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ABSTRACT

An irreversible regenerative Brayton refrigerator cycle is established, in which the nonperfect regenerator, re-
generative time, heat leak, and irreversible adiabatic processes are taken into account. The mathematical ex-
pressions of the refrigeration rate, coefficient of performance, and thermoeconomic function of the refrigeration
cycle are derived and the thermoeconomic function is optimized. Moreover, choosing Gd, Gd.9sDyo.05s and
Gdy o5Erg o5 as the working substances respectively, we discussed in detail the influences of the thermoeconomic
and thermodynamic parameters on the optimal thermoeconomic and thermodynamic performances. The results
show that the thermoeconomic performance of the refrigeration cycle using Gd or Gdg.9sDyo.05 as the working
substance is better than that using Gdg g9sErg 05 and the thermoeconomic performance of the refrigeration cycle
using Gdo.o5Dyo.05 as the working substance is better than that using Gd in the situation with the lower adiabatic

magnetization.

1. Introduction

Magnetic refrigeration [1-8] based on MCE is one of the green re-
frigeration technologies and has attracted more and more attention.
Due to its high efficiency (reach up to 60% of the Carnot efficiency),
environment-friendly, structure compactness, without noise, and save
energy [9], magnetic refrigeration is regarded as a promising alter-
native to traditional refrigeration technology.

Considerable efforts have been made to promote the development of
magnetic materials and magnetic refrigerators. Gadolinium (Gd) with
the Curie temperature of 293 K is considered to be an ideal working
substance for room temperature magnetic refrigerators and has been
efficiently utilized in current prototypes. Even it is often thought as a
reference material for comparing purpose. A magnetic refrigerator re-
quires a large temperature span and constant magnetic entropy as a
function of temperature [10]. Relatively to Gd, Gd-based alloys such as
gadolinium-dysprosium (Gd-Dy), gadolinium-erbium (Gd-Er), and ga-
dolinium-Terbium (Gd-Tb) can be used as the working substances to
shift the Curie temperature [11]. MCE can be enhanced with high
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magnetic fields and therefore the MCE of some magnetocaloric mate-
rials in high steady magnetic fields were studied by direct measure-
ments of the adiabatic temperature change [12,13]. Furthermore, a
number of researchers have explored some MCE materials such as
Gds(SizGey) and La-Fe-Si- and Mn-Fe-P-based alloys. Pecharsky et al.
[14] discovered an extremely large magnetic entropy change in
Gds(SizGey) when it was subjected to a change in the magnetic field.
Aprea et al. [15] compared the performance of Gds(Si»Ges),
Fe11.384Mng 356Si1.26H1.52, LaFe11.05C00.94Si1.10, MnFePg 45A8¢.55, and
Prg 65Sr0.35MnO5 with that of Gd and found that Gds(Si»Ge,) is the best
candidate to magnetic refrigeration due to its large temperature span
and COP. Although Mn-Fe-P- and La-Fe-Si-based alloys are first-order
materials, some of them are also promising ones for room-temperature
application, because the thermal hysteresis may be adjusted to small
enough and the entropy change values can reach 16.5 J kg~ ! K™! and
14.8 J kg ! K™ for Mn-Fe-P- and La-Fe-Si-based alloys compared with
5.6 J kg ! K™ ! of Gd [16]. Franco et al. [17] analyzed different mag-
netocaloric materials, such as Gd and Gd-based alloy, La-Fe-Si-based
alloy, Gd-Si-Ge-based alloy, and Ferromagnetic Lanthanum Manganites,
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Nomenclature

A area of heat exchange, m>

a cost per unit heat exchanger area, ncu/(year, m?)
By Brillouin function,

b cost per unit power input, ncu/(year, w)
Cc heat capacity, J/(XgK)

