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Highlights
e Magnetic refrigeration system with Peltier elements as thermal diodes is modeled
e The physical and numerical models are explained in great detail
e The model is verified and used for a parametric study
e The effect of key parameters in the performance of the system is discussed

Abstract

Magnetic refrigeration as an alternative for vapor-compression technology has been the subject of
many recent studies. Most of the studies focus on systems with limited cycle frequency in which
a fluid transfers heat to and from the magnetocaloric material. A suggested solution for increasing
the frequency is use of solid-state magnetic refrigeration in which thermal diodes guide the heat
from the cold end to the warm end. In this work a solid-state refrigeration system with Peltier
elements as thermal diodes is modeled in details unprecedented. The performance of Peltier
elements and magnetocaloric materials under their transient working conditions after reaching
cyclic steady state are simulated by two separate computer models using finite element method
and finite volume method. The models, in parts and as a whole, are verified. The verified finite
element model is used for a parametric study and the results are analyzed.

Keywords: magnetic refrigeration, solid-state, Peltier element, thermal diode, heat gate, hybrid.

Nomenclature

Symbols
a lower integral limit [m]
A cross section area [m?]
b higher integral limit [m]
B magnetic field [T]
{BC} boundary conditions vector [W]
c points where Peltier effect occur [m]
[C] heat capacity matrix [JK™]
Co heat capacity [Jkg K™
dx differential element [m]
Elpe electric consumption of Peltier elements [W]
eq equivalent
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erf error function
{fl} heat generation vector [W]
i index of cell in discretized equations

I electric current activating Peltier element [A]

] index of time step

k thermal conductivity [Wm™'K™]
[K] stiffness matrix (diffusion) [WK™]
L length [m]

[MCE] magnetocaloric effect matrix [WK™]

[PE] Peltier effect matrix [WK™]

prev. previous time step

{Q} heat generation vector [W]

Qc cooling capacity [W]

Qcond conduction heat transfer rate [W]

Qu heating capacity [W]

R share of adjacent cells from Peltier effect

s entropy [Jkg*K™]

t time [s]

T temperature [K]

{T} temperature vector [K]

To initial temperature (Equation 12 and Equation 13) [K]

Ty temperature at boundary (Equation 12 and Equation 13) [K]
Tce temperature at the cold end, Dirichlet boundary condition [K]
The temperature at the warm end, Dirichlet boundary condition [K]
Winag rate of magnetic work [W]
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X distance from origin [m]

p Seebeck coefficient [VK™]

alT Peltier effect [W]

) Dirac delta function [m™]

At length of time step [s]

Ax length of cell [m]

ne Carnot efficiency, ratio of the actual COP to that of a Carnot cycle [%]
p density [kgm™]

o electrical conductivity [Sm™]

71, T2, T3, T4 duration of the cycle processes (described in section 2.1) [s]
W arbitrary test function (FEM)

Abbreviations

C ceramic

COP coefficient of performance

Cu copper

MCM magnetocaloric material

PE Peltier element

SC semi-conductor

1 Introduction

In recent years, a lot of research work has been done on magnetic refrigeration at room
temperature as the most promising alternative to vapor-compression technology (Qian et al.
2016). Magnetocaloric materials (MCM) are used as the refrigerant in magnetic refrigeration.
When the magnetocaloric materials are magnetized they become warm. While the
magnetocaloric materials are kept magnetized, the heat can be removed from them; thus, when
the materials are demagnetized afterwards, they become relatively cold and ready to accept heat
from the heat source. Although the magnetocaloric effect is only a few Kelvin, larger temperature
spans are usually created via regeneration by pumping a heat transfer fluid back and forth through
porous magnetocaloric materials after each magnetization or demagnetization process; that is, the
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magnetocaloric materials serve as both refrigerant and regenerator. Two main drawbacks of such
a design are: high pressure drop in the porous media, which leads to large viscous dissipation and
pumping power consumption, and limited frequency of the cycle, which results in low cooling
capacity. Solid-state magnetic refrigeration, in which heat is transferred via conduction or via
active components instead of advection, is proposed to overcome these drawbacks (Kitanovski et
al. 2015). Furthermore, in a solid-state magnetic refrigeration device, the complexity of the fluid
circuit and the extra losses due to friction in its moving parts (such as valves, seals, and pump)
are avoided.

