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ABSTRACT

A performance assessment of active magnetocaloric regenerators using entropy generation minimization
is presented. The model consists of the Brinkman-Forchheimer equation to describe the fluid flow and
coupled energy equations for the fluid and solid phases. Entropy generation contributions due to axial heat
conduction, fluid friction and interstitial heat transfer are considered. Based on the velocity and temperature
profiles, local rates of entropy generation per unit volume were integrated to give the cycle-average entropy
generation in the regenerator, which is the objective function of the optimization procedure. The solid matrix
is a bed of gadolinium spherical particles and the working fluid is water. Performance evaluation criteria
of fixed cross-section (face) area (FA) and variable geometry (VG) are incorporated into the optimization
procedure to identify the most appropriate parameters and operating conditions under fixed constraints of
specified temperature span and cooling capacity.

Key words: Active Magnetic Regenerator (AMR), magnetic refrigeration, Performance Evaluation Criteria
(PEC), entropy generation minimization.

1 - INTRODUCTION

Magnetic refrigeration systems can be built according to different thermodynamic cycles, such as the Carnot,
Ericsson, Stirling and Brayton cycles (Kitanovski and Egolf 2006, Kitanovski et al. 2015). However, since
the MagnetoCaloric Effect (MCE) of currently available magnetocaloric materials is small, i.e., of the order
of 3 K/T at low magnetic flux densities, large temperature spans cannot be achieved, unless thermal regen-
eration is employed. In the Active Magnetic Regenerator (AMR), the magnetocaloric material is used as a
solid regenerative matrix so as to amplify the temperature span by exchanging heat with a thermal agent
(heat transfer fluid) (Barclay and Steyert 1982).
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Regenerative cycles enable the achievement of large temperature spans and large cooling capacities.
The Brayton cycle is the most common thermo-magnetic regenerative cooling cycle, and its 7-S diagram
is schematically presented in Fig. 1 (Rowe et al. 2005). The cycle starts with an adiabatic magnetization
(1-2) of the magnetocaloric material, usually arranged as a porous matrix. In this process, the total entropy
of the material remains constant, but the decrease in the magnetic contribution of the total entropy due to the
magnetic field variation is compensated by an increase in the lattice and electronic entropy contributions. As
a result, the temperature of the magnetic material increases, which is a manifestation of the MCE. The next
step is a constant magnetic field cold blow (2-3), where cold fluid (from the cold reservoir) flows through the
matrix, cools down the solid phase (which releases heat to the fluid) and rejects heat to a hot reservoir. Next,
an adiabatic demagnetization (3-4) of the material is performed and, similarly to the adiabatic magnetization,
the demagnetization process reduces the temperature of the solid material, which undergoes an adiabatic
temperature change. The final procedure is a constant magnetic field hot blow (4-1), where hot fluid (now
from the hot reservoir) returns through the matrix, and the solid phase removes heat from the fluid phase,
increasing the internal energy of the matrix. The fluid the absorbs heat from a cold reservoir, completing the

cycle.
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Figure 1 - Schematic 7'-S diagram of the thermo-magnetic regenerative Brayton cycle.

The search for regenerator configurations and operating parameters capable of giving satisfactory values
of temperature span and thermal efficiency at reasonable manufacturing costs are one of the main isuses of
magnetic refrigeration research (Tura et al. 2012, Trevizoli et al. 2014a).

There is a direct relationship between the thermodynamic efficiency of a regenerative cooling cycle and
the thermal effectiveness and viscous losses in the regenerator. The conflicting requirements of high heat
transfer and low pumping losses can be equalized using thermal optimization methods based on Entropy
Generation Minimization (EGM) (Bejan 1995). In AMRs, the structure and geometry of the solid matrix
have to be optimized to reduce the thermal, viscous and magnetic losses and achieve the desired operating
conditions of temperature span, cooling capacity and cycle efficiency. A concise review of applications of
the method in the context of heat exchangers and storage systems was presented by Awad and Muzychka
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(2012). For passive regenerators (i.e., those without a magnetic-thermal interaction), several optimization
procedures have been implemented (de Waele et al. 1997, Das and Sahoo 1999, Steijaert 1999, Nam and
Jeong 2006, Trevizoli and Barbosa 2015).

In the context of AMR optimization, EGM analyses were conducted by Li et al. (2008) and Numazawa
et al. (2012). Li et al. (2008) used a second-law analysis to find optimal regenerator dimensions and the
diameter of the spheres in the packed bed for a real apparatus. They pointed out limitations regarding the
regenerator housing diameter and the magnet circuit size. In order to keep the applied magnetic flux density
constant and increase the housing diameter, the magnetic circuit volume has to increase exponentially. Thus,
for a fixed housing diameter, an optimization of the housing aspect ratio was carried out, which resulted in
an optimal coefficient of performance (COP) of 15.54 for a regenerator aspect ratio of 6.39 and 1.1-mm
diameter spheres. Those simulations were carried out considering a hot reservoir temperature of 300 K and
a 10-K temperature span. However, since Li et al. (2008) used the COP as the objective function, their
analysis did not guarantee a fixed cycle-average heat transfer rate at the cold source for each combination
of regenerator housing aspect ratio and sphere size. Numazawa et al. (2012) compared the performances of
packed beds of spheres and parallel plates as regenerative geometries by changing geometric and operating
parameters (plate thickness, sphere diameter, aspect ratio and frequency). However, as the cooling capacity
was not kept fixed during the analysis, it was difficult to quantify the true effect of each parameter.

More recently, Aprea et al. (2013) carried out a detailed optimization analysis of a packed-bed AMR
based on the second-law efficiency. They investigated the influence of the fluid properties, particle diameter,
fluid blow time, mass flow rate, regenerator geometry and effect of axial thermal conduction. The mathe-
matical model was written in terms of dimensionless parameters (e.g., number of transfer units, N7'U and
utilization) to facilitate the identification of the combination of variables that maximized the system per-
formance. However, as in Li et al. (2008) and Numazawa et al. (2012), the cycle-average cooling capacity
was not kept fixed for each combination of regenerator geometry and particle size, which may result in
comparisons between systems that produce different values of cooling capacity. Ganjehsarabi et al. (2016)
employed a genetic algorithm multi-objective optimization to determine the best design parameters of a cas-
cade active magnetic refrigerator. The total cost rate of the system and the exergy (second-law) efficiency
were used as objective functions.

In EGM methods, the total entropy generation can be used as an objective function in optimization
procedures constrained by Performance Evaluation Criteria (PEC), such as those established by Webb and
Kim (2005) for recuperators. For single-phase flow, a heat exchanger can be optimized according to fixed
volume, fixed face area or variable geometry constraints. These constraints can be extended to the design of
oscillating-flow regenerators for both passive and active applications. An explanation of the PEC employed
in the present work is as follows:

e Variable Geometry (VG): this PEC enables varying the regenerator housing cross-section area and
length, while keeping the total housing volume constant. The VG PEC may be useful when there is
freedom in terms of the final aspect ratio of the regenerator. For a given mass (volume) of magne-
tocaloric material, this PEC can be combined with the design optimization procedure of the magnet
system in order to achieve an optimal configuration of the AMR device;

e Fixed Face Area (FA): this PEC enables varying the regenerator housing length, while maintaining the
cross-section area constant. The total mass of solid material is not constant in this PEC, since it changes
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with the housing length. In the context of magnetic cooling, this PEC can be useful in the optimization
of the regenerator to be fitted in an existing magnet gap. In this case, the regenerator length can be
adjusted to satisfy a specific design constraint or metric that may not consider the performance of the
magnet itself, since its dimensions are already fixed. Conversely, the FA PEC can also be employed
when neither the size of the magnet gap nor the mass of magnetocaloric material are constrained. In
this case, both the magnet and the regenerator can be evaluated together in order to achieve the optimal
applied magnetic flux density volume and the amount of raw magnetic material that satisfy a specific
operating condition involving, say, the cooling capacity and the temperature span.