C, energy cost, ncu/year

C; investment cost, ncu/year

F thermoeconomic function

g Lande factor

H applied magnetic field, T

Lieak dimensionless heat leak coefficient

J quantum number of angular momentum
k thermoeconomic parameter

k' Boltzmann constant, J/K

M magnetization, Am?/kg

M, molar mass, kg/mol

N number of magnetic moment
ncu national currency unit

p power input, w

Q exchanged heat, J

Quet net cooling quantity, J

AQ, additional regenerative loss, J

R cooling rate, w

R’ universal gas constant, J/(mol K)
R* dimensionless cooling rate

T temperature, K

~

heat exchange time, s

t, time of two regenerative processes, s

U heat transfer or heat leak coefficient, J/(m?K)

u percentage of magnetic material’s price in magnetic re-
frigerator

w work input, J

Greek letter

B area distribution of heat exchanger

7 regenerator efficiency

Dhnag irreversible adiabatic magnetization factor
Ndemag irreversible adiabatic demagnetization factor
A molecular field coefficient

Ho permeability of vacuum, F/m

Ug Bohr magneton, eV/T

P mass density, kg/m?

Subscript

a,b,b,c,d, e ¢, f state point

h high temperature side

l low temperature side

leak heat leak

r regenerator

abbreviation

CcopP coefficient of performance
MCE magnetocaloric effect

and possible routes to improve their performance. Samanta et al. [18]
observed a giant MCE in ErRu,Si, when field-induced metamagnetic
transmits from an antiferromagnetic to a ferromagnetic state. Guo et al.
[19] observed that the magnetic entropy change in the polycrystalline
of La; _,Ca,MnO3 (x = 0.2 and 0.33) perovskite-type manganese oxide
is larger than that in Gd. On the other hand, some prototype machines
have also been designed, built, and tested. Gémez et al. [20] presented
a reciprocating room temperature magnetic refrigeration prototype
using permanent magnets for operation, and a maximum temperature
span 3.5 K without thermal load was achieved. Bahl et al. [21] designed
and constructed a novel rotary magnetic refrigeration device, and a
large temperature span of 18.9 K was obtained at a heat load of 200 W.
Eriksen et al. [22] built and tested a rotary active magnetic regenerator
prototype, and a temperature span of 10.2 K was measured in the
prototype. Yu et al. [23] described exhaustively and classified all the
magnetocaloric prototypes presented before 2010. In this review, the
magnetocaloric devices are classified as the first and second generations
of room temperature magnetic refrigerators. The first generation em-
ploys superconducting magnets and runs at low-frequency of operation.
The second generation uses rotating permanent magnets allowed to
reach higher frequencies of operation. Recently, Greco et al. [24]
summarized the state of art of all the room temperature solid-state
prototypes for cooling and heat pumps before 2019. In 2018, Johra
et al. [25] built and investigated a prototype of an active magnetic
regenerator and heat pump for building application, and the maximum
operating frequency of 2 Hz and coefficient of performance of 5 are
obtained at a temperature span of 25 K.

The optimal parametric design of room-temperature magnetic re-
frigerators, including the optimal design of the refrigeration cycle
parameters, will be an important project towards commercialized de-
velopment. Some studies have focused on the theoretical investigation
of magnetic refrigeration cycles. For example, Diguet et al. numerically
investigated the performance characteristics of the magnetic Brayton
[26] and Ericsson [27] refrigeration cycles. Wu et al. [28] presented

and optimized the model of the irreversible magnetic Stirling cryo-
cooler using paramagnetic material as the working substance. Wang
et al. [29] established the irreversible cycle model of magnetic Brayton
refrigerators and the optimal performance parameters were obtained at
the maximum coefficient of performance.

For thermal energy conversion devices, thermoeconomic perfor-
mance analysis is a powerful and effective method that combines ex-
ergy with conventional concepts from engineering economics to eval-
uate and optimize the design parameter and performance of energy
systems [30]. Sahraie et al. [31] performed and optimized the ther-
modynamic modeling of a two-stage irreversible heat pump. Lucia et al.
[32] obtained the relationship between the thermoeconomic function
and the entropy increase in an irreversible Stirling heat pump. Xu et al.
[33] established an irreversible regenerative ferromagnetic Ericsson
refrigeration cycle and optimized the thermoeconomic performance of
the refrigeration cycle.

