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Improvement on the Efficiency of AMR
Refrigeration Systems with Staggered
Laminated Plates

Che-Wei Chang and Wen-Jenn Sheu*

ABSTRACT

Refrigeration of active magnetic regenerator
(AMR) with no refrigerant consumption and
compressors is a promising refrigeration technology.
From a viewpoint of heat transfer, two problems
restrict the efficiency of AMR. Weak heat transfer
between magnetocaloric material (MCM) and working
fluid as well as conducted heat from hot to cold side
decreases the refrigeration capacity. To improve the
two weaknesses, staggered breaking segments in
rectangular MCM plates are adopted. AMR models
with a length of 80 mm are analyzed numerically. As
compared to the model with no breaking segments, the
model C1 can reduce mass usage of MCM by 2.5%,
increase the cooling power from 62.48 to 69.10 watts
with the magnetic field of 0-1 T, the temperature span
of 283-303 K, the operation period of 0.6 seconds, and
the utilization factor of about 0.4. This study shows
that the performance of novel AMR can be improved
with staggered laminated plates.

Keywords: active magnetic regenerator (AMR),
magnetocaloric material (MCM), staggered breaking
segments.

NOMENCLATURE
Symbols
a Area between solid and liquid (m?)
Cp Specific heat at constant pressure
(J kgt K
Dy, Hydraulic diameter (m)
Gz Graetz number
h Convective heat transfer coefficient
(W m?2K?)
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Distance between two parallel plates
(m)
late Thickness of a MCM plate (m)
Thermal conductivity (W m? K1)
Length of AMR (m)
Mass (kg)
Mass flow rate (kg s)
Number of breaking segments in a
level of a MCM plate
Nu Nusselt number

H channel

H,

=Z33r=

p Pressure (Pa)

P Period of an AMR cycle

Pgage Gage pressure (Pa)

Pr Prandtl number

Je Specific cooling power based on AMR
weight in an cycle (W kg™?)

o Specific heating power based on AMR
weight in an cycle (W kg™?)

dmce Equivalent heating power of
magnetocaloric effect (W m®)

Qc Cooling power in an AMR cycle (W)

Qn Heating power in an AMR cycle (W)

Re Reynolds number

t Time (s)

tolow thiow=t2 =14

tmee Magnetizing/demagnetizing time in an
AMR cycle (s)

ty Flow-stagnation time before hot blows
in an AMR cycle (s)

ta Hot blow time in an AMR cycle (s)

ts Flow-stagnation time before cold blows
in an AMR cycle (s)

ts Cold blow time in an AMR cycle (s)

T Temperature (K)

Ty Hot-side temperature of AMR (K)

T, Cold-side temperature of AMR (K)

u, v, w  Velocity components in the (X, Y, z)
system of coordinates (m s)

| Average velocity (m s?)

XY, Z Cartesian coordinates

Greek Symbols
AT 4 Adiabatic temperature change (K)
u Viscosity coefficient (kg m? s1)



p Density (kg m™®)

© Utilization factor
Subscripts

C )y Fluid

( ik Dimensions in space

( uce MCM

( Juem MCM

Abbreviations

AMR Active magnetic regenerator
MCE Magnetocaloric effect
MCM Magnetocaloric material
MFT Mean field theory

INTRODUCTION

The refrigeration system of active magnetic
regenerator (AMR) cycle is a promising technology to
lower the cost of refrigeration usage. The 20-30%
energy is consumed in a variety of refrigeration
systems in the world. It is estimated that the
approximately 15% amount of energy usage could be
reduced by using AMR system (Gschneidner and
Pecharsky, 2008). A pump with solid-state
magnetocaloric material (MCM) instead of a high-
pressure compressor in traditional refrigeration
systems is adopted for refrigeration systems of AMR.
The refrigerant which is not environmentally friendly
is not needed. However, many complicated problems
exist in AMR. The operation period is limited by a
small rate of convective heat transfer between solid
MCMs and working fluid. The conductive heat
transfer through solid MCM from hot to cold end in an
axial direction lowers the performance of AMR. The
investigation of temperature distribution in AMR for
varied system parameters is difficult to be studied
experimentally due to thin MCM sheets and fluid
channels of AMR apparatuses and less studied two or
three dimensional numerical models.

