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Abstract

Active magnetic regenerative refrigeration (AMRR) systems represent an environmentally
attractive alternative to vapor compression systems that do not use a fluorocarbon working fluid.
A one-dimensional transient numerical model that solves the governing energy equations of an
AMRR has been developed. The governing equations are solved by starting from an initial
temperature distribution and stepping the model forward in time until cyclical steady state has
been achieved, and using the results to calculate cooling power and total input power to the
system. This thesis describes the numerical model and details how it was verified numerically
and experimentally. The model was verified in the limit of a passive regenerator against an
analytic solution and was verified experimentally against data taken on a prototype AMRR
system. The model was also used to analyze transient operation of a practical AMRR system

and was used to evaluate different methods of controlling an AMRR system.
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Chapter 1 Introduction

Active magnetic regenerative refrigeration (AMRR) systems represent an attractive alternative to
vapor compression refrigeration and air-conditioning systems. AMRR systems do not use a
fluorocarbon working fluid; instead, a solid refrigerant is used. The solid refrigerant, a
magnetocaloric material, communicates with the environment via a heat transfer fluid. Because
the solid refrigerant has essentially zero vapor pressure, AMRR systems have no Ozone
Depletion Potential (ODP) and no direct Global Warming Potential (GWP). The heat transfer
fluid will likely be aqueous and will therefore have minimal environmental impact. In theory, a
well-designed AMRR system can be competitive with or even more efficient than vapor
compression systems, provided that the volume of the active magnetic regenerator is sufficiently

large.

1.1 THE THERMODYNAMICS OF THE AMRR CYCLE

Magnetic refrigeration is driven by the magnetocaloric effect, which is a change in entropy of a
material with magnetization. The temperature and magnetic field of a magnetocaloric material
are highly coupled over certain, typically limited, operating ranges; this characteristic allows
them to be used within energy conversion systems. The magnetocaloric effect is maximized at
the Curie temperature where a material changes from a ferromagnetic to a paramagnetic state.
There are two types of magnetic phase changes that may occur at the Curie point, first order
magnetic transition (FOMT) and second order magnetic transition (SOMT). For SOMT
materials, the magnetic moments of the material become aligned during the transformation from

a ferromagnet to a paramagnet. There is no discontinuous jump in magnetization and no latent



2
heat at the transition associated with the transition. FOMT materials experience a simultaneous

ordering of magnetic dipoles and a latent heat associated with the transition. Some FOMT
materials experience a change in the crystal sub-lattice associated with the phase change at the
Curie point. According to Gschneidner et al. (2005), the temperature change for SOMT
materials upon magnetization is almost instantaneous (on the order of nanoseconds). However,
for FOMT materials that experience a change in structure, atoms are displaced during the change
in crystal structure and therefore the time required to achieve a temperature change when
magnetizing some FOMT materials can be many orders of magnitude larger than the time-scale
associated with SOMT materials. According to Gschneidner et al. (2005), SOMT materials
generally exhibit very low hysteresis (where material properties are dependent on the history of

the magnetic field), but FOMT materials can exhibit significant hysteresis.

A thermodynamic substance can change its internal energy (U) as a result of either work or heat,

leading to the differential energy balance:
dU =TdS +dw (1)

The 1* term in Eq. (1) corresponds to an inflow of heat (7 dS) and the 2™ to an inflow of work
(dW). In general, work can flow in many forms (e.g., mechanical, electrical, etc.). The familiar
fundamental property relationships that describe most fluids result when only volumetric
compression work (P-V) is considered; however, for magnetocaloric materials, the integral of the
applied field (x,H) and magnetic moment (M) form the work term in Eq. (1). This is appropriate

provided that magnetic hysteresis effects are ignored (Guggenheim, 1967) .

dU =T dS + y1, H dM )



3
Increasing the applied field for magnetic materials tends to align the magnetic dipoles, which

requires work and reduces entropy. Using this relationship between entropy, internal energy, and
magnetic field, it becomes possible to apply all of the typical thermodynamic results and
identities that are ordinarily used in the context of a pure compressible substance to a
magnetocaloric material. For example, Maxwell's relations (Guggenheim, 1967) can be used to
describe relationships between the partial derivatives of properties and a magnetocaloric material
will be characterized by an equation of state that describes the magnetization as a function of
temperature and applied field. A temperature-entropy diagram for a magnetic material will
include lines of constant applied magnetic field rather than isobars; however, the diagram is
otherwise analogous to a more familiar T-s diagram characterizing a compressible working fluid.
For example, Figure 1.1 illustrates the temperature-entropy diagram for Gdg 94Ero 06 (Zimm and

Gschneidner, 2003).
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Figure 1.1. Temperature-entropy diagram for Gdy ¢4Ery o6 With lines of constant applied
magnetic field shown.

