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SUMMARY

Refrigeration by an active magnetic regenerative system (AMR) is potentially more attractive, as compared to conventional
techniques. Indeed, devices based upon an AMR cycle are more efficient, compact, environment-friendly and can operate
over a broad range of temperatures. In this paper, attention is focused to the near room-temperature range.

On the other hand, however, the AMR cycle poses a variety of complex problems, in terms of fluid dynamics, heat transfer
and magnetic field. In order to identify the optimal operational parameters, the design and optimization of a magnetic refrigeration
system can be supported by modelling. In this paper, a dimensionless approach was adopted to simulate an AMR cycle following
a Brayton regenerative cycle. In the simulation, the temperature range that has been explored is 260 — 280 K and 275 — 295 K.
The heat transfer mediums are, respectively, water—glycol mixture (50% by weight) and pure water. The Gd, gDy » alloy and pure
Gd have been chosen as constituent material for the regenerator of the AMR cycle. With this model, the influence of the different
parameters on cycle efficiency has been analysed. In particular, the study has been focused on the influence of the secondary fluid
properties, magnetic material particle diameter, fluid blow time, secondary fluid mass flow rate, regenerator geometry and effect of
axial thermal conduction. The model enables to find optimal dimensionless numbers in order to maximize the cycle
performances. The results can be extended to widely different situations and therefore can be easily employed for the design

and the optimization of new experimental prototypes. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Magnetic refrigeration is an innovative technology based on
the magnetocaloric effect (MCE) in solid-state refrigerants
[1,2]. In the case of ferromagnetic materials, the MCE
yields warming, as the magnetic moments of the atom are
aligned by the magnetic field. Whereas the MCE yields
cooling with the removal of the magnetic field. Therefore,
MCE can be regarded as an adiabatic temperature change
in a reversible process or, alternatively, as an isothermal
magnetic temperature change. This property strongly
depends on the intensity of the magnetic field and on the
temperature, and it is maximized at the Curie temperature
of the magnetic material.

Approximately 15% of the overall energy consumption
in the world can be attributed to refrigeration processes
[3-5]. Among them, air conditioning uses the greatest
amounts of electric energy, and therefore, although indi-
rectly, it is the major carbon dioxide producer.

Copyright © 2012 John Wiley & Sons, Ltd.

Modern refrigeration is based on vapour compression
plants. This technology is mature and only marginal
efficiency improvements can be expected in the future.
Furthermore, conventional systems use ozone-depleting
and global-warming gases, thus producing further, unde-
sirable environmental effects.

On the contrary, magnetic refrigeration is an intrinsically
environment-friendly and energetically efficient technique.
Indeed, the magnetic refrigerant is a solid, with essentially
zero vapour pressure. Therefore, it is characterized by no
ozone depletion potential and zero direct global warming
potential [6].

The research in magnetic refrigeration is mainly focused
on the improvement of magnetic materials, of cycle thermo-
dynamics of fluid dynamics and on the development of an
optimal design for prototype construction.

Recently, different experimental prototypes have been
built and tested, most of them running in the near room-
temperature range [7]. A review of the experimental
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prototypes is reported in [8,9]. Different mechanical
realizations of the active magnetic regenerative (AMR) cycle
have been tested. In many experimental devices, the magnetic
field is generated by means of an electromagnet or of a
superconducting electromagnet. Therefore, these configura-
tions are not of practical interest and are applicable only in
the cryogenic temperature range. In the room-temperature
field are possible only devices with a permanent magnet to
generate a magnetic field. Between the experimental proto-
types developed, most of them have low cooling power and
low energetic performances and therefore are not useful for
practical applications. Attention should be paid on the
development of a new experimental prototype characterized
by a greater cooling power and energetic performances better
than those of a traditional vapour compression plant for
commercial applications. To this aim, further technological
developments are still required. Construction and experimen-
tal optimization of a prototype magnetic refrigeration system
are costly and time-consuming. Therefore, at least initially,
fruitful results in terms of optimal operational parameter
identification can be obtained by theoretical modelling.

Different analytical models have been developed in order
to evaluate the potential of an AMR cycle; a review of them
is reported in [10]. Most of them are mono-dimensional,
but two- and three-dimensional models have been also
presented. For 2D and 3D models, the computation time
may be prohibitive, and the possibility of varying the regen-
erator geometry is limited. A comparison between the 1D
and 2D models show excellent agreement for packed sphere
regenerators and for flat parallel plates regenerators with thin
regenerator channels [11].

