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Application of magnetic cooling in electric vehicles

The features of an active magnetic regenerator refrigerator (AMRR) are determined for its application in
mobile air-conditioning (MAC) systems. The thermal requirements of an electric vehicle have been firstly
obtained and result in a cooling demand of 3.03 kW at a temperature span of 29.3 K. A comprehensive
parametric study has been conducted in order to find the AMRR design and working parameters that fulfill
the vehicle needs with a minimum electric consumption and device mass. Specifically, a permanent-magnet
parallel-plate AMRR made of Gd-like materials is considered. According to the possibilities of current
prototypes, in the study the cycle frequencies have been limited to 10 Hz and the applied magnetic fields, to
1.4 T. The results show that an AMRR made of plates between 30 and 40 um thick and channels between 20
and 40 um high could meet the vehicle demand with a COP between 2 and 4 and a total mass between 20
and 50 kg. Compared to vapor-compression devices for MAC systems (COP=2.5 and mass 12 to 15 kg), the
AMRR works optimally with fluid flow rates at least 3 times larger. In order to integrate AMRRs into MAC

systems, the hydraulic loops should be consequently redesigned.

Introduction

Magnetic refrigeration is a cooling technology based on the magnetocaloric effect. Its application at
room temperature has been intensively studied during the last decades as an alternative to the vapor-
compression systems. Unlike the latter, magnetic refrigerators do not depend on greenhouse gases but on a
solid refrigerant and typically an aqueous working fluid. Other main advantages of this cooling technology
are its lower maintenance (less leaks, Jacobs et al., (2014)) and its theoretically higher efficiency. These
features make magnetic refrigeration a potentially attractive option for mobile air-conditioning (MAC)
systems, whose performance is key to reduce the energy consumption of vehicles. In average weather
conditions, the use of the air conditioning (AC) can reduce the fuel economy of mid-sized petrol-driven
automobiles by 20% (Farrington and Rugh, 2000) and the driving range of electric vehicles by 33% (Lee et
al., 2013).

Mobile air-conditioning is a challenging application for magnetic refrigeration at room temperature. In

vehicles, installed cooling capacity ranges between 3 and 5 kW while typical working temperatures are 5 to



10 °C in the cold side and 45 to 55°C in the hot side. No published prototype has reached such performance
up to date (Kitanovski et al., 2015). In order to determine the feasibility of magnetic refrigerators in MAC
systems, its performance beyond the state-of-the-art must be analysed by means of simulation.

In this paper, a parametric study is conducted with the purpose of determining the range of design and
operating parameters of a permanent-magnet parallel-plate active magnetic regenerator refrigerator (AMRR)
that optimally fulfills the cooling requirements of a vehicle. The discussion focuses in minimizing
simultaneously the electric consumption and the mass of the device. In MAC systems, a minimal mass of the
components is a relevant design target, given that any additional load increases the energy consumption of
the vehicle.

Comprehensive parametric studies have already been performed with the purpose of finding the design
and operating parameters that optimize the parallel-plate active magnetic regenerator (AMR) performance.
Nielsen et al. (2010) analysed the effect of the channel and plate thicknesses between 0.2 and 1 mm combined
with cycle frequencies (f) from 0.14 to 4 Hz and thermal utilizations (U) between 0.14 and 6.4, for a range
of temperature spans. Among other trends, they found that the U should range between 0.2 and 1. Tusek et
al. (2013) studied in detail the optimal geometry of the AMR from the thermohydraulic point of view. They
considered a fixed temperature span of 15K, two values of the frequency (0.5 and 3 Hz) and the corresponding
optimal fluid flow rate. The analysis included plates from 0.1 to 1 mm thick, channels from 0.01 to 0.1 mm
high and regenerators from 40 to 200 mm long. Under these conditions, they found that a channel height of
0.035 mm maximized the specific cooling capacity and 0.075 mm maximized the COP regardless of the other
parameters. However, both of these studies were based in material properties modelled with the mean field
theory and did not consider the demagnetizing effect, which leads to an overestimation of the AMR
performance (Nielsen et al., 2011).