In a solid-state magnetic refrigeration device, the axial heat transfer is controlled to limit the
unfavorable heat transfer from the warm end to the cold end. Different solutions for hindering
axial heat transfer in one direction and enhancing it in the opposite direction (thermal diodes) are
covered by Kitanovski et al. (2015) among which Peltier elements are the most accessible ones at
the time being as commercially available products. Considering that the Peltier elements consume
power to pump heat in the desired direction, such a combination of magnetocaloric materials and
Peltier elements can also be viewed as a hybrid refrigeration system.

Tasaki et al. (2012) have compared the performance of a magnetic refrigeration system with heat
transfer fluid with that of a solid-state one for mobile air-conditioning application. For that
purpose, a solid-state magnetic refrigeration unit composed of layers of magnetocaloric materials
sandwiched between thermal diodes is modeled. In their model, the magnetocaloric material has a
constant 5 K adiabatic temperature change and constant heat capacity with no temperature
gradient along the axial direction, implying infinite thermal conductivity. The thermal diodes
used in the model have infinite thermal conductivity when they are active and zero thermal
conductivity at other times.

Tomc et al. (2013, 2014) have modeled a long, thin sheet of magnetocaloric material with 40
Peltier elements on each side. When the magnetocaloric material is magnetized, Peltier elements
on one side of it pump the heat from magnetocaloric material to the warm heat exchanger. In the
warm heat exchanger a fluid flows along the axial direction of the magnetocaloric sheet from the
cold end to the warm end. When the magnetocaloric material is demagnetized, the rest of the
Peltier elements, which served as insulation in the previous processes, pump the heat from the
cold heat exchanger to the magnetocaloric material. In the cold heat exchanger a fluid flows
along the axial direction from the warm end to the cold end. The simplifications made in this
study are that a constant temperature span of 0.3 K is assumed at the two ends of the Peltier
elements, steady state performance of Peltier elements are used to estimate their performance
during the cycle, and the longitudinal thermal conduction through the magnetocaloric material is
neglected.

Olsen et al. (2014) have investigated the limits for a solid-state magnetic refrigeration device to
be used in mobile air-conditioning units. The design of the device modeled by them is similar to
what is modeled by Tasaki et al. (2012). No particular mechanism is considered for the thermal
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diodes, but it is assumed that their thermal conductivity changes from zero (inactive diodes
preventing heat transfer in adverse direction) to a finite value (active diodes allowing heat
transfer in the desired direction).

Silva et al. (2014) have modeled a number of magnetocaloric material layers sandwiched
between thermal diodes in a stack, similar to the design used by Tasaki et al. (2012) and Olsen et
al. (2014). It is assumed that the thermal conductivity of the diodes changes from zero to a finite
value when excited by a magnetic field with negligible work for excitation.

Monfared (2016) has investigated the limit to the gain in cooling capacity from increased
frequency of a design similar to the one presented by Tasaki et al. (2012) and Olsen et al. (2014)
using non-ideal magnetocaloric materials with limited conductivity and two different
mechanisms as non-ideal thermal diodes with conductivities limited by the materials used in
them.

Bartholomé et al. (2016) have investigated replacing the compressor of a vapor-compression
cycle with magnetocaloric materials, a magnet assembly, and thermal diodes. Their work is
different from what is usually considered as magnetic refrigeration in the sense that the gaseous
refrigerant is still present and the refrigerant becomes cold through an expansion process, not
through demagnetization. Li et al. (2016) have investigated the use of thermal diodes together
with materials showing high electrocaloric effect.

A reason why in some of the above mentioned works hypothetical thermal diodes are considered
is that such passive thermal diodes are not readily available. A commercially available thermal
diode, but less attractive in terms of power consumption as it is an active device, is the Peltier
element, which is used in this work. An advantage of Peltier elements over passive thermal
diodes is that the rate of heat transfer through them can be adjusted by controlling the electric
current to match the demand during their varying working conditions. In this work, the transient
behavior of the Peltier elements are accurately modeled. This is necessary since during magnetic
refrigeration cycles, especially with high frequency, which is a motivation behind developing
solid-state magnetic refrigeration devices, the Peltier elements work at conditions far from steady
state. The modeling is done with two approaches: finite element method (FEM) and finite volume
method (FVM) and validated at different stages. In addition, the FEM model is used in a
parametric study, the results of which are discussed at the end.