To achieve a greater temperature span and use
some MCM alloys with no rare-earth elements (Franco
et al., (2012), many current AMR apparatuses
employed multi-layered magnetic regenerators
composed of MCM with different Curie points
(Mahdy, 2017). To develop MCM with different Curie
temperature and reduce the usage of rare-earth
elements became a major research interest (Liu et al.,
2012; Shah et al., 2017; Yu et al., 2003; Balli et al.,
2007; Chen et al., 2003; Balli et al., 2017; Gschneidner
et al.,, 2005). However, the magnets based on
neodymium (NdzFe14B) used in most of AMR cooling
systems also contain rare-earth-material (Klinar et al.,
2019). The AMR magnet designs of C-shaped
magnets (Tusek et al., 2009), Halbach Arrays (Raich
and Blimler, 2004), and C-shape magnet formed by
Halbach array (Lee et al., 2002) were studied to
intensify a magnetic field. Moreover, a magnet
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assembly for AMR Carnot cycle instead of a Brayton
one was investigated by Kitanovski et al. (2014).

Recently, researches of matching the main
parameters of near room-temperature AMR prototypes
have been focused on. Mechanically, not only linear
relative motion devices but also rotational ones were
built. Reviews of AMR test devices were reported in
(Gschneidner and Pecharsky, 2008; Yu et al., 2010).
Most of them functioned with AMR cycle consist of
four basic steps: magnetization, magnetic field
increasing at adiabatic process and temperature of
MCM growing due to MCE; hot blow, fluid flowing
from cold side to hot one at isomagnetic process,
absorbing heat from MCM, and discharging heat to the
heat exchanger at hot side; demagnetization, magnetic
field seeing a decrease at adiabatic process and
temperature of MCM decreasing due to MCE; cold
blow, fluid flowing from hot side to cold one at
isomagnetic process, releasing heat to MCM, and
obtaining heat from the heat exchanger at cold end
(Petersen et al., 2008; Kitanovski and Egolf, 2006;
Bahl et al., 2008; Gémez et al., 2013).

It is true that simulation of numerical models
obliged AMR designs. As illustrations, fluid
properties showed importance with low fluid flow rate
(Ezan et al., 2017), and layered AMR with different
MCMs with different Curie temperature was a huge
improvement (Aprea et al., 2011; Kamran et al., 2016;
Zhang et al., 2017). Furthermore, a review of AMR
numerical models was reported, and most of them
were one-dimensional (Nielsen et al., 2011).

To intensify the performance of AMR and study
temperature distribution in it, a proposed solution of
AMR with staggered laminated plates was studied
with a 2-dimensional numerical model. Based on the
studied model, different parameters were analyzed.

PROPOSED SOLUTION

The proposal was to arrange laminated MCMs
staggered in AMR space as if employing breaking
segments in layered MCMSs. Consequently, the
breaking segments of adjacent MCM layers were
staggered and broke the regenerator in levels.

This arrangement can reduce thermal conduction
from hot to cold ends by increasing the thermal
resistance between them due to lower conductivity of
working fluid, intensify the heat transfer between
MCMs and working fluid radially by broken velocity
and thermal boundary layers, and decrease MCM
usage.

On the other hand, breaking segments can be
arranged to break the boundary layer efficiently.
Employing breaking segments instead of decreasing
the length of AMR, 0.05L of MCMs at each ends were
preserved. Furthermore, breaking boundary layers
efficiently indicated that the breaking segments in two
adjacent MCM nplates should be arranged periodically
in axial direction and as far to each other as they could.
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Thus, we had the distance of two breaking segments in
a level of 0.9L N'%.