All the presented models are in dimensional form, and
therefore the results are applicable only to the operating
conditions analysed. In order to generalize the results, a
dimensionless numerical number has been developed in
the present paper. Based on this model, the influence of
the different dimensionless numbers on cycle efficiency
has been analysed.

2. THE AMR CYCLE

In an AMR refrigerationcycle, instead of using a separate
material as a regenerator to recuperate the heat from the mag-
netic material, the magnetic material matrix works both as a
refrigerating medium and as a heat regenerating medium.
The magnetic material is magnetized increasing its tempera-
ture and then demagnetized decreasing its temperature. Since
the refrigerant is a solid, for example in the shape of spherical
particles, the heat transfer must be facilitated by a secondary
fluid flowing through the regenerator. The secondary fluid
can be a liquid (e.g. water or aqueous anti-freeze solutions)
or a gas (e.g. helium, nitrogen and carbon dioxide).

The magnetic field of magnetic refrigeration cycle
can be supplied by electromagnet, superconductor or
permanent magnet.

An electromagnet generates a magnetic flux density
by passing a current through a solenoid. Although an
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electromagnet can create magnetic flux density of 10 T,
this is not a commercial solution because it needs a great
power supply. A superconducting magnet is a better option
because it requires little power to operate once the electro-
magnet has become supeconducting as no power is lost for
ohmic resistance. Although a supeconducting magnet can
create magnetic flux density of the order of 15-20 T, it
has to be continuously cooled. This can be an expensive
process, and the apparatus surrounding the supeconducting
magnet can be substantial. However, for large-scale central
cooling systems (e.g. large refrigerators for warehouses), a
superconducting magnet might be a relevant solution. For
commercial household refrigeration, the superconducting
magnet is at present not a relevant solution because the
power required by cryogenic equipment necessary to main-
tain the superconducting temperature of a solenoid magnet
can greatly exceed the cooling power.

Therefore, commercial household refrigeration practical
application use permanent magnets to produce the mag-
netic field [12,13]. The magnetic flux generated by a per-
manent magnet cannot exceed, for a NdFeB in Halbach
configuration, 1.4 — 1.5 T [14-17]

For the magnetic material, there are two types of magnetic
phase changes that may occur at the Curie point: first-order
magnetic transition and second-order magnetic transition.
The first-order materials exhibit a giant MCE, but three major
problems arise in their use: (i) in a first-order magneto
structural transition, a large volume change occurs; (ii) large
hysteresis; and (iii) a finite time for the adiabatic temperature
variation to reach its maximum equilibrium value. Therefore,
in this paper attention is paid on second-order materials with
the Curie temperature in the room-temperature range.

Gadolinium, a member of the lanthanide group of elements,
is a typical magnetic material in this temperature range. At the
Curie temperature Tc of 294 K, Gd undergoes a second-order
paramagnetic — ferromagnetic phase transition. Pure gadolin-
ium regenerator exhibits a large MCE only over a small
temperature range containing its Curie temperature. A variety
of Gd — R alloys, where R is another lanthanide metal (Tb,
Dy, Ho or Er), can be prepared [18-20]. Using alloys as
constituent material of the regenerator, it is possible to vary
the Curie temperature varying the composition. Therefore,
for each temperature span, it is possible to select the correct
composition in order to reach the maximum MCE.

Figure 1 shows a schematic of a typical AMR device,
which consists primarily of: (i) an AMR bed made of solid
magnetic material (in a shape of packed bed in most cases);
(ii) a permanent magnet to generate the magnetic field; (iii) a
circulating fluid (water or water/anti-freeze mixture); (iv) a
variable speed pump for flow circulation; (v) a group of valve
for the direction of the fluid flow through the regenerator; (vi)
a cold heat exchanger; (vii) a hot heat exchanger.

An AMR cycle [21] consists of the four following
processes: (i) bed magnetization; (ii) iso-field cooling;
(iii) bed demagnetization; (iv) iso-field heating.

In the magnetization process, the magnetic field in the
bed is applied with no fluid flow. Then, the temperature
of the magnetic material rises due to the MCE.

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
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Figure 1. A schematic view of an AMR cycle.

In the iso-field cooling process, the heat transfer fluid is
blown from the cold end to the hot end of the bed while
maintaining the applied field. In this process, the temperature
of the fluid is lower than that of the bed; thus, the magnetic
material temperature decreases because the fluid absorbs heat
from the bed. In this process, valves Vp and Vg are open, and
valves Vo and V¢ are closed. The secondary fluid at a
temperature higher than Ty, enters in the hot heat exchanger,
expels heat (Q,j) and is cooled to the temperature Ty,

In the demagnetization process, magnetic field is removed,
and thus the magnetic material temperature decreases with no
fluid flow.