2 Modeling

The working principle of the magnetic refrigeration device modeled in this study is shown
schematically in Fig. 1. The cycle consists of four processes: a) the odd magnetocaloric material
layers, shown by red in Fig. 1a, are magnetized and therefore have become a few Kelvin warmer.
There is no current in the Peltier elements and they are practically passive pieces of material with
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rather low conductivity. b) Every other (even) Peltier element is active and pumps heat from the
warm (odd) magnetocaloric material layers to colder (even) ones. c) All Peltier elements are
inactive and the other pieces of magnetocaloric material (even layers) are magnetized and warm,
but the previously magnetized materials (odd layers) are now cold because of demagnetization. d)
The (odd) Peltier elements which were inactive so far are active now and pump heat from the
warm magnetocaloric material layers to the colder ones. After the fourth process the second cycle
similar to the first one starts. The change in the field is modeled as ramp and the electric current
change is modeled as step function.

The Peltier elements consist of two semiconductor legs connected by a layer of copper, which is
electrically insulated by a layer of ceramic (Fig. 2). Due to Peltier effect, when a Peltier element
is excited by an electrical current, heat is removed from the Cu-SC junction at the cold end and
released in the Cu-SC junction at the hot end of each leg of the Peltier element with the rate of
alT as a surface effect. Some of the consumed electric power turns into heat due to Joule heating.
Another major loss mechanism in Peltier elements is the axial conduction from the warm end to
the cold end. Further details about the Peltier elements are covered by Goldsmid (1964). Since
the cooling power of a single Peltier element is usually not enough, a number of them can be put
together to form thermoelectric modules (Fig. 3) (Hodes 2005).

Assuming that the properties of the two legs are similar, it is of convenience to model only one
leg and the corresponding cross section areas of Cu, C, and MCM. Then, the total cooling or
consumed electric power is calculated by multiplying the energy rates by two for a single Peltier
element and by the number of Peltier elements for a thermoelectric module. As can be inferred
from Fig. 2, the cross section of a semiconductor leg is different from the corresponding cross
section areas of Cu, C, and MCM. The sequence of placement of the materials is shown
schematically in Fig. 4 for a case with three layers of magnetocaloric materials. However, the
number of layers of magnetocaloric material can be less or more.

The MCM is modeled using the measured data presented by Lozano et al. (2014) for gadolinium.
However, for layering, its Curie temperature is modified to match the working temperatures as
explained by Monfared and Palm (2015). In the simulations, the Curie temperature of each layer
of MCM is chosen as the average temperature of that layer during a cycle after reaching cyclic
steady state. For the MCM geometry used in this study, which is a thin prism parallel to the field
lines, the demagnetizing factor is small, as modeled in COMSOL, and results in about 5-7%
difference between the external and internal field. This difference is neglected in the study as it
does not influence the conclusions.

When the magnetic field varies, an electromotive force is induced in the electric conductor, the
magnetocaloric material in this study, which senses the field. The eddy currents caused by the
induced electromotive force result in Joule heating. In this study, the heat produced by eddy
currents, as modeled in COMSOL, is few orders of magnitude smaller than the cooling capacities
calculated by the models explained in section 2.3; therefore, the eddy current losses are not
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included in the study. The low eddy current losses are to be expected considering the rather low
electrical conductivity of gadolinium (one-third of electrical steel), which limits the current
driven by the induced electromotive force; the short distance over which the current can flow
because of the small dimensions of the magnetocaloric material layers; the rather low or
moderate frequencies used in the study.

The properties of the materials are constant in simulations except for the rate of entropy change
per unit magnetic field change and the heat capacity of MCM which are functions of both
temperature and magnetic field. The Thomson effect in Peltier elements, which is of secondary
importance, is zero when the properties are constant (Goldsmid 1964).

By using an energy balance over an arbitrarily small element of a Peltier element (Fig. 5),
Equation 1 is derived. Since the Peltier effect is not a bulk effect, it is not shown in Fig. 5.

