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ABSTRACT
Magnetic refrigeration technology is an innovative way of cooling with the
potential to be a breakthrough in the field of room temperature refrigeration.
This study is divided into three parts: the development of a dynamic model
to simulate the behavior of an active magnetic regenerative regenerator, the
experimental characterization of the magnetic and hydraulic behavior of a
magnetic refrigerator prototype designed and built at the DCCI department,
the design of a transient experiment for the determination of the solid-toparticle convective heat transfer coefficient in a solid-liquid passive
regenerator.
The parametric analysis on an ideal device leads to indications on the design
and control requirements of a magnetic refrigerator, and to an evaluation of
the upper limit achievable with a given geometry and operating condition.
The experimental data on the magnetic refrigerator prototype are in good
agreement with the predicted data for magnetic field generation and
pressure drop evaluation.
A test-rig for passive regenerators thermal characterization has been built
and the preliminary experimental results confirm that the process can be
well described by the developed numerical model.
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NOMENCLATURE
symbol

description

∆ST

isothermal entropy change - J kg-1 K-1

∆TAD

adiabatic temperature change - K

∆TSPAN

temperature difference between hot and cold thermal source - K

A

surface area - m2

Ax

regenerator cross section - m2

aβ

fluid thermal diffusivity - m2s-1

BHIGH

maximum applied magnetic field - T

BLOW

minimum applied magnetic field - T

C

thermal capacity - J K-1

COP

coefficient of Performance - W W-1

cp,H

specific heat at constant pressure and magnetic field - J kg-1 K-1

D

regenerator diameter - m

Dp

particle diameter - m

E

enthalpy or specific enthalpy - J or J kg-1

e
f

error signal
friction factor -

G

Gibbs free energy - J

He

Helmholtz free energy - J

heff,βσ

corrected superficial convective heat transfer - Wm-2K-1

HEX

heat exchanger

hβσ

superficial convective heat transfer - Wm-2K-1

L0

reference length - m

MCE

Magneto caloric effect

mβ

fluid flow rate - kg s-1

Nt

number of measurements

Nup

Nusselt, particle based, number

Pr

Prandtl number

Q

heat transfer rate - W

QIN

cooling capacity - W

QOUT

heat rejection - W

vii

RC

Refrigerant Capacity – J kg-1

Rep

Reynolds, particle based, number

S

entropy - J kg-1 K-1

T0

reference temperature - K

Tamb

environment temperature - K

TC

Curie temperature - K

TC,HEX

cold heat exchanger temperature - K

TCOLD

cold source temperature - K

TH,HEX

hot heat exchanger temperature - K

THOT

hot source temperature - K

TIN

inlet passive regenerator temperature - K

TOUT

outlet passive regenerator temperature - K

u

external control

U

thermal transmittance - W m-2 K-1

UA

thermal conductance - W K-1

ufree

Darcy velocity - m s-1

Uβ

internal energy or specific internal energy - J or J kg-1

uβ

superficial velocity - m s-1

uβ,grid

fluid velocity given by grid motion - m s-1

uβ,res

fluid velocity given by advection term - m s-1

WMAG

magnetic power - W

WPUMP

pumping power - W

x

process state vector

*

x

state vector measure

y
y

predicted process state vector

*

predicted state vector measure

α

void fraction - m3 m-3

γ

specific heat transfer surface area - m2 m-3

∆x

numerical grid spatial step - m

∆τ

numerical grid time step - s

λ

thermal conductivity - W m-1 K-1

Λ

performance parameter of magnetic structures

µ

dynamic viscosity - Pa s

µr

relative magnetic permeability with respect to vacuum

ξ

measurement quality index

viii

ρ

density - kg s-1

σh

standard deviation on measurement - W m-2 K-1

τ0

time constant - s

τC

cycle period - s

τCOLD_BLOW

duration of the cold blow - s

τDEMAG

duration of the demagnetization process -s

τHOT_BLOW

duration of the hot blow - s

τMAG

duration of the magnetization process -s

Φ

utilization factor

ω

frequency - Hz

subscript

description

β

of fluid phase

σ

of solid phase

C,HEX

of the cold heat exchanger

H,HEX

of the hot heat exchanger
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1
1.1

INTRODUCTION
Motivation

Magnetic refrigeration is an innovative way of cooling that is promising to
be a breakthrough technology in the field of refrigeration at room
temperature.
If compared to traditional vapor compression technology, magnetic
refrigeration lacks the two components with the major irreversibility, that is
the gas compressor and the expansion valve. Furthermore a water-based
liquid can be used as an energy carrier fluid instead of refrigerant fluids,
eliminating all the restrictions related to containment and disposal. For the
former reason, the energy conversion process could theoretically be more
efficient with respect to traditional technologies, and for the latter reason a
magnetic refrigerator device could be more environmentally friendly than a
traditional one.
These are the main reasons why a worldwide research activity is devoted to
understand this technology, to design and characterize magnetic refrigerator
devices and to optimize them with the target of their industrialization.
Magnetic refrigeration technology is based on a physical phenomenon
known as Magneto caloric effect (MCE), accidentally discovered in 1881
[1] while performing tests on iron samples. These samples showed a small,
reversible, temperature variation as a consequence of a magnetic field
variation. Like a gas is usually warmed up by a compression, and cooled
down by an expansion, some ferromagnetic solids warms up if subjected to
a positive magnetic field change and cools down when the magnetic field is
removed. A thermodynamic inverse cycle can be so conceived exploiting
this effect. A sequence of magnetization, cooling, demagnetization and
warming applied to a solid, give raise to magnetic refrigeration. An energy
carrier fluid like water is required to transfer heat from the solid to the
thermal sources.
The first magnetic refrigerator proof of principle device [2] showed a COP
in cooling mode equal to the 60% of the COP of a Carnot cycle operating
between the extreme temperatures, that is a value extremely high if
compared to traditional refrigeration technologies, even if obtained with
very high magnetic fields generated by a superconducting magnet (not
accounted for in the COP calculation). This work, dated 1997, gave a strong
boost to research in this field, so that from 2005 onward, the IIF-IIR
included magnetic refrigeration in its commission B1 (thermodynamics &
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transfer processes, alternative cooling technologies), and organizes an
International Conference on Magnetic Refrigeration at Room Temperature
(THERMAG) held every two years.
In this framework this study is oriented to gain theoretical and experimental
knowledge related to the magnetic refrigeration technology. The subject is
strongly interdisciplinary, and involves three main topics: the study,
characterization and synthesis of the “active” material that exhibit the MCE
at room temperature; the study, characterization and design of magnetic
field sources based on permanent magnets (to avoid electrical consumption
for magnetic field generation); the study, characterization and tuning of the
thermodynamic processes from a thermo fluid dynamic point of view.
All these issues are fundamental for a good understanding of the
phenomenon. In this study, all the aspects are presented, with particular
devotion to the permanent magnet design, and mostly on thermo fluid
dynamic process simulation, oriented to experimental investigation.
The main aim of this study is so to develop knowledge in understanding this
technology, theoretical skills in simulating the phenomenon, and
experimental ability to perform a thermal characterization of the
components of a magnetic refrigerator.

1.2

The Magneto-Caloric Effect

The link between the thermodynamic state of a solid material and the
application of a magnetic field upon it is called Magneto-Caloric Effect
(MCE). Ferromagnetic solid materials, such as lanthanides and rare earth
compounds, show a bulk temperature change (of few kelvin degrees) if
subjected to a magnetic field variation. Usually a magnetic field increase
induce a temperature raise and a magnetic field decrease a temperature
drop. The opposite behavior is called inverse MCE. Discovered by Warburg
in 1881 [1], this effect was first exploited in the low temperature application
known as adiabatic demagnetization by Debye [3] and Giauque [4] in 1933,
to reach cryogenic temperatures (<1K) whit a one-step demagnetization of
some paramagnetic salts. The first room temperature demonstration is dated
1976 and is due to Brown’s regenerative process [7] that is described in
§1.3. In this section an overview on the governing equations and on the
most common material studied in the magnetic refrigeration field is
reported.
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1.2.1 MCE thermodynamic
The magneto-thermal interaction inside a magneto-caloric material can be
described moving from the first thermodynamic principle applied to a
closed system. In the following discussion the heat transfer δQ from the
external to the system are assumed positive, and the work transfer δW from
the system to the external are assumed positive. Neglecting potential and
kinetic terms the first principle is:

δQ − δW = dU

( 1.1)

Considering chemical equilibrium, a system subjected to mechanical,
magnetic and thermal exchanges, and reversible transformations with
uniform external magnetic field H the eq. ( 1.1) can be expressed as follows.

dU = TdS − pdV + HdM

( 1.2)

Where S stands for total entropy, p for pressure, V for volume, H for
applied magnetic field and M for magnetization.
The internal energy U can be expressed as a function of entropy,
temperature and magnetic field.

U = U (S ,T , H )

 ∂U 
 ∂U 
 ∂U 
dU = 
 dS + 
 dT + 
 dH
 ∂S  T , H
 ∂T  S , H
 ∂H  S ,T

( 1.3)

( 1.4)

Introducing Helmholtz free energy He

H e = U − TS

( 1.5)

dH e = − pdV + HdM − SdT

( 1.6)

and Gibb’s free energy G (E stands for enthalpy)

G = E − TS

( 1.7)
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dG = Vdp − MdH − SdT

( 1.8)

The following Maxwell’s relations can be derived from eq.( 1.8)

 ∂M 
 ∂S 
=



 ∂T  p , H  ∂H  p ,T

( 1.9)

 ∂S 
 ∂V 
 
= −

 ∂T  p , H
 ∂p  H ,T

( 1.10)

The entropy S can be expressed as a function of temperature, magnetic field
and pressure

S = S (T , H , p )

 ∂S 
 ∂S 
 ∂S 
dS = 
 dT + 
 dH +   dp
 ∂T  H , p
 ∂H  T , p
 ∂p  T , H

( 1.11)

( 1.12)

Substituting the Maxwell’s differentials ( 1.9) and ( 1.10) into eq.( 1.12)

 ∂S 
 ∂M 
 ∂V 
dS = 
 dT + 
 dH + 
 dp
 ∂T  H , p
 ∂H  H , p
 ∂T  H , p

( 1.13)

Defining the volumetric thermal expansion coefficient αT

α T (T , H , p ) =

1  ∂V 


V  ∂T  H , p

( 1.14)

and the specific heat at constant magnetic induction and pressure cp,H

c p , H (T , H , p ) =
the eq. ( 1.13) becomes
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TdS
 ∂S 
≅ T

dT
 ∂T  H , p

( 1.15)

dS =

 ∂M 
dT + 
 dH + α T Vdp
T
 ∂T  H , p

c p,H

( 1.16)

so that the material entropy variation is expressed by thermo physical
properties of the system that are directly measurable.
In this way the adiabatic temperature change and the isothermal entropy
change can be derived.
For a constant pressure and isothermal transformation the differential
entropy change can be derived:

 ∂M 
dS = 
 dH
 ∂T  H , p

( 1.17)

 ∂M 
∆S T (T , H 1 , H 2 ) = ∫ 
 dH
∂
T

H,p
H1

( 1.18)

H2

The isothermal entropy change is a function of the initial and final values of
the applied magnetic field, and of the initial temperature of the material.
The larger the derivative of the magnetization with respect to temperature,
the larger the ∆ST. For this reason the MCE shows its maximum intensity
near magnetic transition temperatures, that is the Curie temperature
(transition from ferromagnetic to paramagnetic state). Usually the ∆ST is
negative, for a positive magnetic field variation ∆H=H2-H1. (H2>H1).
For an adiabatic, isoentropic (reversible) and isobaric transformation the
differential temperature change can be derived

dT = −

T
c p,H

 ∂M 
⋅
 dH
 ∂T  H , p

( 1.19)

that for a magnetic field change from a value H1 to a value H2 gives the
adiabatic temperature change ∆TAD
H2

∆T AD (T , H 1 , H 2 ) = − ∫

H1

T
c p,H

 ∂M 
⋅
 dH
 ∂T  H , p

( 1.20)
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that is a function of the initial and final magnetic field intensities, and of the
initial temperature of the material. The intensity of the ∆TAD is inversely
linked to the specific heat of the material, and directly linked to the
derivative of the magnetization with respect to temperature, at constant
magnetic field and pressure. So, a material with a large cp,H has smaller
∆TAD than one with small cp,H, given the same amount of energy provided
by the MCE.
As an energy carrier fluid is needed in order to transfer energy from the
solid to the thermal sources the temperature change in the material is crucial
to guarantee good heat exchange conditions and a suitable operating
temperature range (a sufficiently large temperature difference between the
hot and the cold thermal sources).
A parameter to estimate the refrigeration potential of a material operating
between two thermal sources at THOT and TCOLD is called refrigerant
capacity RC and is defined as follow

RC =

THOT

∫ ∆S

T

(T , ∆H ) dT

( 1.21)

TCOLD

Which is performed over the temperature span

∆TSPAN = (THOT − TCOLD )

( 1.22)

A detailed discussion on the physical interpretation of the MCE can be
found in Pecharsky and Gschneidner (2001) [5]; further details on the
thermodynamics of magnetic refrigeration are also available in Kitanovsky
and Egolf [6].
As usually done in literature, in this chapter the applied magnetic field can
be indicated both with the letter H (magnetic field) or with B=µ0H
(magnetic induction) to express it in tesla (µ0 vacuum magnetic
permeability).

1.2.2

Materials for magnetic refrigeration

A detailed discussion on the materials for magnetic refrigeration at room
temperature is beyond the scope of this work. A brief description of the
most commonly used materials and of the relevant criteria related to
material choice is however necessary to deal with the main technological
issue related to magnetic refrigeration technology.
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The thermodynamic description of the MCE shows that the amount of
energy provided by the solid material due to the application of a magnetic
field depends on the magnetization of the material and on its specific heat,
quantities that vary strongly with temperature, especially near the transition
temperature. Both the ∆TAD and the ∆ST are functions of the temperature for
a given magnetic field change. The main concern in the choice of material
for a magnetic refrigerator (MR) is the need of having a great amount of
energy provided by the MCE (that is a large ∆ST) available in an easy
exploitable form (that is with a large ∆TAD) over a wide temperature range.
The first material ever used to prove the feasibility of a magnetic
refrigerator at room temperature [7] is the lanthanide Gadolinium (Gd). The
Gd shows a second order ferromagnetic to paramagnetic transition at its
Curie temperature TC ≈ 294 K, with a ∆TAD = 2.1 K and a -∆ST=2.04 Jkg-1K1
under a magnetic field change of 1T. Ten degrees far from the Curie
temperature the MCE collapses to about one half of the maximum, so with a
single material it’s impossible to achieve large ∆TSPAN.
Several Gd-based compounds and alloys were synthesized, in order to
increase the MCE intensity and also to tune the Curie temperature according
to the required operating conditions (environment temperature).
The choice of a magnetic material suitable for refrigerant application should
satisfy the following requirements:
-

Transition temperature in the temperature range of the application;

-

Large ∆TAD and large ∆ST;

-

a zero (or near zero) magnetic hysteresis to avoid magnetic
dissipation during the cycle;

-

large electrical resistance to minimize eddy current loss;

-

an easy synthesis and processing route to obtain material in
different geometrical forms (micro spheres, thin sheets, rods) to
maximize the surface to volume ratio;

-

a high chemical stability.

The worldwide research devoted a great effort in the material
characterization and synthesis. Material for magnetic refrigeration can be
divided in three categories:
-

first order magnetic transition materials;
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-

second order magnetic transition materials;

-

“unusual” materials.

Mainly three kind of MCE dependencies by temperature can be shown.
Figure 1 shows the typical different behavior of the MCE with temperature.
The caret-like behavior is the most common, and is shown by materials with
a second order transition. These materials can be used if the application has
a mean cycle temperature near their transition temperature. The MCE shape
is however not too narrow. First-order transition materials show a very large
maximum MCE, with a skyscraper-like effect that can be hardly exploited
in an actual device.
The table-like effect is the more desirable. It is due to multiple transitions
that occur at different temperatures, but only few compounds show this
behavior at room temperature. In order to obtain table-like effects, different
materials with different transition temperatures can be arranged in sequence,
realizing regenerators with multiple layers, usually called layered beds.
A spot on some materials suitable for this application is here reported.

Figure 1. Typical different shapes of MCE
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Two prototypes presented in 2007 were equipped with layered beds.
Okamura et al. (2006) [8] arranged the bed as a sequence of four different
alloys Gd0.92Y0.08, Gd0.84Dy0.16, Gd0.87Dy0.13, Gd0.92Dy0.11 with a sequence of
transition temperatures of 3, 5, 8, 10 °C. Zimm et al. (2006) [9] showed that
with a Gd, Gd0.94Er0.06 layered bed one can obtain a maximum ∆TSPAN about
30% greater than the one obtained with a single layered Gd bed. Another
chance to widen the “shape” of the ∆TAD is the synthesis of eutectic
compounds with multiple transition temperatures, like the Gd-Gd7Pd3
described in Canepa et al. (2005) [10]. Tagliafico et al. (2006) [11]
theoretically showed that this material can double the performance (in terms
of refrigeration capacity) of a MR device, with respect to a single transition
material as the Gd7Pd3 (Canepa et al. 2002 [12]). The MCE of the Gd7Pd3
shows a single transition temperature (at 318 K), while the eutectic
compound shows two different transition temperatures related to the Gd
(even if shifted from 293K to 298K) and to the Gd7Pd3 (again at 318K)
phases. The MCE shape of these compounds is table-like, and is so
desirable for the applications, as it guarantees a large amount of exploitable
thermal energy over wide temperature ranges.
Besides second order transition materials like Gd, in the last years firstorder transition materials attracted the researcher’s attention, due to their
very large MCE. From the seminal discovery of the giant MCE at the Ames
Laboratory [13] other giant MCEs in other family of materials have been
discovered.
Among them the most promising seem to be the La(Fe1-xSix)13 alloys,
widely investigated by Hu et al. (2001) [14], Hu et al. (2002) [15], Fujieda
et al. (2002) [16], Saito et al. (2004) [17].
Another branch is represented by manganese–iron–phosphorus–arsenic
(MnFe(P,As)) compounds, widely described in Bruck et al. (2003) [18], that
show an operating temperature tunable from about 150K to about 335K by
adjusting the P/As ratio.
Other kind of materials, like Heusler alloys and FeP-based compound are
described in Bruck et al. (2006) [19].
From a technological point of view, the main difference between first and
second order transition materials is that the former show a significant
hysteresis during magnetization and demagnetization cycles, while the latter
do not suffer this kind behavior. Hysteresis is indicated in Tegus et al
(2009) [20] as the main obstacle to the application of first order materials as
magnetic refrigerants especially at high cycle frequency.
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A more detailed discussion on this subject can be found in [21].