Closer examination of Figure 1.1 reveals that it is possible to change the temperature of a
magnetic material in an adiabatic process by changing the applied magnetic field. Figure 1.2
illustrates the adiabatic temperature change of an alloy of 94% Gadolinium and 6% Erbium,
Gdo 04Er0 06, when the magnetic field is increased from 0 Tesla to 2 Tesla and from 0 Tesla to 5
Tesla. Figure 1.2 shows that the adiabatic temperature change (which is a direct indicator of the
magnetocaloric effect) depends on the initial temperature of the material, notice that a large
magnetocaloric effect is only exhibited for a relatively limited temperature span. In a material
such as Gdog4Er 6 that exhibits a second order phase transition above the magnetic ordering

temperature, magnetic hysteresis is negligible. In this case, adiabatic magnetization and
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demagnetization are isentropic processes; therefore, when the material is subsequently

demagnetized, its temperature will return to its original, zero-field value.
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Figure 1.2. Adiabatic temperature change with magnetization for Gdg 94Er o6

Figure 1.2 reveals several details that are relevant to practical AMRR systems. First, the
adiabatic temperature change is relatively small compared to the temperature span required for
most practical cooling systems. This characteristic necessitates the use of a regenerative cycle in
order to provide a cooling load over a useful temperature span. Second, the magnetocaloric
effect is largest over a relatively narrow temperature range. In order to maximize the

magnetocaloric effect and therefore the performance of the AMRR system, it is desirable to



6
construct a regenerator bed from several materials which have Curie temperatures that are

tailored to match the local operating temperature.

1.2 MAGNETIC COOLING SYSTEM CONFIGURATIONS

1.2.1 Adiabatic Demagnetization Refrigerators

Early magnetic coolers were used to achieve extreme cryogenic temperatures; these devices used
an adiabatic demagnetization refrigeration (ADR), or “one-shot,” cycle. Giauque and
MacDougall (1933) used an ADR system to reach temperatures below 1 K, breaking the
temperature barrier that had previously been imposed by the properties of cryogenic fluids. The
ADR system that they and other researchers used consisted of a solid piece of magnetocaloric
alloy and utilized an isothermal magnetization, in which the material is placed into contact with a
hot reservoir, followed by an adiabatic demagnetization. All of the material in an ADR cycle
undergoes the same thermodynamic cycle and therefore the temperature lift is limited to the
adiabatic magnetization temperature change exhibited by the material. Figure 1.3 shows a one-
shot refrigeration cycle on a T-s diagram. ADR cycles also require complex heat switches with
limited heat flux capacities. For these reasons, the ADR cycle is not a practical alternative for

near room temperature, commercial devices.
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Figure 1.3. Temperature-entropy diagram for a one-shot refrigeration cycle

1.2.2 Active Magnetic Regenerative Refrigerators

The technical barriers associated with the ADR cycle have been overcome by the use of a
regenerator within the active magnetic regenerative refrigeration (AMRR) cycle. Brown (1976)
first constructed a regenerative magnetic refrigerator and demonstrated that the use of a
regenerative configuration can provide a no-load temperature span that is much greater than the
adiabatic temperature change of the magnetocaloric material that is used to construct the
regenerator. The device described by Brown used a stationary fluid column with a moving
regenerator. Green et al (1986) constructed the first successful AMRR using a bed subjected to a
fluid flow and achieved a 40 K temperature span. In an AMRR system, a porous bed of
magnetic material is exposed to a time-varying magnetic field and a time-varying flow of heat

transfer fluid. Each segment of the bed undergoes a unique refrigeration cycle and interacts with
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the adjacent material via the heat transfer fluid. The net result of these cascaded refrigeration

cycles is a temperature lift that is much larger than can be achieved by an ADR cycle.