In order to achieve an optimal set of geometric parameters and operating conditions that return the
minimum entropy generation in the regenerator, additional constraints must be established. For passive re-
generators, as proposed by Trevizoli and Barbosa (2015), this additional constraint is imposed in terms of a
target regenerator effectiveness, which must be met by the optimal geometry associated with each PEC. On
the other hand, for AMRs, the proposed additional constraint is a fixed cooling capacity for a given temper-
ature difference between the thermal reservoirs (temperature span), which are the desired output parameters
of the actual cooling system.

This paper advances a performance analysis of AMRs based on the EGM theory. The mathematical
model is composed of the 1-D Brinkman-Forchheimer equation for momentum transfer in porous media
coupled with energy balance equations for the fluid and solid phases. The local instantaneous velocity and
temperature fields are used in the calculation of the local rates of entropy generation per unit volume due
to: (i) fluid friction, (ii) axial heat conduction in both media and (iii) interstitial heat transfer with a finite
temperature difference between the phases. The total cycle-average entropy generation rate, S’g, was used
as the objective function in an optimization procedure that evaluates the influence of parameters such as
the mass flow rate, operating frequency, regenerator cross sectional area, housing aspect ratio, utilization
factor and particle diameter according to the FA and VG PEC of Webb and Kim (2005). It is important
to notice that, in cases where magnetic and thermal hystereses are absent and the MCE is reversible, there
is no magnetic contribution to the cycle-average entropy generation. It is also clear that, by reducing the
rates of entropy generation in the regenerator, the operating costs of the magnetic refrigerator as a whole
are also reduced. However, a complete cost evaluation is outside the scope of this paper. Cost analyses were
performed recently by other authors (Tura and Rowe 2014, Bjerk et al. 2016), though without the appropriate
restrictions to the optimization process (e.g., fixed cooling capacity and temperature span) used in the VG
and FA PEC explored here.

2 - LIST OF SYMBOLS

LIST OF SYMBOLS

A, cross-section area [m?]

Ay amplitude of the pressure waveform [m/s?]
B magnetic flux density [T]

c specific heat capacity [J/kg.K]
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Ergun constant [-]

diameter [m]

longitudinal thermal dispersion coefficient [-]
regenerator housing hydraulic diameter [m]
particle diameter [m]

cycle frequency [Hz]

convective heat transfer coefficient [W/m?2 K]
magnetic field [A/m]

thermal conductivity [W/m.K]

permeability of the porous medium [m?]
length [m]

mass flow rate [kg/h]

(= (RAnt)/(hcpr)) Number of transfer units [-]
Magnetization [A/m]

Nusselt number [-]

pressure [kPa]

Péclet number [-]

Prandtl number [-]

cooling capacity [W]

Reynolds number [-]

cycle-average entropy generation rate [W/K]
time [s]

temperature [K]

superficial (Darcy) velocity [m/s]

axial coordinate [m]

thermal diffusivity [m?/s]
surface area density [m?/m?]
adiabatic temperature change [K]

(=Tw - Tc) temperature span between the hot and cold reservoirs [K]
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ATc (= Tc - Tcr) temperature difference in the cold reservoir [K]
€ porosity [-]

1] utilization factor [-]

w dynamic viscosity [Pa.s]

v dynamic viscosity [m?/s]

w angular frequency [rad/s]

p density [kg/m®]

T cycle period [s]

¢ aspect ratio [-]

SUBSCRIPTS AND SUPERSCRIPTS

app applied

C cold reservoir

CE cold end

csg casing

dem demagnetizing

dp based on particle diameter
e external

eff effective

f fluid phase

F,AC fluid axial conduction contribution
H hot reservoir

HEX reservoir temperature span
HT heat transfer contribution
7 internal

min minimum

mag magnet

Reg regenerator

rem remanence

s solid phase

sph sphere
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S, AC solid axial conduction contribution
VD viscous dissipation contribution
1 . .
T volumetric variable
T average value

3 - MATHEMATICAL MODELING

The AMR model comprises the momentum equation to calculate the fluid flow through the porous matrix
and the energy equations for the fluid and solid phases. The MCE of the solid matrix was implemented via the
discrete approach (Nielsen et al. 2011). Demagnetizing losses were implemented according to the procedure
described in Trevizoli et al. (2012). The heat transfer fluid was treated as water and the solid material was
assumed as commercial-grade (99.5% wt.) gadolinium (Gd), whose physical properties, namely adiabatic
temperature change, specific heat capacity and magnetization were obtained from interpolating functions
generated from experimental data. The reader is referred to Trevizoli (2015) and Trevizoli et al. (2016b) for
a detailed presentation of the Gd physical property database.

The mathematical model is described next, taking into account the following simplifying assumptions:
one-dimensional, incompressible fluid flow, low-porosity porous medium (¢ < 0.6) and absence of body
forces (Trevizoli et al. 2014b, Trevizoli and Barbosa 2015). The mathematical model and the closure
relationships for packed beds of spheres used in the present analysis were compared with experimental data
for passive and active magnetic regenerators (Trevizoli et al. 2016a, 2016b, Trevizoli and Barbosa 2016).

3.1 - MOMENTUM EQUATION

After the simplifying assumptions listed above, the 1-D Brinkman-Frochheimer equation for momentum
transfer in porous media is given by (Kaviany 1995, Nield and Bejan 2006),

pr () _ o0 pe, conr
5<8t>_ 0z Ku K1/2|u\u 1)

where the term on the left is the macroscopic inertial force and those on the right are the pore pressure gradi-
ent, microscopic shear stress (Darcy term) and microscopic inertial force (Ergun inertial term), respectively.
The permeability of the porous medium and the Ergun constant are given by K = e3d,, /150(1 — €)? and
cg = 1.75/(150&3)%2, respectively (Ergun 1952, Kaviany 1995).

3.2 - ENERGY EQUATION
3.2.1 - Fluid phase

The energy equation for the one-dimensional, incompressible fluid flow in the porous medium is given by,
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where the terms on the left are due to inertial (thermal capacity) effects and longitudinal advection, and those
on the right are the transversal heat transfer term calculated using a convective heat transfer coefficient, axial
conduction and viscous dissipation terms, respectively. k:]ecf L 1 1s the effective thermal conductivity of
the fluid phase. D/ay = 0.75Pe is the longitudinal thermal dispersion in a bed of spheres, for Pe >> 1
(Kaviany 1995, Koch and Brady 1985). Pe = Reg,Pr/2 is the Péclet number and Reg, is the Reynolds
number based on the particle diameter (Kaviany 1995, Koch and Brady 1985). The interstitial convective
heat transfer coefficient for a packed bed of spheres, h, was calculated using the Nusselt number correlation
of Pallares and Grau (2010).

3.2.2 - Solid phase

After the simplifying assumptions, the energy equation for the solid phase is given by:

oT, O*T,
,0505(1 _5) 8755 = h/B(Ts _Tf) + (1 _€)k§ff 8228 (3)
where the term on the left accounts for thermal inertia in the solid, and those on the right are due to interstitial

k:f f

heat convection and axial heat conduction, respectively. is the solid effective thermal conductivity

calculated using the Hadley correlation (Kaviany 1995, Hadley 1986).

3.3 - MAGNETOCALORIC EFFECT AND DEMAGNETIZING LOSSES IMPLEMENTATION

In an AMR model, the MCE can be quantified in terms of the adiabatic temperature change, AT,4(AH, T).
For a magnetic material at an equilibrium state specified by an initial temperature Ty and magnetic field Hy,
the total entropy is so(Ho, Tp). If a variation in the applied field, AH = H; — Hy, is performed adiabatically,
then the total entropy of the system remains constant, s; = sg, and a new equilibrium state is reached at
s1(Hy,Ty). The difference between the initial and final temperatures is the adiabatic temperature change,
ie, ATy q(AH,T) =T, — To. If AH > 0, then AT,;(AH,T) is positive and, reversibly, when AH < 0,
AT,.(AH,T) is negative. In materials with a continuous (second-order) magnetic phase transition, such
as GGd, there are no hysteresis effects (magnetic or thermal) and the MCE can be treated as fully reversible.
An extended discussion on the calculation of AT, ;(AH,T) for magnetization and demagnetization and its
impact on the regenerator performance is available in Trevizoli et al. (2012), Bahl and Nielsen (2009) and
Nielsen et al. (2010).

