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The active magnetic regeneraf@fMR) uses a magnetic solid as a thermal storage medium and as

a working material in a refrigeration cycle. Thermodynamically coupled to a heat transfer fluid, the
regenerator produces a cooling effect and generates a temperature gradient across the AMR. The
coupling between the heat transfer fluid and the magnetic refrigerant is a key aspect governing the
operating characteristics of an AMR. To increase our understanding of AMR thermodynamics, we
examine the entropy balance in an idealized active magnetic regenerator. A relation for the entropy
generation in an AMR with varying fluid capacity ratios is derived. Subsequently, an expression
describing the ideal magnetocaloric effé®tCE) as a function of temperature is developed for the
case of zero entropy generation. Finally, the link between ideal MCE and refrigerant symmetry is
discussed showing that an ideal reverse Brayton-type magnetic cycle cannot be achieved using
materials undergoing a second-order magnetic phase transitiorR008 American Institute of
Physics. [DOI: 10.1063/1.1536016

I. INTRODUCTION mize cooling capacity is a fundamental question that has
been studied since the idea of the AMR was developed. Im-
The active magnetic regenerative refrigerd@®%RR) is  plicit in determining the ideal MCE is the desire to have
a device that could be used to produce efficient and compaghinimum entropy generation. This requirement arises from
cooling over a broad range of temperatures. The heart ahe fact that the refrigeration cycle must satisfy the second
such a device is the active magnetic regeneré#fdviR)  law and should be as efficient as possible. An early analysis
which exploits the magnetocaloric effddICE) of some ma-  of an AMR by Crosset al! based upon entropy balance de-
terials. The MCE, as it will be used in this article, is the termined that the ideal MCE should vary linearly with tem-
property exhibited by a material whereby there is a characperature throughout the bed according to
teristic reversible temperature change induced when the ma-
terial is adiabatically exposed to a magnetic field change. By AT
using such a material in a regenerator as the heat storage
medium and as the means of work input, one creates an ) )
AMR. Unlike traditional working materials in many heat en- WhereATqqis the MCE at a temperatuie and the subscript
gines(such as gasgsthere is no single cycle describing the refis a refergnce ppmt which cpuld be the Curie temperature.
thermodynamic procesge., Stirling, Brayton, Carnot, efc. quatlon(l) is Qer|ved assuming the net entropy.flows en-
undergone by all of the working material. Each section of th¢€fing and leaving the AMR are equal and determined by the
AMR experiences a unique cycle which may be similar to@diabatic temperature change of the mater!al at the ends of
some traditional gas processes. The solution of the couplddi® regenerator. It was assumed that this relation holds
energy equations for the fluid and magnetic material is dghroughout the regenerator.
necessary step in predicting AMR performance. However, as |:2urther analysis of the problem was performed by Hall
with other cycles, it is useful to examine the process in the?t @l who determined that the ideal MCE need only satisfy

limit of reversible operation to gain a basic level of under-Ed- (1) at the ends of the AMR and not throughout the bed.
standing. They also suggested that no unique ideal MCE exists for an

The MCE is a key parameter determining the magnitudé®MR, however the material should satisfy the constraint:
of cooling and the maximum temperature span that can be
established. For all magnetic refrigerants near their ordering ado 1. 2
temperature both the MCE and heat capacity are strong func-

tions of temperature and magnetic field. The highly nonlineatpis ¢onstraint was further supported by modeling results of
nature of these properties and the fact that they are material,,oiii and Chahind.

dependent complicates any analysis of an AMR. How th_e A recent study reports that the ideal MCE profile is a
MCE should vary as a function of temperature so as to maxi,nction of AMR operating conditions and is given by

. AT T
ey = STed T &
ref

dE|ectronic mail: arowe@me.uvic.ca ATE&?&'(T): f(B)T™c/MH—T, (3
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FIG. 1. Schematic representation of an AMR showing the net wittkand FIG. 2. Hypothetical cycle for the magnetic refrigerant at some cross section
heat flux,Q, at a differential section of the bed. of the AMR.

wheref(B) is a function of magnetic field strengBy my is
the fluid mass flow rate for the hatl, and cold,C, blows,
and T is the temperature of the bed at the cold &nthe
details of this derivation are not published.