The optimization of the AMRR mass and performance, including both the magnet and the AMR, has
also been addressed by a number of researchers. These studies focus in the overall cost of the device as the
target variable. The parameters varied include the applied magnetic field, some of the regenerator dimensions,
the operating parameters (f and U) and sometimes the thermal requirements. Bjark et al. (2011) determined
the minimum building cost of an AMRR based on its total mass. Tura and Rowe (2014) minimized the total

cost of a packed-spheres AMRR, that is the sum of its building and operating costs, with the purpose of



identifying target refrigerant properties. To do so, they employed an analytical AMR model and considered
an ideally graded regenerator bed. Recently, Bjerk et al. (2015) performed a similar lifetime analysis focused
on a realistic practical application for current small AMRRs, namely a domestic refrigerator. Unlike the
former studies, they employed experimental Gd properties and swept all the parameters related to the
dimensions of a packed-sphere AMRR. They considered cycle frequencies up to 10 Hz, achievable by current
prototypes. In agreement with Tura and Rowe (2014), they found an optimal magnetic field around 1.4 T.

As the latter study, the present work considers the possibilities of current AMRR prototypes and MCM
materials, including the demagnetizing effect. However a much more demanding application is targeted.
Another main novelty is the analysed parameter space, which includes 5 different design parameters of
parallel-plate AMRRs (instead of packed-spheres) and the 2 operating parameters. Moreover, the range of
AMR dimensions explored goes beyond the published studies to the knowledge of the authors. Finally, a
signficant difference with respect to the previous analyses is that the electric consumption and the mass of
the device are not merged into only one target variable. The solution shown is therefore a line of optimal
pairs efficiency-mass.

The sizing of an AMR device for an electric vehicle was previously addressed by the authors in the frame
of the FP7 European Project ICE (Torregrosa-Jaime et al., 2014b). The former publication detailed the
approach followed to calculate the thermal requirements of the vehicle and showed the simulation results of
an AMR with a proposed design. In this new work, the requirements have been updated and the whole AMRR

is considered and optimized for cooling.

Mobile air-conditioning requirements

The air-conditioning system of a vehicle provides cooling power to the cabin while rejecting heat to the
outside. An AMRR can perform this task if it is integrated into a hydraulic loop that carries the working fluid
to each side. This layout is specially convenient in electric vehicles for the future integration of the thermal
systems (Leighton, 2015). The mobile air-conditioning system developed during the European Project ICE
for a commercial electric minibus (Torregrosa-Jaime et al., 2013b) presents this architecture (Figure 1),

therefore it is an appropriate base to calculate the requirements of an AMRR for vehicle applications. The



design targets considered in this study include meeting the cooling demand at a given working temperatures,

minimizing mass and maximizing system efficiency.
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Figure 1. Target mobile air-conditioning system.

The target mobile air-conditioning system (Figure 1) consists of an AMRR and the hydraulic loops
containing the water-to-air heat exchangers, namely the vehicle’s radiator in the ambient side and several air-
handling units (AHU) in the cabin side. The task of this system is to keep the cabin air at the comfort target
conditions. The specific characteristics of the conventional system components have been detailed in
previous publications (Torregrosa-Jaime et al., 2013b, Torregrosa-Jaime et al., 2014a, Torregrosa-Jaime et
al., 2015).

A global vehicle model comprising the presented system and the vehicle cabin (Bjurling et al., 2014;
Torregrosa-Jaime et al., 2014a) has been employed to determine the thermal requirements of the minibus
under the design summer conditions fixed within the ICE Project consortium (Table 1). The required cooling
capacity is calculated to overcome the diverse heat gains in the cabin as well as heat gains from the electric
auxiliaries and the hydraulic system. The working temperatures in the loops, namely the inlet temperatures
to the AMRR in the hot side (Tw) and in the cold side (T¢), have been obtained with the heat balance equation
in place of the refrigerator, Qv=Q_+W and COP=Q_/W, taking into account the characteristics of the heat
exchangers ( Torregrosa-Jaime et al., 2015). A sensitivity analysis revealed that the COP value has a minor
influence in the values of the working temperatures in the studied setup, so a typical COP=2.5 has been

considered.