(kA ) +— + 6(x —c)alT = pAcpg—: Equation 1

The terms in Equation 1 from left to right represent thermal conduction (diffusion), Joule heating
caused by the electric current in active Peltier elements, Peltier effect, and heat storage. The
Peltier effect appears only at the SC-Cu junction as a surface phenomenon, so in the 1D model it
is shown by Dirac delta function at points x=c, where ¢ represents coordinates for SC-Cu
junctions. In the Peltier effect term, negative and positive signs are for the heating end and the
cooling end of Peltier elements.

The energy balance equation over MCM elements (Equation 2) is adapted from (Engelbrecht
2008). The original equation is verified and used extensively in magnetic refrigeration literature.

—(kAZ) = pAT =22 = pAc, 2

5B or Dias Equation 2

To facilitate computation, one equation (Equation 3) can be written for the whole array of Peltier
elements (including their copper and ceramic layers) and the magnetocaloric materials. This can
be achieved by defining | and 0s/0B as functions of both space and time with zero values for
MCM and PE, respectively.

] ary , 1% ds OB T .

E(kA a) - — pAT 5ac L T 6(x — c)alT = pAc, o> Equation 3
The properties and also the cross section area are defined as space functions acquiring the values
related to the element for which Equation 3 is being applied.

The coefficient of performance, COP, is defined in Equation 4 as the ratio of cooling capacity to
the power input to the system.
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Cop = —%¢ Equation 4
Qu—Qc

Two different numerical approaches are used in this work. For two reasons finite element method
(FEM) seems more straightforward compared to finite volume method (FVM): first, the Peltier
effect happens at a point in a 1D model, as a surface phenomenon, not along an element as a bulk
effect; therefore, it is not immediately obvious how the effect should be divided between two
finite volumes when it happens at their border or how it can be modeled as a surface effect when
it happens within a finite volume. Second, taking variations of conductivity and cross section area
between two nodes into account needs extra work in FVM. However, in this work, in addition to
developing a FEM numerical model, a FVM numerical model is also developed in which these
two difficulties are addressed.

Since in the numerical models the temperature dependent properties are unknown before
acquiring the solution for each time step, the guess values, which are the temperatures at the same
time step in the previous cycle, can be updated through iteration until the change in the
temperatures in two consecutive iterations becomes smaller than a tolerance, 0.1pK in this study.

2.3.1 FEM
The array of Peltier elements and MCM is divided into a number of elements, which can have
different lengths, and temperature nodes are defined at the border of the elements.

For an arbitrary test function w(x) which is differentiable once and is zero at inner boundaries, the
weak form of Equation 3 can be derived (Equation 5). In this equation, a and b indicate the lower
and higher limits of integration, which can be performed over the whole length of the PE-MCM
array or only one element:

ds 0B

v )—("A D dx + [ 9@ = dx = [LpeopAT 2L dx + [2p(0)8(x — )alTdx =
fa ?P(X)PACpE x Equation 5

After integration by part to reduce the order of the derivatives of the diffusion term, Equation 6 is
derived, in which boundary conditions can be seen separately (the first term):

[l,l)(x)kAZ—;: [PRD AT g+ [P o) S — [P 0pAT Z L dx + [P p(x)6(x

)alTdx = f: P(x)pAc, de Equation 6

Equation 7 is the discretized equation in matrix form after using Galerkin method and linear
temperature gradient in each element (Dhatt et al. 2012).

(—[K] + [MCE] + [PED{T} + {@} + (BC} = [c1 {5} Equation 7
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In Equation 7, [K] is diffusion matrix, [MCE] is magnetocaloric effect matrix, [PE] is Peltier
effect matrix, {T} is temperature vector, {Q} is heat generation vector, and [C] is heat capacity
matrix. After discretizing the time partial derivative of temperature, Equation 8 can be written.

(S + (k1 - (mcE] - [PEY) {1} = L ryrrev + () + (BC) Equation 8
2.3.2 FVM

The array of Peltier elements and MCM is divided into a number of cells with equal lengths, and
the temperature nodes are defined at their centers (Fig. 6).

The array is made of different materials and adjacent cells can have different cross section areas
and thermal conductivities. Since the temperature nodes are at the center of the cells, it is needed

that kA be replaced by an equivalent value, (kA)eq, in a way that aa—x(kA Z—z) is always calculated

correctly even when the cross section area and the thermal conductivity of the materials between
the two temperature nodes vary, as is the case between T, and Ty, in Fig. 7.