The AMRR cycle consists of four processes. A conceptual drawing illustrating the processes
that make up the operation of a rotary AMRR, such as is described by Zimm et al. (2006), is
shown in Figure 1.4. A regenerator consisting of six individual beds is discussed here; one of the
six beds is highlighted in Figure 1.4 and is considered in the following discussion. The bed is
magnetized by rotating it into the field of a permanent magnet, Figure 1.4(a). The
magnetocaloric effect causes the material in the bed to increase in temperature when it is
magnetized. While the bed is in the magnetic field, it experiences a flow of heat transfer fluid
from its cold end to its hot end; this flow causes a heat rejection in the hot heat exchanger, Figure
1.4(b), because the temperature of the fluid leaving the hot end is hotter than the ambient
temperature. The bed is demagnetized as it rotates out of the permanent magnet, Figure 1.4(c),
causing the temperature of the bed to decrease. The regenerator then experiences a flow of heat
transfer fluid from its hot end to its cold end while it is out of the magnetic field, Figure 1.4(d),
which causes a cooling load to be accepted at the cold heat exchanger because the temperature of

the fluid leaving the cold end is less than the refrigeration load temperature.
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Figure 1.4. Conceptual drawing showing the processes that make up rotary
AMRR system, (a) magnetization, (b) cold to hot flow, (c)
demagnetization, and (d) hot to cold flow.

1.3 DEVELOPMENTS IN MAGNETOCALORIC MATERIALS

The properties of the magnetocaloric material that is used in an AMRR system are primarily
responsible for the system performance that can be achieved. A review of recently developed
materials for room-temperature refrigeration is given by Brueck (2005). Researchers have
developed several promising materials with large magnetocaloric effects and tunable Curie

temperatures that may be suitable for room-temperature applications (Gschneidner et al., 2005).
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Magnetocaloric materials generally have non-linear properties that are highly dependent on

temperature; therefore evaluating the relative potential performance of one material compared to
another in an AMRR system is not straightforward. A rigorous comparison of materials would
require that the properties be integrated with a detailed model of the AMRR system and even
then, the results would depend on the regenerator geometry, operating temperatures, heat transfer

fluid properties and several other system or operating parameters.

Although no simple set of properties can define the performance of a magnetocaloric material
used in an AMRR, the two parameters that provide the most meaningful basis for comparison are
the adiabatic temperature change with magnetization (47,;) and the mass specific entropy
change with magnetization (4s)). Many magnetocaloric materials exhibit magnetic hysteresis;
that is, the material properties are dependent on the history of the magnetic field experienced by
the material. Hysteresis will reduce the performance of an AMRR system and therefore should
also be considered when selecting a magnetocaloric material. The thermal conductivity of the
magnetocaloric material also has an important, albeit less intuitive, impact on the performance of
AMRR devices. A material with a large thermal conductivity could lead to a regenerator that is
plagued by large axial conduction, which can be a major loss mechanism for AMRRs. However,
it is possible to reduce axial conduction losses by placing low conductivity spacers in the
regenerator. Conversely, a material with a low conductivity will not interact completely with the
heat transfer fluid during each cycle; the diffusive conduction wave that transfers energy
between the material and the fluid will travel too slowly (as compared to the cycle time) and
therefore the material in the center of the solid matrix (e.g., at the center of a spherical particle)

will not participate thermally in the AMRR cycle (or the frequency of operation must be reduced,
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which carries its own penalty). Regenerators characterized by high fluid-to-solid heat transfer

coefficients or high operating frequency are particularly susceptible to losses related to
temperature gradients that are internal to the solid material (Engelbrecht et al. 2006a).
Therefore, materials with either very high or very low thermal conductivity may not be well-
suited for some AMRR applications; the threshold conductivities depend strongly on the

particular geometry of the regenerator that is being considered.