Finally, in the iso-field heating, with a zero field, the fluid is
blown from the hot end to the cold end of the bed. In this
process, the temperature of the fluid is higher than that of the
bed, therefore the magnetic material temperature increases,
and the secondary fluid temperature decreases to a temperature
lower than T.. In this process, valves V 5 and V¢ are open, and
valves Vp and Vg are closed. The secondary fluid enters in
the cold heat exchanger, rejects heat producing the cooling
load (Q,p) and is heated to the temperature T, and the cycle
is repeated.

3. MODELLING OF AMR CYCLE

In order to analyse and design an optimum magnetic refrig-
eration system, it is important to model the magnetization
and demagnetization process of the magnetic material

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
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and the regenerative warm and cold blow processes. The
initial and the boundary conditions of each process connect
each step of the four sequential processes to allow a
cyclical operation of the AMR system [22-25].

The regenerator bed in this simulation has the shape of a
packed bed made of spheres of constant diameter.

In this study, a 1D unsteady model has been proposed.
This model takes into account most of the physical problems
of an AMR cycle, namely:

* axial conduction in the solid and in the fluid;

e the viscous dissipation due to the fluid flow throughout
the regenerator;

* the dependence of the magnetic material properties on
temperature and on applied magnetic field (for example
specific heat Cs);

* the dependence of the secondary fluid properties on
temperature.

The following simplifying assumptions have been
adopted:

* the temperature of the secondary fluid entering at each
end of the refrigerant bed is constant;

¢ the bed is assumed adiabatic towards the environment;

* the magnetic material is isotropic;

e the fluid flow through the bed is parallel and uniform
throughout any cross section. The temperature change
perpendicular to the main flow direction can be

1477



C. Aprea, A. Greco and A. Maiorino

therefore neglected, and the problem can be consid-
ered one dimensional;

* the regenerator surface area is evenly distributed
throughout its volume;

* the solid spheres are of uniform shape and incompressible.

Based on the above assumptions, an energy balance for
the secondary fluid and for the magnetic material can be
performed [26-29] and the following equations in general
form can be obtained:

ot Ox

m 05%7 (AK), =h Asc (T; —T,)-m,T, (Os.y) (8H>
T

ot

In equation (1), the terms (A.K.); and (A.K.)s represent
the axial conduction in the fluid and solid equation, respec-
tively. These terms assume different form in the different
models reported.

The surface area of the packed bed which appears in
both energy equations is developed based on geometrical
considerations and is defined as:

6
Ase :d—Pv(1 —¢) Q)

The fluid-to-solid heat transfer coefficient in this study
is based on the Wakao et al. [30,31] empirical correlation:

k
=" [2 £1.1Pr f1/3Ref°46] 3)
dp

The Ergun equation [32] is used for the pressure drop in
secondary fluid flow:

8p 1—¢ z,uf 1—¢ Pr o
— =180 — ) —win+1.8 —Wwj 4
Ox ( € > d,,W o &2 d,,w"‘f @

where w;,¢ is evaluated as:w i,y = ;:—/;
Both equations (1) can be written in dimensionless
form with the introduction of the following dimensionless

temperature, length, time and magnetic field [33]:

T—T,

9 = : Hmein
Th_Tc

Hmax - Hmin
&)

X = H =

The equations in dimensionless form are:

619f 319f o 8p*
o g~ (AK)pg = NTU (4, ) + ( 8x*)
s OH"
o~ (AK) g = ONTU (m — 0,)-Su ( o )
(6)
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In equation (6), the terms (A.K.)rq and (A.K.)sa
represent the dimensionless axial conduction terms in the
fluid and solid equation, respectively.

The following dimensionless numbers have been used:

e NTU — number of heat transfer units:

A
NTU = h 5¢ (7

mf Cf

ox 0

OH )\ ot

e @ — utilization factor:
~ myC¢P
T mC

@ ®)

in this equation, P is the secondary fluid flow blow time
(tyr=tcg). This dimensionless number is fundamental in
the design of a prototype because it represents the ratio
of the thermal mass of the secondary fluid to the total
thermal mass of the solid regenerator.

* p* — dimensionless pressure:

* P

=P 9
P = CHT Ty ®

e Sy — dimensionless number characterizing the magnetic
material, defined as:

((;)Ifls* ) Uy
®),
Vs ) g

The mean field theory describes the thermodynamic
properties of a ferromagnetic material and can be used to
calculate the magnetocaloric properties of gadolinium and
of gadolinium-based alloy [34-39].