Energy balance over the common interface of the cells gives Equation 9 and Equation 10:

(Tab_Ta) — (Tb_Tab) .
kA, ez s kyAp Tanz Equation 9
(Tp=Ta) _ (Tap—Ta) .
(kA)eg,an — “ = kA, T/za Equation 10

By eliminating the temperature at the interface, Ta,, between Equation 9 and Equation 10,
Equation 11 is derived. The same result is obtained if instead of Equation 10 a similar equation is
written for cell b.

kqAgkpAp
kqAgqtkpAp

(kA)egap = 2 Equation 11

Another difficulty in using FVVM is that the Peltier effect, as a surface effect, takes place at the
interface of two adjacent copper and semiconductor cells; therefore, it needs to be divided
between them. The analytical solution to the transient heat equation for a long bar with Dirichlet
boundary condition, T(0,t)=T; and initial condition of T=T, is found by the aid of Laplace
transform (Equation 12) (Crank 1975).

T(x,t) =T, — (T, — To)erf (ZL\/E) Equation 12
Therefore, the heat transfer rate at x=0 is given by Equation 13.

T .
—kA— o (T, — pkc, Equation 13
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Considering the copper and semiconductor parts of the Peltier elements as two bars, for which
Equation 13 can be written, with common temperature at the interface, shares of the adjacent
copper and semiconductor cells are approximated using Equation 14 and Equation 15.

Acu+/Pcukcucp,cu

Acuv/PcukcuCp,cutAscy/psckscep,sc

Rey = Equation 14

_ Asc./Psckscep,sc

Acuy/PcukcuCp,cutAscy/Psckscepsc

Rsc Equation 15

The discretized form of Equation 3 used in FVM is Equation 16.

j 5] J_mJ
T T TTL1

Keqiit1— L= kegij—1——=L 1 0s 9B
e N Ty LY +——Ax — pi4; T/~
Ax 0Apel t 63 at

Equation 16

j j-1

ZAx + RaIT] = piA;c, ~——Ax

R is a ratio calculated using Equation 14 or Equation 15 depending on the cell for which the
discretized equation is written.

3 Results and validation

To validate the model of Peltier elements, a simple case of one Peltier element and no MCM is
compared to the built 3D model of “Thermoelectric Leg” (Application ID: 16365) from the
application gallery developed by COMSOL'. Table 1 and Fig. 8 show the results of the
comparison. The differences in output values of the models in percentage are given in the last
column of the table.

To validate the physical and numerical model of magnetocaloric effect, a bar with MCM in the
middle part and insulating materials at two ends is modeled. For a transient condition in which
the magnetic field increases linearly the temperature of the middle part reaches the adiabatic
temperature change of MCM corresponding to the known values reported by Lozano et al.
(2014). 1t shows that the magnetocaloric effect, heat storage, and conduction are modeled
correctly.

The two FEM and FVM models are validated against each other, as well. Table 2 summarizes the
input values for two different simulations by which FEM and FVM models are validated. The
results of the tests have also been discussed in section 4.

! https://www.comsol.se/model/thermoelectric-leg-16365
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Table 3 shows the results of the tests. Since a small area corresponding to one leg of a Peltier
element is modeled, the energy rates calculated by the models are small. Therefore, the values per
kg of MCM are also shown. The differences between the values calculated by the two models
(FEM and FVM) and their average are listed in the last two columns of Table 3 as “error”. Fig. 9
shows the temperatures along the bed averaged during a cycle after reaching cyclic steady state
for test 2. Video 1, (only available in the electronic version as Supplementary content) shows
temperatures for the whole cycle.

Iteration to find the values of the temperature dependent parameters increases the computation
time to reach steady state considerably. Nevertheless, it does not change the results when
compared to the solution without iteration.

Now that the models are validated, the effect of varying two parameters, length of SC and electric
current, are investigated for test 2 (Fig. 10). There are, as discussed in Section 4, numerous
interrelated parameters affecting the performance. Thus, this is not a comprehensive parametric
study, e.g. aiming at optimizing the performance, which is not within the scope of this article.

4 Discussion and conclusions

Two separate numerical models using FEM and FVVM are developed to simulate the performance
of a solid-state magnetic refrigeration device with Peltier elements as thermal diodes. The models
simulate the transient performance of PE and MCM during a cycle. Comparison of the developed
model for the Peltier element with a COMSOL model shows the validity of our physical and
numerical model for Peltier elements. Through comparing the results, the finite volume model
and the finite element model are validated against each other.