The Curie point is the temperature where a material changes from a ferromagnetic to a
paramagnetic state; this temperature is significant because a material will exhibit its greatest
magnetocaloric effect near the Curie temperature (in Figure 1.2, the Curie point is about 277 K).
There are two types of magnetic phase changes that may occur at the Curie point, first order
magnetic transition (FOMT) and second order magnetic transition (SOMT). As discussed above,
the time required to realize a magnetization induced temperature change in some FOMT
materials can be many orders of magnitude larger than the time required in SOMT materials.
This time lag between the application or removal of a magnetic field and the associated thermal
response of an FOMT material may decrease cycle performance by 30-50% when FOMT
materials are used in an AMRR that operates at frequencies from 1-10 Hz. However, according
to Russek and Zimm (2006), even with this penalty, FOMT materials with large magnetocaloric
effects that use less expensive raw materials have the potential to be more cost effective in

AMRR devices than SOMT materials such as Gd.

Figure 1.2 shows that magnetic materials exhibit a large magnetocaloric effect only over a

narrow temperature range that is near the Curie temperature (7¢,..) of the material. As a result,
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there is only a small temperature range where an AMR composed of a single magnetic material

can maintain its otherwise potentially high performance. In order to maximize the
magnetocaloric effect over a larger temperature span, a regenerator bed composed of several
materials may be constructed with an engineered, spatial variation in the Curie temperature along
the length of the regenerator; the local Curie temperature of the material at any position is
selected (through changes in the composition of the alloy) in order to match the local, average
regenerator temperature. A regenerator constructed of several magnetocaloric materials is
referred to as a layered regenerator, and AMRR systems that utilize layered regenerators have
the potential to achieve higher system performance than single material AMRR systems.
Therefore, researchers are working towards the development of families of material compounds
which have similar properties, but whose Curie temperature can be shifted by changing the
material composition. For example, the Curie temperature of alloys of gadolinium, Gd, and
dysprosium, Dy, can be adjusted by varying the fraction of Gd in the alloy. A thorough review
of available magnetocaloric materials can be found in Gschneidner et al. (2005). In this section,
some of the most promising families of materials that were presented in Gschneidner et al.
(2005) as well as more recently developed materials that were not included in that review are

discussed.

According to Allab et al. (2006), the upper limit of the magnetic field strength that can be
achieved using a permanent magnet today is approximately 2 Tesla; therefore, the properties of
magnetocaloric materials are compared using a magnetic field change from 0 to 2 Tesla. A

summary of the magnetic properties of selected materials is presented in Table 1.1. Note that in
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Table 1.1, hysteresis is defined as the temperature shift that is observed as the magnetic field

increases as compared to when the magnetic field decreases.

Table 1.1. Summary of properties of selected magnetocaloric materials.

-Asy (0-2 AT, (0-2
Material Tcurie | TYpe Tesla) Tesla) Hysteresis Reference
(K) (J/kg-K) (K) (K)
IGd 294 |SOMT 5.8 5.5 ~0 Dan'Kov (1998)
[GdsSiaGe,
x=0.5 269 |FOMT] 27 7 2 |Pecharsky et al. (2003)
|LaFe13xSixHy
x=1.3,y=1.1] 287 |FOMT 28 7.1 1 Fujita et al. (2003)
|Lal.chWFel3-XSixHy
w=0.1, x=1.3, y=1.6 334 |FOMT 30 Fujieda et al. (2004)
IMnAs; xShy
x=0] 318 |FOMT 32 5 6 Wada and Tanabe (2001)
3 (0-1.45
x=0.1] 287 |FOMT 30 Tesla) 1 Wada et al. (2005)
IMny 1FeqoP1.xGey
x=0.2| 206 |SOMT 13 ~0 Yan et al. (2005)
x=0.22] 280 |[FOMT 16 11 Dagula et al. (2005)
IMn1 1Fe0.9Po.5ASo 5 282 |[FOMT 25 Tegus et al. (2004)
|Pr13Fe87 288 |[SOMT 3 Pawlik et al. (2006)
|Gd,.Tb.Co,
x=0.6] 300 |SOMT 2.5 Zhou et al (2006)
x=1 230 |SOMT 3.5 Zhou et al (2006)
INi2+xMn;.,Ga
11 (0-1.8
x=0.16] 314 |FOMT Tesla) 7 Cherechukin et al. (2004)
21 (0-1.8
x=0.18 333 |[FOMT Tesla) 7 Cherechukin et al. (2004)