In this work, the referenced AMR apparatus was
the one of model A built by the research team in
University of Ljubliana in Slovenia (TuSek et al.,
2013). The outer regenerator dimensions were a length
of 80 mm, a width of 39 mm, and a height of 10 mm.
AMR of it was composed by 28-layer parallel Gd
plates with each thickness of 0.25 mm, distance
between two plates of 0.1 mm, total mass of 0.176 kg.
Except for total mass of Gd, other parameters were the
same for proposed models, and details of them were
listed in the Table 1.

Table 1. Centers of breaking segments in axial
direction of 7 proposed models. Model A
(Tusek et al., 2013) is the referenced model
with laminated MCMs. The others are the
proposed models with breaking segments.
Distribution of breaking segments of
model group B, C, and D are regular, near
hot side, and near cold side, respectively.
Length of a breaking segment of model B1,
C1, and D1 are 0.5 mm; the one of B2 and
C2 are 1 mm; the one of D3 is 1.5 mm.

Model A B1/ B2 C1/C2 D1/ D2/ D3
Number of
breaking
segments in X 8 4 4
a level
Length of a
breaking X 05/1 0.5/1 05/1/15
segment
Distribution
of breaking X _Regulqr Nea}r hot Near cold
distribution side side
segments
Numbers of Even|Odd| Even | Odd |Even| Odd | Even | Odd
layers
Numbers of
breaking X 8 8 4 4 4 4
segments
Center of -29.25, |-33.75,
breaking -20.25, |-24.75,
segments in -11.25,|-15.75,| 6.75, | 2.25, | -29.25, |-33.75,
axial X -2.25, | -6.75, |15.75,{11.25, | -20.25, | -24.75,
direction 6.75, | 2.25, |24.75,|20.25, | -11.25, | -15.75,
between - 15.75, [ 11.25, | 33.75 [ 29.25 | -2.25 | -6.75
40 and 40 24.75, | 20.25,
(mm) 33.75 | 29.25
Total mass 01763 0.1675/ 0.1719/ 8%%2;
of Gd (kg) | 0.1587 0.1675 0.1631

MODELING OF AMR AND
GOVERNING EQUATIONS

The 2-dimensional model of proposed solution
can be the final model geometry of a MCM plate and
fluid channel. Moreover, to avoid improbable
oscillations of fluid temperature at two ends on the
interface at fluid velocity approaching zero, two extra
channels with length of Hehannel Were employed. Figure
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1 illustrates a schematic of the 2-dimensional model of
proposed solution. Figure 2 (a) and (b) show the
simplification of the full numerical model geometry
into repeating units of a referenced model and a
proposed model, respectively.

Regenerator Low conductivity flow guide

=
=

=
=

00

004481010
00841010

—

Heat transfer fluid Heat exchanger

Fig. 1. The full geometry and simulation area of the
AMR maodel.

Fig. 2. (a) Arepeating unit including halfa MCM plate
and fluid channel (Model A). (b) A repeating
unit including two half MCM plate and a fluid
channel (Proposed models).

As a basis of comparison, we had the two-dimensional
original model (denoted by model A) with geometry
of half a continuous MCM plate and fluid channel with
a half thickness of 0.125 mm of MCM and 0.05 mm of
fluid channel, a total length of 80 mm of MCM plates,
and 28 layers.

According to the assumptions such as isotropic
material properties, constant properties of working
fluid, no dissipation energy, no slip condition, no
chemical reaction and no hysteresis of MCM, the
unsteady two-dimensional governing equations for the
problem of interest were written as

1. Conservation of mass

0 = 1
5 () =0 ®

2. Conservation of momentum

a()+ a( )
Pr ot Ui) + Pr ox; UiUp

0 ((?uk) dap (2)
—H ox; \dx;) 0x;
3. Conservation of energy
d a
P3¢ (CosTy) + pp5—(uTy),
‘ @)

3 (oT,
= kfa_xl<6_xl> + ash(TMCM - Tf).



i}
Pmcm at (CP,MCM TMCM)

0 (0Tucm 4
+qumce-
C AT,
Gace = Pmcm tP,I\(/:ICM ad’ ©)
McM

where qumcg Was zero at constant magnet field.