In the present AMR performance analysis, an instantaneous (step) magnetic flux density change be-
tween 0 and 1.5 T was considered. Although this is the simplest waveform possible, it is difficult to be im-
plemented in practice. An evaluation of the effect of the magnetic field waveform on the AMR performance
was carried out in Trevizoli et al. (2014b). As mentioned above, the MCE was implemented via the so-called
discrete approach, which is the simplest and most straightforward calculation method (Nielsen et al. 2011).
It consists of a direct temperature increment (or reduction) during the magnetization (or demagnetization)
step. Thus, for a one-dimensional regenerator domain:
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Ty(H + AH, 2) = Ty(H, 2) + ATo(AH, Ty(H, 2)) @)

where the change in magnetic field, A H, was considered instantaneous and uniform along the regenerator
length.

The demagnetizing losses were implemented considering a constant and uniform temperature. More
information regarding the demagnetizing losses modeling and its effect on the AMR performance can be
found in Nielsen et al. (2011) and Trevizoli et al. (2012, 2014b). Thus, for a homogeneous temperature
solid, the effective magnetic field, H,, is the difference between the applied magnetic field, H,j,, and the
demagnetizing field, Hgep,:

Heff = Happ - Hdem (5)

where Hg.,, = NpM. Np is the demagnetization factor and M is the magnetization. The effective mag-
netic field was calculated using a simplified method that consists of assuming a linear temperature profile
(between T and T}y) along the regenerator bed and calculating an average temperature for each finite vol-
ume in the regenerator. Eq.(5) is used to calculate the local values of the effective magnetic field at each
volume, which remain unchanged along the entire simulation.

The demagnetization factor of the regenerator matrix geometry was estimated using a correlation
available in Coey (2010) for a bed of spherical particles:

ND = ND,sph + (1 - 8)(]VD,csg - ND,sph) (6)

where Np .54 is the demagnetizing factor of the casing, which is a function of its geometric shape. For
cylindrical geometries, the relationship due to Sato and Ishii (1989) can be used. Considering a cylinder of
radius 7, whose height is arbitrarily chosen as 2n r, the casing demagnetizing factor is given by Np .5g =
n/(2n + 1). Np spr, = 1/3 is the demagnetization factor of a single sphere.

ENTROPY GENERATION

In the regenerator, entropy is generated due to heat transfer and viscous dissipation. The local rate of entropy

d
()] o

where the first term on the right is the entropy generation rate per unit volume due to interphase heat transfer
with a finite temperature difference. The second and third terms are the entropy generation rates due to axial

generation per unit volume is given by (Steijaert 1999, Trevizoli and Barbosa 2015):

g T.Ty 1?7

S

e 2 2
g ML —Ty)? (k77 + ppepD)) (ary " K (an\T 1
N dz T2 \ dz Ty

conduction in the fluid and solid matrix, and the fourth term is the entropy generation rate per unit volume
due to viscous friction. The cycle-average entropy generation rate in the regenerator, Sy, is defined as:

. AC LREQ T L2
Sg = / / Sg dtdz (8)
T Jo 0
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In the present analysis, S, in W/K, is used as the objective function to be minimized in the regenerator
optimization. In cases where the magnetocaloric effect is reversible, such as in materials with a continu-
ous magnetic transition (e.g., gadolinium), the local rate of entropy generation due to the MCE is directly
included in the interphase heat transfer. In this case, the AT, resulting from the external magnetic flux
density variation creates a finite temperature difference between the solid and fluid phases. Otherwise, if
irreversibilities are present, such as magnetic and thermal hysteresis, additional terms have to be included
in Eq.(7) to compute these irreversibilities. However, these will not be necessary in the present paper, as Gd
is the magnetocaloric material being considered.

4 - PERFORMANCE EVALUATION CRITERIA

The simulations for the minimum entropy generation calculation were carried out based on the PEC of Webb
and Kim (2005). The first criterion is of Variable Geometry (VG), for which the regenerator housing cross
sectional area, or the housing diameter, Dj, ., and the length, L g4, are allowed to vary, keeping a constant
housing volume. The second criterion is of Fixed Face Area (FA), where the regenerator housing cross
sectional area is kept constant and the regenerator length can vary, thus changing also the housing volume.
The baseline (reference) housing geometry has the following geometric characteristics: Dy, reqg = 25 mm
and ¢ = 2, where ( = LReg/Dh Rreg is the aspect ratio of the regenerator housing. Thus, the baseline
regenerator housing volume is 24.544 ¢cm3, and the ranges of the variables explored in the analysis are
presented in Table I. The operating conditions (i.e., frequency and mass flow rates) and ranges of geometric
parameters evaluated in this paper were chosen so as to be consistent with figures currently encountered in
magnetic regenerator systems (Nielsen et al. 2011, Yu et al. 2010).

TABLE I
Ranges of the geometric variables for each PEC.

PEC Dy, ey [mm] ¢ Housing volume [cm?] d,, [mm]
VG 12.5-50 16 - 0.25 24.544 03-2
FA 25 1-8 12.272 - 98.175 03-2

As can be seen from Table I, all of the possible Dy, .4 and ( combinations in the VG criterion resulted
in a fixed housing volume of 24.544 cm?. The particle diameter was varied from 0.3 to 2 mm, for each
possible combination. In the FA criterion, Dy, r., Was fixed at 25 mm, while ¢ was changed from 1 to 8.
The particle diameter was also varied from 0.3 to 2 mm for each possible combination.

For each combination of Dy, rey, ¢ and d, in each PEC, simulations were carried out considering two
different scenarios. In the first scenario, the frequency was kept constant at 1 Hz and the mass flow rate was
varied from 40 to 100 kg/h (steps of 10 kg/h) for PEC VG and from 50 to 200 kg/h (steps of 25 kg/h) for
the FA PEC. In the second scenario, the frequency was varied from 1 to 4 Hz (steps of 0.5 Hz) and the mass
flow rate was kept constant at 60 kg/h for the VG PEC and at 200 kg/h for the FA PEC. It is important to
notice that the utilization factor, ¢, can be constant or variable depending on the evaluation criterion (VG
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or FA), as presented in Trevizoli and Barbosa (2015). The utilization factor is defined as the ratio of the
thermal masses of the fluid and solid phases:

vaf mf Cp7f m
= — 9
d) Cp,s Ms szps(l — €)ACLReg ( )

where ¢, and ¢, ; are taken as 350 J/(kg.K) and 3920 J/(kg.K), respectively, which correspond to reference
values at 290 K (transition temperature of Gd).

In the VG cases, if the frequency is fixed the utilization factor is only a function of the mass flow
rate because the housing volume and porosity do not change. Similarly, if the mass flow rate is fixed, the
utilization factor is only a function of the frequency. On the other hand, for the FA PEC, the utilization factor
decreases with ¢ because the mass of the regenerative matrix increases with Lg4. Thus, for the FA PEC,
¢ varies with the mass flow rate (for a fixed frequency), or with the frequency (for a fixed mass flow rate)
and with the housing aspect ratio.

In the present AMR optimization, the proposed performance constraint is of a fixed cycle-average cool-
ing capacity for a fixed temperature difference between the hot and cold reservoirs. This constraint corre-
sponds to a fixed cycle-average heat transfer rate at the cold heat exchanger, irrespective of the matrix
size/mass and operating conditions.

The instantaneous cooling capacity, Qc, is calculated by:

Qc = m(t)ep s [Te — Top(t)] (10)

and the cycle-average cooling capacity, éc, is determined by:

— 1 T/2
Oc = /0 W)y s [Te — Tep(t)] dt (11

T

where Top is the time-dependent temperature exiting the regenerator at the cold end during the hot blow.
Considering balanced flow conditions (Schmidt and Willmott 1981), QC can be approximated by the
following relationship:

e 1 PR—
Qc = §m epf (Te —Ter) (12)

where 77 is the blow-average mass flow rate, T — T'c is the blow-average temperature difference at the
cold reservoir, AT¢.