1.3

The AMR cycle

The first step towards magnetic refrigeration at room temperature is due to
Brown (1976) [7] that overcome the limitation given by the small
temperature changes showed by the MCE. Its device operated continuously
between thermal sources with a temperature difference (from here on,
temperature span ∆TSPAN) several times larger than the material MCE. The
process conceived by Brown uses an intermediate fluid to perform a
regeneration, so that a spatial temperature gradient is established in the
solid. The achieved temperature difference between the hot and the cold
ends of the regenerator was up to 8 times larger than the ∆TAD.
The AMR cycle is a sequence of four steps that requires the correct
synchronization between magnetic field change and intermediate fluid flow
rate. Figure 2 shows the first steps of an AMR moving from an initial
condition in which the fluid and the solid are isothermal and steady.
1. Initial condition. Both the fluid and the solid are at the same
ambient temperature (say 300K), so that only one line is visible;
2. Magnetization. The magnetic field is applied to the regenerator, in
which the solid warms up while the fluid keeps its initial
temperature. As the solid was at uniform temperature the ∆TAD is
the same all along the bed;
3. Hot blow (from the cold to the hot end). Keeping the magnetic field
applied, the fluid is pushed from the cold to the hot side of the
system (from left to right in the figure), so that it is warmed by the
solid, and cools the solid;
4. Demagnetization. With no fluid flow the magnetic field is removed
and the solid cools down of ∆TAD. In this example we assumed a
∆TAD=2K constant with temperature. Now the solid is cooler than
the fluid along all the bed;
5. Cold blow (from the hot to the cold end). With no magnetic field
applied the fluid flows from the hot end cooling down and warming
up the solid;
6. Magnetization. The second cycle begins with the magnetization of
the solid and its temperature lift due to the application of the
magnetic field. Both the solid and fluid temperature distributions
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along the bed show a temperature variation greater than the
∆TAD=2K.
In the particular conditions of this example in just one cycle the AMR
amplified the adiabatic temperature change. Repeating this cycle heat can be
rejected to the external at the hot end of the device and can be absorbed
from the cold source at the cold end, providing a refrigeration effect.
The most and more promising among the existing proof of principle devices
and prototypes are based on the AMR cycle and its modification AM2R
(active magnetic double regeneration) developed by Vasile and Muller [22].
Another process here not described, the Steyert cycle [23][24], can be
conceived and applied to perform magnetic cooling. This process has a lot
of constraints and technological limitations mainly related to fluid sealing
and thermal balance, so that it doesn’t seem to be as promising as the AMR.
For this reason it is not considered in this study, even if it has been
investigated in a previous work [25].
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Figure 2. The AMR process. (1) initial condition. (2) magnetization. (3) hot blow.
(4) demagnetization. (5) cold blow. (6) magnetization of the 2nd cycle.
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Figure 3. Time diagram of an AMR cycle. The red line shows the fluid mass flow
rate time variations. The blue line shows the applied magnetic field time variation.

Figure 3 shows the time diagram of an AMR cycle. The magnetization and
demagnetization are simplified as a linear variation in time of the applied
magnetic field. The fluid mass flow rate can or cannot be stopped for a
while (dwell time) during the magnetic field variations. In the figure it is
assumed that the fluid direction variation occurs halfway the magnetic field
variations.

1.4

State of the art: prototypes up to 2011

In this paragraph a brief review of the prototypes presented to the scientific
community up to 2011 is reported. The prototypes are listed in a
chronological order, and the main characteristics are reported:
-

Magnet type: permanent (P), electromagnet (E), superconductor (S);

-

Motion type: Rotary (R), Linear reciprocating (L);

-

Magnetic field intensity;

-

Active material;

-

Maximum ∆TSPAN;

-

Maximum cooling capacity.
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Table 1 reports the prototypes published in open literature up to 2010. A
deep examination on this subject can also be found in [26].
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15

1997
2000
2002
2002
2002
2003
2003
2004
2005
2005
2005

University of Barcelona

Chubu electric power / Toshiba

Los Alamos National Laboratory

University of Victoria

Astronautics Corporation of America
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R
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Table 1. Main characteristics of the prototypes presented up to 2010.

0.77

1.4

1.5

2

0.77

1.5

2

1.7

4

0.95

5

GdY,
GdDy (L)

GdSiGe,
GdSiGeGa

Gd, GdEr
(L)

Gd, GdTb
(L)

Gd –
plates

Gd –
spheres

Gd, GdTb
(L)

Gd –
powder

Gd spheres

Gd –
plates

Gd spheres

10

25

25

14

7

20

14

15

21

5

10

60

40

50

2

8.8

95

2

3

100

-

600

∆B - T material ∆TSPAN - K QIN - W

[8]

[34]

[9]

[33]

[32]

[31]

[30]

[29]

[28]

[27]

[2]

ref

16
P
P
P
P
E
P
P
P

2007
2009
2009
2009
2009
2009
2009
2009
2009
2007

University of Victoria

Cooltech Application – Weenter®

Cooltech Application – Weenter®

Cooltech Application – Weenter® - University of
Applied science of Western Switzerland

South China University of technology

University of Campinas

University of Genoa

University of Ljubljana

University of Victoria

Astronautics Corporation of America / Astronautics
Technology Center

P

P

P

2007

Sichuan University

P

2007

R

R

R

L

R

L

R

R

R

R

R

R
Gd - plates

Gd particles

-

Gd –
powder

1.4

1.47-0.1

Gd - plates

Gd spheres

0.98Gd - plates
0.05

11.5

29

-

11

2.30Gd - pin
0.24
1.55

-

40

28

Gd- Gd
alloys
Gd

28

Gd- Gd
alloys

13

6.2

11.5

Gd

1.5

1.3

1.1

0.8

1.47-0.1 Gd - flakes

0.78

1.5

220

50

-

-

-

-

-

900

140

-

-

40

date magnet motion ∆B - T material ∆TSPAN - K QIN - W

Sichuan University

Insitution

[44]

[43]

[42]

[73]

[41]

[40]

*

*

*

[39]

[37]

[36]

ref

17

2007

University of Applied science of Western
Switzerland

*reported in [21]. **reported in [46].

P

2006

University of Applied science of Western
Switzerland
P

P

L

R

R

2

0.8

1.1

Gd – plates

Gd –
spheres

Gd spheres

7

3

7.5

100

100

540

date magnet motion ∆B - T material ∆TSPAN - K QIN - W

Tokyo Institute of technology / Chubu electric power 2007

Insitution

**

**

[45]

ref

1.5

Research objectives

The purpose of this study is threefold, and the study is so divided in three
parts.
The first part is oriented to develop a dynamic numerical model of an AMR
able to predict the AMR performance for a wide range of operating
conditions. The model will be then employed to investigate the influence on
the calculated performance of the main control parameters of the cycle.
The second part of the study is about the design and experimental
characterization of a linear reciprocating proof of principle device, built and
assembled at the DCCI department of the University of Genoa. The
numerical model of the entire process is presented, together with the
preliminary experimental results about magnetic field and pressure drop
measurements. The main unexpected technological issues are discussed and
the new design of some critical components is presented.
The third part of the study is about the thermal characterization of passive
regenerators. The design of an experimental setup for the identification of
the superficial convective heat transfer between solid and fluid in a porous
regenerator is reported. The effect of the external control applied to the test
section on the measurement quality is theoretically investigated, and the
preliminary experimental results are reported.
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2
2.1

DYNAMIC SIMULATION OF THE AMR CYCLE
Governing equations

In literature there are two different approaches in modeling an AMR device.
The first one is a one or two-dimensional description based on the
determination of the convective heat transfer coefficient hβσ between solid
and fluid and of the friction factor f to specify the pressure drop in the fluid
due to viscosity. This approach is followed, for instance, by Engelbrecht et
al. [47] in the solution of a ‘‘steady state’’ case and by Kawanami [48] that
solves the temperature time history starting from an arbitrary initial
condition. Several other groups have developed and use 1-D numerical
models in their research, among them Allab et al. [49], Dikeos et al. [50],
Kitanovski et al. [51], Sarlah and Poredos [52], Risser et al. [53], Oliveira et
al. [54], Roudaut et al. [55] and Tusek et al. [56].
The other option is to solve continuity, momentum and energy equations in
the fluid and solid domain, in a two or three dimensional approach. This
approach can be applied only if the shape of the active material can be
easily described in a deterministic, periodic way (plates, honeycomb, wires).
For disordered geometries with the material shaped for instance in powder
or flakes averaged equations must be followed, bringing back to the former
approach. However, as the 1-D approach is an approximation of the
phenomenon, the 2-D solution [57] has been investigated to identify a range
of applicability of the 1-D models by Engelbrecht and Petersen [47]. Also
other groups performed analysis based on 2-D models. Nielsen et al. [58],
Legait et al. [59] [60] modeled AMRs arranged as a stack of parallel plates
of active materials. An extensive investigation on parallel plates AMR
performance was carried by Nielsen et al. [61] that analyzed over 30000
different working conditions. Liu and Yu modeled the heat transfer in a 2-D
porous regenerator [62].
In this part of the study a 1-D schematization is assumed.
The heat transfer between the fluid (phase β) and the solid (phase σ) of the
saturated media is described by a set of two partial differential equations.
The unknowns are the temperature fields of the fluid Tβ(x,τ) and of the solid
Tσ(x,τ) in space (longitudinal coordinate) and time. There are three different
models reported by Kaviany [63] to describe the temperature evolution in a
porous regenerator with non-isothermal fluid and solid phases. The
Schumann model neglects the contribution of axial diffusion, the
continuous-solid model accounts for axial diffusion in both the phases,
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while the dispersion concentric model accounts for axial diffusion in the
fluid and for the temperature transient in a single solid particle.
The 1-D continuous-model (here used) set of equations is the following.

∂Tβ
∂τ

+ uβ

∂Tβ
∂x

=

1
ρ β cβ



∂Tβ2 heff , βσ ⋅ γ
+
(Tσ − Tβ ) 
λ
 eff , β
2
α
∂x





∂Tσ
1
∂Tσ2 heff , βσ ⋅ γ
=
−
(Tσ − Tβ )
λ
 eff ,σ
2
∂τ
ρσ cσ (T , B ) 
∂x
(1 − α )


( 2.1)

( 2.2)

Equations ( 2.1) ( 2.2) are the energy balances for the fluid and the solid.
The left sides of the equations are the temperature variations and, in the
fluid phase, the advection term. The first terms of the right sides are the
axial diffusions due to longitudinal temperature gradients. The second terms
are the superficial convective heat transfer between fluid and solid that
couples the equations. The fluid velocity uβ is the superficial velocity of the
fluid (that is the “true” velocity that depends on the void fraction α).
Thermophysical properties of materials play a major role in the temperature
evolutions. Fluid and solid densities are weakly influenced by temperature if
the liquid is far from the phase change. The same assessment can be
repeated for fluid specific heat, while the solid’s specific heat shows strong
variations with temperature and applied magnetic field B, notably given that
the operating temperature is near its transition temperature. The effective
axial conductivity values λeff,β and λeff,σ depend on several parameters such
as the ratio λβ/λσ between the axial conductivities of the continuous
materials, the geometry of the flow pattern (shape of the solid) and the flow
regime (Peclet number). The effective convective heat transfer coefficient
heff,βσ depends on the solid dimension and shape (hydraulic diameter) and on
the flow regime (Reynolds number). The numerical values of this three
parameters have to be evaluated by means of experimental based
correlations.
In literature the magnetization and demagnetization processes are described
in two different ways. Some author [47] [64] introduce in eq. ( 2.2) an
energetic term, function of the applied magnetic field.

δQ MAG =
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Tσ
cσ

 ∂sσ

 ∂µ 0 H

 ∂µ 0 H

 T ∂τ

( 2.3)

To evaluate this contribution over a cycle one needs to know the solid
entropy as a function of temperature and applied magnetic field. To this
purpose some theoretical models based on the Mean Field Theory (MFT)
have been used [47]. As shown by Aprea and Maiorino [65] both the
Brillouin’s and the Langevin’s functions show good agreement with
experimental data in predicting the material entropy, and can be used
without distinction in AMR performance evaluations.
The other option is directly based on the experimental measurements of the
magneto-caloric behavior of the active solid. From the experimental
measurements of the specific heat, or from the direct MCE measurements,
at different temperatures and applied magnetic fields the T(S,B) function
can be determined. As the magneto-caloric effect is very fast and almost
reversible the effect of magnetization and demagnetization can be described
as a sudden temperature variation all along the active regenerator. This
approach is followed for instance in [57].
Magnetization and demagnetization processes are so defined by the
following equations.
+

−

−

Tσ ( x,τ MAG ) = Tσ ( x,τ MAG ) + ∆TAD (Tσ ( x,τ MAG ), BLOW , BHIGH )

( 2.4)

+
−
−
Tσ ( x,τ DEMAG ) = Tσ ( x,τ DEMAG ) + ∆TAD (Tσ ( x,τ DEMAG ), BHIGH , BLOW ( 2.5)

The temperature of the solid in all the active regenerator is suddenly
increased by ∆TAD at the magnetization time τMAG, and suddenly decreased
by ∆TAD at the demagnetization time τDEMAG. As the MCE intensity is not
linear with the applied magnetic field, the ∆TAD is a function of the solid
temperature before the magnetic field variation and of both the starting and
ending magnetic field intensities (not of their difference).

2.2

Mathematical model

The main assumptions and hypothesis of the model selected to perform this
study are here summarized. The assumptions linked to the 1-D
schematization are:
-

Uniform temperature over the regenerator cross section;

-

Uniform void fraction.
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Other assumptions are:
-

Thermal leakages towards the external neglected;

-

Heat generation in the fluid due to friction neglected;

-

Thermophysical properties of the fluid evaluated at the mean
temperature of the cycle;

-

Thermophysical properties of the solid evaluated at the mean
temperature of the cycle, with the exception of the specific heat,
computed at the local temperature cσ(Tσ(x,τ),B);

-

Magnetocaloric effect described by eqs. ( 2.4) ( 2.5).

In order to evaluate the performance of an AMR, the schematization shown
in Figure 4 can be used. The regenerator time dependent model is subjected
to the external controls fluid mass flow rate mβ(τ) and magnetic field B(τ).
Its boundary conditions are imposed by first law balance equations that play
the role of the hot and cold heat exchangers.

Figure 4. Calculation scheme of the AMR process. The 1-D time dependent model
is forced by a variable magnetic field B(τ) and a variable fluid mass flow rate mβ(τ),
and is linked to heat exchangers.
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To simulate the AMR behavior the following hypothesis have been
assumed.
-

instantaneous fluid mass flow rate direction variations;

-

instantaneous, with no hysteresis, and adiabatic magnetization and
demagnetization processes (τMAG= τDEMAG=0 s);

-

uniform applied magnetic field in both the high and low magnetic
field regions, independent of the solid temperature distribution;

-

no dead volumes (that is, in each blow all the fluid that crosses the
regenerator reaches the heat exchangers).

Starting at τ = 0 from an initial isothermal condition, with no magnetic field
applied, the AMR cycle is simulated in the following way.
Magnetization:

Tβ ( x,τ = 0 + ) = Tβ ( x,τ = 0 − )
Tσ ( x,τ = 0 + ) = Tσ ( x,τ = 0 − ) + ∆TAD (Tσ ( x,τ = 0 − ), BLOW , BHIGH )

( 2.6)

( 2.7)

Hot blow (from the cold to the hot end of the regenerator) of duration
τHOT_BLOW:


∂Tβ2 heff , βσ ⋅ γ
1 
=
+
(
T
−
T
)
λeff , β
σ
β 
α
∂x
∂x 2
ρ β cβ 


( 2.8)



∂Tσ
1
∂Tσ2 heff , βσ ⋅ γ
=
−
(Tσ − Tβ )
λ
 eff ,σ
2
∂τ
ρσ cσ (T , BHIGH ) 
∂x
(1 − α )


( 2.9)

∂Tβ
∂τ

+ uβ

∂Tβ

with the initial condition:

Tβ ( x,τ = 0) = Tβ ( x,τ = 0 + )

( 2.10)

Tσ ( x,τ = 0) = Tσ ( x,τ = 0 + )

( 2.11)
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And the boundary conditions:

Tβ ( x = 0,τ ) = TCOLD

( 2.12)

∂Tσ ( x = 0,τ ) ∂Tσ ( x = L,τ )
=
=0
∂x
∂x

( 2.13)

Where x=0 points the regenerator cold end, and x=L the regenerator hot
end.
Demagnetization:
+

−

Tβ ( x,τ = τ HOT _ BLOW ) = Tβ ( x,τ = τ HOT _ BLOW )
+

( 2.14)

−

Tσ ( x,τ = τ HOT _ BLOW ) = Tσ ( x,τ = τ HOT _ BLOW ) + ...
−

...∆TAD (Tσ ( x,τ = τ HOT _ BLOW ), BHIGH , BLOW )

( 2.15)

Cold blow (from the hot to the cold end of the regenerator) of duration
τCOLD_BLOW:



∂Tβ2 heff , βσ ⋅ γ
+
(
T
−
T
)
λeff , β

σ
β
∂x 2
α



( 2.16)



∂Tσ
1
∂Tσ2 heff , βσ ⋅ γ
=
−
(Tσ − Tβ )
λ
 eff ,σ
2
∂τ
ρσ cσ (T , BLOW ) 
∂x
(1 − α )


( 2.17)

∂Tβ
∂τ

− uβ

∂Tβ

1
=
∂x
ρ β cβ

Where the negative sign of the advection terms states that the fluid direction
is the opposite of the hot blow. The initial condition is:
+

Tβ ( x,τ = 0) = Tβ ( x,τ = τ HOT _ BLOW )
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( 2.18)

+

Tσ ( x,τ = 0) = Tσ ( x,τ = τ HOT _ BLOW )

( 2.19)

And the boundary conditions:

Tβ ( x = L,τ ) = THOT

( 2.20)

∂Tσ ( x = 0,τ ) ∂Tσ ( x = L,τ )
=
=0
∂x
∂x

( 2.21)

Equations ( 2.12) and ( 2.20) imply the hypothesis that the heat exchangers
are ideal and the temperatures of the fluid leaving the heat exchangers are
equal to the thermal source temperatures.
With this assumptions the performance obtained by this model are an upper
limit to the performance achievable with a given AMR geometry, material,
fluid, magnetic field and operating conditions.
The thermal power exchanged between the AMR and the thermal sources
and the performance of the AMR as a refrigerating device are compute as
follow.
The heat rejection to the hot source QOUT (W), and the cooling capacity
(thermal power absorbed from the cold source) QIN are evaluated as an
integral over the hot and cold blows referred to the total cycle period
τC=τHOT_BLOW+τCOLD_BLOW.