Boundary and Initial Conditions

Temperature of exchangers at hot ends and cold
ones were 303 and 283 K, respectively. Based on our
numerical models and assumptions, the boundary and
initial conditions were written below.

1. Symmetry on upper and lower boundary, at

1
y = iE(Hchannel + leate)-

2. Flow

1
At x =— (EL + Hchannel)’
u(t)

= fully developed flow with given flow rate.

(6)

1
At x = EL + Hchannel’
()

Pgage = 0.

Energy
1
At x = — (EL + Hchannel)’
Tr =T, atu> 0,
oTy

0x

(8)

=0atu<0.

1
At x = EL + Hchannel’

Tf=THatu<0,
0Ty
i}

(©)

=0atu = 0.

At interface of MCM and working fluid,
No — slip condition,
u=v=w=0,

hconvection = h(Tf - TMCM)-

(10)

Initial conditions
u=v=w=0,
p =1 (atm),
g _TatT Ty=T, (11)
= tes =Tt TS
Time-Dependent Velocity and Magnetic Field

In this work, average flow rate and magnetic field
were periodical functions of time. Figure 3 illustrates
the horizontal axis of a non-dimensional time axis in a
cycle and the left vertical axis of the magnitude. The

flow stagnation time before hot blows (t1), was set to
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identical time for stagnation time before cold blows
(t3). Likewise, the hot and cold blow time, t, and ta,
respectively, were set to take the same time, which was
twice as t;. Magnetizing/demagnetizing time were
equal and took time of tumce, which was set as 0.1
second. Furthermore, magnetic field remains the same
during hot and cold blow time.

1 non-dimensional
’ average flow rate
non-dimensional

magnetic field

0.5

=l

tyce
0.5

0.5t, t,

0.2 0.4 0.6

Period

0.8 1

Fig. 3. Non-dimensional average flow rate and
magnetic field of an AMR cycle.

The period of 0.6 and 1.2 seconds of an AMR
cycle was set; the magnetic field of 0-1 T was
employed. \Velocity of flows was calculated from
average flow rate, which was a function of the
utilization factor (¢), showed in (12), where tyiow = t2 =
ts. Velocity of flow of acceleration and deceleration
were sinusoidal function of time, with a total time of
10% of the total flow time. Note that denoted by model
A, we employed a fluid channel of 0.05 mm and 28
layers in total.

_ me,ftblow (12)

Mpyem Cp mem

However, breaking segments could vary the mass
of MCM (my,¢) and change the utilization factor. To
compare the performance of AMR, we reduced
variation so that the mass flow rate of referenced
model was set in proposed models. Set maximum mass
flow rates of numerical models were listed in the Table
2.

Table 2. Utilization factor (¢) and mass flow rate of
referenced model at operation period of 0.6

second.
Utilization
factor (¢) 02 o o0 o
Mass flow | 000967 | 0.0193 | 0.0290 | 0.0387
rate (kg s?)

Material Properties and Mean Field Theory (MFT)

In the work, material properties were referenced
based on the research of Petersen et al. (2008), which
took Gd as MCM and water as working fluid. Specific
heat and adiabatic temperature change of Gd were
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estimated by MFT at magnetic field change of 0-1 T
and variable temperature, density and conductivity
were 7900 (kg m®) and 10.5 (W m* K1) evaluated at
temperature of 298 K, respectively. Water properties
were evaluated at 298 K and listed in the Table 3.

Table 3. Water properties evaluated at 298 K (Petersen

et al., 2008).
p (kgm®) | CoUkg* K" | p (kgm's?) | k(Wm?K?
997 4183 8.91x10* 0.595

Specific heat and adiabatic change were obtained
by self-programming MATLAB (MATLAB 2014a,
The MathWorks, Inc.) code in this study.

Heat Convection Coefficient

In this work, flow between parallel plates could
be considered. Length of a breaking segment were
0.63-1.88 % of total AMR length so that the flow
distribution was affected locally. Hence, the same heat
convection coefficient was set in different models.