In the present analysis, a cycle-average cooling capacity, QC, of 20 W per regenerator was considered,
for a temperature span, ATy gx, of 15 K, i.e., the hot reservoir temperature, Tz, was set at 300 K and the
cold reservoir temperature, T, was set at 285 K. It should be noted that this choice of values is for illustration
purposes only and has been chosen because it represents an operating condition that can be reached with
several combinations of parameters. Other sets of performance constraints can be selected with qualitatively
similar results.

For a specific operating condition (mass flow rate and operating frequency) the ranges of the geometric
variables (e.g., housing and particle diameters and aspect ratio) were chosen according to each PEC (VG
or FA), as shown in Table I. The temperature span and the hot and cold reservoir temperatures were kept
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constant for all operating conditions as part of the proposed constraint. For each condition in the range associ-
ated with a given PEC, the momentum and energy equations were solved numerically and the cycle-average
entropy generation rate was calculated.

Dimensionless forms of the momentum and energy equations for the fluid and solid phases were solved
using the finite volume method (Patankar 1980). The dimensionless form of the equations and the dimen-
sionless parameters are presented in detail in Trevizoli (2015). The energy equations were implemented
using a fully implicit scheme (in both the spatial and temporal terms) so that a coupled solution of these
equations is performed at a given time. Since the momentum equation is not position-dependent, a fully
explicit discretization scheme was adopted. Nevertheless, the Ergun inertial term contains a strong non-
linearity, which requires an iterative solution. The Weighted Upstream Differencing Scheme (WUDS) was
used in the fluid energy equation and the Central Difference Scheme (CDS) was applied in the solid. The
solver was based on a line-by-line method (Thomas Algorithm). The model was implemented in Delphi 7,
with a user friendly interface.

In the AMR modeling, the solution of the energy equations can be strongly affected by variations in the
solid and fluid thermophysical properties, especially the solid specific heat capacity. Thus, the dependence
of the fluid and solid thermophysical properties on the temperature has been incorporated in the energy equa-
tions solver. For simplicity, however, this dependence has been omitted from the solution of the momentum
equation. This influenced very little the heat transfer results, but significantly reduced the computational
cost.

To accelerate the numerical convergence, the fluid and solid temperatures are initialized as linear pro-
files between T at z = 0 and T’y at z = LRe4. The initial condition for the momentum equation is v = 0 at
t = 0. The boundary conditions for the fluid phase depend on the direction of the flow. If u > 0 (cold blow),
then at z = 0 (cold boundary) Tt is set equal to T¢ and, at z = Lgeg, an outflow boundary condition is applied,
ie., %(t, z = Lpeg) = 0. On the other hand, if u < 0 (hot blow), at z = Ly, (hot boundary) T} is set equal
to Ty and, at z = 0, the outflow boundary condition is %(t, z = 0) = 0. The zero-derivative condition
aims to represent a smooth continuation of the incompressible flow through the boundary. Its application
is justified by the following: (i) the gradient changes in the flow direction at the boundary are expected
to be very small; (ii) the conditions downstream of the outlet boundary have little influence on the flow
upstream (thermal reservoirs); (iii) there is only one possible mass flow rate for the imposed instantaneous
pressure gradient on the 1-D momentum equation. To solve the solid energy equation, the Central Differenc-
ing Scheme (CDS) was used as the interpolating function for the diffusion terms (Versteeg and Malalasekera
2007). The boundary conditions for the solid phase are: %ZS (t,z=10) = %7;8 (t,2 = Lreg) = 0.

A numerical mesh consisting of 360 dimensionless time steps and 200 dimensionless control volumes
has been used in all simulations. Based on a mesh study performed with several frequencies, mass flow rates,

housing diameters, aspect ratios and particle diameters, the proposed mesh size was proven to be satisfactory
(Trevizoli et al. 2014b, Trevizoli and Barbosa 2015).

For each scenario of the VG PEC, discrete data points were selected in the housing diameter and particle
diameter ranges shown in Table I. The incremental steps were 2.5 mm for the range 12.5 < Dy, goy < 30
mm, 5 mm for 30 < Dj, gy < 50 mm and 0.1 mm for d,, which resulted in 216 independent cases for
each value of mass flow rate or frequency. Similarly, for the FA PEC, the aspect ratio range was divided
in incremental steps of 0.5, plus the 0.1-mm steps for d),, resulting in 270 cases for the variable frequency
and variable mass flow rate scenarios for each value of mass flow rate or frequency. In total, 6804 different
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simulations were performed for the two PEC. As performed in Trevizoli and Barbosa (2015), the searches
for the points of minimum entropy generation rate were refined further using 4th-order (or less) polynomial
interpolations (R? > 0.9999) to guarantee the stability of the numerical solutions and provide a better
resolution (finer than 0.5 mm for Dy, g.4, 0.05 for ¢ and 0.01 mm for d,,) for the minimum S, value at a
reasonable computational cost.

5 - RESULTS AND DISCUSSION
5.1 - ENTROPY GENERATION VS. CYCLE-AVERAGE COOLING CAPACITY CONTOUR MAPS

As the numerical convergence of the governing equations is obtained for a specific set of simulated param-
eters associated with a PEC, the AMR configurations that yield the target value of QC can be identified. As
presented in Trevizoli and Barbosa (2015) for passive regenerators, Fig. 2 presents the contour maps for the
VG PEC for 7 = 60 kg/h and frequencies of 1 and 4 Hz. Fig. 3 shows the contour maps for the FA PEC
for v = 200 kg/h and frequencies of 1 and 4 Hz. Lines of constant Sg (red lines) are plotted together with
lines of constant QC (blue lines), as a function of the particle diameter and housing diameter for the VG PEC
(Fig. 2) and particle diameter and housing aspect ratio for the FA PEC (Fig. 3).

From Figs. 2 and 3, it can be seen that the target value of QC = 20 W per regenerator (blue solid
line), i.e., the constraint, can be achieved with different combinations of d,, and D}, g, or ¢, for different
frequencies and flow rates for each PEC. For the VG PEC with 7in = 60 kg/h and f = 1 Hz, Fig. 2(a),
Qc = 20 W per regenerator can be achieved with values of d,, between 0.7 and 1.45 mm for housing
diameters between 12.5 and 50 mm, which correspond to values of ¢ between 16 and 0.25, respectively. In
this case, the minimum value of S'g that guarantees Qc = 20 W per regenerator was around d, = 1.2 mm
and Dy, gey = 20 mm. It is interesting to note that lower rates of entropy generation can be achieved with
smaller particle diameters. For instance, a 0.4-mm diameter particle results in an entropy generation rate of
approximately 0.005 W/kg.K. However, for the range of housing diameters shown in Fig. 2(a), the cooling
capacities associated with d;,, = 0.4 mm are much greater than the (illustrative) 20-W constraint enforced to
demonstrate the present analysis. This highlights the importance of correctly specifying the constraints of
the analysis to avoid comparisons between cases that do not actually represent the same design condition.
For an operating frequency of 4 Hz, Fig. 2(b), the minimum Sg is shifted to larger values of d,,, yielding
other combinations of Dy, gy and C.

For the FA PEC with n = 200 kg/h and f = 1 Hz, Fig. 3(a), the minimum Sg for QC =20 W per
regenerator was identified in the vicinity of d, = 1.1 mm, with an aspect ratio of around 4. As expected, for
other frequencies the minimum Sg range changes and Qc = 20 W per regenerator is achieved with other
combinations of d,, and ¢, as presented in Fig. 3(b).

