity, the convective heat transfer coefficient also increased, as shown in Figure 6. Therefore,
there was an optimal fluid velocity (around 0.06 m/s) corresponding to the point where the fluid
could utilize the entire energy available from the barocaloric effect, and it was independent from the
particles volume fraction. Further fluid flow perturbed the temperature profile of the ABR, reducing the
temperature difference between the fluid and the regenerator. The latter quickly became overwhelmed
by the fluid flow, and the efficiency of the heat transfer decreased. Figure 8 also shows that, at fixed
fluid velocity, the ∆TABR increased by augmenting the particles volume fraction. Therefore, working
with nanofluids had a positive influence on the convective barocaloric-refrigerant-auxiliary-fluid heat
exchange. With increasing nanofluid velocity, the nanoparticle concentration had a lower influence
on the augmentation ∆TABR, because the efficiency of the heat exchange decreased. Therefore,
at v = 0.2 m/s, the points appeared closer to each other than had occurred at lower velocities.
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6. Conclusions

In this paper, the effects of working with nanofluids on heat transfer enhancement in an active
barocaloric refrigerator were investigated through a two-dimensional finite element method. The ABR
employed a barocaloric vulcanizing rubber as solid-state refrigerant and Cu + 50% ethylene glycol -
50% water nanofluids as auxiliary fluid. The nanoparticle volume fraction of the nanofluid varied
from 0% to 10%, and the main indicators significative for evaluating the heat transfer were carried
out. The results reveal that, as a general trend, the effect of adding 10% Cu nanoparticles in the
water/ethylene-glycol mixture carries to +30% as a medium increment of heat transfer enhancement.
Such an increment was detected with the ABR operating at different velocities and also influenced the
energy parameters of the regenerator such as ∆TABR. Therefore, the addition of nanofluids in an active
barocaloric refrigerator has many benefits.
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Nomenclature

Roman symbols
C specific heat, J kg−1 K−1

h convective heat transfer coefficient, W m−2 K−1

k thermal conductivity, W m−1 K−1

L length of the regenerator in fluid flow direction, m
n empirical shape factor
p pressure, Pa
Q power density associated to barocaloric effect, W m−3

q number of ABR cycles
.
q convective heat flux, W m−2

T temperature, K
t time, s
u longitudinal fluid velocity, m s−1

v orthogonal fluid velocity, m s−1

x longitudinal spatial coordinate, m
y orthogonal spatial coordinate, m
Greek symbols
∆ finite difference
∂ partial derivative
δ infinitesimal difference
ε infinitesimal quantity
θ period of the ABR cycle, s
µ dynamic viscosity, Pa s
ν cinematic viscosity, m2 s−1

ρ density, kg m−3

ϕ volume fraction
τ period of each step of the ABR cycle, s
Subscripts
ad adiabatic
ABR active barocaloric refrigerator
bf base fluid
C cold heat exchanger
c convective
D decompression
H hot heat exchanger
nf nanofluid
np nanoparticles
s solid
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