Note that Gd is a second-order material and almost without hys-
teresis. Gd-based alloys such as GdDy, GdEr, and GdTe exhibit mag-
netocaloric properties similar to Gd and can lower the Curie tempera-
ture. In this paper, an irreversible model of the regenerative magnetic
Brayton refrigeration cycle using Gd, Gdg.95sDyo.05 or Gdo.9sErg 05 as the
working substance is put forward. The influences of thermodynamic
parameters including the adiabatic irreversibility factor, regenerator
efficiency, heat leak coefficient, state point temperature of the working
substance, and the area distribution of the heat exchanger in lower
temperature side, and thermoeconomic parameter on the thermo-
dynamic and thermoeconomic performances of the regeneration re-
frigeration cycle are analyzed and evaluated. At the same time, the
impact of the investment cost of magnetic material in the refrigerator
on the thermoeconomic performance is investigated. By using de
Gennes factor method, the theoretical values of the Curie temperatures
of these Gd-based alloys are calculated and compared with the related
experimental data in Appendix. Furthermore, the comparisons of the
thermoeconomic performance among Gdyg 9sErg o5, Gdg.95Dy0.05, and Gd
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are carried out by the numerical calculation results. The results ob-
tained are helpful to the optimal parameter design and thermo-
economic performance analysis for room temperature magnetic re-
frigerators.

2. Mathematical description of an irreversible magnetic Brayton
refrigeration cycle

An irreversible magnetic Brayton refrigeration cycle consists of two
iso-magnetic field and two adiabatic processes, as shown in Fig. 1. This
refrigeration cycle is operated between the applied magnetic fields Hy
and H;. The temperatures of cold and hot reservoirs are T; and T, re-
spectively. In the irreversible process a— b’, the working substance is
magnetized adiabatically, and its temperature increases from T, to Ty
(T, for a reversible process). In the iso-magnetic field process b’ — ¢, the
heat Q) is released from the working substance to the hot reservoir,
such that the temperature of the working substance decreases from Ty
to T., which is the temperature of the state point c. The process ¢ — d is
the iso-magnetic field one, the heat Q; is released from the working
substance to the regenerator, and the temperature of the working
substance drops to 7. In the adiabatic demagnetization process d — ¢’
(e point for a reversible process), the temperature of the working sub-
stance is decreased further. In the iso-magnetic field process ¢’ — f, the
working substance absorbs the heat Q; from the cooled space and the
temperature of the working substance rises to T;. At last, for the iso-
magnetic field process f— a, the regenerator releases the heat Q, to the
working substance and the temperature of the working substance rises
to T, [34].

In the low-temperature side, the heat exchange between the
working substance and the cooled space can be expressed as

C(Hy, T)dT = UA(T} — T)dt (€D)]

From Fig. 1 and Eq. (1), one can obtain the heat exchange time
between the working substance and the cooled space as

t_fncumTMT
T Jre gA(n- 1) @

Similarly, the heat exchange time t; between the working substance
and the hot reservoir is given by

Ty C(H, T)dT
T UAR(T - T;) 3)

h =

According to statistical mechanics, the equation of state and mag-
netization entropy of ferromagnetic materials as the working substance
are given by [35]

M = NgJB; (y) (C)]
and
sinh( 2+ 1y
Sw(H, T)=R ln.(izi) — YB®)
smh(z) ()

where y = guyugJ (H + A’M)/k'T and the Brillouin function By(x) is
given by

27+ 1 27 +1 1 1
B = coth — —coth| —
) =55 ( 27 y) 27 (Zly)

(6)

Based on Eq. (5), we can calculate the iso-field heat capacity by the
following equation:

am)
Cy=T[ZM
" (6TH @)

Assuming that total heat exchange area A in high- and low-tem-
perature sides is constant. Then, parameter § = A;/A is called as the
area distribution of the heat exchanger in the low-temperature side, and
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Ay = (1 — B)A can be obtained. Further, we define irreversible adia-
batic magnetization and demagnetization factors 7),,,, and 7,,,,, as

_L-T,
) ®)
and

-
Taemas =, ©

For a reversible adiabatic process from H, to H;, one has
Sy(Ho, T) = Sy (Hy, T + ATog) (10)

By using Eq. (10), T, and T, in the adiabatic processes a-b and d-e
can be solved out.