One may argue that the optimal particle sizes obtained above are somewhat large, given the current
practice in AMR design and operation (Kitanovski et al. 2015). At these particular conditions, the optimal
particle sizes were large for two reasons: (i) a small cooling capacity constraint was applied and (ii) external
losses (such as void volumes and heat leaks) were not considered. Had a higher cooling capacity constraint
been selected or had thermal losses been taken into account, a higher N'7T'U matrix would be necessary to
satisfy the operation constraints, which would certainly result in a smaller optimum particle size for a fixed
mass flow rate.
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5.2 - VARIABLE GEOMETRY (VG) EVALUATION CRITERIA

5.2.1 - Fixed frequency

This section describes the results for the VG PEC for a fixed frequency and a variable mass flow rate.
Performing an analysis similar to that presented in Trevizoli and Barbosa (2015) for passive regenerators, it
is possible to find the optimal combinations of d;,, Dy, req and ¢ that guarantee a QC = 20 W per regenerator
with ATrpx = 15 K. The results are shown in Fig. 4. A summary of the conditions associated with the
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points of minimum Sg is presented in Table II, which also presents the values of the utilization, ¢, and
the total demagnetization factor, Np ;011 — calculated from Eq.(6) — which depends only on Dy, g, and
¢ since the porosity of the regenerator is constant. Figs. 4(a) and (b) are equivalent to the z-z and y-z
projections of the conditions for which QC =20 W on the S’g surface shown in Fig. 2(a) for n = 60 kg/h.
The individual contributions to the total entropy at the minimum, Sg,mm, due to interstitial heat transfer with
a finite temperature difference, Sg, HT, axial conduction in the solid, Sg,s A0, axial conduction in the fluid,

Sg,FAc, and viscous dissipation, Sy v p, are presented in Fig. 5.

A comment is in order regarding the relative magnitudes of the individual contributions shown in Fig. 5.
Conventional optimization logic dictates that optimal configurations should be encountered when the loss
terms are more or less equalized. In our simulations, this was indeed the case near the overall minimum
for each condition. For instance, for the condition shown in Fig. 2(a), i.e., VG PEC with rin = 60 kg/h and
f = 1 Hz, it was observed that the individual contributions to S'g were similar in magnitude near the 0.4-mm
particle diameter, where the entropy generation rate is close to 0.005 W/kg.K. However, this condition does
not correspond to the 20-W cooling capacity design constraint used to illustrate the procedure. For this
reason, the contribution due to interstitial heat transfer with a finite temperature difference dominates at the
(local minimum) conditions of Fig. 5.

TABLE II
Minimum Sg parameters for the VG PEC for QC =20 W per regenerator and Ty x = 15 K, for a fixed frequency of 1 Hz
and flow rates between 40 and 100 kg/h.

m dp Dhrey ¢ Npiotaw &  NTU  Sgmin

[kg/h]  [mm]  [mm] [-] [-] (-] [-] [W/K]

40 1.07 18.217  5.169 0.412 0.505 173 0.00414

50 1.2 19.030  4.535 0.408 0.631 11.0  0.00580

60 1.18 19.966  3.926 0.404 0.757 9.5 0.00741

70 1.1 21.000  3.375 0.399 0.884 9.4 0.00897

80 099 22120 2.887 0.393 1.010 10.1 0.01046

90 0.86 23426 2431 0.385 1.136 11.9  0.01183

100 0.71 25.167  1.960 0.375 1.262 157  0.01298

An evaluation of the results in Figs. 4 and 5 and Table II reveals that for the smallest mass flow rate, 1
=40 kg/h, to achieve the performance constraint of QC = 20 W per regenerator, a larger AT is necessary
(Eq. 12), which is associated with a lower average temperature T'c (the reservoir temperature is fixed). To
achieve a lower T'c g, a higher effectiveness-NTU matrix is necessary, which is guaranteed by operating
at the smallest utilization, with a small particle size (compared with 50-70 kg/h) and a longer matrix with
a small Dy, geq. This results in higher superficial velocities. This optimum scenario is confirmed by the
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Figure 4 - Minimum entropy analysis for the VG PEC for 56 = 20 W per regenerator and ATggx = 15K, for a frequency of
1 Hz and variable flow rates in the range of 40-100 kg/h: (a) Sy as a function of d,; (b) Sy as a function of Dy, reg; (€) Sy as a
function of (.

smallest absolute value of 597 HT, meaning a highly effective heat transfer process. However, the use of a
small particle size increased slightly the penalties associated with viscous dissipation.

As the mass flow rate is increased up to 70 kg/h, the optimal region shifts to bigger particle diameters,
larger housing diameters and shorter aspect ratios (see Table II). Although the NT'U is low, the small abso-
lute values of utilization still result in a high effectiveness and a large AT, which when multiplied by the
low flow rate guarantees the 20-W constraint. This trend persists until a minimum N7T'U is found at i = 70
kg/h.

For mass flow rates higher than 70 kg/h, lower values of AT are sufficient to guarantee the 20-W
constraint. However, the increase in utilization needs to be compensated with a larger NT'U in order to
achieve the 15-K temperature span. Hence, the optimal conditions involve small particle diameters, large
housing diameters and small values of aspect ratio. Since at high mass flow rates and small particle diameters
the viscous losses become more important, a large housing diameter is required to decrease the superficial
velocity, which results in shorter matrices. Nevertheless, smaller particle diameters are necessary to enhance
the interstitial heat transfer, increasing NT'U and decreasing S’g, g (in %) (see insert in Fig. 5). Still, as the
regenerator effectiveness decreases with the increasing utilization, the absolute value of Sg’ HT Increases
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with 7. With shorter matrices, the axial conduction contributions become more important (in %) since the
spheres size becomes smaller and the superficial velocity decreases. The contribution of 5975 Ac 1s small,
around 1%. Sgy p also increases with the mass flow rate and the reduction of the particle size.

Regarding the demagnetization factor, for a constant temperature difference between the thermal reser-
voirs, a bigger Np ot means a smaller effective magnetic field, H.yy — calculated using Eq.(5) — and
a smaller AT,,. To compensate the reduction of the MCE, a higher effectiveness regenerator is required.
However, for the cases evaluated here, the variations in Np ;¢ Were little and, for the relatively small
temperature span of 15 K used as a constraint, these effects were of secondary importance to the MCE when
different optimal dimensions were compared.

The results presented in this section showed that the optimal configurations for f = 1 Hz and a variable
mass flow rate are associated with small regenerator housing diameters (between 18 and 25 mm). Thus, the
magnetic circuit size can be estimated considering a cylindrical Halbach permanent magnet array, for which
the magnetic flux density, B, inside the bore of an infinite cylinder is given by Bjerk et al. (2008):

D.
B = ByeyIn| =° 13
(%) ®

%

where B, is the remanence of the magnet grade and D, and D; are the external and internal diameters of
the cylinder, respectively. Considering B = 1.5T, B,¢;, = 1.4 T fora NdoFe 4B magnet grade, D; = Dj, reg
and Lyqg = LReq = (Dp Rey, the optimal regenerator dimensions for each flow rate lead to the ideal
Halbach cylinder dimensions presented in Table III.

The results in Table III show that the smaller mass flow rates require smaller diameters and longer
magnets, while the higher flow rates are related to bigger diameters and shorter magnets. However, the total
volume of permanent magnet necessary to create a flux density of 1.5 T in the bore of the Halbach cylinder
is about the same for all cases. Therefore, in terms of the minimum entropy generated (less irreversibility),
using the smallest mass flow rate possible is recommended for it satisfies the performance constraint with
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TABLE III
Ideal Halbach cylinder dimensions considering the optimized parameters according to the VG PEC for a frequency of 1
Hz and flow rates between 40 and 100 kg/h.

m D; D. Lmag  Volume

[kg/h] [mm] [mm] [mm]  [cm®]

40 18.2 53.2 94.2 233.7

50 19.0 556 86.3 233.8

60 20.0 583 78.4 233.7

70 210 613 70.9 233.8

80 22.1 64.6 63.9 233.7

90 234 684 57.0 233.8

100 25.1 73.5 49.8 233.4

a more efficient AMR design. It should be recognized, however, that small flow rates are very difficult to
realize in practice, as the system becomes very sensitive to heat leaks and carryover (dead volumes) losses.
As argued before, if external losses are included, the optimal values of d,, are expected to be shifted to
smaller figures and some of the operating conditions of low mass flow rate will no longer match the specific
cooling capacity constraint. Thus, higher flow rates would be required in a more realistic scenario.