QOUT =

QIN =

τC / 2

1

∫ mβ cβ (Tβ ( L,τ ) − T

τC

1

τC

HOT

) dτ

( 2.22)

COLD

) dτ

( 2.23)

0

τC

∫ mβ cβ (−Tβ (0,τ ) + T

τC / 2

The coefficient of performance COP is evaluated with the classic definition,
including in the energy input to the system also the pumping power WPUMP
required for the fluid motion through the regenerator.
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COP =

QIN
QIN
QIN
=
=
WTOT WMAG + WPUMP (QOUT − QIN ) + WPUMP

( 2.24)

With the magnetic power input WMAG evaluated from the first principle
applied to the AMR system.
The information about fluid mass flow rate, cycle frequency, and fluid and
solid thermo physical properties can be combined together in an operating
parameter called utilization factor, defined as

Φ=

mβ c β τ C
M σ cσ 2

( 2.25)

This parameter is usually used to characterize the parallel counter flow heat
exchangers in terms of the balance thermal capacity flow rates. The solid
thermal capacity flow rate is evaluated dividing the solid phase mass Mσ by
half of the cycle period, in order to identify an equivalent solid flow rate.
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2.2.1 Material properties
The material properties used in the simulations are those of gadolinium, as
measured by Canepa et al. [66]. The solid entropy as a function of
temperature and magnetic field is computed starting from the measurements
of the specific heat at different temperatures and applied magnetic fields.
T

S (T ) H = ∫
0

c p , H (T )
T

dT + S 0, H

( 2.26)

Equation ( 2.26) allows to evaluate the entropy with respect to temperature
at constant magnetic field H, starting from a conventional value S0,H that is
defined to be zero for every magnetic field at T=0K . Another method to
measure the MCE is the direct measurement technique that shows a sharper
variation at the transition temperature [10]. In this work data from static
measurements are used.
Figure 5 shows the experimental data for the specific heat at constant
applied magnetic field for two different B values. The ferromagnetic to
paramagnetic transition is clearly visible in the zero field, that shows a
quick variation of cp,H in a narrow temperature range around TC=294K. The
transition is strongly smoothed at 1T, as the microscopic magnetic domains
are randomly oriented and each reacts differently to the temperature
variation.
Figure 6 shows the adiabatic temperature change of the gadolinium under a
1.7T magnetic field variation with BLOW=0T. The solid line is the
magnetization curve, and the dashed line is the demagnetization one. In the
x-axis the temperature before the magnetization or demagnetization process
is read. With a starting temperature far about 10K from the TC the ∆TAD
drops of about 40% and 20% for lower and higher temperatures
respectively.
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Figure 5. Specific heat of gadolinium with no magnetic field (solid line) and a 1T
applied magnetic field (dashed line). Data obtained from [66].
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Figure 6. Adiabatic temperature change during magnetization (solid line), and
during demagnetization. BLOW=0T, BHIGH=1.7T. Data obtained from [66].
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2.2.2 Heat transfer and pressure drop correlations
Correlations for the evaluation of the superficial convective heat transfer, of
the effective axial thermal conductivities and of the friction factor f are
required. With a solid geometry such as parallel plates or wires, usual
correlations for fluid in channels or correlation for micro-channels can be
used. For a packed bed geometry (solid in powder) the heat transfer and
pressure drops values are influenced by the fluid properties, the flow
regime, the solid particle dimension and the void fraction of the porous bed
(the void fraction is defined as the ratio between the fluid phase volume and
the total regenerator volume).
The usual adimensional groups for thermo fluid dynamic characterization
are defined for packed beds as follows.

Re p =

ρ β (αu β ) D p
µβ

Nu p =

( 2.27)

hβσ D p

( 2.28)

λβ

The characteristic length is the solid particle mean hydraulic diameter Dp,
and the characteristic velocity is the Darcy fluid velocity ufree=uβα.
The friction factor is evaluated by the Ergun’s correlation [67]

C 1−α 
1−α 
f = 1 
 + C2 

Re p  α 
 α 
2

( 2.29)

The constants are C1=180 and C2=1.8 are suggested by Macdonald et al.
[68], computed collecting a very large amount of experimental data of other
authors.
The effective heat transfer coefficient is evaluated by means of the Wakao
and Kaguei correlation for spherical particles [69].

Nu p =

hβσ D p

λβ

= 2 + 1.1 Re p

0.6

Pr 1/ 3

( 2.30)

29

Nup=2 is a theoretical limit for Rep0.
In order to take into account the inertial effect of the non-uniform
temperature distribution in the solid particles, a correction on heff,βσ can be
applied on the basis of Hausen degradation factor [70].

heff , βσ =

hβσ
Bi
1 + Φ ( Fo )
5

( 2.31)

Where hβσ is the superficial heat transfer coefficient derived from the
Wakao and Kaguei correlation. The degradation factor is based on the Biot
number Bi=hβσDp/λσ and on the Fourier number Fo=aβτC/Dp. The function Φ
is defined as follow.

Φ ( Fo ) = 1 −

Φ ( Fo ) =

4
, Fo ≥ 0.4
35 Fo

5π
72
27 +
Fo

, Fo < 0.4

( 2.32)

( 2.33)

In this way the effective heat transfer coefficient is reduced with respect to
the coefficient evaluated by eq. ( 2.30). The higher the Bi number, the lower
the penetration depth of the thermal variation in the solid particle, and so the
lower the effective heat transfer coefficient. The same effect is induced by
high frequency cycles with low Fo values and so a low value of the Φ
function.
The specific heat transfer surface area γ is evaluated by geometrical
considerations for equivalent spheres.

γ=

6
(1 − α )
Dp

( 2.34)

Various method are proposed to determine the effective thermal
conductivities. It can be performed with the model reported in [69] that
condense all the axial dispersion in the solid phase.
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λeff , β = 0

( 2.35)

A static thermal conductivity is defined for the bed

λstatic

λ
= λβ  σ
λ
 β


λ
 A + B ln  σ
 λβ


 









( 2.36)

Where A=0.280-0.7571 ln(α) and B=-0.057 are constant defined by
Krupiczka [71]. The effective axial conductivity is defined as

λeff ,σ = λstatic + α

3
Re p Pr
4

( 2.37)

The axial conductivity increases for high fluid velocity, as the fluid motion
in the channel of the porous matrix amplifies by advection the axial heat
transfer between solid particles. In this way the effective conductivity can
be significantly larger that the static one, or than the material ones.
Another method is proposed by Amiri and Vafai [72]. The solid
conductivity is scaled by a factor equal to the solid fraction of the
regenerator, while the dispersion due to fluid motion is condensed in the
fluid conductivity.

λeff ,σ = (1 − α )λσ

( 2.38)

λ eff , β = λ β (α + 0.5 Re p Pr)

( 2.39)

Figure 7 shows the increase of the effective conductivity with respect to the
static conductivity in the Reynolds regime 1÷100. With these
schematizations a packed bed with a void fraction of 0.5, filled with water at
26°C combined with a solid such that the ratio λσ/λβ varies in the range
1÷100 shows an effective solid or fluid conductivities that can be 80 times
larger than the static value.
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Figure 7. Effective thermal conductivity of solid phase evaluated with the
Krupiczka model (blu line) and effective thermal conductivity of fluid phase
evaluated with the Amiri and Vafai model (red line) as a function of Rep for water
at 26°C, void fraction α=0.5, λσ/λβ=1÷100.

Figure 8. Numerical converge verification. Normalized refrigeration capacity for
different number of grid points. Simulation condition: ∆TSPAN=0K, Φ=2.
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The two described methods have been verified to give very similar results in
an AMR simulation. In the parametric analysis that follows the method
proposed by Krupiczka was adopted.

2.2.3 Numerical algorithm
The set of differential equations ( 2.1) ( 2.2) is solved by means of a
standard, first order, explicit finite difference numerical scheme. The time
derivative is schemed with an explicit formulation. The second order spatial
derivatives are schemed with a central formulation, while the advection
term is schemed with a backward three point formulation (that is a central
scheme shifted one node backward). The formulation adopted for the
advection has been chosen for stability reasons. In this part of the study the
well-known problem of numerical diffusion typical of the advectiondiffusion equation has not been faced. Further investigation on this
phenomenon can be found in the passive regenerator chapter §4.
The validation of the numerical method can be performed with the
analytical solution derived by Schumann for a single blow transient packed
bed with zero axial dispersion and constant thermo physical properties.
However, since the simulated conditions are quite different to the model
verification, a global energy balance overall the AMR cycle is introduced in
order to verify the consistency of the model.
Figure 8 shows the convergence test performed on the numerical algorithm.
By varying the number of grid points in a wide range the performance
evaluated by the AMR model are contained in a 5% deviation from the
asymptotic value.

2.3

Parametric investigation on AMR performance

The numerical model previously described is used to perform a parametric
investigation on the AMR performances. For a given AMR geometry,
magnetic field intensity, solid and fluid properties, the performance of an
AMR is mainly influenced by the operating parameter utilization factor, by
the operating frequency and by the environment temperature Tamb.
A standard set of parameters was chosen as a basis to perform the following
analysis, and is reported in Table 2. The geometry of the AMR and the
default set of working conditions and parameters are defined according to
the size and operating conditions of a prototype of magnetic refrigerator
built at the DCCI department [73].
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In the following analysis the characteristic curve, refrigeration capacity and
COP are investigated with different environment temperatures, utilization
factors and frequencies. The obtained results are significant as, due to the
above outlined simplifications, they represent an upper limit for AMR
performance and provide information about the major issues related to its
behavior and tuning.
In this investigation the environment temperature is intended as the mean
temperature of the cycle, so the temperatures of the hot and cold thermal
sources are
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Table 2. Standard set of regenerator parameters

Reference values for regenerator simulations
Active material
Gadolinium
Intermediate fluid
water
Tamb – K
293
Total material mass- kg
0.395
Regenerator size – cm3
62.5
Regenerator length – cm
10
Mean particle size – µm
300
Void fraction α 0.5
-1
Mass flow rate – kg s
25 10-3
cycle frequency – Hz
0.25
Bmax – T
1.7
Bmin – T
0

THOT = Tamb + ∆TSPAN / 2

( 2.40)

TCOLD = Tamb − ∆TSPAN / 2

( 2.41)

All the performance are obtained by imposing a ∆TSPAN and evaluated when
the AMR cycle reaches a steady condition. The cycle is considered steady
when the overall energy balance of the fluid domain defined by eq. ( 2.42)
is less than a set tolerance.

∫U β =

∫

x=L

∫ ρ β cβ αAX

τ C x =0

∂Tβ
∂x

dxdτ

( 2.42)

Where AX is the free regenerator cross section.

2.3.1 Environment temperature influence
The environment temperature variation, intended as the mean temperature
of the cycle, has a strong influence on the AMR performance, especially in
this situation, with a bed realized by a single material. By changing Tamb
with respect to the Curie temperature, assumed as reference, the curves of
Figure 9 are obtained.
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Figure 9. Left: cooling capacity per unit active material mass, per tesla and per
cycle for different ∆TSPAN. Right: refrigeration capacity normalized with the
maximum refrigeration capacity for each ∆TSPAN. All simulations carried with Φ=2.

Figure 9 (left) shows the cooling capacity of one AMR cycle per unit mass
of active material, for a unitary magnetic field intensity. The maximum
shaped trend is directly linked to the magnetocaloric effect variation with
temperature.
The maximum cooling capacity QIN corresponds to the transition
temperature of the gadolinium. The cooling capacity decreases almost
symmetrically if the mean temperature of the cycle is increased or
decreased. The trend of QIN doesn’t match perfectly the shape of the MCE.
Figure 9 (right) shows that the variation in cooling capacity with respect to
the temperature difference Tamb-TC has almost the same trend for each
∆TSPAN.
Two information can be derived from this figure: the cooling capacity is
extremely sensitive to the mean cycle temperature, depending on the active
material Curie temperature; part of the available energy per cycle is needed
to keep the spatial temperature gradient in the regenerator as the ∆TSPAN
increases, reducing the refrigerating effect.
The main information of this analysis is that for a given working
environment the choice of the active material is crucial for a good
exploitation of the MCE.
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2.3.2 Utilization factor analysis
The utilization factor plays a key role in the AMR cycle behavior. The
investigations presented in this paragraph are intended to evaluate its
influence on the cooling capacity, coefficient of performance and on the
characteristic curve QIN(∆TSPAN). The analysis is carried out by varying the
fluid mass flow rate while keeping the operating frequency of 0.25 Hz
constant.
For a magnetic refrigerator device, the characteristic curve are defined by
cartesian couples (QIN, ∆TSPAN). Two relevant points are the maximum
∆TSPAN achievable with no refrigeration effect (no load condition), and the
maximum refrigerating capacity achievable with a zero ∆TSPAN (no span
condition). At no load, all the energy supplied by the MCE is used to
establish the temperature gradient along the regenerator, while at no span all
the energy is available for realizing the refrigeration effect.
Figure 10 shows different characteristic curves for different utilizations. The
effect on the two significant points is evident. Large utilization factors cause
an increase in the no span refrigeration capacity, but, for Φ>2.5, a drastic
decrease of the no load temperature span. For Φ>3.5 the maximum ∆TSPAN
is less than 10K. This effect is due to the thermal capacity flow rate of the
fluid that overwhelms the thermal capacity of the solid, as will be
emphasized by the following analysis. The opposite behavior can be noticed
with small utilization factors, that allow the achievement of large ∆TSPAN
with a reduced refrigeration capacity. The envelope of all the different
characteristic curves define the working field of the AMR device. The shape
of the characteristic curves and so the boundaries of the working field
depends on the shape of the MCE along the regenerator. A concave trend as
that of Figure 10 is proper of single-layered regenerator.
It is worth to note that the very high maximum ∆TSPAN obtained with this
calculation would be significantly reduced by the introduction of
irreversibility terms such as thermal dispersion towards the external, heat
generation due to friction and variable magnetic permeability of the solid.
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Figure 10. Different characteristic curves for Φ=0.5÷3.0.

Figure 11 shows the refrigeration capacity variation with respect to
utilization factor, for different ∆TSPAN. The curves at constant ∆TSPAN are
obtained by increasing the fluid mass flow rate with a constant cycle
frequency of 0.25Hz.
For ∆TSPAN = 0 K the refrigeration capacity increases up to an asymptote,
that is the maximum cooling power that the magnetocaloric material can
provide, given the total material mass, the environment temperature, the
applied magnetic field change and the cycle frequency. For a given ∆TSPAN
> 0 K the refrigeration capacity increases with Φ, up to a maximum limit
and then it rapidly decreases. As previously mentioned, the maximum
shaped trend is connected with the regenerator thermal balance. For low
utilization values, the fluid thermal capacity flow is not large enough to
exploit all the energy provided by the MCE. Increasing Φ the heat
exchanges with the external grow and the refrigeration capacity increases up
to a maximum value. With Φ exceeding this limit, that is depicted by the
dashed line, the fluid thermal capacity flow overwhelms the solid thermal
capacity and the refrigeration effect decreases rapidly. This phenomenon is
well described by Oliveira et al [74] that show the instantaneous cooling
capacity of an AMR during the hot blow period. If Φ exceeds a certain
value, then the instantaneous cooling capacity turns negative, that is the
fluid leaving the cold end of the regenerator is warmer than the cold thermal
source at temperature TCOLD, resulting in a strong reduction of the mean
cooling capacity evaluated over the entire cycle and so of QIN. If ∆TSPAN
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increases the heat transfer inside the regenerator becomes more critical and
the condition of negative instantaneous cooling capacity occurs for lower Φ,
so that the Φ optimal value with respect to QIN shifts towards low values.
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Figure 11. Refrigeration capacity variation with respect to utilization factor, for
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increasing ∆TSPAN.
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Figure 12 shows the COP as a function of Φ. The maximum shaped trend of
the curves is more severe for small ∆TSPAN, while for greater ∆TSPAN the
COP remains almost constant over a wide range of operating conditions.
For a given ∆TSPAN > 20 K there are many different Φ values that ensure a
good behavior (in term of COP) of the AMR as a refrigerator (mβ= 10 g/s
gives about Φ = 0.75, and mβ= 35 g/ s gives about Φ = 3.0 for ∆TSPAN = 20
K). The main contribution to the variation of the COP is due to the magnetic
power WMAG required for the magnetization and demagnetization of the
gadolinium. Even if the fluid mass flow rate increases with Φ the
contribution to the reduction of the COP of the pumping power WPUMP is
small (3%÷8%) if compared to the magnetic one. This is due to the very
high void fraction assumed (α=0.5) and to the very low operating frequency
(0.25 Hz) that result in small values of fluid mass flow rate and so in small
required pumping power.
So, The fluid mass flow rate investigation (at constant frequency) shows
that there are a maximum reachable refrigeration capacity QIN and COP for
a given ∆TSPAN, and that the QIN can be strongly modified by Φ suggesting
that a precise control on fluid mass flow rate is needed to produce the
maximum cooling capacity from the energy provided by the MCE, and to
maximize the COP.
2.3.3 Cycle frequency analysis (low frequency field)
The analysis on the influence of frequency on the AMR performance is
performed by varying the cycle period and keeping for each ∆TSPAN the
utilization Φ that maximizes the refrigeration capacity.
Figure 13 (left) shows that the cooling capacity of the system increases
essentially linearly with the frequency. The plot shows the variation of QIN
with respect to an arbitrarily chosen value, that is the cooling capacity at
0.1Hz and zero temperature span. The system has constant gadolinium mass
so an increase in frequency means an increase of the power input to the
system given by the MCE (the energy input per cycle being the same).
Similarly all the thermal powers increase linearly with frequency (cooling
capacity, heat rejection and input magnetic power WMAG). The internal
gradient in the solid particles that reduces the efficiency of the regenerator
(introduced in the model with the Hausen correction for the convective heat
transfer coefficient) has an effect that is weakly visible in the device cooling
capacity, and the heat generation in the fluid due to viscous dissipation has
been neglected in the model, so the increase in frequency results in a linear
increase of QIN. To see the effect of the Biot effect in the AMR performance
Figure 13 (right) shows the ratio between the refrigeration energy per cycle
(J cycle-1) and its maximum value for each ∆TSPAN. Even if the curves are
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coarse as the results are evaluated with a 0.1Hz step, it is evident that an
optimal frequency exists for the best exploitation of the MCE. It is also
clearly visible the effect of the particle thermal inertia, that doesn’t
influence the no span performances, and is more severe the larger the
∆TSPAN, with a reduction in cycle exploitation greater than 20% for higher
temperature spans.
Figure 14 (left) shows the characteristic curves QIN vs ∆TSPAN at different
frequencies. Although on the figure scale the performance variations are
hardly visible, if the frequency increases the exploitation of the MCE
decreases and the refrigeration energy per cycle, per unit mass and per
unitary magnetic field change decreases. At zero span the decrease in
performance from 0.1Hz to 0.6Hz is of about 4%, that drops to less than 1%
at ∆TSPAN=50K.
Figure 14 (right) shows the corresponding COP as a function of ∆TSPAN.
The influence of the frequency on the COP is very weak, especially if the
∆TSPAN increases. This is due to the fact that all the energy exchanges with
the eternal increases almost linearly with frequency, and the WPUMP has a
little influence at these frequencies and fluid mass flow rates.
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The main information that can be derive from this analysis is that the
operating frequency, in this low frequency working range, can be increased
without a significant loss in performance both from the refrigeration
capacity and from the COP points of view. So with a low frequency device
the cooling capacity can be easily increased by increasing the frequency.
Another information is that the maximum achievable ∆TSPAN is not
influenced at all by operating frequency (in the low frequency field), but
only by the utilization factor.