Table 1. MAC design conditions and thermal requirements

Design conditions Values
Comfort target 25°C @ 50% RH
External conditions 35°C @ 60% RH
Occupants 8 (driver + 7 passengers)
Air flow rate — front AHU 311 méht
Air flow rate — rear AHU 500 m® ht
Air flow rate — radiator 2187 m3 ht
Thermal requirements
Cooling capacity [W] 3027
Tc [°C] 12.78
Tu [°C] 42.13
Temperature span [K] 29.4

As mentioned above, the mass of the auxiliary systems in a vehicle must be minimal given that any
additional load implies increasing fuel or electric consumption by the powertrain. Moreover the cost of AMR
devices is directly related to its mass (Bjerk et al., 2011), so it is definitely a parameter to be minimised in
this particular application. Automotive vapour-compression devices weight from 12 to 15 kg approximately.

The AC system efficiency depends on the electricity consumption necessary to produce the useful effect,
that is the cooling power delivered to the cabin. The electric consumption associated to the heat pump is the
sum of the power demanded by the device itself and the one due to the coolant pumping. Under the conditions
specified in Table 1, the state-of-art vapour-compression device considered as baseline in the ICE Project
(Torregrosa-Jaime et al., 2013a) consumes 1230 W to meet the cooling demand.

The pumping power depends on the working fluid flow rate, which in conventional systems is usually
selected to achieve a compromise between heat transfer efficiency and pressure drop. A typical design
parameter is the difference between the supply and return temperatures to the refrigerator, which usually
ranges between 3 and 5 K in water-to-water devices (EN 1485:2013). In the case of 3 kW thermal power,
this yields from 10 to 17 I/min flow rate of a 50% ethylenglycol solution as typically used in automotive
applications. The corresponding pressure drop through the mentioned vapour-compression device is 5 to 15
kPa in each side. Considering that circulation pumps present a typical 60% efficiency, pumping the fluid
through the conventional refrigerator requires between 2.8 and 14.2 W electric power.

Considering the total electric consumption, the reference vapour-compression device works with a

COP=2.43.



AMRR definition and simulation

An active magnetic regenerator (AMR) consists of a porous matrix made of magnetocaloric material
(MCM). In order to perform the AMR cycle, the regenerator is magnetized and demagnetized in
synchronization with an alternating fluid flow that transports heat between the MCM and the ambient or the
thermal load. An AMRR includes both the regenerator and the structures employed to generate the magnetic
field and the fluid flow.

A permanent-magnet AMRR with rotary architecture and axial fluid flow is studied in this work, since
this configuration seems to be the most suitable for practical applications (Kitanovski et al., 2015). In order
to approach realistically its behaviour an experimental magnetic field profile has been considered, which
corresponds specifically to the machine published in Eriksen et al. (2015). The working fluid is the 50%
ethylenglycol solution employed in the AC loops. The synchronization of the fluid and magnetic profiles has
an impact in the AMR performance (Bjgrk and Engelbrecht, 2011), but the no-flow times have a detrimental
effect (Nielsen et al., 2010). Therefore, the length of the blow period (tsiow) is a variable parameter in this
work. For simplicity in the analysis, a nearly step-wise profile has been considered. Figure 2 shows the
applied magnetic field (MoHapp) and fluid flow (i) profiles along the AMR cycle, normalized to an arbitrary
maximum value. A negative value of m indicates that the fluid flows from the cold end (x=L) to the hot end

(x=0) of the regenerator bed.
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Figure 2. Normalized applied magnetic field and fluid flow profiles.

The AMR is arranged as parallel-plates of MCM. This configuration presents a reduced pressure drop
compared to packed spheres and a similar heat transfer performance, provided that the plates are aligned
accurately (Kitanovski et al., 2015). In such a case, the fluid flow maldistribution effects can be neglected.
Regarding the AMR composition, a multimaterial bed with suitable Curie temperatures is needed to reach
the large thermal requirements of the vehicle with a reasonable amount of MCM. Given the availability of
detailed experimental data set of commercial-grade Gd properties, the behaviour of the Gd alloys has been
approximated by shifting the former properties as described in Monfared and Palm (2015). The specific AMR

composition considered is presented in the results section.