We employed heat convection coefficient based
on the approaching introduced by Nickolay and Martin
(2002), and obtained the heat convection coefficient
from them as below.

Nu-k
;= L (13)
Dy,
1
1\"n
Nu = [7.541n + (1.841G23> ] : (14)
n = 3.592,
The non-dimensional parameters were
D,
Gz = Th_RePr,
VD
Re =221 (15)
u
Pr = Cos 1
ky

where D, was expressed by the distance between two
adjacent plates.

NUMERICAL SOLUTION

Convergence Criteria

To ensure the stability of the numerical solutions
of periodical steady state AMR, two convergence
criteria of two different cycle lengths were set. The
relative differences based on temperature were
considered to be convergence criteria with two cycles
of adjacency and 100 cycles apart. Where T(x,y,t)
represented the temperature at position (x,y) attime
t.

(max 1— M < 10—6_

! T(x,y,t) 16
1 T(x,y,t —100P) < 10~ (16)

Lmax Tyt - '

Performance Evaluation of AMR

There were four criteria to judge the performance
of an AMR; two were the cooling and heating power
of an apparatus, (17) and (18) respectively; the others
were specific cooling and heating power based on
mass of used MCM, (19) and (20) respectively. On the
one hand, cooling and heating power showed the
refrigeration ability and requirement to heat exchanger
at room temperature side. Note that compared with the
complete MCM plates, proposed solution employed
MCM with lower mass.

teold blow
Qc = period 1 Cp [T, = Ty (1)) dt. (17)
thot blow
On = period 1 Gy ¢ [T7 (8) = Ty] dt. (18)
. Q
qc = m Z . (19)
MCM
. Qn
L —— (20)
MCM

Note that with a time step of 2.5x107 second,
relative temperature differences between two adjacent
cycles could reach an order of 107 and 10-1° at a period
of 0.6 second at @ =0.4 and ¢ = 0.6, respectively.
Moreover, relative difference of cooling/heating
power could be less than 0.1% when relative
temperature differences between two adjacent cycles
reached an order of 107

SOFTWARE PACKAGE SETTINGS

A 2-dimensional model was created and “Heat
Transfer in Soilds, Heat Transfer in Fluids, and
Laminar flow” of COMSOL Multiphysics software
package (Comsol Inc., version 5.4) were employed.

Functions of velocity and magnetic field, MCE
function of local MCM temperature and magnetic field,
convective heat transfer coefficient function of
average velocity due to fixed geographical parameters,
and relative temperature differences between two
adjacent cycles and 100-cycle-apart cycles were built.

According to the grid independent test, we had
mesh size listed in Table 4, time step of 2.5x103
second, “Relative error” of 10 to 104, and “Absolute
tolerance” of 108 were employed.
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Table 4. Details of meshes.

. L Maximum ;
Maximum Minimum I c Resolution
element element element urvature of narrow
p b growth factor ]
size (m) size (m) rate regions
1.03x10° | 1.19x107 1.08 0.25 1

RESULTS AND DISCUSSION

Cooling/Heating Power of Model A (Referenced
Model)

Figure 4 illustrates the cooling and heating
powers as a function of utilization factor at operation
period of 0.6 and 1.2 seconds. According to this figure,
the range of cooling power is around between 60 and
95 W respectively. The heating powers reach peaks of
slightly less than 130 and 120 W at utilization factor
of 0.4 and 0.8, respectively. To provide a stronger
cooling power, referenced model prefers to the longer
operation period between 0.6 and 1.2 second, which
means with an operation period of 0.6 second and
same utilization factor, the flow rate is too great for
working fluid to acquire whole cooling and heating
power from the regenerator. Thus, the greater heat
transfer in the radial direction can release more of the
remaining freezing power in the AMR for the
operation period of 0.6 second.