2.3.4 Analysis on the neglected terms
The numerical model used in the described simulations is subjected to
several simplifications, in order to evaluate the potential of an ideal device.
An analysis on the effect of the neglected terms is here presented, with the
intention of evaluate the performance degradation from the ideal model. In
order to focus only on the AMR process, the following effects as been taken
into account: use of different convective heat transfer corrections, heat
generation in the fluid due to friction, non-instantaneous magnetization and
demagnetization processes.
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Different corrections to the convective heat transfer coefficient can be
applied, such as Jefferson’s [75] or Engelbrecht’s [76]. Table 3 shows the
percentage difference on the maximum QIN evaluated for the standard
conditions reported in Table 2 by varying the utilization factor in the range
0.5÷3 for ∆TSPAN = 0, 20, 40 K. The Hausen correction is assumed as a
reference value, and also the non-corrected hβσ value is investigated. Even if
the heff,βσ can show differences up to 15%, the maximum refrigeration
capacity differs from less than 5% from the non-corrected value.
The heat generation due to friction is accounted for by introducing the
following term in the right side of eq. ( 2.1).

δQFRICTION =

f ⋅ m& 3
2 ρ β Ax D p

( 2.43)

In the investigated frequency and fluid mass flow rate this effect is limited
to a maximum QIN reduction less than 0.2% in the Φ=0.5÷3 range, with
respect to the values obtained by neglecting it. However, for devices
operating at high frequencies and with larger mass flow rates the
contribution of this term could be not negligible as a consequence of the
large pressure drop that can occur along the regenerator.
The effect of the non-instantaneous magnetization and demagnetization
processes has a relevant influence on the AMR performance, basically as it
causes a frequency reduction.
The following analysis is performed by applying a magnetic field with a
linear variation in time, as sketched in Figure 3. This influence is
investigated with a fluid mass flow rate as in Figure 3 with a sudden
direction variation that occurs halfway the magnetic field variation.

Table 3. Difference on AMR performance in the range Φ=0.5÷3 for ∆TSPAN = 0, 20,
40 K evaluated by using no correction, Jefferson’s correction and Engelbrecht’s
correction with respect to Hausen’s correction.

Percentage difference on QIN,max evaluation
∆TSPAN no correction
Jefferson
K
0
0.012
0.001
20
2.613
1.751
40
4.073
2.748

Hausen

Engelbrect

0.000
0.000
0.000

0.007
2.360
3.704
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Figure 15. Refrigeration capacity degradation with respect to the refrigeration
capacity with instantaneous magnetization time QIN(0%) vs magnetization time
over cycle time ratio with no fluid dwell, for different ∆TSPAN=0÷30K.

Figure 15 shows the degradation of the refrigeration capacity with respect to
the ratio (τMAG+τDEMAG)/τC. The y-axis reports the ratio between the
evaluated QIN and the cooling capacity evaluated with the hypothesis of
instantaneous magnetic field variations. The performance reduction is more
severe for lower ∆TSPAN. This reduction is significant, with a performance
decrease greater than 10% for a magnetic field variation time equal to the
15% of τC. In this condition the cycle period τC is defined as the sum of the
magnetization, demagnetization, hot blow and cold blow periods.

2.4

Remarks

In this first section a one dimensional numerical model of an AMR has been
presented and exploited to perform parametric analysis on its performance,
by varying the main operating and working parameters that can be tuned in
an actual device (fluid mass flow rate, operating frequency, magnetization
time).
Some pros and cons can be identified for this analysis.
Among the pros, the numerical model has been verified to be stable over a
wide range of operating conditions (heff,βσ= 0 ÷ 35 000 W/m2K,
frequency=0.1÷1 Hz, Φ=0÷10); it is self-consistent, that is the energy
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balances are verified in all the operating conditions and the second
thermodynamic principle is verified too, and the results are in agreement
with literature data. The effects of the main assumptions have been
evaluated and can be used to correct the model or its predictions.
Among the cons, the model lacks of a direct experimental validation, and it
lacks the modelization of a magnetic circuit sensible to the effect of the
variable magnetic permeability of the active material. Furthermore, the
evaluation of the effects not strictly connected to the AMR process (e.g.
dead volumes, thermal leakages towards the external, material hysteresis
and magnetic field profile) is neglected, as is beyond the scope of this
analysis.
The main results derived from simulations can be summarized:
-

The kind of application, that is the mean temperature of the cycle,
force the choice of the active materials to be used in the regenerator
(that in actual applications has to be realized with a multi-layered
bed);

-

The utilization factor is a key parameter that allows to influence the
AMR performance in many different ways: increasing the no load
temperature span, increasing the zero span cooling load, optimizing
the cooling capacity or the COP;

-

Frequency is a parameter that, in the low frequency range
investigated, can be increased to increase the cooling power of a
device with a given active material mass with a negligible decrease
in performance and COP;

-

The effect of non-instantaneous magnetic field changes is a
degradation of performance that can be significant and has to be
minimized as much as possible.

The presented results can be found, in a slightly different form, in [77] [78].
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3

PROOF OF PRINCIPLE DESIGN AND
PRELIMINARY RESULTS

In this chapter the design of a reciprocating proof of principle magnetic
refrigerator device and some preliminary experimental results are reported.
Some technological issues that have been faced are outlined together with a
new design process concerning a second regenerator.
The magnetic refrigerator is designed to be a demonstrative unit, and for
this reason it is not subjected to compactness or performance constraints. Its
design is oriented to simplicity, ease of use and accessibility, with most of
the components available on the market. Nevertheless, the main guidelines
followed in the design of the refrigerating machine are intended to realize
good technological solutions.

3.1

The linear reciprocating device

3.1.1 Description
The linear reciprocating device scheme is reported in Figure 16.
Two parallel regenerators composed by five carbon pipes each with a
squared section perform two AMR cycles, by entering and exiting from an
high magnetic field region generated by a fixed permanent magnet
ferromagnetic structure. The intermediate fluid is distributed into each pipe
by means of a collector (a larger pipe) connected with the electric valves.
The regenerators are constrained to a plastic structure that holds the
inversion valves and connections, and that is mechanically linked, by means
of a load cell, to a linear electromagnetic motor.
The linear actuator is programmed via computer with a periodic space-time
function that can be defined by the user (in the limit of maximum motor
acceleration, mechanical power and magnetic force). Its position in time is
measured with a magnetic induction linear sensor. The combination of the
load cell signal with the actuator position allows the calculation of the
instantaneous net mechanical power, that can be used as a measure of the
magnetic work (neglecting the mechanical frictions of the system).
Including the whole electric power consumption of the low efficiency
magnetic-based linear motor in the coefficient of performance calculation
would result in low COP values, realistic for the actual prototype but of
little interest.
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The hydraulic arrangement, in order to guarantee the proper synchronization
between the two regenerators, is realized by means of four bi-stable electric
valves 3/2. The circuit arrangement guarantee that in the circuit out of the
regenerators the fluid motion is unidirectional. The flow distribution is
conceived in order to minimize the dead volume in the regenerator (the
volume of fluid that changes its flow direction). The global dead volume is
included between the two three way valves on each side. The bi-stable
valves require an electric impulse (6 VDC, 30 ms minimum) to switch their
state, and are properly excited by an electronic device that is triggered by
the signal of a photoelectric sensor. The sensor is constrained to the moving
structure that held the regenerators, and its position can be tuned to change
the synchronization between the magnetic field variation and the fluid
direction inversion.
The electric valves are connected to the static part of the circuit by flexible
pipes. The hot and cold part of the refrigerator are realized by means of two
symmetric circuits, each of them equipped with a mass flow rate transducer,
a variable speed volumetric pump and a roll-bond heat exchanger. Variable
speed pump rotation speeds are controlled via software with a 0÷5 VDC
control signal.
The roll bond heat exchangers are realized by two parallel plates and are
equipped with a fan that can increase the convective heat transfer coefficient
towards the environment. Three operating conditions can be easily realized,
all centered around room temperature: “free run” with the fans switched off,
“free run” with both or one of the fans switched on in order to operate with
a greater exchanger efficiency or to realize asymmetric conditions, “free
run” with the heat exchanger insulated by means of an insulating coverage
in order to realize “no load” conditions and to test the maximum achievable
temperature span.
The measurement system is designed in order to perform the following
evaluations:
-
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Heat rejection and cooling capacity, eq. ( 2.22) and ( 2.23):the
cooling capacity can be evaluated both with temperature sensors
located at the hot and cold side of each regenerator, or with
thermocouples located at the inlet and outlet of the hot and cold
heat exchangers. The fluid mass flow rate is acquired with two
transducers, one for each side of the circuit. The heat leakages in
the hydraulic circuit can be evaluated subtracting the heat fluxes
obtained at the heat exchangers with those obtained near the
regenerator;

-

Magnetic power: its ideal value can be estimated as the difference
between heat rejection and cooling capacity;

-

Mechanical power: the total mechanical power required by the
system is the sum of the magnetic work, the mechanical frictions
and the power wasted in the electro-mechanic conversion. The
mechanical power with the frictions included is computed by
integrating in time the product of displacement and force signals
coming from the position sensor and load cell respectively. The
total mechanical power can be evaluated with a watt-meter
connected to the electric supply of the motor;

-

Pumping power: it can be evaluated with a watt-meters on the
electric power supply of the pumps, or it can be evaluated excluding
the electro-mechanic efficiency from the fluid mass flow rate and
pressure drop measurement;

-

Temperature evolution in the regenerators: the central pipe of each
regenerator is instrumented with three thermocouples to monitor the
temperature evolution in time inside the regenerators. Preliminary
investigations evidenced a difficulty in measuring the temperatures
with thermocouples, as large peaks are induced by eddy currents
produced by the magnetic field variations;

-

Heat exchangers temperature visualization: for visualization
purposes the external heat exchangers can be instrumented with
liquid crystal strips. As a better option a thermo camera can be
employed to detect the temperature difference on the exchanger
surfaces, that are suitably coated with a high emissivity paint.
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Figure 16. Linear magnetic refrigerator process scheme. One regenerator (bed A) is
under applied magnetic field.

50

Figure 17. Picture of the fully assembled linear magnetic refrigerator.

Figure 17 shows the fully assembled prototype. In the foreground one flow
meter, the linear actuator and the position sensor are visible. The load cell
that is the only connection point between the moving part and the linear
motor, is also shown. The piping is realized by means of plastic flexible
pipes with a diameter of 4 mm, and the connections are realized with
components for pneumatic applications. The two variable speed pumps are
placed under the flow meter and on the left side, together with their by-pass
and differential pressure transducers. The two heat exchangers are also
clearly visible, together with the magnetic structure and with the support
that holds the regenerator.
Figure 18 shows the detail of the regenerator connection to the three way
valve, and the connection on the other side not yet assembled. The carbon
fiber parallel pipes are visible. The central pipe of each regenerator is
equipped with thermocouples positioned at 1/4, 2/4 and 3/4 of the pipe
length. One of the two stainless steel rods used as a guide for the
regenerator motion is visible in the left part of the magnet.
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Figure 18. Detail of the connections between the regenerator and the three way
valve. Picture realized during the prototype assembly.

Figure 19 shows the complete connection system of one of the two
regenerators. The two three way valves are connected at one side to the
regenerator, and at the other ports to the inversion ducts that connect the
circuit with the other regenerator. The load cell is clearly visible in this
picture, and so is the differential pressure transducer.
Figure 20 shows the regenerator parallel pipes during the regenerator
assembly. Of the 13 visible pipes, the 1st, 7th and last are “dummy” tubes,
filled with the same material of the active pipes but not active in the
process. The dummy tubes are introduced in order to reduce the magnetic
power needed to move the regenerators in and out the magnetic region, and
to space out the two regenerators in order to have a greater magnetic field
variation between the magnetized and demagnetized conditions.
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Figure 19. Systems of three way valves, with connection to the regenerators and to
the inversion circuit. The load cell is also visible.

Figure 20. Regenerator pipes during the assembly.

53

3.1.2 Process
The thermodynamic process is a double AMR with the two regenerators
acting in parallel with the result of doubling the active mass for the given
operating frequency, or from another point of view doubling the frequency
with a given material mass. The linear actuator and the three way valves are
synchronized in order to realize the AMR cycles.
The motion control system has been designed in order to enable the
regenerators to enter the magnetic field, hold steadily inside of it and get out
of it along a preset time function. The timing sequence can be varied in
order to look for optimization of the process. The basic motion sequence is
compose by four steps. An example of a 0.12 Hz cycle is reported:
1) Bed A enters the magnetic field while bed B exits from it
(magnetization time 0.2 sec, i.e. the lowest permitted by the
actuator)
2) Bed A steady inside the field for a set time (4 sec)
3) Bed A exits from the field while bed B enters it (0.2 sec)
4) Bed B steady inside the field for a set time (4 sec).
The process is characterized by the time functions of the magnetic field
applied to a single regenerator and by the fluid mass flow rate that crosses
it. The fluid mass flow rate has no dwell period (except the valves
commutation time), since the valves has only two positions (3/2 valves, i.e.
3 ways and 2 positions) and their commutation is controlled by optical
on/off sensors. The magnetic field change is not controlled during the
motion. The linear motor drive realizes the complete displacement (~70mm)
in 0.2s. The maximum and minimum magnetic field mean intensity are
respectively of Bmax≈1.55T and Bmin<0.02T.

3.1.3 Components and DAQ
The commercially available components and the DAQ system and sensors
are here briefly described.
3/2 valves: 3 way, 2 position bi-stable valve, connection M5, internal
diameter 2 mm, sealing NBR, minimum differential pressure 0 bar,
maximum differential pressure 2.5 bar, Kv 0.08 m3/h, temperature range (10÷90) °C, electric absorption 3 W, with polarized electromagnet, minimum
excitation time 20 ms;
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Pumps: Micropump GJ-N21 series, magnetic drive gear pump. Variable
speed up to 10000 rpm. Control signal: 0÷5 VDC. Fluid flow rate: 0.316 ml
revolution-1. Maximum differential pressure: 5.6 bar;
Linear drive: LinMot ® motor, maximum stroke 160mm, peak force 163 N,
position repeatability ±0.05 mm, linearity ±0.3%, maximum velocity 3.2 m
s-1, voltage 72 VDC, max current 8 A;
DAQ system: National Instruments NI-cDAQ9172, with USB 2.0
connection to PC. The rack is equipped with eight different modules for the
input and output of the different signals. The modules for the twenty
different chromel – constantan thermocouples (accuracy within 0.2 K) are
five, there is one module for load cell and position sensor input signals, one
for input/output high speed module which controls the two variable speed
fluid pumps, and one analog input module for the flow sensors and
differential pressure transducers. The voltage and current signals from fluid
pumps, linear motor and three way valves will be acquired to measure the
global energy consumption. Labview 8.2 (National Instruments) is used as
the acquisition and control software;
Load cell: linear transducer DS Europe DC301, full scale 20 kgf (9.81N),
sensitivity 11.117 mV kgf-1;
Position sensor: GEFRAN PC67 contactless magnetostrictive liner position
absolute transducer, linearity ±0.05%, analog output 0÷5 VDC;
Flow meter: GPI oval gear pulse-meter, 4-20 mA output;
Pumps rotation speed: the rotation speed of the pumps is measured by
means of a TTL 0÷%VDC signal directly coming from each pumps with
two peak per revolution;
Differential pressure transducer: pressure range 0÷30 psi (0÷2.1 bar),
sensitivity 11 mV/psi, nominal excitation 10 VDC;
Thermocouples: type E chromel/constantan thermocouples, single wire
diameter 0.125 mm, junction realized with oxyacetylene torch, electrical
insulation realized by application of a spray insulator. At the end of the
process the junctions have a diameter of about 0.3mm. The cold junction is
electronic, embedded in the compact DAQ modules.
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3.1.4 Data and working conditions
The proof of principle device is designed to work at ambient temperature as
the mean temperature of the cycle.
The two regenerators are composed by five carbon pipes each, filled with a
gadolinium powder made of sphere with a mean equivalent diameter of 300
µm. Three dummy tubes, filled with the same gadolinium powder too, are
included in the regenerator to realize a partial balance of the magnetic
forces while moving the regenerator inside and outside the magnetic region.
The active regenerator length is 10 cm, the single tube cross section is about
9.5x9.5 mm2, for a global volume of 45 cm3 each. Filling the regenerator
with loosely packed gadolinium powder leads to a measured void fraction in
the regenerator of 0.46. Assuming a Gd density of 7.8 g cm-3 the active
mass of a single regenerator is 190 g, for a total mass of 380 g.
Table 4. Technical data of the magnetic refrigerator device

Process
Thermodynamic cycle
AMR
Magnet- active material relative motion
Linear, reciprocating
Active material
Commercial gadolinium
powder
Intermediate fluid
Temper-20
Fluid flow rate operating range
5÷20 g s-1 (0.3÷1.2 l min-1)
Frequency operating range
≤ 1/4 Hz
Utilization factor range
1÷4
Regenerator
Numbers of regenerator
2
Regenerator size
5x (9.5 x 9.5 x 100 mm3)
Average particle size
300 µm
Measured void fraction
0.46
Gadolinium mass (single regenerator)
190 g
Magnet
Type of structure
Cross type (see Figure 22)
Permanent magnets
NdFeB - N50
Magnetic circuit
High saturation steel
Magnet mass
5 kg
Magnetic structure mass
~ 35 kg
Magnetic gap
13 mm
Maximum magnetic field
1.55 T (in air)
Minimum magnetic field
<0.01 T
Max spatial magnetic field variation
1.2 T cm-1
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The high magnetic field region covers a 65 cm3 (12 x 10 x 5 cm3) volume
with a magnetic field intensity of 1.55 T (measured in air), that shows a
good uniformity in the region of interest, as shown in paragraph 3.2.1,
generated with about 5 kg of permanent magnets.
The intermediate fluid is a commercial water with anti-corrosion features
(Temper-20).
Table 4 shows the technical data of the device, and the design operating
range.
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3.2

Preliminary experimental results

Preliminary experimental results on the magnetic field and on the pressure
drop in the regenerator are available. In this section the permanent magnet
design process is briefly reviewed and the experimental measurements on
the magnetic field and on the pressure drop along the regenerator are
reported.