Calculation of the AMRR performance

In order to fulfill the thermal demand of the vehicle cabin, the AMRR requires electric power to move
the magnet assembly and to pump the working fluid through its hydraulic system. The power consumption
(W) depends on the efficiency of the electric energy conversion into mechanical work (1)), on the pumping

power (Wpump) and on the magnetic power (Wmag) (Equation 1).



Welec: Hpump + Ymag (1) The

Mpump Mmotor

magnetic power is related to the AMR performance by means of the energy balance equation (Equation 2),
while the pumping power through the parallel-plate regenerator is given by Equation 3. The thermal losses

to the ambient and the pressure drop through the valves of the device have not been considered.
Wmag:Qh'Qc'Wpump (2)

. m
Wpump: - Ap (3)
Pr

The coefficient of performance (COP) of the device is defined based on the total power consumption
(Equation 4).
CcorP= .Q° 4

elec

The AMR performance has been calculated by means of a computationally efficient numerical 1D
model. The model receives as inputs the applied magnetic field and fluid flow profiles and solves the coupled

energy balance equations in the fluid and the solid parts of the AMR (Equation 5 and 6).

oT; oT; Ty Oph
eAPCr > =-VeA pCr x +eA ke e +hagA (T-Tp)+ % P_f )
oe,T. &P, 0s, op,H
(1-8)Acp, = =(1-e)A k, = +ha,A_(T¢T,)-(1-e)A p, T, Bt (6)

The fluid is assumed to enter each side of the regenerator at the corresponding source temperature, Ty at
x=0 and T¢ at x=L. The equations are solved in a single pair plate-channel which is assumed to be

representative of the entire stack. The cooling capacity (Q an be obtained from the temperature of the

c,plate) c
fluid exiting the cold side of the regenerator (Tt (x=L)) (Equation 7). The calculation of the heat rejection

(Qh’plate) is analogue.

JooWleAp el Te-Tx=L.p)]dt

T

Qc,plate: (7)

The governing equations and their numerical implementation were detailed in Torregrosa-Jaime et al.
(2015) and the description of the geometrical parameters can be found in Engelbrecht (2008), so only the

modelling assumptions that apply to this study are described hereafter.



The convection heat transfer coefficient between the plates and the fluid (h) is calculated from the generic
Nusselt number correlation for laminar flow inside rectangular channels by Muzychka and Yovanovich
(2004), which considers the entrance effect. However the possible effect of the frequency has not been
considered, due to the lack of suitable correlations to the best knowledge of the authors. Some studies
conclude that the heat transfer coefficient may be enhanced in reciprocating flow at high frequency with
respect to unidirectional flow (Chen et al., 2014), so the study carried out in this work is conservative in this
aspect.

The magnetocaloric properties of the solid part of the regenerator, ¢, and ds/OpoH, are calculated as
function of the mean regenerator temperature and the internal magnetic field in each spatial and time step,
based on a detailed set of experimental Gd data obtained from Bjgrk et al. (2010) which has been shifted in
temperature as commented before.

The internal magnetic field (HoH) is also calculated iteratively in each time and spatial step and is a
function of the average demagnetization factor (Nayg) and the magnetization of the MCM (M) (Equation 8).
The approximation by Nielsen et al. (2012) has been adopted for its implementation.

1o H (D =p Happ (5,0 -Noy (3,0 M(T(x,0), 1, H(x,1)) (8)

In stacks of parallel plates, Navg depends not only on the geometry of the plate but also on the number of
plates stacked and the distance between them (Christensen et al., 2011). Therefore, the effect of
demagnetization will be affected by the particular arrangement of the MCM in beds, which is a further step
of the design process. For the purpose of this analysis, Nayg has been set to 0.25 for all the studied cases. This
is an average Nayg value of the range obtained by means of the model by Christensen et al. (2011) for the

plate dimensions considered in this work.