Besides, it is supposed that the total time t. spent in the two re-
generative processes is proportional to that in the two heat exchange
processes, i.e.,

tr = A([Z + [1) (11)

Note that A depends on the property of the working substance. Thus,
the period of the irreversible regeneration magnetic Brayton re-
frigeration cycle may be expressed as

=1 +DL+t) 12)

In the regenerative magnetic Brayton refrigeration cycle model, it is
designed that the heat released from the working substance to the re-
generator is equal to that from the regenerator to the working sub-
stance, i.e., the regeneration quantity

T Th
Q,:fn C(H, T)dT:‘/T‘f C(H,, T)dT a3

However, the regenerator is generally not perfect so that the addi-
tional regenerative loss AQ, in the refrigeration system should be taken
into account. It is reasonable to assume that the additional regenerative
loss AQ, is directly proportional to Q, such that AQ, may be expressed as
[33]

AQ, = (1 - 7])Qr a4

On the other hand, the heat leak per cycle is also inevitable for an
actual refrigerator. For this reason, we consider the heat leak loss be-
tween the hot reservoir and the cooled space in this refrigeration cycle
model, which can be expressed as

Qreak = UleakA(Th - E)T (15)

H,(H>H,

T,

T

Fig. 1. The schematic diagram of an irreversible regeneration magnetic Brayton
refrigeration cycle.
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3. The thermodynamic and thermoeconomic functions of the
refrigeration cycle

Based on the above refrigeration cycle model, one can obtain that
the net cooling quantity Qye, work input W, and cooling rate R are,
respectively, given by

T
Qua = [ C(Ho, TYAT = (1 = ))Qr = Vea A (T = )7

1e6)
_ _ _ Ty _ Tf
W=Qu-Q= [ CWH, DT = [T C(Hy, T)AT a
and
o Qs S CHy, AT = (1 = Qs "
== — Vleak
T Tf C(Ho,T)dT Ty _ C(H,T)
a+ /1)[ Ty UA(TI-T) + I UhAh(T—Th)dT]
AT, - T) as)
Similarly, the power input and COP can be expressed as
bW _ Syt €W, 1YAT = [ C(Ho, TYAT
T Tf C(Ho, T)dT Ty  C(H,T)
a+ /1)[ Ty UAITI=T) Te UhAh(T—Th)dT] 19
and
T,
Qe Jr. CWHo, TYAT = (1 = )Q; = Uik A(Ty = T)T
COP = = ¢ -
w Ji," C(H, T)dT — [, C(Ho, T)AT (20)

In order to facilitate the calculation, the dimensionless cooling rate
and dimensionless power input are written as

R*=R /| UAT
-
,/;j C(Hy, T)dT — (1 — n)Q; (T, - '1;)1
= - leak
Ty C(Ho, T)dT Ty C(H, T)
na + /1)[ Te  B(TI—T) I Vh/t(l—ﬁ)(T—Th)dT]
21
and
LY C(Hy, T)AT = 7 C(Ho, T)dT
K C 4
P*=P /| UAT =

Tf C(Ho,T)dT Ty C(H, T)
na + A)['/%e’ B(Ty—T) + '/%c Vh/l(l—ﬁ)(T—Th)dT]

(22)
where 1, = Up/U,.
The thermoeconomic function [33,34] of an irreversible Brayton

refrigeration cycle can be defined as the cooling rate per unit cost,
which mainly includes the investment cost C; and energy cost C,, i.e.,

R
C+ G (23)

The investment cost of a conventional refrigerator depends on its
scale and therefore is proportional to the total heat transfer area, i.e.,
C; = aA. For a magnetic refrigerator, the price of magnetic material
used as the working substance is unable to be ignored. For example, for
the prototype machine using Gd as the working substance, the price of
magnetic material Gd accounts for around 11% of the prototype ma-
chine. Moreover, the amount of magnetic refrigerants required in a
magnetic refrigerator will range from 0.01 to 100 kg according to its
scale [36]. For this reason, the investment cost of a magnetic re-
frigerator is defined as C; = a(1 + u)A, where u is the percentage of
magnetic material’s price in the machine. On the other hand, the energy
cost is proportional to the power input, i.e. C, = bP. Thus, Eq. (23) can
be re-written as
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R
T a(1 + wA + bP 24