3.2.1 Permanent magnet structure: design and measurements
The main goal of the design of a permanent magnet for magnetic
refrigeration at room temperature is the generation of two spatial regions,
constrained to be very close, with the maximum magnetic field difference.
Furthermore these regions have to be as large as possible (allowing a larger
active material mass), and the magnetic field difference is required to be as
high and uniform as possible.
So, the driving target is the design of large free volume subjected to high
magnetic induction (also said magnetic flux density and measured in tesla),
using less magnetic material as possible.
Nowadays, in the field of realizing high intensity permanent magnets
ferromagnetic structures, rare earth neodymium-iron-boron (NdFeB, NIB or
Neo) alloys are widely used. NIB has very high saturation magnetization
(up to 1.6 T) and coercitive force, a measure of the resistance to being
demagnetized.
Also with these advanced alloys, obtaining high magnetic induction in large
gaps is not a trivial task and it needs the development of clever and complex
structure topologies.
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simple C

convergent poles

Figure 21. Scheme of simple permanent magnet circuit configurations.

Two simple configurations that can be conceived are schemed in Figure 21.
These configurations can be used to obtain weak to medium magnetic field
intensities. These structures provide low induction but are very simple and
rather inexpensive and have been utilized in recent prototypal machines. In
particular, a solution with a doubled “C” circuit geometry has been
profitably used in reciprocating double effect refrigerators [97] and also the
“simple C” configuration is currently subjected to deep studies [98].
It can be noted that, in the above structures, the major part is made of soft
iron. Iron is arranged to form a magnetic circuit whose reluctance
(analogous to the resistance of an electric circuit) is mainly due to the air
gap between the “polar expansions”. Iron has a very low reluctance and it
features high weight but definitely low cost. In any case, such structures
typically provide magnetic induction in the range from 0.8 up to 1.0 Tesla in
a 10 mm air gap. To augment the magnetic flux three kind of solution are
usually adopted; convergent soft iron polar expansion, soft iron magnetic
flux concentrators, complex (Halbach like [99]) magnetic topologies.
Convergent polar expansion is the simplest method to increase the flux
density and it is seldom utilized in magnetic structure for magnetic
refrigeration. It is based on trivial geometric considerations. Figure 21
shows, in section, a “simple C” magnetic assembly before and after the
modification.
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Figure 22. Schemes of multi-magnets magnetic concentrators. Three different
typologies; (A) mixed Halbach on the left, (B) cross-type on the center and (C) an
application for rotary devices on the right.

In the best ideal case, the magnetic flux is constricted to pass through a
small area section with a consequent increase of the flux density (that is
magnetic induction). However, several factors contribute to partially reduce
the magnetic induction gain, such as the flux losses from the lateral surfaces
of the polar expansions, and the magnetic saturation in the reduced section
of the magnetic structure. In any case, even in the ideal situation, the
product of gap volume by magnetic induction will not change. This means
that the possibility to get a given refrigeration capacity by means of
magnetic refrigeration materials remains substantially unchanged.
Recently, a figure of merit has been proposed by Bjork et al. in [100] to
evaluate magnetic structures of actual magnetic refrigeration systems. It is
defined as
2/3
2/ 3
Λ = ( BHIGH
− BLOW
)

V field
Vmag

ξ field

( 3.1)

Where Vmag is the volume of the magnets, Vfield the volume of the
magnetized high field region and ξfield the fraction of time the magnetized
region is filled by active material. The parameter ξfield is indeed defined on
the basis of the refrigerator configuration.
The use of multi-magnet soft iron concentrators (as shown for instance in
Figure 22) gives rise to high magnetic fields. They are used both in
reciprocating and in rotary devices. Also this method is based on geometric
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considerations and on the combined use of permanent magnets and soft iron
parts. The magnetic flux of some magnets (even ten or more) is
concentrated, by means of soft iron blocks, trough the active volume.
Owing to the expected high flux densities the magnetic saturation limit of
soft iron can be exceeded, so some care is needed in the design of these
structures. In some cases cobalt-iron alloy is used in the concentrator.
Figure 22 shows, in section, three implementations of this concept. The first
two (A and B) are for linear reciprocating devices with fixed magnet [22],
[73] while the third (C ) has been implemented in a rotary magnet
refrigerator [101].
Following this idea, a ferromagnetic structure of type (B) was designed and
built. Figure 23 shows on the left the FEM calculation of the magnetic field
intensity (magnetic induction) in the magnetic structure, and on the right a
picture of the structure assembled. As shown in the figure the magnetic field
evaluation was performed both with and without the regenerator inserted in
the magnetic gap. The evaluation with the regenerator inside the gap was
performed by defining a mean permeability between gadolinium (assumed
relative permeability µr=2 with respect to the vacuum) and water (µr=1)
weighted on the volumetric void fraction. The temperature distribution in
the regenerator was not accounted for.

Figure 23. FEM calculation of the magnetic field in the permanent magnet structure
and picture of the designed and built magnetic structure.
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Figure 24. (Left) Magnetic field measurement in air on the median cross section:
predicted profile with design magnets (red line), predicted profile with actual
magnets (green line), measured profile (marked blu line). (Right) Magnetic field
measurement in air on the median longitudinal section: predicted profile with actual
magnets (red line), measured profile (marked blu line)

Figure 24 shows the measured magnetic field intensity in air in the
longitudinal and cross median sections.
On the left a comparison between the design simulation (red line) that
foresaw NIB magnets of type “N48”, the “as built” simulation with “N50”
magnets (green line), and the measured profile (blu marked line). The code
NXX is an indication on the quality of the magnet. The letter N stands for
the maximum operating temperature (N=80° C), and the number XX stands
for the maximum energy product expressed in MGOe (mega gauss oersted).
A very good agreement between experimental and simulated data is shown.
The region of high magnetic field (in the range x=0÷55 mm) is subjected to
a mean field intensity of ~1.52 T, with a peak of 1.55 T. The main
difference between the measured and simulated data is given by a greater
leakage near the edges of the useful region, that results in a decrease of the
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mean intensity in the region of interest. The slope of the magnetic field
variation is of the order of 1.1 T cm-1. The low magnetic field region is in
the range x<(-11) mm. The regenerator subjected to the minimum magnetic
field is so subjected to a mean magnetic field lower than 0.02 T, with just
one tube subjected to a magnetic field of about 0.1T.
On the right the comparison between the “as built” simulated data (red line),
and the measured magnetic induction profile (blu marked line) . Again a
very good agreement can be observed, with the experimental data that show
a stronger effect of flux leakages. The high field region is in the range
x=4÷14 cm, and shows a mean field of about 1.5 T. The measured profile
shows a little dissymmetry of the field in the longitudinal direction.
Measurements were performed on the median cross and longitudinal
sections with a digital gauss-meter, by sampling the magnetic field with a
spatial resolution of about 3 mm in the cross measurements, and 10 mm in
the longitudinal measurements.
The performance parameter evaluated by Bjork et al. [100] is Λcool = 0.13,
that is the third value among the review magnets. The parameters as defined
in eq. ( 3.1) is however connected to the operating cycle that exploit the
magnet by the parameter ξfield. In order to evaluate the magnetic structure
alone a more significant parameter is the ratio Λcool/ξfield , equal to 0.14 for
this magnetic structure, again between the four best values over twelve
magnetic assemblies.
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Figure 25. Simulated magnetic induction with the regenerators inside the magnet.
Red squares represent the magnetized bed, grey square the dummy tubes, and blu
squares the demagnetized bed.

All the reported measurements were performed in air. When the device is
operating, the magnetic field profile is strongly disturbed by the regenerator.
A simulated evaluation of this phenomenon is reported in Figure 25. The
magnetized bed is schemed with red squares, and the local magnetic field
increase due to the gadolinium relative permeability greater than one is
visible. The action of the dummy tubes is also clearly visible. In this
conditions the maximum induction in the regenerator exceeds the measure
performed in air, and can reach values greater than 1.8T. As previously
underlined the simulation is carried out with an isothermal condition that is
not realistic, especially as the gadolinium is working around its transition
temperature, however it is worth noting that the equivalent permeability of
the regenerator inside the magnetic gap can influence a lot the local
magnetic field induction applied to the active material, and consequently the
device performance.
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3.2.2 Regenerator: design and measurements
The regenerator is the core of a magnetic refrigerator, and its design must
address several different requirements from the magnetic, the fluid dynamic,
the thermal and also from the technological point of view.
Magnetic requirements ask for an high magnetic field intensity applied to
the active material. To this purpose the regenerator must be shaped on the
basis of the magnetic field source. In order to fill as much as possible the
magnetic gap, tubes with squared section were chosen. The material of the
regenerator case has to be non-magnetic and non-conductive in order to
avoid a magnetic attraction and the generation of eddy electric currents
during the magnetic field variations.
Fluid dynamic requirements ask for a good fluid distribution in the entire
regenerator cross section, and for low pressure drop along the regenerator in
order to limit the pumping power. The regenerator is composed by parallel
pipes in order to avoid the generation of preferential paths with low
resistance to the fluid flow.
Thermal requirements are connected to the good exploitation of the MCE.
First, as the regenerator is intended to realize a spatial temperature
distribution, an ideal regenerator has no axial conductivity and the
regenerator case too. In this way the temperature profile is not smoothed by
axial dispersion. For this reason, together with magnetic requirements,
carbon-fiber tubes are chosen. The thermal convective heat transfer between
the fluid and the solid is crucial: a large heat transfer coefficient, and a large
heat transfer surface are required. The thermal inertia (given by nonisothermal temperature profile inside the solid) of the active material is
required to be low in order to exploit all the MCE. For this reason the active
material is a gadolinium powder with a mean equivalent diameter of 300 µm
that guarantees a very high heat transfer surface to volume ratio (~10000 m2
m-3) and very high convective heat transfer coefficients (5÷30 103 W m-2 K1
) with relatively low Biot numbers.
Technological requirements impose the environment temperature, the
required ∆TSPAN and the required cooling capacity. The environment
temperature is in this case a standard room temperature of 20°C, while there
are no constraints on the set point in terms of cooling capacity and
temperature span, as this unit is built for demonstration and model
validation purposes. As the mean temperature of the cycle is 20°C,
commercial gadolinium was chosen as active material.
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The preliminary tests on the regenerator are about pressure drop evaluation.
A single carbon pipe was instrumented and fed with a water mass flow rate
of the magnitude of the design one.
Figure 26 shows that the pressure drops are in good agreement with the
values foreseen by Ergun’s correlation described by eq. ( 2.29).
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Figure 26. Pressure drop measurement (marked dashed line) along a single
regenerator pipe compared to Ergun’s correlation (solid line). Fluid mass flow rate
in the range 3÷18 g s-1, Rep in the range 6÷36.

3.3

Process simulation

To predict the performance of the double effect device, a process
modelization that considers also the hydraulic circuit and the outward facing
heat exchangers was implemented. The fluid domain was extended beyond
the regenerator, giving rise to a temperature field Tβ(τ, z) described as a
function of time and of a linear coordinate z.
The AMR process is described as in § 2.2.
The piping is described by the following, assuming a perfect insulation
towards the external.
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∂Tβ
∂τ

+u

∂Tβ
∂x
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λ β
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 ∂x 

( 3.2)

Where u is the mean fluid velocity in each pipe.
The external heat exchangers are described as lumped, and are governed by
a set of equations each. For the hot heat exchanger:

Fluid domain equation:
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 ∂x


( 3.3)

Where UH,HEX is the overall thermal transmittance between the fluid and the
heat exchanger, and u is the fluid velocity in the heat exchanger.
Heat transfer rate between fluid and HEX:

QH , HEX =

∫U

H , HEX

(−TH , HEX + Tβ )dA( z )

( 3.4)

H , HEX

Defined positive if the fluid is hotter than the heat exchanger, is computed
over the coordinate z that corresponds at the hot HEX. The heat transfer
surface is expressed as a function dA(z).
Heat transfer rate between HEX and environment (heat rejection):

QOUT = (UA) H , HEX (TH , HEX − Tamb )

( 3.5)

Defined positive if the heat exchanger is hotter than the ambient, where
(UA)H,HEX is the thermal conductance (W K-1) between the HEX and the
environment.
Energy balance for the HEX:

∂TH , HEX
∂τ

=

QH , HEX − QOUT
C H , HEX

( 3.6)

Where CH,HEX is the thermal capacity (J K-1) of the heat exchanger.
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An analogous set of equations can be defined for the cold heat exchanger.

Fluid domain equation:

∂Tβ

∂Tβ

2

1  ∂Tβ
+u
=
+ U C , HEX γ (TC , HEX − Tβ )
λ β
2
ρ β cβ  ∂x
∂τ
∂x


( 3.7)

Heat transfer rate between fluid and HEX:

QC , HEX =

∫U

C , HEX

(TC , HEX − Tβ ) dA( z )

( 3.8)

C , HEX

Defined positive if the fluid is colder than the heat exchanger, is computed
over the coordinate z that corresponds at the cold HEX.
Heat transfer rate between HEX and environment (cooling capacity):

QIN = (UA) C , HEX (−TC , HEX + Tamb )

( 3.9)

Defined positive if the heat exchanger is colder than the ambient.
Energy balance for the HEX:

∂TC , HEX
∂τ

=

QIN − QC , HEX
CC , HEX

( 3.10)

In this contest, as the hold and cold thermal sources are coincident (the
ambient) the temperature span is defined on the basis of the heat exchangers
temperature.

∆TSPAN = TH , HEX − TC , HEX

( 3.11)

With this model the dynamic behavior of the double effect device can be
investigated, and the characteristic curve can be predicted in different
operating conditions.
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The model assumptions that can cause an over prediction of the refrigerator
performance are:
-

Assumed uniform temperature of the heat exchangers;

-

No thermal leakages in the piping;

-

Instantaneous magnetization and demagnetization processes;

-

Uniform magnetic field intensity over the regenerator;

-

No dead volumes.

3.3.1

Simulated expected performance

The described model was employed to predict the refrigerator performance
in a “free run” condition, with no fans. The simulated performances are
shown by Figure 27. Three different operating frequency are considered: 1/4
Hz, 1/8 Hz, 1/16 Hz. By changing the utilization factor in the range
Φ=1.0÷4.0, the different (∆TSPAN, QIN) couples are obtained. This unusual
display of the result is due to the fact that in “free run” mode neither the
∆TSPAN nor the QIN are imposed to the device, with the temperatures of the
heat exchangers that move away from the ambient temperature almost
symmetrically.
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Figure 27. Predicted performances for the magnetic refrigerator device, at three
different frequencies.
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Figure 28. Simulated cooling capacity variation with respect to utilization factor at
three different frequencies.
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Figure 28 shows the simulated cooling capacity with respect to the
utilization factor in free run condition. The simulated behavior shows a
maximum shaped trend, with the maximum roughly at Φ=2. As discussed in
the study on the AMR, with a too large Φ value the fluid thermal capacity
overwhelms the solid one and causes a strong degradation of the
performance.

3.4

Technological issues and new regenerator design

The start-up of the refrigerator showed some unexpected issues, mainly
related to the regenerator design. All the circuit was assembled and verified
successfully, with the exception of the regenerator, that suffered a severe
sealing problem, mainly due to the square geometry of the pipes. This issues
was unsolvable with the chosen geometry, so that a new regenerator design
was required. The geometry was constrained by the rest of the system, so
that a similar regenerator was built, as reported in Figure 29. This
regenerator has again 13 parallel tubes, with 3 dummy tubes recognizable
by the black plugs. The tube are obtained by drilling of a PVC block. The
housings of the thermocouples by the central tube of each regenerator are
visible. The tubes have a round section to guarantee an easier sealing.

Figure 29. Picture of the new regenerator.
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Figure 30. Picture of the connections to the new regenerator. The 100 µm filters are
visible on the top of each connection.

Figure 30 shows the connections between the hydraulic circuit and the
regenerator tubes. All the 20 connections are visible, and the 100 µm
metallic filters placed on their top are visible too. All the connections are
linked to a main collector that goes to the external hydraulic circuit.
Figure 31 shows the exploded view of the regenerator assembly. Each pipe
of the regenerator is connected to a collector linked with the external
hydraulic circuit. Up to now, the new regenerator has been filled with
gadolinium powder of the same size of the previous, obtaining a void
fraction of 0.46, and is now under seal tests. The new configuration has
different technical data with respect to the first version. First, the
regenerator volume is reduced because of the round section of the tubes, and
so the active material and consequently the cooling capacity. Then, the
different tube shape (from square section to round section) has an impact on
the magnetic field intensity with the regenerator in the magnetic gap
different from Figure 25. The active material mass is about halved, as
shown by Table 5. The other operating conditions remains unchanged.
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Figure 31. Exploded view of the new regenerator assembly.

Table 5. Technical data of the new version of the regenerator.