5.2.2 - Fixed mass flow rate

The results for the VG PEC for a fixed mass flow of 60 kg/h rate and frequencies between 1 and 4 Hz are
presented as a function of changes in Dj, ey, ¢ and d,, for QC =20 W per regenerator at ATypx = 15K,
as illustrated in Fig. 6. A summary of the conditions that led to the minimum Sg results is presented in Table
IV and the individual contributions to the total entropy at the minimum, S 9,min, are shown in Fig. 7.

In this scenario, with a fixed mass flow rate, AT¢ is also constant in order to achieve the performance
constraint of ), = 20 W per regenerator. As a result, the regenerator effectiveness is approximately con-
stant and the output parameters vary according to the frequency/utilization. Np ;14 18 also approximately
constant. The results in Figs. 6 and 7 and Table IV show that for f = 1.0 Hz the optimal region involves com-
paratively smaller particle diameters, meaning a larger NT'U for a higher utilization. Hence, larger housing
diameters and shorter matrices are needed to decrease the superficial velocity and reduce the viscous losses,
which leads to a more significant axial conduction contribution to Sg,mm.

By increasing the frequency and reducing the utilization, the heat transfer is enhanced, which decreases
the absolute values of 5”97 T, as seen in Fig. 7. On the other hand, the individual contributions of axial heat
conduction and viscous dissipation at the minimum are reduced. As seen in Table IV, the longer matrices
cause reductions in Sg7 Fac and 5’975 Ac, and bigger particle diameters are responsible for the reduction in

SgJ/D.
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Figure 6 - Minimum entropy analysis for the VG PEC for 66 = 20 W per regenerator at ATppx = 15 K, fixed mass flow rate
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function of ¢.

The optimum values encountered for Dy, regy, ¢ and dj, did not present significant variations with fre-
quency, and, as a result, the NT'U variation was also small. As seen in Fig. 7, the contributions of 5975 AC
are almost negligible, while Sg, g1 dominates the total S’g,mm. In conclusion, for the specified mass flow
rate and for the cooling capacity and temperature span constraints presented here, operation at a higher fre-
quency increases the level of irreversibility in the AMR, as Sg,mm increases with frequency. The optimized
points at 7 = 60 kg/h and f between 1 and 4 Hz are associated with small housing diameters, around 19
mm, and aspect ratios of approximately 4.5. Regarding the magnetic circuit size, as in the previous scenario
(fixed mass flow rate), all of the optimized conditions had virtually the same total volume of permanent
magnet to generate a 1.5-T variation in magnetic flux density.

5.3 - FIXED FACE AREA (FA) EVALUATION CRITERIA
5.3.1 - Fixed frequency

This section presents the results for the FA PEC for a fixed frequency of 1 Hz and mass flow rates between
50 and 200 kg/h as a function of ¢ and d;,. As mentioned previously, Dj, r., is constant and kept fixed

at 25 mm. Again, the results are illustrated for a target QC = 20 W per regenerator at ATypx = 15 K.
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TABLE IV
Minimum Sg parameters for the VG PEC for Qc =20 W per regenerator at ATy gx = 15 K, for a fixed mass flow rate of
60 kg/h and frequencies between 1 and 4 Hz.

f dp D}L,Reg C ND,total ¢ NTU Sg,min

Hz  [mm]  [mm] (-] (1] [-] [-] [WK]

1 1.18 19.966  3.926 0.404 0.757 9.5 0.00741

1.5 1.35 19.096  4.488 0.408 0.505 7.3 0.00824

2 1.39 19.043  4.525 0.408 0.379 6.9 0.00892

2.5 1.39 18.962  4.584 0.409 0.303 6.9 0.00958

3 1.38 18.923  4.612 0.409 0.253 7.0 0.01017

3.5 1.36 18.810  4.696 0.409 0.216 7.2 0.01082

4 1.33 18.752  4.739 0.409 0.189 7.5 0.01152
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Figure 7 - Individual contributions to the total entropy at the minimum, Sg,m:n, for the VG PEC for ), =20 W per regenerator at
Tuex = 15K, at a fixed mass flow rate of 60 kg/h and frequencies between 1 and 4 Hz.

The FA PEC is further explored in Fig. 8, which shows Sg as a function of d;, and (. Table V summarizes
the parameters associated with the optimal conditions for each mass flow rate. Fig. 9 shows the individual
contributions to the total entropy at the minimum, Sgymm.

For m = 50 kg/h, the minimum Sg configuration is out of the range of the particle diameter and aspect
ratio. The values in Table V refer to the minimum value found (at the end of the interval). Thus, the 7 = 50
kg/h condition is not considered in the following analysis.

For rn = 75 kg/h, the minimum S'g is associated with the smallest particle diameter, that corresponds to
a large heat transfer area. Such a high effectiveness-NT'U matrix is required to achieve the target cooling
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TABLE V
Minimum Sg parameters for the FA PEC for Qc =20 W per regenerator at ATy rx = 15K, for a fixed frequency of 1 Hz
and variable flow rates between 50 and 200 kg/h.

737

m dp Dh,Reg C ND,total ¢ NTU Sg,min
[kg/h]  [mm]  [mm] [-] [-] [-] [-] [W/K]
50 0.33 25.0 1.005 0.334 1.256 72.8 0.00477
75 0.3 25.0 1.311 0.352 1.445 76.7  0.00788
100 0.38 25.0 1.737 0.368 1453 473 0.01173
125 0.49 25.0 2.195 0.381 1438 289  0.01635
150 0.63 25.0 2.704 0.390 1.401 18.0  0.02171
175 0.82 25.0 3.326 0.398 1.328 11.23  0.02768
200 1.07 25.0 4.129 0.405 1.223  7.181  0.03433
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Figure 8 - Minimum entropy analysis for the FA PEC for 56 = 20 W per regenerator at Ty x = 15 K, fixed frequency of 1 Hz
and variable mass flow rates in the range of 50-200 kg/h: (a) S, as a function of dp,; (b) S, as a function of C.

capacity by increasing A7, which results in a comparatively small value of S’g, gt (see Fig. 9). However, a

shorter matrix is necessary to cut the viscous dissipation contribution, but it ends up increasing the penalties

associated with the axial heat conduction. In this case, S'g, HT S'gy p and 597 FAc have around the same

weight (in % and absolute values) in the total Sg.

By increasing the mass flow rate, the minimum Sg is shifted to bigger particle diameters and longer
matrices. As the mass flow rate is increased, AT becomes smaller, and less effective matrices are neces-
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sary, which raises 597 - Therefore, the use of bigger particle sizes compensates the increasing superficial
velocities and the effect of longer matrices on the viscous dissipation contribution, which increases in terms
of'its absolute value but not in relative terms (see insert in Fig. 9). Longer matrices help to reduce the impact
of axial conduction. The increase of Np ;14 1S also small for the optimized dimensions.

For a fixed frequency, S 9, 5T and S, ¢,v D are the main contributions (in %) to the total entropy generation
rate. As the mass flow rate increases, NT'U decreases and ( increases, making the heat transfer less effective
(higher Sg, ) and, even though the particle diameter that minimizes the entropy generation increases, the
viscous dissipation becomes more important. Also, the 5'97 Fac and Sgﬁ Ac contributions were found to be
significant at lower mass flow rates, i.e., lower superficial velocities and shorter matrices.

Regarding the optimum regenerator and magnet dimensions, an external diameter D, = 73 mm was
encountered for the ideal Halbach cylinder. Obviously, the amount of magnet material required to generate
the 1.5 T flux density change increases linearly with the optimized regenerator length. In this case, in terms
of the total minimum rate of entropy generation, again, using the lowest mass flow rate possible means a
more efficient AMR design, which coincides with the smallest ideal magnetic circuit size (short Halbach
cylinders).