Then, the dimensionless thermoeconomic function bF can be ex-
pressed as

R

bF= —————
k(1+uwA+P (25)

where k = a/b. Combining Eq. (25) with Egs. (18) and (19), we obtain
the dimensionless thermoeconomic function as

_ R
T k(I+wA+P

Sy C(Ho, T)AT = (1 = 0)Qr = feae (T = T)(1 + 2)
C(H, T)
rh/l(lfﬁ)(TfTh)dT]

Ty C{h, T)
rr/1(1=B)(T - Th)dT ]/Ul

bF

Ty C(Ho, T)dT Ty
Te B(T-T) T

kG +wa+ /1)[

Ty C(Ho, T)dT
Te  B(TI—T) T

+ chTb’c(Hl, T)dT — fTZ{ C(Hy, T)T
(26)

Eq. (26) is an important equation, from which the optimal ther-
moeconomic performance can be analyzed and discussed. In fact, when
the related parameters, including magnetic material parameters, are
given, the dimensionless thermoeconomic function is mainly dependent
on the distribution area § of the heat exchanger as well as the tem-
perature Ty.

Substituting Eq. (26) into the extreme condition (6bF/3f) = 0, one
can obtain that when g = ,,(Ty), the thermoeconomic function ac-
quires its maximum value, Further, by substituting ,G’Opt (Ty) into Eq. (26)
and Egs. (20) to (22), the maximum dimensionless thermoeconomic
function and the corresponding cooling rate, power input, and COP of
the irreversible regeneration magnetic Brayton refrigeration cycle can
be obtained. In the following section, the maximum thermoeconomic
function and optimal thermodynamic performances based on actual
magnetic materials will be analyzed and discussed in detail.

4. Results and discussion

Egs. (21), (22), and (26) indicate clearly that the performance of the
irreversible regenerative magnetic Brayton refrigeration cycle depends
on the structure and operating parameters such as irreversible magne-
tization and demagnetization factors 7),,,, and 7,,,,, temperature Ty of
state point f, and area distribution § of the heat exchanger in the low-
temperature side, regenerator efficiency 7, thermoeconomic parameter
k, dimensionless heat leak coefficient .., and so on. In order to eval-
uate the influences of these parameters on the thermoeconomic and
thermodynamic performances of the refrigeration cycle, the numerical
examples are presented in the following discussion based on magnetic
refrigeration materials Gd, Gdg 9sDyo.0s, and Gdg gsErg 05, whose Curie
temperatures are chosen as 293 K, 287.5 K and 284.7 K, respectively
(see Appendix).

4.1. Numerical examples

Fig. 2 shows that the three-dimensional graphs of (a) dimensionless
thermoeconomic function bF, (b) dimensionless cooling rate R*, and (c)
dimensionless power input P* for the working substance Gd varying
with Tr and 8. As seen in Fig. 2(a) and (b), there exist optimal para-
meters 8 and T; that maximize the dimensionless thermoeconomic
function and cooling rate, respectively. Fig. 2(a) shows that the max-
imum bF occurs at § = 0.7 and T = 279.4 K and is equal to 2.78.
Fig. 2(b) shows that when the parameters § and Ty equal 0.6 and
278.3 K, respectively, there yields a maximum R* with 1.44 x 1073,
Fig. 2(c) shows that the dimensionless power input P* is a mono-
tonously decreasing function of T; whereas there is an optimal
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Fig. 2. The 3D graphs of (a) dimensionless thermoeconomic function bF, (b)
dimensionless cooling rate, and (c) dimensionless power input with the working
substance Gd versus § and Ty for T; = 280 K, T, = 295 K, pugHyp = 0 T,
HoH; = 27T, Uy = 1 X 10°Wm ™ K™, nyi = 2, Npgg = 0.98, 700 =0.98,
A = 0.8k = 45Wm~2 u = 0.11, 7=0.96, and Lo = 0.002.

parameter 3 that yields a maximum P*.