Comparing the numerical results for Gd and Gd-Dy
alloy obtained with experimental results supplied by
others, a good compromise has been found.

To solve the resulting mathematical method, a computer
program has been developed. The solution of both equations
requires boundary and initial conditions connecting each
process of the cycle.

A flow chart of the program is reported in Figure 2.

Sy= (10)

3.1. Model with no axial conduction (model 1)

In this model, the axial conduction is neglected. Therefore:

(AK)f = (AK.)s =0 (11)

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
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Figure 2. The flow chart of the computer program.

During demagnetization and magnetization phase,
there is no fluid flow; therefore, in equation (1), m¢ = 0.
In the iso-field cooling, the fluid moves from the cold
to the hot side of the regenerator: therefore, in equation
(1), my = my, and the dimensionless boundary condition
is:

9(,0) =0 (12)

In the iso-field heating, the fluid moves from the hot
to the cold side of the regenerator: therefore, in equation
(1), my = —my, and the dimensionless boundary condition
is:

9, 1) = 1 (13)

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er

3.2. Model with axial conduction in the solid
equation (model 2)

In this model, the axial conduction is ignored in the fluid
equation and instead is applied to the matrix and modelled
using the concept of effective bed conductivity:

(AK), =0

2
AK). A L Ky, 25 (14)

0x?

In this case, dispersion in the regenerator acts to mix fluid
along the bed in the direction of flow and can be treated as an
axial conduction term. Therefore, the total axial conductivity
of a regenerator bed is a function of static effective thermal
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conductivity and of fluid dispersion. The effective thermal
conductivity can be evaluated as:

A dimensionless analysis for the optimization of an AMR cycle

for the hot blow:

Ny, 0) —
Keﬁ"s = Kstatic + kard (15) Ox* (t ’ ) h 25
o, . (25)
where k. 1S the effective conductivity of the regenerator Ot (r,1)=0
bed when there is no flow and can be evaluated with the
Hadley correlation [40]:
for the magnetization/demagnetization process:
2
b — ko | (1 = 20) efo + (ks/ky) (1 — e-fo) 2(ks /)" (1 — &) + (1 + 2e) ks /, 16)
static — Rf )3 78(1 *f0)+ (ks/kf)a(l 7‘)‘0) (2+8)kq/kf+] —&
where for € < 0.58: 219j (#,0) = 0
X
fo=0.8+0.1¢ 0<£<0.0827 My 1o (26)
logao = —4.898¢ oY
17
3.3. Model with axial conduction in the solid
logoro = —0.405 — 3.154(¢ — 0.0827)  0.0827<¢<0.298  and in the secondary fluid equations (model 3)
(18)
0*T
(AK); =ALKegs W;
logoo = —1.084 — 6.778(c — 0.298)  0.298<£<0.580 9T, @7

Where k is the bed thermal conductivity and k; is the
secondary fluid thermal conductivity.

The second term in equation (15) takes into account the
fluid dispersion and can be evaluated according to Kaviany
[32] as:

D = s%Pef (20)

The axial conduction term in dimensionless form is:

St¢ 8265

AK. =—
( )s‘dl Bieff 6){*2

21
Where the following dimensionless numbers have been used:

e Sty — fluid Stanton number:

~ Nu
" RePr

Sty (22)
e Bi.s — Biot number based on the effective thermal
conductivity:

hL

Keff @)

Bier =

The dimensionless boundary and initial conditions are the

same reported in model 1, but in addiction the following
conditions need to be considered, for the cold blow:

3T)§s (24)

1480

In the present study, the dispersion phenomenon is
treated as an additional diffusive term added to the stagnant
component [41]. The stagnant component is expressed
in terms of phase porosities and the individual thermal
conductivities of the phases. The empirical correlation
developed by Wakao and Kaguei [30] is employed in this
study to model the effective conductivities [42].

pf Wg dp
Prg[ — ] |k
rf( b ﬂ L@
Keﬁ",s = (1 — &) ks

The axial conduction terms in dimensionless form are:

Ky =¢ ki +0.5

1 0%
(A'K')f,dl Dy —
Pe; Ox 29
(AK). = S5 g 00 )
TsdUTBG T 9x2

Where the following dimensionless numbers have been used:

e Pe; — fluid Peclet number:

Pe; = RePr (30)

e Bi, — Biot number based on the effective thermal
conductivity of the magnetic material:

hL
Kejj‘}s

Bi; = 31
The dimensionless boundary and initial conditions are the

same reported in model 3, but in addiction, the following

conditions need to be considered, for the cold blow:

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
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0%
* — 2
e (t,0) =0 (32)
for the hot blow:
My,
o (,0)=0 (33)
for the magnetization/demagnetization process:
oY
Y, 1)=0
ox*
29 (34)
i
t,0) =0
ox* (£,0)

4. NUMERICAL SOLUTION

There is not analytical solution to solve for the equations
presented previously. The numerical solution for the fluid
and regenerator temperatures is obtained over a grid that
extends from O to 1 in dimensionless space and from O to total
dimensionless cycle time in time. The computer program
used to numerically solve the equations is Mathematica [43].

The Runge—Kutta explicit method has been used to solve
the equations system. In this simulation, a fourth stage step-
ping scheme has been adopted for the numerical solution,
with a discretization of 50 steps in time and space integration.

Because the model concerns a thermodynamic cycle,
the following condition has to be respected:

95(0,x%) = (1, x") (35)
An iterative resolution of equation (6) provides the regime
solution utilizing a tentative profile of the dimensionless
temperature of the magnetic bed. The calculative cycle stops
when the error & reported below is smaller than 1*107°:
0 = Max{|9(0,x*) — Js(1,x")|} (36)
The dimensionless refrigeration energy and energy
supplied to the environment are calculated according to the
following equations:

inticy
* Qref *
Qrp=—n—d = | war (37
4 I’I’Lfo’E(Th — TL-) t 4
iy tepty e
Q*rej = Qrej 19f dr* (38)

Yilfo‘L'(Th - Tc) -

% 4 ok *
th+teptty,

The second law coefficient of performance is valuable as:
cop copP

Si=rr-p =7

COP, MCI T,,—(Tl‘

5. RESULTS AND DISCUSSION

(39

In the simulation, the temperature ranges that have been
explored are 260 — 280 K and 275 — 295 K. These ranges
correspond to typical domestic refrigeration temperatures.
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DOI: 10.1002/er

C. Aprea, A. Greco and A. Maiorino

The heat transfer mediums are, respectively, water—glycol
mixture (50% by weight) and pure water. The Gdy gDyj, alloy
and pure Gd have been chosen as constituent materials for the
regenerator of the AMR cycle. Indeed, the Curie temperature
of pure Gd is out of 260-280 K temperature range, whereas
the Curie temperature of the Gdy gDy, alloy (corresponding
to 269 K) is in the middle.

The regenerator in this simulation has a cylindrical geome-
try and is comprised of packed spheres of magnetic material.

In this simulation, a NdFeB permanent magnet is used
in Halbach configuration with a field generation of 1.5 T.

In this analysis, the influence of the main working
parameters on cycle performances has been studied by means
of the dimensionless numbers.

The first parameter that has been analysed is the diameter
of the magnetic refrigerant. Varying this diameter, the porosity
of the bed also varies. For spheres packed in cylindrical tube,
this effect can be estimated by the following equation [44]:

e=0.78 (d (40)

2
P
B) +0.375

In this analysis, the variation of porosity with the particle
diameters was negligible.

At a fixed aspect ratio (L/D), the mean values of the
utilization factor ¢ was constant while the number of heat
transfer units varies, increasing with the decrease of the
diameter of the spheres of magnetic solid.

In the temperature span range 260 — 280 K, with
Gd gDy, as magnetic material and water—glycol mixture
as secondary fluid, the mean value of ® is 0.208.

The numerical analysis has been developed for each
dimensionless model, one model that neglects the axial
conduction effect (Model 1) and two models that take into
account this effect (Model 2 and Model 3).

Figure 3 reports the second law coefficient of perfor-
mance & as a function of NTU.

Figure 3 displays that for each model, the & coefficient
first increases with NTU reaching a maximum and after
decreases. Indeed, the heat transfer area per unit length
increases decreasing the particle diameter, increasing the
cooling power. On the other end, the resistance to the fluid
flow also increases increasing the work of the pump. &
presents a maximum; therefore, there exists an optimal
NTU values for each constant @ that maximize the
energetic performance of the cycle. This maximum corre-
sponds to a low value of NTU (around 111) because
water—glycol is a very viscous fluid and therefore the
effect of the increase of the work of the pump prevails.