Two difficulties in modeling the array of MCM and PE using FVM, namely the occurrence of the
Peltier effect at the boundaries of cells as a surface phenomenon and variation in kA values from
node to node, are addressed. Close results obtained from the finite volume model and the finite
element model indicate that the two problems are solved successfully.

The fact that evaluating temperature dependent properties through iteration at each time step did
not change the results is not unexpected. What makes iteration unnecessary is that the guess
values for temperature, which are the temperatures at previous cycle, are extremely close to the
temperatures to be calculated when reaching the steady state, which is the state of interest in this
study.

Unlike conventional magnetic refrigeration devices with heat transfer fluid, as can be seen in Fig.
9, the temperature gradient along each MCM layer has a negative slope, while the slope is
positive for the array as a whole. This is the result of using thermal diodes (transferring heat to
the left side and from the right side of each layer) and finite thermal conductivity of MCM.
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The reduced COP value in test 2 compared to test 1 can be associated to two factors: Joule
heating in the Peltier elements has become four times larger because of the twofold increase in
the current; the maximum theoretical COP, Carnot COP, is considerably smaller because of the
larger temperature span. Due to the relative increase in Joule heating the Carnot efficiency in test
2 has become smaller. The axial conduction in undesired direction cannot be a reason for lower
COP in test 2 because the number of MCM layers have increased proportionally to the
temperature span. A way to increase the efficiency while keeping the cooling capacity unchanged
is lowering the current in Peltier elements but giving them more time to transfer heat. For
example, in test 1 by reducing the current by the factor of 1.5 and activating Peltier elements
37.5% of the period instead of 25%, COP of 13.39 corresponding to Carnot efficiency of 4.5 is
achieved with even slightly higher cooling capacity.

The lower COP in test 2 results in less heat absorbed at the cold end per cycle (heat rates in test 2
should be divided by ten to obtain heat per cycle), while the input energy to the system per cycle
has not varied much. However, because of the higher frequency the cooling capacity in test 2 is
larger than test 1. It should be noticed that in this design the electric current, similar to the flow
rate of heat transfer fluid in conventional magnetic refrigeration cycle, should increase together
with the frequency to get higher capacity; otherwise, the heat generated at higher rate during
magnetization will not be taken from the MCM effectively.

As shown in Fig. 10, reducing the length of SC, although needed to reduce the thermal inertia of
the system at higher frequencies, can result in low cooling capacity and COP as it lowers the
thermal resistance of inactive PE against axial conduction. On the other hand, increasing the
thermal resistance of PE by increasing its length is accompanied by escalated Joule heating
reducing COP. Considering that PE may transfer heat from higher to lower temperature (from
magnetized to demagnetized layer) when the number of layers are high enough, high thermal
resistance can also have negative effect on transferring heat in the desirable direction.

With too low electric currents activating PE, both cooling capacity and COP are low since the
Peltier elements cannot transfer enough heat from the magnetized MCM layers. When the
cooling power is increased through increasing the cooling power of Peltier elements, the
temperature at their cold end goes further down during their active period resulting in less
efficient operation of Peltier elements at their increased temperature span. The gain in cooling
power through increasing electric current eventually becomes negative as the quadratic growth of
Joule heating captures the linear increase of Peltier effect. In multilayer arrays, the load on each
PE is different with an increase from the cold end to the warm end of the array. Ideally, the
geometry and electric current for each PE should be found separately for the best results, which
complicates optimization further.

The number of parameters affecting the performance of hybrid Peltier element-magnetic cooling
devices are high: Geometry of PE legs, copper, ceramic plates, and MCM layers; electric current
exciting each PE; strength and pattern of variation of magnetic field; duration of each process;
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cycle frequency; number of layers of MCM; Curie temperature of each layer; materials chosen as
semiconductor, magnetocaloric materials, and ceramic. Apart from copper and ceramic parts,
whose lower lengths are almost always desirable, all the parameters are tightly interconnected.
Accordingly, optimization of such devices through parameter sweep requires simulating huge
number of combinations of the parameters unless some parameters are grouped or some
monotonic behaviors are identified.