The maximum dimensionless thermoeconomic function bF,,,, and
the corresponding optimal parameters (. and Ty for different
working substances Gd, GdoosDyo.0s, and Gdo.osErgos are listed in
Table 1. The values of the maximal cooling rate R*,,, and the corre-
sponding optimal 8, and Ty for Gd,Gdo.0sDyo.05, and Gdg osErg.05 are
also presented in Table 1. As seen from Table 1, both the dimensionless
thermoeconomic function and the dimensionless cooling rate using Gd
or Gdg osDyo 05 as the working substance are better than those using
Gdo.osErg o5 as the working substance.

4.2. The optimal thermoeconomic function bF,,. and the corresponding
parameters

Fig. 3 shows that the optimal thermoeconomic function bF,; and
the corresponding dimensionless cooling rate Rjy 5, COPyr g, and power
input Py 5 versus Ty curves, where § has been optimized. From Fig. 3,
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one can find that the dimensionless power input P} ; and COPyr s are,
respectively, monotonically decreasing and increasing functions of Ty,
while both bF,,; and Rjy ; have their respective maxima for the different
optimum values of the temperature Tz For example, when
Ty = 279.4 K, the optimal thermoeconomic function bF, attains its
maximum 2.78. In such a case, Rjrz and COPyr g are equal to around
1.17 x 10~2 and 0.24, respectively; when Ty = 278.3 K, the di-
mensionless cooling rate Ry ¢ attains its maximum 1.44 x 1073

Fig. 4 shows the characteristic curves between the optimal ther-
moeconomic function bF,, and the corresponding dimensionless
cooling rate Ry g, between R;r g and COPyr g, and between bF,,: and
COPppg. It can be seen from Fig. 4(a) that for the three materials
mentioned above, there is a negative slope region for the curves be-
tween bF,,; and Ry . This implies that in the negative slope region,
bF,,, decreases as R, increases, and it is an optimally working region
for choosing suitable performance parameters bF,,; and Ry 5. Because
in the other regions, bF,, or Ry g has not reached its optimal value.
Fig. 4(a) also indicates that when the other parameters of three mate-
rials are kept to be same values, the thermodynamic and thermo-
economic performances of Gd and Gdg 95Dy o5 are better than those of
Gd 9sErg o5 in the optimal region. The maximum thermoeconomic
function bF .« of Gd is slightly larger than that of Gdg 9sDyo.05, While
Rir max Of Gd is slightly smaller than that of Gdg.osDyo.0s. Fig. 4(b) and
(c) show that the Rjy ; and bF,,; versus COPyr g curves exhibit parabolic
shape, and Ry and bF,), have their respective maximum values, re-
spectively. It is found once more from Fig. 4(b) and (c) that the ther-
modynamic and thermoeconomic performances using Gd or
Gdp 95Dyo.05 as the working substance are better than those using
Gdo o5Er0 05 as the working substance. For the sake of comparison, the
values of the maximum thermoeconomic function bF ., and the cor-
responding dimensionless cooling rate R;y, as well as the maximum
value Rjp ,q Of the optimal cooling rate R;r g at the optimal thermo-
economic function bF . and the corresponding thermoeconomic
function bF,y, are listed in Table 2.

Table 3 obtained from Egs. (21) and (26) further indicates the ef-
fects of the percentage of magnetic material’s price in the magnetic
refrigerator on bFmayx, bFopt, and Rpp . When Gd is used as the working
substance. It can be found from Table 3 that bF,,,, and bF, decrease as
u increases, whereas Ry ,x is independent of u. For other magnetic
materials such as Gdg.9sDyg.05 and Gdg.osErg s, the similar calculation
can be carried out based on Egs. (21) and (26).