Calculation of the AMRR mass

In this study, the mass of the AMRR is the sum of the mass of the magnet assembly and that of MCM.
As mentioned above, these magnitudes are directly related to the cost of the machine. The rest of the
components (electric motor, valves, etc.) are expected to represent a small percentage of the total mass and

cost and are not taken into account.



The total mass of MCM (m;) needed to meet the thermal demand of the vehicle with a given AMR

configuration is inversely proportional to its specific cooling capacity (q_), Equation (9).

Q. . p,WLH,
m=~=Q
qc Qc,plate

9
The mass of the magnet (mmag) required to generate a given magnetic field amplitude (poHapp) Over the
volume occupied by the AMR is estimated with the approach proposed by Bjark et al. (2011). If an assembly

that generates a constant magnetic field in the gap is considered, the volume of the gap is related to the

volume of magnet material with remanence Byrem through the figure merit M* (Equation 9).

M*= ('uOHapp)z Vgap

1
Vi (10)

Brem

The value of M* depends on the specific magnet design considered. In order to obtain a plausible
estimation of the magnet assembly mass, the expression for the ideal Halbach cylinder of infinite length has
been considered as in Bjork et al. (2011) (Equation 10). The Halbach-like arrays are widely employed in

AMRR prototypes (Kitanovski et al. 2015).

2
(.u Happ)
Brem

ZHOHapp
e Brem —1

- (11)

In most rotary prototypes the AMR is placed inside the magnet gap, therefore the volume of the bore can
be assimilated to the volume of the AMR. However in actual finite cylinders, the field drops towards the ends
of the magnet. The useful magnet length depends on the dimensions of the bore. In their study, Tura and
Rowe (2014) considered a 85% useful length and their results agree with the detailed analysis by Bjerk et al.
(2015). Taking this into account, the magnet mass required can be expressed by arranging Equations 9 and
10, following the deduction by Bjerk et al. (2011) (Equation 12).

2u0Hapn /B,
pmag(e 0 tapp rcm_l)

Himag ™ ™0 850 (1-6)

(12)

Parameter space

The AMRR performance and hence its resulting mass depend on multiple design and working

parameters. With the purpose of determining the most appropriate values for vehicle applications, a



parametric study has been carried out. Performing a complete study instead of employing an optimization
routine will allow for detecting trends that can be useful for future design purposes.

In the simulations, the hot and cold end temperatures were fixed to the values reported in Table 1. Table
2 details the parameters employed in the model that remain constant for all the studied cases. Table 3 shows

the parameters which have been varied and their range of values.

Table 2. Constant model parameters
Parameter Value
pf 1030.7 kg m™®
Cf 3551 J kgt K1
ks 0.394 W m?t K!
pr 7900 kg m™®
kr 11 WmtK?
Pmag 7400 kg m-3
Brem 14T
Navg 0.25
W 25 mm
TNpump 0.60
Tmotor 0.85
Table 3. Variable model parameters
Parameter Range Values for first run Values for second run
Hs 0.1-0.01 mm 0.1, 0.05, 0.01 mm 0.05, 0.04, 0.03, 0.02 mm
€ 0.25-0.48 0.25, 0.33, 0.40 0.33, 0.36, 0.40, 0.44, 0.48
L 50— 12.5 mm 50, 25, 12.5 mm 30, 25, 20, 15, 10, 7.5 mm
poHapp 1-14T 1,12,14T 14T
Thlow/T 0.25,0.33,04 0.33 0.33
f 1-10Hz 1,2,4,6,8Hz 2,3,4,5,6,8,10 Hz
U 02-1 0.2,04,0.6,08,1 0.2,0.3,0.4,05,0.6