The figure clearly shows that the three models give
comparable results in term of energetic performances of the
cycle except that for NTU values lower than 200. It should
be noted that convective heat transfer is extremely important
to consider at low particle diameter (corresponding to high
NTU) and thus dominate the heat transfer of the fluid. On
the other hand, axial conduction is extremely important to
consider at high particle diameter (corresponding to low
NTU). Under these conditions, the convective heat transfer
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is of the same order as the axial conduction, and therefore
it is not possible to neglect the conduction terms in the
energy balance.

In the temperature span range 275 — 295 K, with Gd
as magnetic material and water as secondary fluid, the mean
@& value is 0.2706. Figure 4 reports the second law
coefficient of performance &y as a function of NTU. In this
temperature range, the maximum of the efficiency corre-
sponds to a higher value of NTU (around 410) because
water is a less viscous fluid. The three models give

30 T T T e Model 1]
; i i 0 Model 3

¥ Model 2

!

F’II %

i i i i J
0 100 200 300 400 500 600
NTU

Figure 3. The effect of magnetic material particle diameter:
&) as a function of NTU at a ¢ value of 0.208 in 260 — 280 K
temperature range with water—glycol as a secondary fluid.

o =0.2706

® Model 1
©  Model 3

1
200 400 600 800 1000

Figure 4. The effect of magnetic material particle diameter:
&) as a function of NTU at a ¢ value is 0.2706 in 275- 295 K
temperature range with water as a secondary fluid.
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comparable results in term of energetic performances of
the cycle except that for NTU values lower than 400.

The second parameter that has been investigated is the
fluid blow time. A variation of the later parameter corre-
sponds to a variation of the frequency of the pump motor
speed. In the simulation, the secondary fluid mass flow rate
was held constant; therefore, NTU remains constant while
@ varies.

Figure 5 shows &y; values varying @ in the temperature
span range 260-280 K, corresponding to a NTU value of
103. The figure clearly shows that increasing @, &y
decreases. Indeed, increasing the fluid blow time (and
therefore @), the mass of water—glycol flowing in the bed
increases, increasing the work of the pump. The three
models give comparable results in terms of energetic
performances of the cycle for @ values greater than 0.27.
At high fluid blow time (corresponding to high @ values),
convective boiling dominates heat transfer. On the other
hand, the thermal conduction is extremely important at
low fluid blow time where the three models give different
results. The conduction losses decrease the refrigerant
power and therefore the energetic performance of the cycle.

Figure 6 shows the &;; values varying ® in the temper-
ature span range 275-295 K corresponding to a NTU value
of 262. This figure clearly shows that &;; increases with @
reaching a maximum (around 0.4) and afterward decreases.
The rise of refrigerating power with the mass of the fluid
improves the energetic performances. When the increase
of the pump work prevails on the rise of the refrigeration
power, the energetic performances decrease. Therefore,
using water as a secondary fluid, there is a @ values that
maximizes the &y coefficient at constant NTU. The three
models give comparable results in terms of energetic
performances of the cycle for ® values greater than 0.49.

NTU =103
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Figure 5. The effect of the fluid blow time: §;, as a function of
¢ at NTU =103, in the temperature span range 260-280 K with
water—glycol as a secondary fluid.
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The third parameter is the mass of the secondary fluid.
Increasing the latter, ® increases and NTU decreases.

Figure 7 reports the &y values as a function of @ and NTU
in the 260-280 K temperature range. The figure shows that
&n decreases with the increase of the secondary fluid mass
flow rate. Increasing the latter parameter, the pressure drops,
and therefore the work of the pump strongly increases.

The three models show comparable results in the high
secondary fluid mass flow rates and different results in

NTU = 262 ® Model 1
35 T T T T T © Model 3
; : : : ¥ Model 2

4 '
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Figure 6. The effect of the fluid blow time: &, as a function of ¢
at NTU =262, in the temperature span range 275-295 K with
water as a secondary fluid.
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Figure 7. The effect of secondary fluid mass flow rate: &, as a
function of ¢ and NTU in the temperature span range 260-280
K with water—glycol as a secondary fluid.

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er

C. Aprea, A. Greco and A. Maiorino

the low. It should be noted that the thermal conduction is
important to consider at low mass flow rates (® lower than
0.47 and NTU greater than 129) whereas at high mass flow
rate convection dominates heat transfer.

Figure 8 reports the &y values as a function of @ and NTU
in the 275-295 K temperature range. &y increases with water
mass flow rate reaching a maximum and afterward decreases.
The rise of refrigerating power with the secondary fluid mass
flow rate improves the energetic performances. When the
increase of the work of the pump prevails, the energetic
performances decrease. Therefore, using water as a secondary
fluid, there are a @ and NTU values that maximize the &y
coefficient. The three models give different results for @
values greater than 0.54 and NTU lower than 260.