The purpose of this article is to investigate idealized S
AMR behavior via a simplified model of the coupled solid— (3). heat transfer ﬂ.u'd IS blqwn through the bed fTOm the
cold side to the hot side causing a small constant-field tem-

fluid system. An expression for entropy generation in the erature chanae in each section. and
AMR is derived and is then used to determine an analyticD 9 '

expression for the ideal MCE as a function of temperature (4) the bed is adiabatically removed from the magnetic
pre C . P field thus reducing the temperature of each section by the
The ideal MCE function is then related to refrigerant prop-

erties in the case of a four-step isofield—isentropic processIocal MCE. . . .
" In the analysis that follows, the adiabatic steps are as-
sumed to occur instantaneously and isentropically while the
Il. ANALYSIS hot and cold blows occur over some equal timg,

The system under consideration is graphically depicteq F'9ure 2 shows the assumed refrigerant cycle occurring
in Fig. 1. The envelope of an AMR bed is shown with a'n & differential section of widthdx at some location in the

dashed line while a section of differential thickness is high-~MR. The cycle as described above is equivalent to the pro-

lighted. Hot and cold heat exchangers are not shown, but a/e€SS starting at pointd” and proceeding alphabetically to
assumed to be present on each end of the AMR. The bed [§tUrn to the starting point. The refrigerant temperature
made up of a porous solid material that is the magnetic recN@nge in the low isofield processTc, is due to regenera-
frigerant and a fluid within the pores acts as the heat transfdion occurring during the cold blowgc. It is assumed that

medium. The fluid transfers heat between the cold heat exNe fluid capacity rate is small relative to the thermal mass of

changer, the refrigerant, and the hot heat exchanger. It ilre bed(a so-calledshort blow) so that_the isofield tempera-
assumed that the heat transfer coefficient is sufficiently IargIal’Jre changes are small an_d the magn_ltude of the MCE for_ the
so that the fluid and solid temperatures are essentially equifCCeSSb-C can be described by a first order Taylor series
at all times. Furthermore, the thermal mass of the interstitigfPProximation in reference to poirt. The resulting area
fluid is assumed to be negligible relative to the solid matrix.Within the T-s diagram is equivalent to the magnetic work
The fluid capacity raterfic,) for the cold and hot blows are MPUt Per unit mass for the material at locaton
shown asp. Thehot blow is defined as the period when the A. Entropy generation

AMR is in a high magnetic field and the fluid flux is from the . . .
cold end to the hot end of the regenerator bed. Likewise, the Focusing on_the heat tr_ansfer f'“.'d' an expression for the
cold blow is when the fluid flux is in reverse and the bed ise_ntropy generatlon_per un_|t Ie_ngth in the AMR W'" t_)e de-
in a low magnetic field. Over a complete cycle, heat is ab-”ved' In the following derivation, thermal diffusion is as-

sorbed by the fluid in the cold heat exchanger, rejected inthéflmed negligible a(;‘d thet mtasihﬂo"" rates fort eaChbb:OW
hot heat exchanger and the total work input is the volumd"1ase areé assumed constant. 1he general entropy balance

integration of the work performed by each section of the bedgquatlon per unit length in the differential section is,

The AMR should be recognized as the combined solid—fluid ¢S’ T

system. —r TV S=Seta, (4)
Many AMR devices built and tested to date have mim- )

icked a reverse magnetic Brayton cycle in each section of ththere S’ is the entropy per unit lengtt§ is the rate of

regenerator bed by using four distinct steps in a cycle: entropy flux through the sectioBg is an entropy source per
(1) while the AMR is in a low magnetic field the fluid is unit length due to heat transfer with the solid refrigerant, and

blown from the hot side to the cold side of the bed, therebys’ is the entropy generation rate per unit length due to irre-

warming the refrigerant; versibilities in the fluid.