New regenerator
Numbers of regenerator
2
Regenerator size
5 x 45.4 x 100 mm3
Average particle size
300 µm
Measured void fraction
0.46
Gadolinium mass (single regenerator)
95.5 g

Remarks
In this section the design of a magnetic refrigerator prototype and the first
experimental results have been presented. Among the three technological
fields involved in a magnetic refrigerator design (material, magnetic field
generation, process), the magnetic field generation by permanent magnets
and the process have been investigated.
Experimental results confirm the ability of simulating a permanent magnet
structure for magnetic field generation with a very good accuracy.
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The pressure drop evaluation by means of a widely accepted correlation is
verified, confirming that the measured data of particles dimension and bed
porosity are reasonably accurate.
A process simulation that consider all the main component of the device
shows a maximum predicted cooling power of about 25 W, in a “free run”
test condition, and a maximum shaped trend for cooling power with respect
to utilization factor in agreement with the simulation on the AMR alone.
The technological issue arose in the actual realization of the device are
evidenced, and the solution proposed is described. The proposed solution
halved the active gadolinium mass in the regenerator, and for this reason the
predicted performance in terms of cooling capacity are halved as well.
Unfortunately, due to these issues, no experimental data is available up to
now on cooling capacity and temperature spans of the actual device. The
new regenerator is now under the seal tests that anticipate the final
assembly.
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4

PASSIVE REGENERATOR THERMAL
CHARACTERIZATION

The key component of a magnetic refrigeration device is, as strongly
outlined in this work, the active regenerator. The heat transfer effective
conditions between the active solid and the intermediate fluid are crucial in
order to obtain high ∆TSPAN and cooling capacity, and to develop accurate
simulation models able to predict the magnetic refrigerator performance and
useful in a design and optimization process.
In literature there are different correlations for the evaluation of the
convective effective heat transfer heff,βσ between the solid and the fluid
phase. Part of them are evaluated with steady-state experiments, in the flow
regime Rep=4÷4400, other with transient experiments in the flow regime
Rep=15÷8500. Data in the lower Rep range are extrapolated from these
correlations.
Different correlations are here reported:
Wakao and Kaguei [79]

Nu p = 2 + 1.1 Re p

0.6

Pr 1/ 3

( 4.1)

Whitaker’s [80]

Nu p = 2 + (0.4 Re p

1/ 2

+ 0.2 Re p

2/3

) Pr 0.4

( 4.2)

Coppage and London [81]

Nu p = 0.21 Re p

0.69

( 4.3)

Satterfield and Resnick [82]

Nu p = 0.922 Re p

0.66

Pr 1/ 3

( 4.4)
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Figure 32. Comparison between different correlations for particle to fluid heat
transfer evaluation. The x-axis range corresponds to the range Rep=0.1÷100.
Vertical lines that limit the 2÷30 Rep range are representative of water (Pr=6).

The field of interest for our application is in the range Rep=2÷30. In the
field Rep=1÷100 these correlations differ much as shown by Figure 32,
especially in the required field, that is delimited for water by the two
vertical lines. From this observation emerges the needing of developing an
appropriate thermal characterization of the geometry to be applied in active
magnetic regenerators.
In this chapter a theoretical analysis on passive regenerator’s thermal
characterization is reported, together with the design of an experimental
apparatus and the discussion on the preliminary results.

4.1

Conceptual design of the experiment

An active regenerator is subjected to a time variable, reciprocating, fluid
mass flow rate. During the hot blow the regenerator is crossed by the
intermediate fluid in a direction, and during the cold blow in the opposite
direction. The fluid inlet temperature is the temperature of the hot and cold
thermal sources respectively (with ideal heat exchangers).
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In order to evaluate the superficial fluid-to-particle convective heat transfer
heff,βσ the fluid direction variation is not essential. Furthermore, the magnetic
field variation is not essential too, and can be avoided. An inlet temperature
variation is indeed essential. So, a passive regenerator (that is with no
applied magnetic field) can be exploited to this purpose.
The empirical correlations for the evaluation of heff,βσ can be determined for
different solid particles shapes, fluids and flow regimes (see for instance
[83]- [87]), however Nield and Bejan [88] outline that the correlations in
this field, while deeply investigated, are not yet well established, in
particular in the low Reynolds numbers flow regime.
The determination of heff,βσ is usually performed by means of single blow
transient experiments (see for instance [86]), that consist in super-imposing
a fluid mass flow rate to the regenerator with a step temperature variation,
until an isothermal condition is reached in the regenerator. Then, an inverse
technique has to be applied in order to identify the heat transfer coefficient.
Another possible technique is the frequency analysis described in Gunn and
De Souza [89].
A transient experiment to identify heff,βσ, and to evaluate its measurement
accuracy, by means of a state-space inverse algorithm is designed and
applied to regenerator thermal characterization.
A scheme of the transient experiment is shown in Figure 33. The figure
depicts a “frozen” time variable temperature profile in space. The
regenerator inlet section is subjected to a constant, unidirectional, fluid mass
flow rate with a periodical temperature variation TIN(τ). The regenerator,
with no strong non-linearity in the system, acts as a thermal damper causing
an amplitude variation and a phase shift in the temperature profile, so that at
the outlet the measured temperature TOUT(τ) will be a periodic temperature
variation with the same period, a different amplitude and a time lag with
respect to the inlet time history.
By comparing the temperatures histories of the experiment and of a
simulated experiment, the heff,βσ can be identified by means of the
minimization of an error function.
An experimental apparatus to perform this temperature time variation, could
be realized on the basis of the scheme of Figure 34. The schematic shows
the main components of an experimental set-up for transient passive
regenerator thermal characterization. The hot and cold thermal sources are
realized with two fluid reservoirs kept at different temperatures by means of
two thermostatic baths. The reservoirs feed two symmetric hydraulic
circuits that merge into a three-way electronic valve. The fluid motion is
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guaranteed by two variable speed volumetric pumps. The electronic valve
switches from the hot to the cold circuit and vice versa, and so feeds the
regenerator with the hot and the cold fluid one after the other. The switching
time is imposed by a clock with a frequency that can be tuned depending on
the needing. The inlet and outlet temperatures are measured, and the fluid
mass flow rate is measured at the regenerator outlet.

Figure 33. Conceptual scheme of the experiment on passive regenerator. The
temperature profile is frozen at a defined time. The regenerator section is in the
range x/L=0÷1.
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Figure 34. Schematic of the essential components of a transient passive regenerator
experimental setup.

In an ideal experiment the temperature profile entering the test section
would be a square wave with the frequency imposed by the timer. Due to
the effect of the thermal inertia of the circuit components the real
temperature controls will be periodic but damped with respect to a square
wave.
The heff,βσ and its accuracy are identified by means of a state-space inverse
algorithm (Kalman Filter [90] [91]). Figure 35 shows the scheme of the
inverse method applied to the experiment. The time evolution of the state
vector x is influenced by the process dynamic and by the external control u
(fluid mass flow rate and temperature). The output of the measurement
process is the measure y of the state vector, influenced by the measurement
chain’s noise. The time evolution of the simulated state vector x* is
influenced by the simulated process dynamic that is forced by the external
control measurement. The measurement chain simulator gives a simulated
measure y* of the simulated state vector. The actual and the simulated
measures are compared in a differential that gives the value of the error e=yy*. The error signal is multiplied by a transfer function K and is exploited to
correct the simulated state vector x*.
The peculiarity of this algorithm is that the covariance matrix of the
measured parameters evolves in parallel to the state evolution and to the
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parameter variation, allowing an accurate estimation of the measurement
quality, and the identification of possible correlation between different
parameters. An extended discussion on the Kalman filter and on its
application to parameter identification is beyond the purpose of this study,
and only a brief review will be given here. The recursive Linearized Kalman
Filter (LKF) algorithm essentially consists of combining two independent
estimates of a variable to form a weighted, minimum variance, mean. One
of the estimates is derived by updating the previous one in accordance with
the known evolution equations of the process, while the other estimate is
obtained from a measurement. In formulas, we have the following.
Prediction:

xk*|k −1 = f ( xk*|k −1 , u k −1 )

( 4.5)

yk*|k −1 = g ( xk*|k −1 )

( 4.6)

yk

( 4.7)

xk*|k = xk*|k −1 + K k [ yk − y k*|k −1 ]

( 4.8)

Measurement:

Correction:

Where x* is a state estimate (usually a vector, the discretized temperature
field in our case), y is an actual measure and y* its estimated value. Finally,
u represents the system control. The double index notation refers to both
time and information; e.g. xk|k-1 stands for “estimate relative to the k-th time
instant based on information (measures) up to the (k-1)-th time instant”. The
operators f(.) and g(.) are non-linear vector functions representing the
process and the measurement models respectively. The structure of the gain
matrix K is described elsewhere [91]. Here it is worth to underline only its
dependence on the covariance matrix of the state vector x. So the
computational burden required by the algorithm is not linked to the
phenomenon model, but to the more demanding covariance evolution
equation that has to be implemented and that also provides the confidence
region of each state variable. This information is needed to quantify the
quality of the reconstruction process and to discriminate between different
experimental conditions.
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Figure 35. Scheme of the inverse method applied to the experiment. x and y are the
state vector and its measure. x* and y* are the simulated state vector and its
simulated measure. e is the error signal. u is the external control.

If a discrete model is used for a process in which some parameters are
unknown, the LKF algorithm can be easily modified to solve this problem
introducing new unknown state variables to be identified, that is by adding
the sought for parameters to the state vector. Since in this work we are
involved with the estimation of the heat transfer coefficient, this unknown
parameter will be added to the temperature vector to give:

x = [T T , heff , βσ ]T

( 4.9)

During the iterative update process described by eqs.( 4.5) - ( 4.8), the
algorithm continuously improves the knowledge of the state variables, and
so the heat transfer coefficient estimate, by comparing its prediction to the
actual measure and changing the state vector according to their difference
and to the gain K, eq. ( 4.8). In the present application eq. ( 4.6) stands for
the dynamic model that describes the passive regenerator.
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One of the major problems related to parameter estimation techniques is the
choice of the "best" or “optimal” experiment. Since in our case the unknown
parameter describes a thermal property, we can define as “optimal” the
experiment which is able to identify such property with the greatest possible
precision, that is with the smaller confidence bound. The optimal
experiment design problem is more precisely addressed by the following
steps: the selection of the physical constraints of the experiment, the choice
of a target “error” function and the minimization of such function. In this
specific case, only the problem of the optimal boundary conditions is
investigated; the time duration of the experiment, the total number of
measurements, the other geometric and thermal properties are fixed, and the
behavior of the estimator under an input whose frequency can be varied as
an independent variable tested. Since a common measure of the precision of
an estimator is the covariance matrix and the related confidence bounds of
the unknown parameters, the minimum confidence bound criterion is
chosen to select the best experiment. For example, the 99% confidence
bound of heff,βσ given by the filter, that is 2.57 times the standard deviation.

4.2

Mathematical model

4.2.1 Two phases regenerator (solid and liquid)
Monodimensional non-isothermal model for two phases porous passive
regenerators can be conceived in three ways.
The Schumann model [92] accounts only for convective heat transfer
between solid and fluid, neglecting the axial diffusion effect.

∂T 
 ∂Tβ
+ u β β  = heff , βσ γ (Tσ − Tβ )
∂x 
 ∂τ

αρ β cβ 

(1 − α ) ρσ cσ

∂Tσ
= − heff , βσ γ (Tσ − Tβ )
∂τ

( 4.10)

( 4.11)

The continuous solid C-S model [93] accounts for axial diffusion in both the
fluid and the solid and for convective heat transfer, considering the solid as
a continuum.

∂Tβ 
∂ 2Tβ
 ∂Tβ
 = heff , βσ γ (Tσ − Tβ ) + αλ eff , β
αρ β cβ 
+ uβ
∂x 
∂x 2
 ∂τ
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( 4.12)

(1 − α ) ρσ cσ

∂Tσ
∂ 2Tσ
= − heff , βσ γ (Tσ − Tβ ) + (1 − α )λeff ,σ
∂τ
∂x 2

( 4.13)

The dispersion concentric D-C model is based on a different approach. It
accounts for axial dispersion in the fluid phase by defining an equivalent
axial diffusion that depends on the flow regime. The solid equation is
replaced, at each longitudinal coordinate, by the energy balance of a single
spherical particle with a concentric non-uniform temperature profile. In this
way the D-C model corrects the approximation of considering the solid
particles as lumped.

∂Tβ 
∂ 2Tβ
 ∂Tβ
 = heff , βσ γ (Tσ − Tβ ) + αλ eff , β
αρ β cβ 
+ uβ
∂x 
∂x 2
 ∂τ
∂Tσ
λ
= σ
ρσ cσ
∂τ
− λσ

 ∂ 2Tσ 2 ∂Tσ
 2 +
r ∂r
 ∂r





∂Tσ
= heff , βσ (Tσ − Tβ ), r = D p / 2
∂r

( 4.14)

( 4.15)

( 4.16)

Each model can be used to predict the regenerator’s performance, provided
that proper values of the effective axial conductivities and convective heat
transfer coefficient are chosen. As pointed out in [63] the results obtained
with a model cannot be extended to the others with good results.
In this study a C-S model is employed, with the fluid axial dispersion
neglected as in the ( 2.35) - ( 2.37). The Schumann model is not suitable for
identification purposes, as the effects of diffusion and convection are mixed
up and cannot be distinguished in any way. The D-C model has the
advantage of taking into account in a more detailed way the penetration
depth of the temperature variation in the particles. In the C-S model
employed this effect is implemented by the Hausen’s correction shown by
eq. ( 2.31).
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4.2.2 Measurement chain
The fluid temperature measurement will be performed with thermocouples,
that are modeled as lumped and are characterized by a time constant τ0 that
depends on the flow regime for a given thermocouple geometry and
material.

∂TTC
1
=−
(TTC − Tβ )
∂τ
τ 0 (u β )

( 4.17)

4.2.3 Numerical diffusion
The numerical solution of the advection-diffusion equation is affected by
artificial diffusion caused by the discretization of the temperature space
derivatives, especially the first derivative of the advection term. In order to
minimize this effect an investigation on the solution scheme has been
performed. To evaluate the behavior of different numerical scheme the fluid
equation alone has been considered, with zero axial diffusion.

∂Tβ
∂τ

+ uβ

∂Tβ
∂x

=0

( 4.18)

Conventional finite difference schemes suffer from artificial diffusion
especially near shock regions such as the wave front of a step variation. The
following space and time discretization have been combined.
Time derivatives (all backward) : explicit 1st order, Crank-Nicholson 2nd
order, Runge-Kutta 4th order.
Space derivatives: 1st order, 2nd order, 3rd order.
The correction method Total Variation Diminishing (TVD) has been
implemented too. The correction introduced by TVD or similar methods, is
based on the imposition of a non-oscillatory solution also near shock
regions. These approaches can introduce an additional numerical diffusion
term, that is however hard to be determined
in order to avoid excessive
smoothing, or can be based on different approaches as directly introducing
flux or slope limiters. These last methods combine an high order solution
with a non-oscillatory low order one by using a weight function so that near
shock discontinuities the non-oscillatory function is adopted and the high
order one is used far from it [94]. High order space derivatives give the best
results in the tests performed, but none of the adopted scheme completely
eliminated the numerical diffusion from the solution.
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A further reduction of this unwanted effect was reached with the
implementation of a mixed Eulerian-Lagrangian numerical scheme with a
moving grid approach. This approach is derived by splitting the fluid
velocity into two contributions: one given by the grid motion velocity, and
one residual velocity expressed with the classical advection term. The
velocity imposed by the grid motion is a multiple of the velocity defined by
the spatial and time discretization.

u β = u β , grid + u β , res = N

∆x
+ u β ,res
∆τ

( 4.19)

This approach allows a further reduction, even if not a complete
elimination, of the numerical diffusion as show in Figure 36. The
temperature profiles of Figure 36 (left) are obtained by subjecting a fluid
channel described by eq. ( 4.18) to a unitary step temperature variation with
a constant fluid velocity. The comparison between the moving grid
developed numerical scheme and a 3rd order static grid solutions shows
clearly the reduction of artificial diffusion. Furthermore it shows that the
moving grid method is less subjected to overshooting. The 3rd order method
is subjected to both a greater artificial diffusion (the temperature step is
smeared over 3 time steps with a lower slope) and to a little overshooting
(less than 5%). For this reason the moving grid scheme is adopted in the
following analysis.
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Figure 36. Left: simulated outlet temperature profiles at the exit of a channel
described by eq. ( 4.18), subjected to a unitary step temperature variation, for a 3rd
order static grid (red) and a moving grid (blue) numerical schemes. Right:
Difference between the obtained temperature profiles.
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4.2.4 Inverse method validation
To evaluated the ability of the inverse method to identify the convective
heat transfer coefficient, a simulated experiment has been set up, and a
reconstruction procedure has been carried out on the simulated results. In
the simulation all the parameters are assumed as known, and an arbitrary
heff,βσ is assigned.
The simulations was carried out with the following set up: water as fluid,
packed bed composed of 0.3 mm steel spheres with porosity α=0.5;
regenerator length: 0.1 m; time measuring interval: 0.1s; number of
simulated measurements for each sensor: 300 (total test duration 30 s);
uniform initial temperature equal to a reference temperature T0= 20 °C;
maximum oscillation amplitude reached during thermal transient ∆T= 10
°C. White Gaussian random noise having a 99% confidence bounds equal to
0.3 °C has been added to all the simulated temperature measurements.
Sensors: one thermocouple at x=0, another at x=L. For an imposed heff,βσ
value of 10000 Wm-2K-1 the algorithm identified a mean value of 10380
Wm-2K-1, with a domain discretization of 80 points versus a 1200 points
discretization used in the direct algorithm.
The imposed inlet temperature is a sine wave with frequency equal to 1/3
Hz and amplitude 10°C. In these conditions the reconstruction algorithm is
able to identify the heat transfer coefficient with an error of around 4%,
depending on the particular random sequence.

4.3

External control definition

In this paragraph an investigation on the optimal frequency of the oscillating
inlet temperature of the fluid entering the regenerator is performed, with the
aim to minimize the standard deviation of the heff,βσ reconstructed value.
In this theoretical analysis the parameter identification is performed with the
aforementioned inverse method, driven by the difference between
experimental (simulated) and calculated outlet temperatures. The former is
calculated with a direct algorithm working with a given heff,βσ value, the
latter is obtained by means of the inverse algorithm working with a guessed
value. All other parameters of eq. ( 4.12) - ( 4.13) are assumed to be known
and constant. The temperature control is imposed by a periodic temperature
variation to the fluid entering the regenerator, with a frequency equal to ω
and an amplitude ∆T.
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Tβ (0,τ ) = T0 +

∆T
sin(ωτ )
2

( 4.20)

4.3.1 Investigation on optimal frequency
Other conditions being unchanged, the frequency of the periodic inlet
temperature control is varied to investigate its influence on the quality
(variance) of the results. In practice, to avoid a strict dependence of the
results on the number Nt of measurements and by considering that the
standard deviation of the reconstructed parameter roughly adheres to the
following relation:

σ h ( Nt ) ≈

ξ

( 4.21)

Nt

the parameter ξ is chosen as a performance parameter of the identification
process.
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Figure 37. Performance parameter ξ as a function of the frequency ω of the
oscillating input temperature, for the different materials listed in Table 6.
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Table 6. Volumetric heat capacity and thermal conductivities for different materials
(rough values here assumed).

plastic
1
0.2

ρσcσ⋅10-6 - J m-3 K-1
λ - W m-1 K-1

glass
2
1.2

steel
4
30

Al
2.5
200

Cu
3.5
400

Pb
1.5
35

This parametric optimization was repeated with different solids (reported in
Table 6) coupled to water and the results, reported in Figure 37, clearly
show the existence of a minimum for ξ, corresponding to an optimal
frequency whose values spread from 0.7 s-1 (copper) up to 4 s-1 (plastic),
depending on the particular material used in the regenerator.