1.3.1 Gadolinium and its alloys

Gadolinium, Gd, is an SOMT material with a Curie temperature of approximately 293 K. It is

the only pure substance with a Curie point near room temperature that exhibits a significant
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magnetocaloric effect over a large temperature span. Dan’kov et al. (1998) studied the

magnetocaloric properties of high-purity Gd and found the maximum A7, to be approximately
5.8 K when magnetized from 0 to 2 Tesla using a direct measurement of 47,,. The isothermal
entropy change with magnetization is approximately -5.5 J/kg-K for high-purity Gd. Ames
Laboratories measured the properties of a commercial grade gadolinium and determined an
entropy change with magnetization of -4.9 J/kg-K (Zimm et al., 2003). The magnetic hysteresis
exhibited by gadolinium is quite low and Dan’kov et al. reported that there was no detectable
hysteresis in single gadolinium crystals. The thermal conductivity of Gd near room temperature
is approximately 10 W/m-K (Fujieda et al., 2004). Because gadolinium has a relatively large
magnetocaloric effect and low hysteresis, it has been used in many prototype room temperature
AMRR systems (Yu et al., 2003). Gadolinium can corrode in the presence of water at room
temperature, which could affect the long-term performance and durability of an AMRR system
using Gd-based alloys. However, Zhang et al. (2005) found that by adding NaOH to the water,
this corrosion problem can be eliminated; practical AMRR systems using Gd-based alloys will

likely require some type of corrosion inhibitor in the heat transfer fluid.

Gadolinium can be alloyed with terbium (Tb) (Gschneidner and Pecharsky, 2000), dysprosium
(Dy) (Dai et al., 2000), or erbium (Er) (Nikitin et al., 1985) in order to lower the Curie
temperature. Canepa et al. (2002) report that palladium (Pd) can be added to Gd to form Gd;Pd;,
which has a higher Curie point than pure Gd. The properties of all of these Gd alloys exhibit
magnetocaloric properties that are similar to pure Gd and these families of Gd alloys can be used

to construct a layered regenerator bed.
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1.3.2 GdsSis Gey

Alloys composed of gadolinium, silicon and germanium exhibit a magnetocaloric effect that is
significantly larger than that of gadolinium alone and have a phase transition temperature that is
near room temperature (Pecharsky and Gschneidner 1997). The Curie temperature of the
material can be adjusted by varying the fraction of silicon and compounds with a wide range of
Curie temperatures can be synthesized (Pecharsky and Gschneidner 1997a). Unlike gadolinium,
most GdsSisxGex compounds are FOMT materials and the entropy change with magnetization is
larger than that of gadolinium but is also much sharper, occurring over a narrower temperature
range. The FOMT involves a change in crystal symmetry, with a magnetic hysteresis that is
larger than that of gadolinium, with a value of 2 K reported for GdsSi,Ge, (Pecharsky and
Gschneidner, 1997). The thermal conductivity of GdsSi,Ge, was experimentally determined to
be approximately 5-7 W/m-K near room temperature (Fujieda et al., 2004). The hysteresis can
be greatly reduced by alloying with other elements, but the material then becomes an SOMT

(Pecharsky and Gschneidner, 1997b; Shull et al, 2006).

Pecharsky et al. (2003) found that by using high-purity starting components and a different heat
treatment (compared to what was used in the previous work by Pecharsky and Gschneidner
(1997)), the entropy change with magnetization and the adiabatic temperature change for
GdsSi»Ge; could both be increased by more than 50%. The magnetic entropy change, Asy, of
this optimally prepared material was approximately -27 J/kg-K and the adiabatic temperature
change, AT,4, was approximately 7 K when the material was magnetized from 0 to 2 Tesla. The
adiabatic temperature change was determined from heat capacity and magnetization

measurements and was not measured directly. Gds (Si;xGex)s materials have the potential to be
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high performance AMRR refrigerants because they possess a relatively high entropy change with

magnetization as well as a large adiabatic temperature change. Families of these materials with

similar magnetic properties can be fabricated with large spans of Curie temperature.