The Peltier elements in the studied system are analogous to heat transfer fluid in conventional
magnetic refrigeration systems in the sense that both the Peltier elements and the pumped heat
transfer fluid carry net positive energy from the cold end to the warm end. In the test results
summarized in Table 3, the power consumption of the Peltier elements is few times higher than
the magnetic work, whereas, in a well-designed conventional magnetic refrigeration system with
heat transfer fluid, the pumping power is usually smaller than the magnetic work. In a parametric
study (not included in this article) in which I, Lsc, number of MCM layers, cycle period, and
share of magnetization/demagnetization processes from the whole cycle period were varied about
the values reported for test 1, no combination was found in which the relative power consumption
of the Peltier elements are substantially reduced. Accordingly, use of Peltier elements as thermal
diodes may not result in a highly efficient system unless Peltier modules with optimized
geometry, optimized electric current and highly effective semi-conductor material, which show
high efficiency at the small or even negative temperature span that the magnetized and
demagnetized MCM layers create for them, are used.

Passive thermal diodes may seem interesting from efficiency point of view; however, it should be
investigated in each case if they can conduct the heat in the desired direction fast enough
considering the practical limitations in manufacturing and material properties.
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Supplementary content
This video shows temperature, magnetic field, and electric current changes during a cycle after
reaching steady state for test 2, described in section 3.
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Video Supplementary material. mp4

Video 1 one cycle after test 2 reaches steady state
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Fig. 1 working principle of the modeled solid-state magnetic refrigeration device
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Fig. 2 schematic drawing of a single Peltier element. Grey and black colors show the semiconductor legs. The copper and

ceramic layers are shown by brown and green.
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cold
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Fig. 3 a thermoelectric module which consists of 8 Peltier elements (16 legs). In (b) and (c) the upper and lower ceramic layers
are removed to show the electric connection of the elements
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Fig. 4 sequence of placement of the materials (for a case with 3 layers of MCM)
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Fig. 5 energy balance over infinitesimal element of PE (Peltier effect term is not shown)
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Fig. 6 cells and temperature nodes in FVM
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Fig. 7 varying cross section area and conductivity between temperature nodes in the finite volume model
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Fig. 8 comparing the temperatures calculated by the developed 1D FEM model and by COMSOL
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Fig. 9 comparing the average cycle temperatures calculated by finite element and finite volume models for test 2
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Fig. 10 varying the length of the semiconductor and the electric current with the rest of the
parameters of test 2 unchanged
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Table 1 comparing our model of Peltier element with COMSOL results

COMSOL FEM error [%]
Qc [W] 0.03365 0.03363 -0.06
Qu [W] 0.05669 0.05666 -0.05
Elpe [W] 0.02304 0.02303 -0.04
COP 1.4607 1.4604 -0.02
20

Page 20 of 22



ACCEPTED MANUSCRIPT

Table 2 common input values used for FEM against FVM validation tests

input parameter  test 1 test 2 unit
AX 0.025 0.025 mm
Lsc 0.6 0.6 mm
Lmcm 0.3 0.3 mm
Lc 0.1 0.1 mm
Lcy 0.1 0.1 mm
| 1 2 A
Brmax 1 1 T
The 29515 29515 K
Tee 29415 29015 K
Asc 5.76 5.76 mm’
Amcm 7.29 7.29 mm’
Ac 7.29 7.29 mm’
Acy 6.24 6.24 mm®

71, T2, T3 and T4 0.25 0.025 S
semiconductor Bi-Te Bi-Te
ceramic alumina alumina

layersof MCM 1 5
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Table 3 comparing finite element and finite volume models. For test 1 and test 2 average of FEM and FVM results are given.

test 1 test 2 test 1 test 2 error error
0.017 g MCM 0.086 g MCM per kg MCM per kg MCM testl  test2

[%]  [%]

Qc[W]  0.0090 0.0135 523 156 0.3 0.0

Qu[W]  0.0100 0.0276 580 319 0.2 0.4

Ele [W]  0.0009 0.0105 51.5 122 0.9 0.0

Winag [W]  0.0001 0.0035 5.38 41.0 0.9 3.3

cop 9.21 0.96 9.21 0.96 1.1 0.8

ne[%] 3.1 1.7 3.1 1.7 1.1 0.8
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