(2) the AMR is exposed to a high magnetic field in a
nearly adiabatic process, thereby causing a temperature rise
at each section of the bed equal to the MCE at the local
temperature;
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If a complete cycle for the AMR is considered when resulting in
periodic steady-state operation has been achieved, the net

entropy generation is found by integrating over a cycle: o' = $H daT _¥c d_T (14)
, T+AT dT T |dx’
o'= fj; WdH 3g V- Sdt— % Sedt. ®  The parameterg are seen to be the total fluid thermal ca-

. . i . ibina the | pacity over the cold and hot blows. If these fluxes are equal,
Using Fig. 2 as a guide, an equation describing the locaje AvR is said to be operating in a balanced condition;

cyclic entropy generation for the fluid can be derived. Forhowever, in general this need not be true. A balance param-
periodic steady state and assuming the refrigerant undergogg.er can be defined as

a reversible cycle as shown, the entropy change of the refrig-

erant during hot and cold blows are equal and, therefore, the @oc

last term in Eq(5) is zero. Furthermore, for periodic steady- B= <P_H' (15
state conditions the material starts and ends at pirthe

first term on the right-hand side is zero and the entropy genWe know from the second law that entropy generation is a

eration relation becomes positive quantity; therefore, the following must be satisfied
for real conditiongentropy generatiorn0):
o'= §V'Sdt. (6) o dAT| @cldT
) ] o 1+ - —|=—>0. (16)
Assuming the mass flow rate is position independent,(&q. T+AT dT / T ]dx

can be written using the mass flow rate and mass specif

T _ . When the temperature increases monotonically, i.e.,
entropy explicitly in one dimension:

ds LI 1
o= %m&dt. (7) ax_ 17
For an ideal gas with negligible pressure drop, the mass spét all locations in the AMR, then the following inequality
cific entropy is related to heat capacity by must be true:
c,dT=Tds 8 dAT AT
P ® (1+—)>ﬁ(1 —) (18
Thus, the local entropy generation becomes dT /" ey T
mc, dT
= O — — B. Ideal MCE
o= S at ©

The purpose of this section is to derive an analytic ex-

If the thermal capacity of fluid is small, we may assume that, esgjon for the ideal MCE as a function of temperature. If
the local temperature gradient remains constant over the dyre «ideal” AMR is defined as one with zero entropy gen-

ration of a blow anq the temperature changg of the materiar—!-ration, then, using Eq14), the following differential equa-
is small. The cycle integral can then be easily evaluated fofiy is true:

the hypothetical process consisting of two isentropic steps

and two isofield blows by noting that the mass flux is zero in o dAT\ ¢c
the two adiabatic steps. A piecewise integration then gives  TF AT at |~ T (19)
o' = (MCp7g)H ﬂ_ (Mcp7s)c d_T (10) Equation(19) can be rewritten as
T+AT dxy T dx’ oal oal
dATI eal ATI eal
Finally, using the relations a7 ¥c T = ﬁ—1. (20
PH PH
Tu=T+AT(T)

Equation(20) is an ordinary first-order differential equation

dT dT dAT(T) for the ideal MCE as a function of temperature and can be

dxg dx T dx 1D solved using the boundary conditiddiT (T o) = AT e
dT _(, dAT\dT AT (& T\
axy o7 | ax TEHT) = (AT rert Trer) T -T, (21)
the entropy generation per unit length is where the balance parameter has been used. As can be seen,
dT Eq. (21) is similar in form to Eq.(3), and, if the AMR is

[

(Mc,7g)H dAT) (Mmc,7g)c . .
TIAT ( a7 ) - T I’ (12 balanced g=1), t_he resultllng expression is the same as Eq.
(1). Thus, Eq.(1) is a particular case of the more general
Equation(12) can be written using the following definitions expression, Eq21). Figure 3 shows some ideal MCE curves
for various conditions of balance. The reference conditions
are for Gd with a field change of 0—2 T shown as the dashed
curve.

pc=(Mc,7g)c,

en=(MCp7p)H, (13
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FIG. 3. Ideal MCE curves for various conditions of balance. The reference FIG. 4. Symmetry of Gd for a 0-2 T field change.

condition is for Gd with a field change of 0-2(@lashed ling

dAT AT D=0 )

C. Refrigerant cycle gt ST s b=0 @7
In the preceding analysis the entropy generation is de-

rived by an entropy balance focusing on the heat transfeP-
fluid. The assumed cycle for the solid, shown in Fig. 2, is  There are some interesting implications of the basic ther-
reversible; thus, if there is entropy generation in the AMR itmodynamic analysis. Two key differential equations were
is assumed to be external to the refrigerént the fluid.  derived, one for zero entropy generation for the fluid and the
Using the short blow assumption, a simple entropy balancether for the refrigerant:
on the refrigerant is easily derived. The temperature change