The effect of regenerator geometry at a given volume
has been investigated by choosing a total regenerator
volume and varying the aspect ratio (L/D) in 260 — 280
K temperature range. Increasing the aspect ratio at constant
volume, NTU increases at fixed ®. The regenerator’s
cross-sectional area decreases, and therefore the secondary
fluid velocity at constant mass flow rate increases, thus
increasing the heat transfer coefficient and therefore NTU.

The investigation has been carried out with four different
regenerator’s volumes corresponding to four different ®
values (0.175, 0.218, 0.283, 0.410). Figure 9 shows that the
three models give different results for NTU lower than a
130, while, for values greater than 130, the results are compa-
rable. The &y coefficients of the model 1 always decrease
increasing NTU at fixed ®. Indeed, increasing NTU, the
regenerator length and therefore the pressure drops also
increase. Both models 2 and 3 show first an increase and after
a decrease of &;; with NTU. &y presents a maximum; there-
fore, there exists an optimal NTU for a given @ that

Model 1
Model 3
Model 2

C e

&%

Figure 8. The effect of secondary fluid mass flow rate: &, as a
function of ¢ and NTU in the temperature span range 275-295
K with water as a secondary fluid.
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Model 1, ¢ =0.283
Model 2, ¢ = 0.283
Model 3, ¢ = 0.283
Model 1, 6=0.175
Model 2, ¢=0.175
Model 3, ¢ =0.175
Model 1, ¢ = 0.410
Model 3, 6=0410
Model 2, 6=0410
Model 3, ¢ =0.218
Model 2, ¢ =0.218
Model 1, ¢=0.218
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Figure 9. The effect of regenerator geometry: &, as a function
of NTU for different ¢ values in the temperature span range
260-280 K with water—glycol as a secondary fluid.

corresponds to the higher energetic performance of the cycle.
Indeed, lower NTU values result excessive conduction
losses, whereas higher NTU result excessive pumping losses.
The model with no axial conduction term over predict cycle
performance in the lower NTU range because is not able to
predict the heat conduction losses. Therefore, the latter
model cannot individuate the optimal NTU, which provides
the maximum &j; corresponding to any fixed @.

This figure also shows that for each model decreasing ®
(at fixed NTU), the energetic performances of the cycle always
increase. Indeed, increasing the regenerator’s volume (and thus
decreasing @), the magnetic material mass also increases
increasing the MCE and therefore the cycle performances.

6. CONCLUSIONS

Several numeric models were discussed for the simulation
of AMR cycles. The results, however, are rather specific
and cannot be extended to different regenerators or
different working conditions. The model proposed in this
paper was set up in dimensionless form, thus enabling
the extension of the results to widely different situations.
Furthermore, it can be applied to the design of an experi-
mental prototype in which the set of operational parameters
are such as to achieve optimal energetic performance.

In the simulation, the temperature range that has been
explored is 260 — 280 K and 275 — 295 K. The heat transfer
mediums are, respectively, water—glycol mixture (50% by
weight) and pure water. The GdygDyg, alloy and pure
Gd have been chosen as constituent material for the
regenerator of the AMR cycle.
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With this model, the influence of the different dimen-
sionless numbers on cycle efficiency has been analysed.
In particular, the study has been focused on the influence
of the secondary fluid properties, magnetic material
particle diameter, fluid blow time, secondary fluid mass
flow rate, regenerator geometry and effect of axial thermal
conduction.

Based on simulations, it is possible to draw the following
conclusions:

1. Effect of secondary fluid on cycle performances:
The viscosity of the water—-monoethylenglycol
mixture (50% by weight) is greater than that pertain-
ing to pure water. The effect of the greater viscosity
of the secondary fluid is an increase of pressure
drops. Therefore, with the mixture, the work of the
pump has a great influence on cycle performances.
For this secondary fluid, in order to maximize the
energetic performances of the cycle, it is better to
use magnetic material particle of large diameters
(corresponding to low NTU at fixed @), low fluid
blow time (corresponding to low @ at fixed NTU),
low mass flow rate (corresponding to high NTU at
low @) and high values of regenerator’s volume
(corresponding to low @ at fixed NTU). Using water
as a secondary fluid, the effect of the work of the
pump on cycle performances is less marked, and
there are optimal values that maximize cycle
performance of particle diameters (corresponding to
NTU at fixed @), fluid blow time (corresponding to
@ at fixed NTU), fluid mass flow rate (corresponding
to NTU and @) and regenerator’'s volume
(corresponding to low @ at fixed NTU).