5.3.2 - Fixed mass flow rate

This section presents the results for the FA PEC for a fixed mass flow rate of 200 kg/h and frequencies
between 1 and 4 Hz. Again, the results are illustrated for a target Qc =20 W per regenerator at ATypx =
15 K. Fig. 10 shows the behavior of S 4 as a function of d;, and (. Table VI summarizes the optimal parameters
for each frequency. Fig. 11 presents the individual contributions to the total entropy at the minimum, S'g,mm.

_As in the VG PEC, for a constant mass flow rate, the AT that satisfies the performance constraint
of QC = 20 W per regenerator is also fixed. Hence, in the FA PEC for a constant mass flow rate, the
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TABLE VI
Minimum Sg parameters for the FA PEC for QC =20 W per regenerator at Ty g x = 15 K, for a fixed mass flow rate of
200 kg/h and variable frequency between 1 and 4 Hz.

f dp Dh,Reg C ND,total d) NTU Sg,min

Hz  [mm]  [mm] (-] [-] [-] (-] [WK]

1 1.07 25 4.129 0.405 1.223 7.2 0.03433

1.5 0.86 25 2.788 0.391 1.207 7.5 0.03461

2 0.69 25 2.044 0.377 1.235 8.5 0.03500

25 0.62 25 1.658 0.366 1.219 8.6 0.03540

3 0.52 25 1.335 0.353 1.261 9.8 0.03588

35 051 25 1.185 0.345 1.217 9.0 0.03623

4 0.5 25 1.070 0.338 1.180 8.5 0.03664

effectiveness changes only a little to compensate the small variations of Np ;¢4 and, thus, minor differences
in the utilization factor and NT'U are observed when compared with the FA PEC for a constant frequency.

For f =4 Hz, the minimum S , configuration is out of the range of the particle diameter and aspect ratio.
The values in Table VI refer to the minimum value found (at the end of the interval). Thus, this case was
not considered in the analysis below.

Since the thermal effectiveness is approximately constant, this AMR optimization scenario is quite
similar to the passive regenerator optimization presented in Trevizoli and Barbosa (2015). For f = 1 Hz,
the minimum S'g corresponds to a big particle diameter and a large aspect ratio, while for f = 3.5 Hz, the
minimum Sg was characterized by a small particle size and a short matrix length. As the frequency is in-
creased, the utilization factor decreases due to the shorter blow period. Nevertheless, the matrix length also
decreases, reducing the thermal mass of the solid phase and the total interstitial area. Consequently, the
utilization factor and the NT'U did not present significant variations with frequency, resulting in a nearly
constant contribution (in % and absolute value) of 5’97 HT tO Sg,mm, as can be seen in Fig. 11. At low fre-
quencies, Sgy p was large even for bigger particle diameters due to the large value of the matrix length. On
the other hand, higher frequencies can sustain shorter matrix lengths and smaller particle diameters, but this
increases (in % and absolute value) the penalty associated with axial heat conduction in the fluid, 597 FAC-
S 4,5AC presented a minor contribution to S’gymm.

In the present scenario, for the specified mass flow rate and the cooling capacity and temperature spans
constraints considered, the total minimum entropy generation rate was observed at the lowest operating fre-
quency, but S'g,mm slightly increases with frequency. On the other hand, higher frequencies would require
a smaller ideal magnetic circuit size due to the shorter aspect ratios. Therefore, in this case, since the ir-
reversibilities are not strongly affected by the increasing frequency, it may be a good idea to consider the
magnet cost in the selection of the operating frequency.
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Figure 10 - Minimum entropy analysis for the FA PEC for 66 =20 W per regenerator at ATy rpx = 15 K, fixed mass flow rate
of 200 kg/h and variable frequencies in the range of 1-4 Hz: (a) Sy as a function of dj; (b) Sy as a function of .
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Figure 11 - Individual contributions to the total entropy at the minimum, Sg,min, for the FA PEC for Q). = 20 W per regenerator
at ATgpx = 15K, at a fixed mass flow rate of 200 kg/h and variable frequency between 1 and 4 Hz.

6 - CONCLUSIONS

This paper proposed a procedure to quantify the performance of active magnetic regenerators (AMRs) based
on the Entropy Generation Minimization (EGM) method (Bejan 1995) combined with performance eval-
uation criteria (PEC) of variable geometry (VG) and fixed face area (FA) (Webb and Kim 2005). A one-
dimensional model was developed to solve the fluid flow and coupled heat transfer in regenerative matrix
composed of spherical Gd particles. A step change in the applied magnetic field between 0 and 1.5 T was
considered. Entropy generation contributions due to axial heat conduction, fluid friction and interstitial heat
transfer were taken into account in the mathematical model.
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To perform a meaningful evaluation that enables a comparison of the system performance at different

operating conditions, appropriate constraints had to be applied. Here, the optimal regenerator configurations

were determined for a fixed average cooling capacity of 20 W per regenerator bed and a fixed temperature

span between the thermal reservoirs of 15 K. However, virtually any choice of fixed cooling capacity and

temperature span could be made. The constraints used to illustrate the present results gave enough room to

span different mass flow rates and frequencies. Had a larger cooling capacity per regenerator been chosen,
perhaps no results could be generated for low mass flow rates.

An important point regarding the search for the point of minimum entropy generation rate is that, in

the present paper, the preferred approach was to evaluate the mass flow rate and the frequency separately.

However, in designing a real device, mass flow rates and frequencies can be varied concertedly to find the

minimum entropy production rate for the desired set of constraints.

The main practical conclusions arising from this work are as follows:

1. For the fixed frequency/variable flow rate VG PEC, the optimal AMR configuration for low flow
rates involves a long regenerator with a small housing diameter (large aspect ratio) and larger par-
ticles, which act together to increase the interstitial heat transfer coefficient. At high flow rates, the
optimal regenerator configurations are achieved with a small particle diameter and small aspect ra-
tios to compensate the increasing viscous losses. Irrespective of the operating condition, interstitial
heat transfer and axial heat conduction in the fluid presented the largest contributions to the entropy
generation in the regenerator;

. For the fixed flow rate/variable frequency VG PEC, the optimal AMR configurations for small fre-
quencies are associated with smaller particle diameters and shorter regenerator lengths. This reduces
the fluid superficial velocity and controls the viscous dissipation. At higher frequencies, the constraints
of fixed average cooling capacity and temperature span can be satisfied by using longer matrices (larger
values of aspect ratio) and bigger particles. However, the dimensions of the optimal regenerative matrix
are much less affected by the operating frequency than by the flow rate;

. For the fixed frequency/variable flow rate FA PEC, the optimal AMR configuration for low flow
rates is associated with a short matrix and a small particle size. As the flow rate increases, the fixed
cooling capacity and temperature span constraints are satisfied by larger particle sizes. As in the passive
regenerator case (Trevizoli and Barbosa 2015), longer matrices are required to compensate for the
decrease in insterstitial area. At low flow rates the contributions of the terms due to interstitial heat
transfer, axial heat conduction in the fluid and viscous dissipation to the total entropy generation rate
are all of the same order of magnitude. As the mass flow rate increases (longer matrices), the axial
heat conduction becomes less important;

. For the fixed flow rate/variable frequency FA PEC, the optimal AMR configurations for the lower fre-
quencies have large regenerator aspect ratios and large particle diameters. As the frequency increases,
smaller particles and shorter matrices are capable of satisfying the constraints of fixed average cooling
capacity and temperature span. Interstitial heat transfer and viscous dissipation are the major effect
contributing to the entropy generation in the matrix.

An Acad Bras Cienc (2017) 89 (1 Suppl.)



742 PAULO V. TREVIZOLI AND JADER R. BARBOSA JR

ACKNOWLEDGMENTS

This work was made possible through financial investment from the Empresa Brasileira de Pesquisa e Ino-
vacdo Industrial (EMBRAPII - POLO/UFSC). Additional financial support from the Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq - Grant No. 573581/2008-8) is duly acknowledged.