4.3.2 Normalized investigation
The system of solid and fluid equations can be normalized by defining a
reference time constant τ0 and a reference length L0. In this way the
following dimensionless quantities can be defined:

τ + = τ /τ 0

( 4.22)

x + = x / L0

( 4.23)

+

u β = u βτ 0 / L0

( 4.24)

H β = heff , βσ γτ 0 /(αρ β cβ )

( 4.25)

+

+

H σ = heff , βσ γτ 0 /[(1 − α ) ρσ cσ ]
+

2

+

2

Foβ = λeff , βτ 0 /( ρ β cβ L0 )
Foσ = λeff ,σ τ 0 /( ρσ cσ L0 )
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( 4.26)

( 4.27)

( 4.28)

+

Tβ = (Tβ − T0 ) /( ∆T / 2)
+

( 4.29)

Tσ = (Tσ − T0 ) /( ∆T / 2)

( 4.30)

ω + = ωτ 0

( 4.31)

As shown by Figure 37 the optimal frequency strongly depends on the
thermo physical properties of the solid. For this reason, the following
reference time and length are chosen as the following.

τ 0 = L / u β [(1 − α ) ρσ cσ ] /[αρ β cβ ]

( 4.32)

L0 = u β τ 0

( 4.33)

In this way the fluid velocity uβ+ is equal to one. This choice is based on the
concept of utilization factor defined for a two streams heat exchangers as
the ratio between the products given by mass flow rate times specific heat.

Φ=

mβ c β
mσ cσ

( 4.34)

A parallel counterflow heat exchanger is defined “balanced” if the
utilization factor is unitary. Imposing the unitary value in the regenerator
case leads to eq. ( 4.35) and to the previous definition of reference time and
space.

Φ =1=

mσ cσ
M c
LAσ cσ
= σ σ =
mβ cβ mβ cβ c τ 0u β ρ β Aβ cβ

( 4.35)

Figure 38 shows the same results of Figure 37 when they are represented as
a function of the non-dimensional frequency ω+ defined by eqs. ( 4.31)and (
4.32). As one can see the spread of the minimum coordinates is clearly
reduced, corroborating the choice of reference time and length. Aluminum
and Copper optimal dimensionless frequency have values of 0.6-0.7 while
the other material present values practically equal to 1.0. This behavior is
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due to the very high thermal conductivity of the cited metals. Indeed, the
utilized reference time constant τ0 cannot take into account the thermal
conductivity effects. Whenever, in the simulated experiment, the axial
conductive effects are not masked by high convective heat transfer terms the
optimal frequency will show non unitary value. So we can expect a
frequency shift also for materials with smaller thermal conductivity, such as
steel, in case of smaller values of the heat transfer coefficient.
Nevertheless, the use of the dimensionless frequency ω+ in the description
of the performance parameter ξ gave a significant contribution toward the
definition of an optimal frequency with respect to the accuracy of the
reconstructed heat transfer coefficient. In fact, we now can roughly set the
oscillation frequency in true experiment using the following:

ωopt = 1 / τ 0 =

uβ
L[αρ β cβ ] /[(1 − α ) ρσ cσ ]

( 4.36)

Moreover these results put in evidence that the use of different regenerator
materials (fluid-solid couples) results in very different values of the measure
quality parameter ξ and, accordingly, in different values of the accuracy of
the reconstructed heat transfer coefficient. The associated research of the
relation between accuracy of the results and geometrical and thermophysical
characteristics of the phenomenon, which belongs to the optimal experiment
design, is worth future deep studies. Furthermore we should note that the
use of sinusoidal inlet temperature variations are used here just as an
example; the experimental set up actually developed will probably lead to
different control shape, as similar as possible to a periodic square
temperature wave.
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Figure 38. Performance parameter ξ as a function of the normalized frequency ω+ of
the oscillating input temperature, for the different materials listed in Table 6.

4.4

Regenerator geometry definition

The regenerator geometry, size and flow regime are chosen on the basis of
the dimensions of the proof of principle device described in §3. The fluid
flow regime must include the field Rep=5÷35, and the particle diameter is
chosen to be as similar as possible to that of the gadolinium powder (300
µm).

4.4.1 General requirements
To successfully employ a 1D model to describe the regenerator behavior,
some technical solutions in the setup realization are required. The following
requirements are essential to obtain a good experimental behavior:
-

Constant fluid flow rate;

-

Maximum amplitude of the temperature inlet signal;

-

Minimum delay of the temperature sensors;

-

Uniform velocity profile in the measurement sections;

-

Minimum thermal inertia of the regenerator case;
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-

Minimum thermal leakages towards the external;

The constant fluid flow rate is required as the fluid flow is described by a
constant fluid velocity. For this reason the hot and cold circuit has to be
symmetric. The instantaneous fluid mass flow rate can however be
measured and the fluid velocity tuned accordingly.
A great amplitude of the temperature signal reduces the noise to signal ratio.
The minimum sensors delay allows the measurement of quick transients and
minimizes the information leakage given by slow sensors, as the
phenomenon is dynamic.
The velocity uniformity is required in order to have an experiment that is
with good approximation really monodimensional. The fluid velocity profile
inside the regenerator is with good approximation uniform if the channeling
effects near the regenerator walls are neglected. Near the regenerator wall
the void fraction decreases as the particle pattern is disturbed by the
boundary and a lower friction preferential path for the fluid is created. This
effect has been shown to be almost negligible if the tube-to-particle
diameter ratio D/Dp is larger than 20 [95]. The velocity uniformity has been
extended to the temperature measurement sections by the introduction of
two porous sections positioned before the inlet measurement and beyond the
outlet measurement, that act as flow evener. Further discussion on this
aspect can be found in [96].
The thermal inertial of the regenerator case can play a significant role in
damping the temperature signal, and has to be reduced as much as possible.
For this reason the case was realized in Plexiglas, a material with a very low
thermal capacity. A third equation to account for the temperature variation
of the case could be added in the model, as the contribution of an high
thermal capacity case (e.g. made by steel or other metals) could be very
significant. In this study, as the Plexiglas has a very low thermal capacity,
this effect has been neglected.
For the same reason the thermal leakages toward the external must be
reduced. The evaluation of the thermal leakages was neglected in the model,
as the test section was insulated with an insulating sheet.
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Test-rig apparatus

4.5

4.5.1 Hydraulic circuit
The passive regenerator test rig designed and built at the department is
schemed in Figure 39.
Two water steel tanks with a capacity of 30 liters act like the hot and the
cold reservoirs. The temperature of the hot tank is controlled by means of a
1.5 kW thermostat, while the cold temperature is left at the temperature of
the ambient.
Two variable speed pumps, controlled by analogic voltage signals, force the
fluid motion into two symmetric circuits. The fluid mass flow rates can be
controlled either by tuning the pumps control signals or with a by-pass by
opening needle valves.
Two 3/2 distribution valves properly synchronized feed the test section
switching between the hot and the cold circuits driven by an electronic
timer.
The test section is fed by the outlet of a tee, and is equipped with a
differential pressure transducer and two thermometric sections with three
thermocouples each.
The test section outlet is connected with a flow meter for flow visualization
and to an electronic scale for mass flow rate measurement.
A brief description of the circuit components is here reported:
-

Thermostat: Haake DC3, maximum heating power 2.0kW;

-

Volumetric pumps: magnetic drive gear pump (Micropump GBP25) whit stationary shaft, electric supply 24VDC, maximum
electric current 3.4 A, maximum electric power 42W, rotation speed
range 500÷4000 rpm, fluid mass flow rate range 250 ÷ 1.750
ml/min, maximum differential pressure 8.7 bar, temperature range 45÷175 °C, control signal 0÷5 VDC, rotation speed measurement
signal 0÷5 VDC TTL, required impurities protection 100 µm;

-

Distribution valves: 3 way, 2 positions electric valves monostable,
with magnetic drive, switching voltage 24 VDC, switching current
0.4 A, commutation time 30 ms.
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Figure 39. Executive scheme of the passive regenerator test apparatus.

4.5.2 Test section
The test section is composed by five different parts.
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-

A - inlet flow evener: it is composed by a porous section filled by
silica spheres with a diameter in the range 200÷300 µm, held by
two steel filter with a filtering capacity of 100 µm and 0.1 mm
thick. The distributor longitudinal length is 1 cm, enough to
guarantee a good velocity uniformity in the following section;

-

B – inlet thermometric section: it is composed by a 1 cm long empty
pipe, with a set of three thermocouples aligned on a diameter. The
position of the thermocouples is reported in Figure 40;

-

C – test section: the regenerator section under investigation,
composed by a cylinder filled with silica spheres (Dp=200÷300 µm)
held by steel filters as those of part A. The regenerator length is 111
mm, with a void fraction of 0.425, measured by water imbibition.

-

D - outlet thermometric section: it is composed by a 1 cm long
empty pipe, with a set of three thermocouples aligned on a
diameter. The position of the thermocouples is reported in Figure
40;

-

E - outlet flow evener: composed by a porous section filled by silica
sphere with a diameter in the range 200÷300 µm, held by two steel
filter with a filtering capacity of 100 µm and 0.1 mm thick. The
distributor longitudinal length is 1 cm, enough to guarantee a good
velocity uniformity in the previous section.

Figure 40. Position of the thermocouples in the inlet and outlet sections. The inlet
section is part B, the outlet section is part D.

Figure 41. Exploded view of the regenerator test section. Configuration for
Rep=1÷10. The holding filters together with the sealing systems are not showed for
a better readability.

An exploded view of the regenerator test section is shown in Figure 41. The
parts filled by silica powder are hatched (A, C, E). The 2.5 mm hole for the
thermocouples introduction is shown in parts B, D. The sealing system and
the steel filters are not shown for a better readability. The system symmetry
allows a fluid flow in both the directions with no significant changes in the
regenerator behavior. The standard fluid flow direction in this study is from
A to E.
Figure 42 shows a picture of the regenerator test section: the connections
with the hydraulic circuit are made by plastic connections, in order to
minimize the thermal inertia of the circuit between the tee and the inlet test
section. The connections between the different regenerator parts are sealed
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by an outer Plexiglas pipe and standard NBR O-rings. Downstream of the
outlet distributor there is a 7 cm section in order to avoid a sudden cross
section variation for the fluid that influences the velocity profile (the outer
hydraulic circuit have a diameter of 8 mm).
So far a single regenerator section has been realized, and another is
foreseen. The different section characteristic are reported in Table 7. The
thermo physical properties of the materials used in the test section are
reported in Table 8.

Figure 42. Picture of the regenerator test section. The five essential parts of the
regenerator are labeled. Upstream the section A the is a conic section variation from
the outlet circuit. Downstream the section E there is a longer pipe to avoid localized
velocity variation in section D.

Table 7. Geometrical characteristic of the different regenerators.

Case diameter – cm
Particle mean diameter mm
D/Dp – m m-1
Length – m
Void fraction
Mσ – g
mβ,min – l h-1
mβ,max – l h-1
Tβ,min ÷ T β,max - °C
*foreseen.
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Rep=1÷10
configuration
4
0.250

Rep=10÷100
configuration
2.1
1.00

160
0.11
0.425
~ 180
7.7
77
15 ÷ 50

21
0.11
<0.40*
~ 54*
4.7
47
15 ÷ 50

Table 8. Thermophysical properties of the test section materials.

Silica spheres
Thermal conductivity – W m-1
K-1
Density – kg m-3
Specific heat – J kg-1 K-1

1.0

Plexiglas case
0.17

2788
795

1183
1320

4.5.3 Sensors and DAQ system
The list and the characteristics of the sensors are here summarized:
-

Differential pressure transducer: pressure range 0÷30 psi (0÷2.1
bar), sensitivity 11 mV/psi, nominal excitation 10 VDC;

-

Temperature sensors: type T copper/constantan thermocouples,
diameter 0.125 mm, junction realized with oxyacetylene torch,
electrical insulation realized by application of a spray insulator. At
the end of the process the junctions have a diameter of about
0.3mm, and a time constant τ0=0.55s if subjected to a step
temperature variation induced by immersion in a quiescent hot
water container;

-

Acquisition board (Keithley Metrabyte EXP-16): 12 bit, 16
differential channels data acquisition board with A/D converter and
gain amplifier adjustable up to 1000, scan speed 100 ksample s-1. In
order to reduce the noise generation one channel out of every four is
short circuited. The warm-up time for the measurement apparatus is
of about 30 min. The cold junction compensation is made with a
thermocouple immersed in a melting ice insulated reservoir.

-

Flow meter (Rota Yokogawa): vertical rotameter calibrated with
water at 20°C, fluid flow rate range 4÷63 l h-1, uncertainty in the
range 14.9÷2.5 % of the measured value (at 20 l h-1 the uncertainty
is 3.7%, beyond 30 l h-1 is 2.5%)

-

Electronic scale: KERN EW6000, readout 0.1g, reproducibility
0.1g, RS232 interface.

97

The static measurements, that is the differential pressure and the fluid mass
flow rate evaluated by weighting the fluid mass in a given amount of time,
are performed manually.
A DAQ system has been developed for the temperature measurement.
Acquisition speed and precision have to be balanced in order to keep an
high sampling frequency and a reasonable quality of the single
measurement. In order to obtain a good accuracy the calibration of all the
thermocouples was performed and temperature-voltage 3rd order functions
was obtained, based on a five point calibration. A single temperature
measurement is the mean of 500 samples. With this configuration the DAQ
can scan and store 12 channels every 0.20s with a good reliability. Steadystate measurements with valves and pumps switched off show a temperature
standard deviation of less than 0.02 °C for all the channels. The reference
sensor for the measurement was a mercury thermometer whit a one tenth
degree resolution.
The behavior of the passive regenerator is mainly influenced by the
advection term, with a significant influence of the axial dispersion, and
finally of the convective heat transfer. Depending on the thermo physical
properties of the solid material and on the measurement conditions, the
influence of the convective term can be very weak and so hard to be
identified.
For this reason all the parameters that appear in the energy balance
equations must be determined as accurately as possible. The following
measurements must be performed accurately and precisely:
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-

Fluid mass flow rate: the fluid mass flow rate influences directly the
fluid velocity, derived by continuity equation. Both the flow meter
and the calculation by weighting offer a good measurement of this
quantity;

-

Thermocouple distance: the thermocouples are located as near as
possible to the test section, however in order to avoid a direct
contact between the sensors and the steel filter there is a minimum
distance between them and the filters. The exact location of the
thermocouples has to be known, as an error in this evaluation has
the same effect of an error on fluid mass flow rate evaluation
(acting as a time lag or as an advance);

-

Void fraction: the regenerator section is filled by loosely packed
silica particles, and the void fraction measurement is performed by
water imbibition. This measurement is crucial and is however

affected by relatively large inaccuracy, as several conditions can
induce measurement errors. In particular, air humidity plays a
crucial role in filling the regenerator: it was observed that with high
air humidity the silica spheres can easily form clusters and leave,
locally, void spaces clearly visible only thanks to the Plexiglas
housing. The presence of clusters and voids induces preferential,
lower friction, fluid paths that can compromise the experiment. The
void fraction value influences all the terms of the equations, but
directly the superficial fluid velocity (and so the advection term),
and the specific heat transfer surface area γ (so the convective
term).
Another important parameter is the axial conductivity, that cannot be
measured in a static experiment. As all these parameters as a strong
influence on the investigated process, their identification can be added to
the inverse method too, by assigning a confidence bound to each of them,
based on the static measurements and their precisions.

4.5.4 Inverse algorithm augmentation
The inverse algorithm ability to identify the parameter heff,βσ was verified in
paragraph 4.2.4 and exploited to perform an analysis on the optimal control
to be applied to the experiment. In these conditions the algorithm was
applied to simulated experiments, with process and measurement
simulations performed in the same way in the experiment simulation and in
the inverse algorithm, essentially erasing all the possible model inaccuracy.
In the real transient experiment some unexpected or neglected and not
modeled physical effects could affect significantly the measured quantities.
An error on the measurement of all the geometrical characteristics, solid and
fluid thermo physical properties, and of all the measured parameters that
appear in the governing equation can strongly affect the result of the
identification process.
With reference to the process, the advection term (that is the fluid velocity),
and the axial dispersion play a major role in the results.
With particular reference to the measurement process, the thermocouples
position and their time constant can strongly affect the results. The
thermocouples position plays a role similar to the fluid velocity, that is a
translation in time of the temperature signal, while the thermocouple time
constant plays a role similar to the axial dispersion, causing a smearing of
the signal.
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The identification of these quantities was added to the inverse algorithm, in
order to obtain consistent results. Of these parameters, the fluid velocity
(that is fluid mass flow rate) and the axial dispersion influences the operator
f(.) that represents the process, and the sensors position influences the
operator g(.) that represent the measure. The introduction of the parameters
that affects the state x* is taken into account by evaluating the sensitivity
equation of the state vector x* with respect to the parameters.

∂x * ∂x *
,
∂u β ∂λeff ,σ

( 4.37)

The introduction of the position error is taken into account by introducing
the sensitivity equation for the variance propagation from the state vector to
the measure vector.

∂y *
∂ε tc

( 4.38)

Where εtc is the position error (m) with respect to the measured position.
A different implementation is required for the time constant of the
thermocouples. The measured value and the fluid value are equal only in
steady-state conditions. In the transient experiment here described the
steady condition is far, and so the measured value is not equal to the fluid
temperature. The measurement process can be introduced in the model with
the transient energy balance of the thermocouple assumed as a lumped body
described by a time constant τ0 ( 4.17). Also assuming that the fluid
temperature is not disturbed by the sensor, the measured value differs from
the actual fluid value in the sensor location. While there are no trouble in
the implementation of this phenomenon in a simulation, the identification of
the time constant τ0 with a Kalman filter is more complicated. This is due to
the fact that eq. ( 4.17) can’t be expressed in terms of g(.) operator, and that
the state vector x* would be a control with respect to eq. ( 4.17). The
thermocouple inertia could be implemented in the process operator f(.),
giving raise to some numerical problem that in this work where avoided by
not identifying the thermocouple time constant.
The effect of thermocouples was first taken into account by measuring the
time constant τ0,ref of the sensors to a step temperature variation obtained by
immersion in an hot bath. The natural convection convective heat transfer
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coefficient was evaluated by known correlations, and the time constant in
each condition was evaluated by scaling it with respect to the heff,βσ.