4.3. The effects of the relevant parameters on the maximum
thermoeconomic function

Fig. 5 shows the curves of the maximal thermoeconomic function
bF,,qx varying with (a) adiabatic magnetization factor Dag> (b) adiabatic
demagnetization factor Ndemag> (c) thermoeconomic parameter k, (d)
regenerator efficiency 7, and (e) heat leak coefficient .5 As seen in
Fig. 5(a) and (b), the maximal thermoeconomic function bF,,, in-
creases monotonously with increasing 7),,,, OF 74, and the maximal
thermoeconomic functions bF,,q, of Gd and Gdg 95Dy o5 are larger than
that of Gdo.osEro.os for a given 7,,,, OF 7,4, The maximal thermo-
economic function bF,,,,. of Gdg 95Dyy o5 is higher than that of Gd when
Nnag 1 smaller than 0.96. Fig. 5(c) shows that the maximal thermo-
economic function bF,, decreases monotonously as the thermo-
economic parameter k increases. The reason is that the cost of the

Table 1
The values of the maximum thermoeconomic function and cooling rate as well
as the corresponding 8 and Ty for three different working substances.

Material bFnax Bor Tror (K) Riax Br Trr (K)

1.44 x 1072 0.6 278.3
1.44 x 1073 0.6 277.6
1.37 x 1073 0.5 277.0

Gd 2.78 0.7  279.4
Gdo.osDyo.05 2.75 0.5 278.7
Gdo.05ET0.05 2.52 05  277.8
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1 1
277 278
T: (K)
Fig. 3. The curves of the optimal thermoeconomic function bF,p, the corre-
sponding dimensionless cooling rate R,y 5, dimensionless power input P;; ; and
COPyr g with the working substance Gd varying with Tg, where the values of
other parameters are the same as those used in Fig. 2.

refrigeration system increases with the increase of the thermoeconomic
parameter k, which must result in a decrease in bF .. Fig. 5(d) and (e)
show that the maximal thermoeconomic function bF,,,, monotonously
increases as the regenerator efficiency 5 increases, but decreases with
increasing heat leak coefficient ... This may be explained as follows:
because the dimensionless cooling rate R* increases as the regenerator
efficiencyn increases and heat leak coefficient I, decreases such that
the thermoeconomic function bF increases. Moreover, from Fig. 5 one
can find that the thermoeconomic performance using Gd as the working
substance is generally better than that using Gdg.9sDyo.05 or Gdg.95Erg 05
as the working substance.

5. Conclusions

In the present paper, an irreversible regenerative magnetic Brayton
refrigeration cycle model is established, in which the nonperfect re-
generator, regenerative time, heat leak loss, irreversible adiabatic
processes are taken into account. The mathematical expressions of the
cooling rate, power input and thermoeconomic function of the irre-
versible regenerative refrigeration cycle are derived. The thermo-
economic function is used to evaluate and optimize the performances of
the refrigeration cycle. Furthermore, by employing Gd, Gdg.9sDyo.0s, OF
Gdyg.o5Erg o5 respectively as the working substance, the optimal value of
the thermoeconomic function and the corresponding cooling rate are
calculated and the values of the maximum thermoeconomic function
and the corresponding optimal cooling rate are obtained. The influence
of investment cost of the working substance on the thermoeconomic
function is investigated. The impacts of the regenerator efficiency 7,
adiabatic magnetization/demagnetization factor 7),,q,/Memqg> heat leak
coefficient [j.qx, thermoeconomic parameter k on the thermoeconomic
performance of the magnetic refrigeration cycles with three working
substances are revealed. The results show that the thermoeconomic
function increases with the increase of the adiabatic magnetization/
demagnetization factor and regenerator efficiency, but decreases as the
thermoeconomic parameter and heat leak coefficient increase. The re-
generative Brayton refrigeration cycle using Gd or Gdg 95Dy o5 as the
working substance presents better thermoeconomic performance than
that using Gdg.osErg o5 as the working substance. Moreover, the ther-
moeconomic performance using Gdg.9sDyo.05 as the working substance
is better than that using Gd as the working substance at the situation of
lower adiabatic magnetization factor.