1.3.3 LaFe3.,Si H,

Alloys of lanthanum, iron, silicon and hydrogen undergo a first order magnetic phase transition
and exhibit a magnetocaloric effect that is larger in magnitude than gadolinium but is much
sharper (i.e., it occurs over a narrower temperature span), as discussed by Fujieda et al. (2002).
The properties of the material can be adjusted by substituting iron for silicon (Gschneidner et al.
2005) or by adding hydrogen (Fujita et al. 2003). The Curie temperature of this family of
materials has been reported in the temperature range from 195 K to 336 K (depending on
composition). La(Fe;;7Si;3)H;; has a Curie temperature of 287 K and experiences an entropy
change of -28 J/kg-K and an adiabatic temperature rise of 7.1 K when magnetized from 0 to 2
Tesla. The adiabatic temperature rise was measured indirectly using heat capacity and
magnetization data. The hysteresis for LaFe;; 4451, 56 is approximately 1 K according to Fujita et
al. (2003); however, the hysteresis can vary widely with material composition. The thermal
conductivity of these materials is approximately 10 W/m-K near room temperature (Fujieda et
al., 2004). Lanthanum is one of the most common rare earth elements, with a cost that is

significantly less than Gd, making these materials potentially more economical than Gd.

The performance of the lanthanum, iron, silicon family of materials can be enhanced by
substituting other elements for lanthanum. For example, by substituting cerium (Ce) for

lanthanum, Fujieda et al. (2004) were able to increase the magnetic entropy change to -30 J/kg-K
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for a compound with 10% cerium substitution. Fujieda et al. (2006) found that substituting

praseodymium (Pr) for lanthanum increases the entropy change and adiabatic temperature
change when magnetized from 0 to 5 Tesla by more than 30% compared to a similar material
with no lanthanum substitution. No data was found for a 2 Tesla magnetic field change for the
material with praseodymium substituted for lanthanum; however, it likely has a similar
advantage over the un-substituted material at 2 Tesla. The hysteresis is not affected by

substituting praseodymium for lanthanum.

1.3.4 MnAs;.xShy

The recently developed MnAs; xSby compounds are FOMT materials that may be suitable for
magnetic refrigeration systems. MnAs has a Curie temperature of approximately 318 K, an
entropy change with magnetization, Asy, of approximately -31 J/kg-K, and an adiabatic
temperature change, AT,4, of approximately 5 K when magnetized from 0 to 2 Tesla (Wada and
Tanabe, 2001). The adiabatic temperature was measured indirectly using heat capacity
measurements. MnAs has a relatively large hysteresis of 5 K and a low thermal conductivity of
approximately 2 W/m-K near room temperature (Fujieda et al., 2004). The Curie temperature of
this alloy can be adjusted between 230 K and 318 K by substituting antimony (Sb) for arsenic
(As). When the fraction of Sb (x) is greater than or equal to 0.05, the thermal hysteresis becomes
quite small while the magnetocaloric effect remains approximately unchanged (Wada et al.,
2005). For the material containing Sb, AT,; was determined to be 3 K when magnetized from 0
to 1.45 Tesla using a direct measurement of adiabatic temperature change. These materials are
attractive as magnetic refrigerants because they have a large entropy change with magnetization,

the Curie temperature can be adjusted over a large temperature range and the hysteresis becomes
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relatively small with the addition of antimony. However, the adiabatic temperature change is

relatively low for this family of materials and the thermal conductivity is significantly lower than
that of gadolinium and the other magnetocaloric materials that have been discussed; these

properties may decrease performance under some AMRR operating conditions.

1.3.5 MnFeP Materials

The properties of this family of materials can be modified with the addition of the elements As,
Mn, Ge, cobalt (Co), and chromium (Cr) (Tegus et al., 2004). The Curie temperature of
Mn; ;Feo 9P xGex can be adjusted between 250 K and 380 K by varying x, the fraction of
germanium (Ge) in the compound (Dagula et al., 2005). Yan et al. (2006) report that the
properties of this alloy are strongly dependent on the material processing technique that is used.
The Curie temperature of a melt-spun alloy was found to be 18 K higher than that of an annealed
bulk alloy with the same composition. The melt-spun materials also exhibited higher entropy
change with magnetization and lower hysteresis. This family of materials are generally FOMT;
however, when x=0.2, the material becomes SOMT with no detectable hysteresis. The Curie
temperature for the x=0.2 alloy is approximately 206 K and therefore it is not well-suited for
space cooling applications; however, it may be useful for some low temperature refrigeration
applications. As germanium is substituted for phosphorus (P), the thermal hysteresis increases
and reaches a value of approximately 8 K for compounds with x>0.2. The entropy change with
magnetization is approximately -16 J/kg-K for a 0 to 2 Tesla applied field change for materials
that have a Curie temperature near room temperature. The Curie temperature of MnFe;«P.
yAsy can be adjusted by varying the fraction of As. The maximum entropy change for these