2. Effect of magnetic material particle diameter on
cycle performances: Varying this parameter, the mean
values of the utilization factor ® were constant, while
the number of heat transfer units varies. The energetic
performances of the cycle first increase with NTU
reaching a maximum and afterward decrease. There-
fore, there exist optimal NTU values for each constant
@ that balance the effect of the increase of the cooling
power and of the increase of the work of the pump.

3. Effect of magnetic fluid blow time on cycle perfor-
mances: Varying this parameter, the NTU remains
constant, while ® varies. Increasing this parameter,
both the refrigerating power and the work of the
pump increase. When the increase of the pump work
prevails, the energetic performances decrease. If the
secondary fluid is water, there is an optimal value
of ® that maximizes the performance of the cycle.

4. Effect of secondary fluid mass flow rate on cycle
performances: Varying this parameter, both NTU
and @ vary. Increasing this parameter, both the
refrigerating power and the work of the pump increase.
When the increase of the pump work prevails, the
energetic performances decreases. If the secondary
fluid is water, there is an optimal value of @ and
NTU that maximizes the performance of the cycle.

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
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5.

Effect of regenerator’s volume on cycle perfor-
mances: Varying this parameter at constant aspect
ratio, @ varies at fixed NTU. Increasing the
regenerator’s volume (and thus decreasing @), the
magnetic material mass also increases increasing
the magnetocaloric effect and therefore the cycle
performances.

Effect of the regenerator’s shape on cycle perfor-
mances: Varying this parameter at constant volume,
NTU varies at fixed ®. Increasing NTU, the ener-
getic performance of the plant first increases and
afterward decreases. Therefore, there exist optimal
values of NTU that maximize the cycle performance
balancing conduction and pumping losses.

Effect of axial conduction on cycle performances:
The influence of this parameter depends on the
regenerator’s shape and on the operating conditions.
The effect of conduction losses is always a decrease
of the energetic performances of the cycle. This
effect cannot be neglected for regenerators character-
ized by a low aspect ratios (low NTU) and/or for
small values of utilization factors ®.

NOMENCLATURE

Symbols

A = heat transfer surface, m>

B = magnetic induction, Tesla T

C = specific heat, J/kgK

C = mean value of specific heat, J/kgK
COP = coefficient of performance of a refrigerator
D = diameter of the regenerator section, m
D, = dispersion term

d, = diameter of the particles, pm

fo = function in Hadley correlation

h = heat transfer coefficient, W/m’K
H = magnetic field strength, A/m

k = thermal conductivity, W/mK

Keff = effective thermal conductivity, W/mK
L = length of the regenerator, m

Mn = magnetization, A/m

m = mass, kg

m = mass flow rate, kg/s

p = pressure, Pa

P = secondary fluid flow blow time, s
Q = thermal energy, J

S = entropy, J/K

S = specific entropy, J/kgK

T = temperature, K

t = time, S

v = specific volume, m%/kg

A\ = volume, m’

w = work, J

w = local velocity, m/s

X = space, m

Xm = mass fraction

Int. J. Energy Res. 2013; 37:1475-1487 © 2012 John Wiley & Sons, Ltd.
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Dimensionless numbers

Bigr = Biot number based on the effective thermal
conductivity

Bi, = Biot number based on the solid thermal
conductivity

(o} = utilization factor

° = utilization factor with no fluid flow

H* = dimensionless magnetic field

x* = dimensionless space

NTU = number of transfer units
NTU® = number of transfer units with no fluid flow
p* = dimensionless pressure

Pe = Peclet number

Pr = Prandtl number

Q* = dimensionless thermal energy
Re = Reynolds number

N = fluid Stanton number

Su = dimensionless magnetic material number
0 = dimensionless temperature

t* = dimensionless time

Greek symbols

o0 = function in Hadley correlation
A = finite difference

€ = porosity

Eu = second law coefficient of performance
u = viscosity, Pa s

p = density, kg/m’

T = reference time, s

Subscripts

ad = adiabatic

B = magnetic field constant

e = cold

CF = cold water flow

D = demagnetization phase

dl = dimensionless

¢ = fluid

h = hot

H = magnetic field constant

HE = hot water flow

inf = undisturbed flow

M = magnetization phase

m = magnetic

max = maximum

MC.L = Inverse Carnot Machine

min = minimum

p = particle

p = pump

rof = refrigeration

rej = reject

sc = effective heat transfer

S = solid

T = constant temperature

tot = total
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