The design parameters varied in the study include the regenerator dimensions (except for the regenerator
width W), the amplitude of the applied magnetic field (poHapp) and the duration of the blow time (Toiow) With
respect to the total cycle time (t). The range of channel heights (Hr) and porosities (¢) starts at the state-of-
art dimensions of experimental Gd regenerators (Tusek et al., 2013b). The corresponding plate thicknesses
can be deducted as e=H¢/(H,+Hjs). The dimensions of current parallel-plate AMRs (for instance, H=0.1 mm
and H,=0.3 mm) should be further decreased in order to increase the AMR specific cooling capacity (Tusek
et al., 2013a) and hence reach the requirements of the vehicle. Therefore, the proposed parameter space
considers channel and plate thicknesses up to an order of magnitude less. The regenerator length (L) is varied
accordingly starting from a typical value in literature, 50 mm. The applied magnetic field values proposed

can be currently reached with permanent magnets and in this work are limited by the magnetocaloric



properties data set employed. Finally, a sensitivity analysis has been performed in the Results section on the
influence in the AMRR performance of the relation tyiow/ .

The working parameters of the AMRR are the cycle frequency (f) and the fluid mass flow rate (m). The
latter can be obtained from the thermal utilization (U, Equation 13), which has been defined based on an
average cr value of the MCMs considered, ¢;ag=300 J kg K1,

MCThjow
U= fblo (13)

mrcr,avg
The proposed range of frequencies correspond to the reported posibilities of experimental rotary devices

(Eriksen et al., 2015), while the utilization has been varied in the optimal range found by Nielsen etal. (2010).

Results and discussion

This section presents the calculated AMRR mass and electric consumption which are required to
overcome the cooling demand of the addressed vehicle (3027 W), under the conditions in Table 1. A
parametric study has been carried out by varying the parameters contained in Table 3. The objective is to
determine the combinations of these parameters that define an AMRR that fulfills the requirements in Table
1 with lower combined device mass and electric consumption.

First, the Curie temperatures of the MCMs in the AMR bed is selected. This composition is kept constant
for all the subsequent simulations. Afterwards, the proposed parametric study has been carried out in two
stages. In the first run, a coarse grid of the varied parameters has been defined (third column of Table 3). The
aim of this initial parametric study is to find which values should be studied in more detail, as well as to
outline performance trends that can help reducing the number of simulations. Based on the results obtained
in the first run, a new finer grid of the same parameters is defined (fourth column of Table 3). A second run
of simulations is then carried out with this finer grid in order to determine the optimal values of the studied

parameters.

Selection of MCMs

As discussed in the former section, a graded AMR bed made of a series of Gd-like MCMs with suitable

Curie temperatures has been considered. A detailed discussion of the optimal AMR bed composition is out



of the scope of this work, nevertheless the selection of MCM s is key to maximize the device performance.
Therefore, a sensitivity analysis with near-optimal approaches has been carried out.

According to Monfared and Palm (2015), the maximum cooling capacity can be obtained by choosing a
Curie temperature for each MCM layer equal to its average temperature during the AMR cycle. Assuming a
linear temperature distribution along the material yielded near-optimal results. The AMR bed was thus
divided in equal length layers made of Gd-like materials whose Curie temperature equals the mean
temperature of the range covered by the layer. A sensitivity analysis performed with some of the parameters
in Table 3 reveals that, despite the value of the parameters considered, the AMRR cooling capacity and COP
increase with the number of layers up to a certain number, which in this case is 3 layers (Figure 3). Adding
more layers does not provide a significant improvement. Therefore, for all the simulations performed in the

following sections, the AMR bed is composed of 4 MCM layers uniformly distributed.
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Figure 3. AMRR specific cooling capacity (a) and COP (b) as function of the composition of the bed, the
utilization (U) and the frequency. The arrows indicate the evolution of the curves as the number of MCM
layers is increased. The results shown were obtained with poHapp=1 T, H~=0.035 mm, £=0.33, L=25 mm,

Tblow/T = 033

Cooling performance

Initial parametric study

A first sweep was performed over the entire parameter space with the values contained in the third
column of Table 3 (2,025 simulations). The simulation of several combinations of the parameters resulted in
a negative cooling capacity, mainly those with a too short regenerator length or a too high utilization and
frequency. Figure 4 shows the results of the valid cases sorted according to their channel height (Hs) and

length (L).
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Figure 4. AMRR consumption and mass as function of Hsand L expressed in mm.