τ 0,ref =

ρcV
href A

→τ0 =

ρcV
heff , βσ A

=

τ 0, ref href
heff , βσ

( 4.39)

Where the time constant is expressed by the lumped energy balance, href is
the natural convection convective coefficient for a sphere immersed in a
bath at a different temperature, and heff,βσ is the guess value employed by the
inverse algorithm. By the way, as τ0,ref is measured to be around 0.55 s, the
forced convection heat transfer coefficient are several times greater than the
natural convection one, and the lag at the outlet measurement is partially
compensated by the inlet one, the influence of the thermocouples is very
limited, and was at last neglected.
Some further remarks on the inverse algorithm are noteworthy. If the model
of the predictor algorithm adheres perfectly to the physical phenomenon
(e.g. when operating with simulated experiments), the identification process
finds with no major problem the exact value of the parameters, even if the
initial error on some of them is relevant. If the model contains
approximations, or lacks the description of some relevant physical
processes, the inverse algorithm trend is to modify the parameters that have
the greater influence on the predicted state x*, masking in this way the
modelization errors. When this trend occurs, the obtained results are wrong
and completely meaningless. The transient experiment described is
extremely sensitive to the advection term, so that an error between the
model and the experiment is adjusted by the algorithm by first changing the
fluid velocity, then the sensors position, then the axial dispersion, and
finally the superficial heat transfer coefficient. This behavior suggests that
an accurate measure of the fluid mass flow rate and of the sensor position is
required.
By setting an initial variance to the parameter to be identified, one can force
the algorithm to be more or less sensitive to parameters variation. If, for
instance, the fluid mass flow rate is given with an initial variance near zero,
the algorithm will not modify it, and will minimize the residuals tuning the
other parameter “left free”. The choice so is to perform an accurate
measurement of fluid mass flow rate and position sensor, to estimate the
axial dispersion with a known correlation (eq. ( 2.37)), and to set into the
algorithm an initial variance for these parameters that depends on the
measurement process. In this way these three auxiliary parameters are
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identified into a reasonable range, and the identification of heff,βσ is fairly
disturbed.

4.6

First experimental results

4.6.1 Accuracy and precision verification
The first measurements were carried out with no fluid flow and in
isothermal conditions, in order to verify the sensors calibration, their
accuracy and precision. One channel out of twelve was discarded by this
first check as it was out of range. The influence of the electric devices
(valves and pumps) has an almost negligible effect on the sensors precision,
as shown by Table 9. The table shows that the channels, with the exception
of channel three that has been discarded due to problems on the acquisition
board, give temperature values in good agreement (channels 10, 11 and 12
that are a little different were already assembled in the measurement
section) and with a standard deviation that is less than 2.1/100 °C for every
channel in the conditions: all the equipment turned off, electric valves
switching as in operating conditions and pumps off, electric valves and
pumps turned on in operating conditions.

Table 9. Accuracy and precision of the twelve thermocouple measurements.
Number of samples: 2000, acquisition frequency 1/0.15 s-1. Channel 6 is the cold
reference. Channel 3 is discarded.

Channel
1
2
3
4
5
6
7
8
9
10
11
12
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All off
mean
°C
17.54
17.38

std. dev
°C x
100
1.59
1.65

17.49
17.52
0.00
17.53
17.51
17.65
17.18
17.17
17.17

1.14
1.19
0.00
1.60
1.59
1.58
1.87
1.78
1.92

Valves on
mean
std. dev
°C
°C x
100
17.58
1.64
17.41
1.70
17.53
17.56
0.00
17.58
17.55
17.70
17.26
17.26
17.25

1.2
1.24
0.00
2.43
1.63
1.45
1.82
1.64
1.88

Pumps on
mean
std. dev
°C
°C x
100
17.62
2.1
17.44
1.79
17.56
17.59
0.00
17.61
17.59
17.74
17.37
17.37
17.36

1.23
1.61
0.00
1.78
1.78
1.68
1.83
1.84
1.69

4.6.2 Experiment tuning
Some single-blow experiments were performed in order to test the
experimental setup and the measurement apparatus. Some experimental
issues have been faced before obtaining satisfactory results. Some of the
main issues are here reported, with reference to their effect on the
regenerator behavior.
Figure 43 shows two issues that have been faced. Hot and cold reservoirs
temperatures are shown by the solid red and blue lines, the solid black line
is the temperature signal at the outlet of the tee that connects the hot and
cold circuits. The first order thermal inertia of the tee is clearly visible, even
if it is not very large. The marked red lines are the temperature
measurements of channels 10, 11, 12 at the inlet section of the regenerator.
The presence of air bubbles in the measurement section is evidenced by the
temperature fluctuations of two sensors, that suggest the presence of
vortices in the fluid. A further smoothing of the temperature control is
induced by the inertia of the hydraulic circuit between the tee and the
measurement, and by the inlet distributor A. The time constant obtained at
the regenerator inlet is about 2 s.
The temperature perturbation travels towards the regenerator in about 16 s,
and is recorded with a further smoothing at regenerator outlet. In this run
the outlet distributor isn’t yet assembled. The velocity profile is so greatly
disturbed by the downstream cross section reduction, so that a stagnation
region near the case produces an evident difference between each channel.
In order to avoid these unwanted effects two solutions were adopted. Air
bubble entrapment was observed to be mainly due to water surface tension
at the steel filter-water interface. By lubricating the steel filters with sealing
grease and washing it with running water the air entrapment was strongly
reduced. To uniform the outlet velocity profile the discharge connection
with the outer circuit was changed with a longer one, and an outlet porous
distributor (acting as a flow evener) equal to the inlet one was introduced
downstream the outlet measurement section D.
With the described solutions the single blow experiment of Figure 44 is
obtained. Disregarding the bias shown by channel 7 (0.5 °C) a very good
synchronization of the inlet and outlet temperatures is shown, together with
a good temperature uniformity. In this conditions the experiment can be
considered with good approximation mono-dimensional.
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Figure 43. Single blow cold to hot experiment. Fluid flow rate 20 l h-1. Fluid
vortices due to air bubbles and non-uniform velocity profile are visible.

Figure 44. Single blow hot to cold experiment. Fluid flow rate 20 l h-1. A 0.5 °C
bias on channel 7 is evident.

Another issue is about the amplitude of the temperature signal at the inlet of
the regenerator. As shown by the single blow example, the thermal inertia
of the circuit is not negligible, and acts as a low-pass filter for the
temperature signal. A periodic temperature control is so damped down to an
amplitude than decreases increasing the control frequency. In order to
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reduce this effect the hydraulic circuit from the tee to the inlet section is
made by plastic connections and pipes.
Figure 45 shows the inlet temperature time history (marked red line) with a
periodic temperature control (solid black line) of 1/8 Hz frequency. The
ratio between the inlet temperature signal amplitude and the temperature
control amplitude is about 0.8.
Figure 46 shows the inlet temperature time history (marked red line) with a
periodic temperature control (solid black line) of 1/4 Hz frequency. The
ratio between the inlet temperature signal amplitude and the temperature
control amplitude is about 0.57.
In order to keep a good noise to signal ratio, at higher frequencies higher
temperature spans are required. At lower flow rates the signal damping is
more severe. At 30 l h-1 and 1/8 Hz frequency the signal to control ratio is
0.67, at 40 l h-1 and 1/8 Hz the ratio is 0.73.
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Figure 45. Regenerator inlet and outlet temperatures histories. Fluid flow rate 50 l
h-1. Signal frequency 1/8 s-1.
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Figure 46. Regenerator inlet and outlet temperatures histories. Fluid flow rate 50 l
h-1. Signal frequency 1/4 s-1.

4.6.3 Low Reynolds tests
The first experimental test were performed with the Rep=1÷10
configuration. Due to the model augmentation needing, no identified heff,βσ
value is yet available.
However, a comparison between the simulated and predicted temperature
histories is here reported for different Rep conditions. For these comparisons
the Wakao and Kaguei correlation eq. ( 2.30) was employed.
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Figure 47. Single blow experimental (black) vs simulated (blu) temperature
histories of the outlet fluid temperature. The inlet temperature is the solid red line.
Fluid flow rate 20 l h-1. Rep=2.9, Nup=5.8, λeff,σ = 6.6 W m-1K-1.
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Figure 48. Single blow experimental (black) vs simulated (blu) temperature
histories of the outlet fluid temperature. The inlet temperature is the solid red line.
Fluid flow rate 30 l h-1. Rep=4.4, Nup=6.9, λeff,σ = 9.5 W m-1K-1.
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Figure 49. Single blow experimental (black) vs simulated (blu) temperature
histories of the outlet fluid temperature. The inlet temperature is the solid red line.
Fluid flow rate 40 l h-1. Rep=5.9, Nup=7.8, λeff,σ = 12.3 W m-1K-1.

These comparisons show a good agreement between the experimental data
and the data predicted with the numerical model developed.
These results are encouraging as they confirm several different issues. First,
the predicted and measured signals are sufficiently well synchronized, with
no significant lag, ensuring that the fluid mass flow rate and the porosity of
the regenerator are measured with good accuracy. Then, the slope of the
predicted outlet temperature is very similar to the experimental one,
indicating that no major physical effects have been neglected in the model.
However, a little advance, greater as the fluid mass flow rate increases, is
evident in the predicted value, indicating that the assumed values of fluid
mass flow rate, void fraction, or sensor position are not perfect.
In terms of parameter identification, in a single-blow experiment an error
(not too large) on the advection term can be balanced by a variation of the
heff,βσ or of λeff,σ . On the other side the amount of information of a singleblow experiment is limited to the breakthrough curve, while no information
can be extracted from during the isothermal blow.
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Figure 50. Transient experiment measured (black) vs simulated (blu) temperature
histories of the outlet fluid temperature. The inlet temperature is the solid red line.
Fluid flow rate 50 l h-1. Rep=7.4, Nup=8.6, λeff,σ = 15.2 W m-1K-1, signal frequency
1/8 Hz.

To gain more information about the thermal phenomenon, transient
experiment with variable inlet temperature can be performed. In this kind of
experiment a perfect synchronization between the predicted and ,measured
data is required.
For this reason the advection term (in terms of fluid mass flow rate or
sensor position) has to be identified at the same way of the heff,βσ , in order
to obtain reasonable results.
A comparison between predicted and measured transient experiment is
shown by Figure 50. It is evident as a time shift given for instance by a not
perfect measurement of one of the advection term leads to an error on the
predicted temperature that is not due to a wrong guess value for the heff,βσ.
This behavior confirms the needs of the identification also of the advection
parameters.

4.7

Remarks

This part of the study deals with the thermal characterization of nonisothermal solid fluid passive (that is with no applied magnetic field)
regenerators.
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The theoretical analysis of the dynamic process is performed by a numerical
method, with a mixed Eulerian-Lagrangian approach with a moving mesh
intended to reduce as much as possible the numerical diffusion effect
peculiar of the advection-diffusion problems. The method was tested by
observing the evolution of a temperature step travelling along a pipe, and
performed better than high order numerical Eulerian methods.
In order to design a transient experiment to determine the convective solidfluid heat transfer coefficient heff,βσ in a porous bed regenerator, a model
based processor, the Kalman Filter, has been developed and applied to the
identification of this parameter in simulated transient experiments. Once
proved the algorithm reliability on a few reference cases, the method has
been used in a sensitivity analysis oriented to the search of the optimal
frequency to impose to the temperature variation of the fluid entering the
regenerator. The investigation put in evidence that an optimal frequency
exists and that its value can be well correlated to various geometrical and
thermophysical properties of the materials involved in the experiment,
linked to each other by a simple expression for the optimal frequency.
An experimental test rig for heff,βσ measurement was designed and built, to
investigate the flow regime Rep=1÷100. Some critical issues arose in the
experimental apparatus tuning, and must be taken into account in its design,
especially if a 1-D numerical model is employed in the measurement:
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-

A flow evener is required both at the inlet and at the outlet of the
regenerator in order to ensure a good uniformity of the velocity
profile;

-

A good air discharge is needed in the regenerator section to avoid
the formation of low-resistance path for the fluid, and to avoid the
formation of vortices;

-

The circuit between the three way valves and the inlet of the
regenerator must have as minimum thermal capacity as possible, in
order to keep a good amplitude of the temperature signal also with
high frequency variation;

-

An accurate and precise measurement of all the parameters that
concur to modify the advection contribute is essential: at the
investigated Rep the advection terms is predominant on the other
terms, so that the regenerator outlet temperature is strongly affected
by advection terms, and weakly affected by heat transfer terms. As
the research is intended to identify the heat transfer terms, the
advection terms must be known with a great accuracy.

This last requirement forced an augmentation of the identification algorithm
in order to take into account the measurement error on the advection terms
(fluid flow rate and void fraction) and on the sensors position. After the
augmentation the inverse algorithm, up to now under consistency tests, will
be able to identify the fluid mass flow rate, the sensor position, the effective
thermal conductivity of the solid, and finally the effective convective heat
transfer coefficient heff,βσ.
Preliminary tests show that the tuned test rig can produce experiments that
are with good approximation mono dimensional, and that can be performed
also at relatively high frequencies (up to 1/4 Hz) with a good signal
amplitude.
Comparison between predicted data, obtained assuming the Wakao and
Kaguei correlation, and experimental data on single-blow measurements
show a good qualitative agreement, indicating that no major physical
phenomena have been neglected in the model.
From a parameter identification point of view, in a single-blow experiment
an error on the evaluation of the advection terms can be masked by the
value of the convective and conductive values. With a transient experiment
this is not possible as a little error in the advection term can cause a great
error of the predicted outlet temperature history. The identification of the
advection parameters is so required if a transient experiment is used to
evaluate the heat transfer phenomenon in a passive regenerator at low
Reynolds numbers.
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5

CONCLUSIONS

This study deals with a threefold task. In the framework of magnetic
refrigeration, the dynamic modeling of an active magnetic regenerator, the
experimental characterization of a magnetic refrigerator prototype, and the
transient modelization and thermal characterization of a passive solid-liquid
regenerator are the investigated fields of interest.
-

Dynamic modeling of an AMR. A 1-D numerical model to solve the
partial differential equations that describe the AMR behavior was
developed and implemented. The obtained dynamic model is stable
over a wide range of operating conditions, and allowed to perform
an extended performance analysis. To account for the AMR
parameters only, its behavior is spitted off from the other
components of an actual device (interaction with the magnetic field
source, external heat exchangers, hydraulic circuit). In this way the
simulation results are an upper limit for the AMR performance. The
1-D numerical model is verified to be consistent with the first and
second thermodynamic laws, and it is then used to perform a
parametric investigation on the influence of the main operating and
working parameters (utilization factor, environment temperature,
operating frequency, magnetization and demagnetization periods)
on the AMR performance. The results obtained from simulations
point out some critical issues that must be taken into account in the
design and in the control of an AMR device: obviously the active
material must be chosen with reference to the environment
temperature; all the performances of the AMR (cooling capacity,
COP, and maximum achievable temperature span) are extremely
sensitive to the utilization factor, that is to the intermediate fluid
mass flow rate, that can be used as a control parameter to tune the
AMR according to the load requirements; in the analyzed low
frequency range, the cycle frequency can be increased with no
significant performance losses.

-

Experimental characterization of the magnetic refrigerator
prototype. Preliminary experimental results from a magnetic
refrigerator prototype, designed and built at the DCCI department,
showed the magnetic induction between the polar expansions and
the pressure drop along the regenerator. The magnetic structure
design process is reported, together with the magnetic
measurements on the actual magnetic flux profile in the magnetic
gap. The magnetic structure can force, in air, a 1.5T mean magnetic
induction over a rectangular region of 65 cm3. The magnetic
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measurements on two median sections of the magnetic gap
(reciprocally perpendicular) show a very good agreement with the
predicted data, confirming the accuracy of the FEM guided design.
Pressure drop measurements along one tube of the regenerator are
in good agreement with the data predicted by means of the widely
accepted Ergun’s correlation, confirming that measurements on
particle size and void fraction were performed with good accuracy.
A lot of unexpected problems arose in the experimental set-up, due
to small fluid leakages from the carbon tubes of the regenerators,
next to the squared section sealing. Unfortunately this problem
where unsolvable, and a new regenerator design was required. The
new regenerator is now under assembly and sealing test.
-
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Thermal characterization of a passive regenerator. An enhanced
dynamic numerical model was developed to simulate the behavior
of a passive regenerator, with the aim to design a transient
experiment for the identification of the solid-to-particle convective
heat transfer in the low Reynolds number flow regime. To this
purpose a new numerical scheme with a mixed Eulerian-Lagrangian
approach was developed and tested to be less affected than highorder Eulerian schemes by the artificial diffusion typical of the
numerical solution of the advection-diffusion problem. A predictor
corrector parameter estimator (Kalman filter) was developed and its
ability to identify the solid-to-particle convective heat transfer value
of simulated experiment was verified. With these tools, the optimal
external controls for the transient experiment were searched for. A
target function (minimum variance of the identified parameter) that
expresses a quality index of the measurement, and independent by
the number of samples, was defined. A simple expression for the
optimal frequency to be applied to the temperature variation at the
inlet of the regenerator was found for different water-solids couples.
A normalization process was carried out it and it emerged that this
normalization is effective, if the axial conduction is limited with
respect to the heat transfer between solid and fluid. On the basis of
these results a passive regenerator test-rig has been designed and
built. The tuning process required to obtain an experiment that is
with good approximation 1-D is reported, together with some
comparisons between single-blow experimental data and the data
predicted by the model with the literature correlation of Wakao and
Kaguei for the evaluation of the particle-to-fluid convective heat
transfer. The first experimental results show that there is a
qualitative good agreement with the predictions, confirming that no
major effects have been neglected in the model. If a transient

temperature control is applied, little inaccuracy in the advection
term measurements are amplified, so that an augmentation of the
identification algorithm was required in order to take into account
the effect of the measurement errors on the parameters related to the
advection term. Up to now the augmentation has been implemented
and the algorithm is under validation tests.

5.1

Future work

All the three parts of this study can be improved by future work.
-

AMR modeling. The main effect that can cause a performance
reduction can be now implemented in the model: dead volumes,
magnetic field spatial profile, non-instantaneous magnetic field
variations. Furthermore the analysis could be extended to an higher
frequency range, and layered beds with different active materials
could be simulated;

-

Prototype characterization. Once the new regenerator is fully
assembled an experimental campaign on the performance of the
magnetic refrigerator prototype can be performed, investigating
different operating conditions. If needed the simulation model can
be augmented to better fit the experimental results;

-

Passive regenerator. Once the inverse algorithm is working
properly the experimental campaign on the passive regenerator can
investigate the field Rep=1÷100. Other materials and fluid could be
used in order to broad the experimental field.
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