Declaration of Competing Interest

The authors declare that they have no known competing financial

Journal of Magnetism and Magnetic Materials 499 (2020) 166189

a
(a) 3l bF ax
phane| bF opt
RSt o ! ~.‘.~.\'
- : \.“.\.‘ \|
§_ 2t —Gd : 'i )II
5 - --Gdo.95Dy0.05 A
1 Ry
----- Gdo.95Er0.05 | .=~ :
1t ._,,.—"'/’| :
e * *
| | Rbp.l RbF,max:
8.0x10* 1.0x10° ,1.2x10° 1.4x10°
Ror g
(b) 1.5x10°
1.4x10°
1.3x10°
«.
* 4
9 |
1.2x107 " —Gd .‘-\ \
JF - - -Gd(.95Dy0.05 B N
TAX107 Gdp.95Er0.05 4 \
1.0x1034 - : —
1 2 3 = °
COPDF'B

b/Copt

COP.

bF,B

Fig. 4. Relationships of the optimal thermoeconomic function bF,, the corre-
sponding dimensionless cooling rate Ry ; and COPyr g for three working sub-
stances, where the related parameter values are the same as those used in Fig. 2.

Table 2
The values of the maximum thermoeconomic function bF ., and the corre-
sponding Rj» as well as the maximum value Rjp . Of Ryrz and the corre-

sponding thermoeconomic function bF, for three working substances.

Material bFmax Rip RpF max bFypt
Gd 2.78 117 x 1072 1.44 x 1072 2.11
Gdo.05DY0.05 2.75 1.11 x 1073 1.45 x 1073 2.20
Gdo.05ET0.05 2.52 1.14 x 1073 1.37 x 1073 1.97




Z. Yang, et al.

Table 3

Effects of investment cost ratio of the working substance (Gd) on the thermo-
economic performance.

u bFmax RI;F,max bE)Pl
0.05 2.82 1.44 x 1073 2.14
0.08 2.79 1.44 x 1073 2.12
0.11 2.78 1.44 x 1072 2.11
0.14 2.73 1.44 x 1073 2.10
0.17 2.70 1.44 x 1073 2.08
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Based on de Gennes factor model [37] and the data listed in Table 1A, the theoretical values of Curie temperatures Tp of Gd; —yRx(R = Dy, Er) can
be calculated. Fig. 1A shows the theoretical and experimental values of Curie temperatures for Gd; —Rx(R = Dy, Er) versus R-doped content x
curves. From Fig. 1A, it is found that the theoretical results are preferably consistent with the measured ones for Curie temperatures of Gd [38],
Gdo.gsDyo.12 [39], Gdg.gDyo.2 [40], Gdo.73Dyo.27 [41], Gdo.6Dyo.4 [42], Gdo.sDyo.s [41], Gdo.oEro 1 [42], and Gdg g4Erq 16 [11]. It is also found that the
difference between the theoretical and experimental data for Gd-Er samples increases as the Er concentration in Gd-Er alloy increases. In the text, Gd,
Gdo.95Dyo.05, and Gdg gsErg o5, whose Curie temperatures are 293 K, 287.5 K and 284.7 K, respectively, have been chosen as the working substances
for some numerical examples to analyze thermodynamic and thermoeconomic performances of the magnetic Brayton refrigeration cycle.
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Fig. 5. The maximal thermoeconomic function bF,,,, versus (a) adiabatic magnetization factor Dimag> (b) adiabatic demagnetization factor Ndemag> (c) thermoeconomic

parameter k, (d) regenerator efficiency 7, and (e) dimensionless heat leak coefficient I, curves.



Z. Yang, et al.

Journal of Magnetism and Magnetic Materials 499 (2020) 166189

Table 1A
The related parameter values of Gd, Dy, Er [37,43-45].
Material Lander factor g Angular quantum number J Debye temperature Tp(K) Molar mass M,,(kg/mol) Density p(kg/m®)
Gd 2 3.5 173 0.157 7901
Dy 1.33 7.5 180 0.1625 8540
Er 1.2 7.5 230 0.167 9066
—Gd1{.xDyx
300
Gd i Gd1.xEl’x
Meausred Gd{.xDyx
¢ Meausred Gd1.-xEry
280
e
X
O
~ 260}
6Dy0.4
240+
b ?dO.SDYO.S
00 01 02 03 04 05

Fig. 1A. The theoretical and measured Curie temperatures of Gd; _yRx(R = Dy, Er) versus R-doped content x.
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