The simulation results in Figure 4 show that there is an optimal channel height around 0.05 mm (circles)
that provides a compromise between heat transfer efficiency and pressure losses, that is, between specific
cooling capacity and pumping work. The specific cooling capacity is related to the AMRR mass through
Equations 9 and 12, while the pumping power is a part of the electric consumption (Equation 1). Larger
channel heights (triangles) present reduced pressure losses but low specific cooling capacity, so they are
placed in the bottom right-hand side of the map. Narrower channel heights (squares) are found in the opposite
side. As the channel height decreases, the optimal regenerator length becomes shorter due to the increased
pressure losses.

Figure 5 shows the trends produced by the applied magnetic field (noHapp), the utilization (U) and the
frequency (f). In all the cases studied, the lowest combined mass and power consumption was found with the
maximum value of the applied magnetic field considered, 1.4 T (squares in Figure 5). This value was also
observed by Tura and Rowe (2014) and Bjerk et al. (2015). The optimum values of the utilization are in

between 0.2 and 0.6, while the optimum frequency depends on the utilization.
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Figure 5. AMRR consumption and mass as function of poHapp, U and f, for the case H=0.05 mm, £=0.40,

L=25 mm. The lines are guides to eye and indicate the trend due to the variation of the frequency (f).

Regarding the effect of the porosity (g), the best results were obtained with £=0.40, the highest value
simulated in this first run. Therefore, in order to draw conclusions about its effect in the AMRR performance,
the range simulated has been enlarged and refined as described in the following section.

Finally, a sensitivity analysis has been carried out on the value of the blow time with respect to the cycle
time (twiow/ T). Simulations were performed with a channel height H=0.05 mm and the three values of tyiouw/
1 contained in the second column of Table 3. The rest of the parameters took the values detailed in the third
column of that table (1,350 additional simulations). In order to achieve the desired value of U regardless of
the value of tiow/ T, the amplitude of the flow rate is calculated accordingly in the simulations (Equation 11).

The results in Figure 6 show that, for the magnetic field profile considered, both tiow/ T = 0.33 and 0.40



(circles and triangles) produce similar results, while shorter blow times such as o/ T = 0.25 (Squares)

degrade significantly the AMRR performance.
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Figure 6. AMRR consumption and mass for the cases with H=0.05 mm as function of the blow time.

Detailed parametric study

The results obtained in the initial parametric study allowed for defining a second parameter sweep
around the optimal design values found, which are detailed in the fourth column of Table 3 (2,077
simulations). Figure 7 shows the relevant results of this second run, framed in the mass and electric

consumption values of application in MAC systems, compared to the current technology.
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The trends derived from the results in Figure 4 are confirmed by this detailed parametric study (Figure
7). For the conditions set in this work, the optimal channel height is found between 0.04 and 0.02 mm,
depending on mass or efficiency priority. The order of magnitude matches the one predicted by Tusek et al.
(2013a) for less demanding conditions, 0.035 to 0.075 mm. A new result is that the regenerator length has a
significant influence in the studied conditions. Thinner channels require shorter regenerator lenghts in order
to cope with the increase of the pressure drop (Figure 7a).

The optimal porosity is reduced as the channel height decreases (Figure 7b). For a channel height of 0.02
mm the optimal porosity range was found between 0.33 and 0.40, while channel heights of 0.03 mm work
better with a porosity between 0.40 and 0.48. Therefore, there is an optimum plate thickness between 0.03
and 0.04 mm for all cases. These results agree with the AMR application range predicted by Kitanovski et
al. (2015).

All the cases that minimize both electric consumption and mass were obtained with an AMR frequency
of 10 Hz, the maximum considered. The corresponding utilization values depend on the channel height. The
optimal utilization increases as the channel height decreases and it is found between 0.4 and 0.6. Considering
the dimensions of the channels, these values of the working parameters result in optimal flow rates from 51.5
to 65.4 I/min and pressure drops of 0.46 to 2.27 bar. In the upper limit of the pressure drop range, which is
produced with the 0.02 mm high channels, the energy consumption by the pump and the electric motor are
practically the same. Compared to the typical values of flow rates in vapour-compression based MAC
systems, the ones obtained for AMRRs are significantly higher in agreement with previous findings
(Engelbrecht, 2008).