“Ideal” material properties

of the refrigerant during the cold blow T . The tempera- Fluid ideal MCE: dat_ AT =B-1, (28)
ture change during the hot blow can be found using the Tay- dT T
lor series expansion and subtracting the temperature at dAT AT
from d: Solid ideal MCE: oT ST TST 1. (29
STy=| T+OTc+AT+ dA_T(;TC —(T+AT). (220  Ifboth equations are to be satisfied and entropy generation is
dT to remain zero, then the solid and fluid temperatures must be
Further manipulation gives the following: equal at all locations and the following must be true
STy dAT s=5. (30
oTe 1+ dT - (23 Thus, for an ideal AMR, the condition of balance must match

the refrigerant symmetry. Because the ideal MCE as a func-
Now, for the assumed cycle, the refrigerant entropy chang@on of temperature is determined by the balance, intuitively,
during the hot blow equals the entropy change during thehere should be a relationship between balance and symme-
cold blow. The entropy change can be approximated by: try since heat capacity and MCE are derived from the en-
CeoT tropy curves. In practice, balance is generally constant
ds= , (24) throughout the AMR(i.e., the fluid capacity rate at all loca-
T tions is the same during a blgwtherefore, the refrigerant
so, equating hot to cold gives symmetry must be independent of position. Thus, for a posi-
tion independent field change in the AMR, the symmetry
6Tu _ ThCec _ THAT cge (o5  Must be independent of temperature to satisfy the constraint
6Tc T gy T cCgy of Eq. (30). Carpetis qualitatively discussed this inherent
cycle irreversibility in an AMR due to nondeal entropy
curves of the refrigerant. Here, we have linked the material
_ €symmetry to AMR balance.
try, s: Figure 4 shows the symmetry of Gd for a 0-2 T field
Cac ca(T,BL) change using the data of Dan’kev al® Near the phase tran-
ST ean Ca(THAT.BL)’ (26)  sition temperature, the refrigerant symmetry is a strong non-
' linear function of temperature. Thus, for an AMR with con-
whereB, is the low-field strength, anBy, is the strength of stantg the constraint of Eq(30) will not be satisfied over
the high field. any significant temperature span using such a material.
Using the definition of symmetry, the equivalence of Moreover, even if the AMR has zero longitudinal conduc-
Egs.(23) and(25) results in the following differential equa- tion, the heat transfer coefficient is infinite, and the fluid has
tion: zero viscosity the simple isofield—adiabatic cycle does not

The isentropic ratio of the low-field heat capacity to the
high-field heat capacity is defined as the refrigerant symm
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satisfy a local solid—fluid entropy balance. This suggests thabed thermal mass is studied. An expression for local entropy
the ideal isofield—adiabatic cycle shown in Fig. 2 cannot satgeneration is derived and used to produce a relation describ-
isfy a zero entropy generation constraint and, therefore, thing the “ideal” MCE as a function of balance and tempera-
real AMR cycle must be different when using refrigerantsture. An entropy balance on the refrigerant produces a rela-
undergoing a second order magnetic phase transition. tion for the ideal MCE similar in form to the fluid-derived
The properties of an ideal refrigerant can be furtherexpression, but in terms of refrigerant symmetry and tem-
specified. The functional relationship between the low andperature. It is shown that a zero-entropy generation condition
high field entropy curves for an ideal material is definedcan only be satisfied for this cycle when the symmetry and
using Egs(21) and(30) and the definition of heat capacity fluid capacity balance are equal. Using the symmetry rela-
Js tionship of a prototypical second-order magnetic refrigerant
CBET(_) ) (31) (Gd), it is shown that for this type of magnetic refrigerant
I/ g such a cycle cannot be satisfied without entropy generation.

An expression of the following form results giving the rela- Finally, the relationship between the slopes of the low and

tionship between the slopes of the low field and high fieldgnigh field entropy curves of an ideal AMR refrigerant is de-
entropy curves: rived in terms of MCE and balance.
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