150

—--Qc.,P-06s
—-Qc,P=12s
--Qh,P-0.6s
-=-Qh,P=12s

120

90

QW)

60

0.4 0.8

©

12

Fig. 4. Cooling and heating powers of model A as
functions of utilization factor at operation
periods of 0.6 and 1.2 seconds.

For a working refrigeration system, the heating
requirement should be larger than cooling power (Qh
> Qc) with defined positive Qh and Qc. It is better that
the difference between cooling and heating power of
an AMR system is smaller. The large difference
between cooling and heating power hinders the
potential of commercialization due to larger difference
between flow rate requirement at hot and cold blow
time. Furthermore, a greater difference between the
cooling power and the heat dissipation power means
that both the local cooling power and heat dissipation
still remain in the AMR. At the fixed temperature on
both sides, a large difference between cooling and
heating power signifies large local difference of
temperature distribution in AMR between just before
magnetizing and demagnetizing due to the variation of
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MCM specific heat and adiabatic temperature
distribution.

The difference between cooling and heating
power represents the net heating power from MCE.
According to the definitions of cooling and heating
power and zero change of total energy in a periodically
steady cycle, the difference between cooling and
heating power (Qn-Qc), which is the net heating source
from MCE, is not only the power input of an AMR,
but also the equivalent MCE difference between
magnetizing and demagnetizing in the AMR system.

Cooling/Heating Power of Proposed Solution

A comparison of AMR geometries including the
referenced model was investigated by TuSek et al.
(2013). With 2D numerical models, this work further
studied the performance of the proposed models with
the novel design of staggered breaking segments in
rectangular MCM plates.

Figures 5-7 show the cooling and heating powers
versus the flow rate for different models. The
performance of model C1 is the best among models A,
B and C (Figures 5 and 7). Similarly, the performance
of model D2 is the best among models Aand D (Figure
7). Therefore, the models C1 and D2 are our potential
models.

150

- Q. A
- QB2
- Q. Bl
- Q,A
-8 Q. B2
>— Qp, Bl

120

QW)

0.02 0.03 0.04

mass flow rate (kg s)

0.01

Fig. 5. Cooling and heating powers of models A, B1
and B2 as functions of mass flow rate at the
operation period of 0.6 second.

- Q. A

QW)

0.02 0.03 0.04

mass flow rate (kg s)

0.01

Fig. 6. Cooling and heating power of model A, C1 and
C2 as functions of mass flow rate at the
operation period of 0.6 second.
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150

120

90

QW)

60

0 0.01 0.02 0.03 0.04 0.05
mass flow rate (kg s1)

Fig. 7. Cooling and heating power of model A, D1, D2
and D3 as functions of mass flow rate at the
operation period of 0.6 second.

As the cooling capacity increases with an
increase in flow rate, the difference of cooling
capacities between the two potential models is less
than 5%. Figure 8 illustrates the cooling and heating
powers as a function of mass flow rate for models A
(referenced model), C1 and D2. The models A, C1,
and D2 reach peaks of around 62, 69, and 73 W at mass
flow rate of 0.019 kg s*, respectively. Moreover,
models C1 and D2 provide the cooling power of
approximate 37 W with a small difference of 0.2 W at
mass flow rate of 0.0097 kg s.

On the other hand, the model C1 is the best choice
to minimize the working load of heat exchangers. As
shown in Figure 8, the heating power of model C1
model reaches a peak of approximate 113 W, which is
around 6 W lower than the others for the mass flow
rate of 0.029 kg s™.

150

- Q. A

2 -= Q,Cl

120 T~ - Q. D2

\ - Qp A

g 90 ) - Q, Cl

< . QD2

< 60 -
30 F v \
0 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05

mass flow rate (kg s)

Fig. 8. Cooling and heating power of model A, C1 and
D2 as functions of mass flow rate at the
operation period of 0.6 second.

Furthermore, the difference of utilization factors
at fixed mass flow rate for different models is caused
by MCM mass, which has a maximum difference of
only 5 %. Figure 9 illustrates the cooling and heating
powers per mass of MCM (specific power) as a
function of mass flow rate, respectively. Likewise, the
model C1 shows the greatest specific cooling power
and smallest specific heating power at the mass flow
rate of 0.019 kg s* among models A, C1 and D2.