To summarize the findings of this study, Table 4 contains the values of the parameters that define the
points in the optimal front outlined in Figure 7. These are the points that satisfy the vehicle requirements
(3027 W cooling capacity at 29.4 K temperature span, Table 1) with minimum combined mass and electric

consumption.

Table 4. Optimal parallel-plates AMRR features for studied vehicle application

Mass Welec COP Hs € L MoHapp | Tolow/T f U h

(ka) W) (@) (mm) (@) (mm) M (@) (H2) (@) (I/min)
21.24 | 1373.8 2.20 0.02 0.33 10 14 0.33 10 0.6 55.02
2218 | 12724 2.38 0.02 0.36 10 14 0.33 10 0.6 55.34
24.10 | 1203.0 2.52 0.02 0.33 10 14 0.33 10 0.5 52.02
24.25 | 1162.8 2.60 0.02 0.40 10 14 0.33 10 0.6 57.02
25.77 | 11442 2.65 0.02 0.36 10 14 0.33 10 0.5 53.57




26.64 | 1069.9 2.83 0.03 0.44 15 1.4 0.33 10 0.6 58.77
27.80 | 10416 2.91 0.03 0.40 15 1.4 0.33 10 0.5 54.48
29.36 | 979.8 3.09 0.03 0.48 15 1.4 0.33 10 0.6 60.46
3033 | 952.1 3.18 0.03 0.44 15 1.4 0.33 10 0.5 55.76
3121 | 9432 3.21 0.03 0.44 10 1.4 0.33 10 0.6 68.86
32.84 | 9153 3.31 0.03 0.40 15 1.4 0.33 10 0.4 51.48
3421 | 89438 3.38 0.03 0.48 15 1.4 0.33 10 0.5 58.71
36.34 | 886.7 3.41 0.03 0.48 15 1.4 0.33 10 0.6 59.87
36.69 | 859.8 3.52 0.03 0.44 15 1.4 0.33 10 0.4 53.96
38.13 | 836.9 3.62 0.04 0.48 15 1.4 0.33 10 0.5 65.45
4053 | 83L6 3.64 0.04 0.48 15 1.4 0.33 10 0.6 66.77
4108 | 8242 3.67 0.04 0.44 15 1.4 0.33 10 0.4 60.43
4598 | 778.4 3.89 0.04 0.48 15 1.4 0.33 10 0.4 63.13
4681 | 778.0 3.89 0.04 0.48 15 1.4 0.33 10 0.5 64.27
Conclusion

A comprehensive parametric study consisting of 5,452 simulations has been conducted with the purpose
of determining the optimal design and working parameters of an AMRR for automotive applications. The
results show that, considering the possibilities of current permanent-magnet AMRR prototypes and Gd-like
MCMs, the cooling requirements of a vehicle could be fulfilled by an AMRR of 20 to 50 kg working with a
COP between 2 and 4. If a parallel-plate AMR is considered, channel heights between 0.02 and 0.05 mm and
plate thicknesses between 0.03 and 0.04 mm should be employed to achieve such performance. Its lenght
should range between 10 and 25 mm in order to achieve an optimal compromise between heat transfer and
pressure losses. From these results, it can be concluded that future developments of AMRs should focus in
the manufacturability of MCMs, as also observed in Kitanovski et al. (2015).

The optimal operating parameters were found around 0.4 and 0.6 utilization and 10 Hz AMR cycle
frequency. This values can be reached with current prototypes, but the resulting total fluid flow rates are at
least 3 times larger than those usually employed in the hydraulic loops of conventional vapor-compression
systems. In order to integrate the AMRR in a MAC system and avoid a secondary loop, the coolant-to-air

heat exchangers should be redesigned.
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