7 - REFERENCES

APREA C, GRECO A AND MAIORINO A. 2013. A dimensionless numerical analysis for the optimization of an active magnetic
regenerative refrigerant cycle. Int J of Energy Res 37: 1475-1487.

AWAD MM AND MUZYCHKA YS. 2012. Thermodynamic Optimization, INTECH, chap. 1, p. 3-52.

BAHL CRH AND NIELSEN KK. 2009. The efect of demagnetization on the magnetocaloric properties of gadolinium. J Appl Phys
105: 13916.

BARCLAY JA AND STEYERT WA. 1982. Active magnetic regenerator - USPatent 4332135.

BEJAN A. 1995. Entropy Generation Minimization: The Method of Thermodynamic Optimization of Finite-Size Systems and
Finite-Time Processes, CRC Press, 400 p., New York, NY, USA.

BJORK R, BAHL CRH AND NIELSEN KK. 2016. The lifetime cost of a magnetic refrigerator. Int J Refrig 63: 48-62.

BJORK R, BAHL CRH, SMITH A AND PRYDS N. 2008. Optimization and improvement of Halbach cylinder design. J Appl Phys
104: 13910.

COEY JMD. 2010. Magnetism and magnetic materials. Cambridge University Press, Cambridge, UK, 626 p.

DAS SK AND SAHOO RK. 1999. Second law analysis of a cyclic regenerator in presence of longitudinal heat conduction in matrix.
Heat Mass Transf 34: 395-403.

DE WAELE ATAM, STEIJAERT PP AND GIJZEN J. 1997. Thermodynamical aspects of pulse tubes. Cryogenics 37: 313-324.
ERGUN 8. 1952. Fluid ow through packed column. Chem Eng Prog 48: 89-94.

GANJEHSARABI H, DINCER I AND GUNGOR A. 2016. Analysis and optimization of a cascade active magnetic regenerative
refrigeration system. Int J Exergy 19: 143-160.

HADLEY GR. 1986. Thermal conductivity of packed metal powder. Int J Heat Mass Transf 29: 909-920.

KAVIANY M. 1995. Principles of Heat Transfer in Porous Media. 2nd ed., 721 p., Springer-Verlag, New York, NY, USA.

KITANOVSKI A AND EGOLF PW. 2006. Thermodynamics of magnetic refrigeration. Int J Refrig 29: 3-21.

KITANOVSKI A, TUSEK J, TOMC U, PLAZNIK U, OZBOLT M AND POREDOS A. 2015. Magnetocaloric Energy Conversion:
From Theory to Applications. Springer International Publishing, 477 p.

KOCH DL AND BRADY JF. 1985. Dispersion in fixed beds. J Fluid Mech154: 399-427.

LI P, GONG M AND WU J. 2008. Geometric optimization of an active magnetic regenerative refrigerator via second-law analysis.
J Appl Phys 104: 103536.

NAM K AND JEONG 8. 2006. Development of parallel wire regenerator for cryocoolers. Cryogenics 46: 278-287.

NIELD DA AND BEJAN A. 2006. Convection in Porous Media. 3rd ed., 640 p., Springer, New York, NY, USA.

NIELSEN KK, BARBOSA JR JR AND TREVIZOLI PV. 2010. Numerical analysis of a linear reciprocating active magnetic re-
generator. In: Proceeding in 4th International Conference on Magnetic Refrigeration at Room Temperature (THERMAG 1V),
Baotou, China.

NIELSEN KK, TUSEK J, ENGELBRECHT K, SCHOPFER S, KITANOVSKI A, BAHL CRH, SMITH A, PRYDS N AND PORE-
DOS A. 2011. Review on numerical modeling of active magnetic regenerators for room temperature applications. Int J Refrig
34: 603-616.

NUMAZAWA T, MATSUMOTO K, YANAGISAWA Y AND NAKAGOME H. 2012. A modeling study on the geometry of active
magnetic regenerator. AIP Conference Proceedings 1434: 327-342.

PALLARES J AND GRAU FX. 2010. A modification of a Nusselt number correlation for forced convection in porous media. Int
Com Heat Mass Trans 37:1187-1190.

PATANKAR SV. 1980. Numerical Heat Transfer and Fluid Flow. Hemisphere Publishing Corporation, 197 p.

ROWE A, DIKEOS A AND TURA A. 2005. Experimental studies of a near room temperature magnetic refrigeration. In:
Proceedings in 1st International Conference on Magnetic Refrigeration at Room Temperature (THERMAG I), Montreux,
Switzerland.

SATO M AND ISHII Y. 1989. Simple and approximate expressions of demagnetizing factors of uniformly magnetized rectangular
rod and cylinder. J Appl Phys 66: 983-985.

An Acad Bras Cienc (2017) 89 (1 Suppl.)



ENTROPY GENERATION MINIMIZATION OF ACTIVE MAGNETIC REGENERATORS 743

SCHMIDT FW AND WILLMOTT AlJ. 1981. Thermal Energy Storage and Regeneration. Hemisphere Publishing Co, 352 p. New
York, NY, USA.

STEIJAERT PP. 1999. Thermodynamical aspects of pulse-tube refrigerators. PhDthesis, Technical University of Eindhoven, The
Netherlands.

TREVIZOLI PV. 2015. Development of thermal regenerators for magnetic cooling applications. PhD thesis, Federal University of
Santa Catarina. Floriandpolis, Brazil.

TREVIZOLI PV AND BARBOSA JR JR. 2015. Entropy generation minimization analysis of oscillating-ow regenerators. Int J
Heat and Mass Transf 87:347-358.

TREVIZOLI PV AND BARBOSA JR JR. 2016. Thermal-hydraulic behavior and inuence of carryover losses in oscillating-ow
regenerators. Int J Therm Sci 113: 89-99.

TREVIZOLI PV, BARBOSA JR JR, OLIVEIRA PA, CANESIN FC AND FERREIRA RTS. 2012. Assessment of demagnetization
phenomena in the performance of an active magnetic regenerator. Int J Refrig 35: 1043-1054.

TREVIZOLI PV, BARBOSA JR JR, TURA A, ARNOLD D AND ROWEA. 2014b. Modeling of thermo-magnetic phenomena in
active magnetocaloric regenerators. J Therm Sci Eng Appl 6: 031016.

TREVIZOLI PV, LIU Y, TURA A, ROWE A AND BARBOSA JR JR. 2014a. Experimental assessment of the thermal-hydraulic
performance of packed-sphereoscillating-ow regenerators using water. Exp Therm Fluid Sci 57: 324-334.

TREVIZOLI PV, NAKASHIMA ATD AND BARBOSA JR JR. 2016b. Performance evaluation of an active magnetic regenerator
for cooling applications - Part II: mathematical modeling and thermal losses. Inter J Refrig 72: 206-217.

TREVIZOLI PV, NAKASHIMA ATD, PEIXER GF AND BARBOSA JR JR. 2016a. Performance evaluation of an active magnetic
regenerator for cooling applications - Part I: experimental analysis and thermodynamic performance. Inter J Refrig 72: 192-205.

TURA A, NIELSEN KK AND ROWE A. 2012. Experimental and modeling results of a parallel-based active magnetic regenerator.
Int J Refrig 35: 1518-1527.

TURA A AND ROWE A. 2014. Concentric Halbach cylinder magnetic refrigerator cost optimization. Int J Refrig 37: 106-116.

VERSTEEG HK AND MALALASEKERA W. 2007. An Introduction to Computational Fluid Dynamics: The Finite Volume
Method. 2nd ed., 520 p. Pearson Prentice-Hall, Harlow, UK.

WEBB RL AND KIM NH. 2005. Principles of Enhanced Heat Transfer. 2nd ed., 818 p. Taylor & Francis, Boca Raton, FL, USA.

YU B, LIU M, EGOLF PW AND KITANOVSKI A. 2010. A review of magnetic refrigerator and heat pump prototypes built before
the year 2010. Int J Refrig 13: 1029-1066.

An Acad Bras Cienc (2017) 89 (1 Suppl.)