materials from Brueck et al. (2005) is -20 J/kg-K for Mn, ;Feo9Po47As053, which has a Curie
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temperature of 289 K. Tegus et al. (2004) reported an entropy change with magnetization of

approximately -25 J/kg-K for Mn; FegoPosAsos, which has a Curie temperature of 282 K.
These materials have a substantial magnetocaloric effect and the Curie temperature can be
adjusted over a wide temperature range, which makes them attractive as possible magnetic
refrigerants. The thermal hysteresis for these materials is larger than other materials mentioned

above, which could reduce performance in an AMRR system.

1.3.6 Other Materials

Compounds of NiyxMn;xGa have Curie temperatures that liec between 315 K and 380 K and
have a relatively large magnetocaloric effect. Cherechukin et al. (2004) reports that these
materials exhibit a magnetic entropy change of -20.7 J/kg-K when magnetized from 0 to 1.8
Tesla for Ni ;sMng g,Ga. These materials have a relatively high hysteresis of 7 K (Gshneidner et
al., 2005), which makes them less desirable than other materials with large magnetocaloric
effects. However, new fabrication processes may reduce this hysteresis, making these materials

well-suited for coolers operating at higher temperatures, for example between 300 and 350 K.

Several other materials have been developed recently, but none seem as promising as the
materials discussed above. Dinesen et al. (2005) studied the magnetic properties of Lag ¢7Cag 33-
SryMnOs.s and found that the adiabatic temperature change of these materials is significantly
lower than that of gadolinium. For a Sr fraction of 0.55, AT,q is 1 K and Asy is -2.8 J/kg-K when
magnetized from 0 to 1.2 Tesla. Pawlik et al. (2006) studied alloys of praseodymium and iron
(Fe) and found that the maximum magnetocaloric effect occurred in PrjsFeg;, with an entropy

change of magnetization of approximately -3 J/kg-K, which is less than that of Gd. Compounds



20
of Gd, Tb, and Co were studied by Zhou et al. (2006) and the maximum entropy change with

magnetization was found to be -3.6 J/kg-K, which is also significantly lower than that of pure

Gd.

1.4 AMRR PROTOTYPE SYSTEMS

Different mechanical realizations of the AMRR cycle are possible and several types of prototype
systems have been constructed. For example, the magnetic material may be stationary and the
field varied by controlling the current in a solenoid; however, this configuration is currently only
practical at very low temperatures or where superconductors can be used to efficiently handle the
large currents that are required to generate useful magnetic fields. Practical AMRR systems used
for residential and other smaller scale applications will likely use a permanent magnet to
generate a magnetic field, because the power required by the cryogenic equipment necessary to
maintain the superconducting temperature of a solenoid magnet can greatly exceed the cooling
power of small to medium scale AMRR devices (Zimm et al., 2006). However, for large scale
systems, the increased performance that is possible for an AMRR energized by a
superconducting magnet may offset the additional power required to maintain the magnet at a
cryogenic temperature. Systems using permanent magnets can achieve variations in applied field
by physically moving either the magnetic regenerator relative or the magnet relative to one
another, either linearly in a reciprocating device, or rotationally in a rotary device (e.g., Figure

1.4); a schematic of a reciprocating AMRR system is shown in Figure 1.5.
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Figure 1.5. Schematic of the University of Victoria reciprocating AMRR device: (1)
fluid displacer, (2) hot heat exchanger, (3) AMR, (4) cold heat exchanger,

(5) magnet (Rowe et al., 2006).
Several AMRR prototypes have been built and their measured performance has been published.
Some of these prototypes have implemented layered regenerator beds in an attempt to increase
performance and many of these newer systems are using the more practical option of permanent
magnets rather than supercon