—— (. A
750 - q.Cl
- (e, D2
~— 600 - QA
< 450 g iy g;
% f\ © Ons
=300 | u// \
150 | -/\
U L 1 1 1
0 0.01 0.02 0.03 0.04 0.05

mass flow rate (kg s)

Fig. 9. Specific cooling and heating powers of model
A, Cl and D2 as a function of mass flow rate
at the operation period of 0.6 second.

Comparison of T(x) between Potential Models

For models A, C1 and D2, the mass flow rate of
0.019 kg s is deficient to release heating power from
regenerators. From a viewpoint of an optimal AMR,
the average temperature of working fluid at hot side
should be equal to the one of hot-side heat exchanger.
With boundary layers included in this study, Figure 10
shows that the central line temperature of working
fluid at the hot end is about 303.3 K for three models.

Fig. 10. Axial temperature distribution along center
lines of working fluid for models A, C1, and
D2 just after hot blow time at the mass flow
rate of 0.019 kg s™.

On the other hand, for three models, mass flow
rate of 0.019 kg s is deficient for heating power but
may be excessive for cooling power. This fact implies
that these three models are not optimal AMRs at the
same flow rate for hot and cold blows. Figures 10 and
11 show that all three models obtain temperature of
about 283.4 and 303.6 K with a small temperature
difference of 0.1 K on the cold and hot sides just after
cold and hot blows, respectively. This result means
that smaller cold-blow and larger hot-blow flow rate
are needed to optimize the performance, and none of
these three AMR models are optimal one.
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Fig. 11. Axial temperature distribution along center
lines of working fluid for models A, C1, and
D2 just after cold blow time at the mass flow
rate of 0.019 kg s™.

Pressure Drops between Two Ends of AMRs

Breaking segments bring not only less MCM
usage and secondary flow to AMR but also lower
pump requirement. Table 5 shows pressure drops at
maximum flow rate in AMRs. Compared to model A,
models C1 and D2 obtain lower pressure drops around
4% and 8% between two ends, respectively.

Table 5. Pressure drops at maximum flow rate in

AMRs.
Names of the models
Mass flow rate | Model A Model C1 Model D2
(kg s1) (kPa) (kPa) (kPa)
0.0097 7.63 7.36 6.99
0.019 15.27 14.81 14.02
0.029 22.90 22.23 21.12
0.039 30.53 29.72 28.28
CONCLUSIONS

The efficiency of AMR refrigeration systems
with staggered laminated plates is investigated by 2D
numerical models in this work. The main idea of the
novel design is to reduce heat conduction from hot to
cold ends and break the boundary layers by secondary
flow.

Performance of an AMR can be intensified by
breaking segments with a proper length at different
distributions. Compared to the referenced model,
model B1 provides a greater cooling power at mass
flow rates of 0.0097 and 0.029 kg s, but a smaller
cooling power at mass flow rate of 0.019 kg s* at
operation period of 0.6s. Model C1 and D2 are able to
provide greater cooling power. Furthermore, model C1
reduces the heating power, which represents the
requirement of the heat exchangers at the hot side. For
4 breaking segment in a level in the distribution of near
hot and cold side, the length of them of 1 mm and 1.5
mm are too long to optimize the referenced AMR
model.

Among the numerical models in the study,
model C1 shows the best performance. Compared to
the referenced model, C1 model decreases the usage
of MCM by 2.5%, increases the cooling power from
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62.5 to 69.1 watts, and reduces the heating power from
129.1 to 113.4 watts, as well as the pressure drops
between two ends of the AMR around 4% at the
magnetic field changes of 0-1 T, the temperature of the
hot to cold ends of 283-303 K, the operation period of
0.6 seconds, and the utilization factor of about 0.4.
This study illustrates that the novel design of
AMR with staggered laminated plates can improve the
performance of an AMR refrigeration system.
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