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Abstract

Thermomagnetic harvesting is an emerging approach used to convert low-grade waste heat to
electricity, which recently obtained a boost due to the development of both more efficient
functional materials and innovative device concepts. Here, we examine a thermomagnetic
generator which utilizes gadolinium as the thermomagnetic material and report on the double
peaks of the induced voltage. Using a combination of experiments and theory we show that these
double peaks originate from the interaction between an asymmetric magnetization curve and a
pretzel-like magnetic field topology. Double peaks are detrimental for the output power and can be
avoided by matching the magnetization change by adjusting the cold and hot fluid flow.

1. Introduction

The increasing evidence of a human-made climate change [1, 2] underpins the need to use the primary
sources of energy as efficiently as possible. This includes recovering waste heat and converting it to electrical
energy. However, most of this waste heat is available at temperatures just above ambient [3]—a temperature
range where hardly any technology, except thermoelectrics, is available [4]. Thermomagnetic harvesting of
low-grade waste heat is an alternative emerging technology [5, 6], which promises to be more energy efficient
and affordable in this temperature range [7, 8]. This technology utilizes a thermomagnetic material, which
exhibits a steep change in magnetization in the vicinity of the temperature of the available waste heat.
Although invented more than a century ago [9, 10], thermomagnetic harvesting obtained a boost [11] after
appropriate materials were developed as a side product for magnetocaloric refrigeration, which is the reverse
energy conversion process [ 12, 13]. This illustrates the close connection between novel functional materials
and innovative applications—an intimate combination which will be addressed in this paper in more detail.

Three different types of thermomagnetic devices can be identified, depending on their type of movement
[8]: rotating thermomagnetic motors, linear oscillators and generators. Thermomagnetic generators (TMG)
are the only devices which require no movement, since these devices utilize the steep change in
magnetization of a thermomagnetic material to switch the magnetic flux which, according to Faraday’s law,
induces a voltage peak in a coil wrapped around the material. Recently, we presented a pretzel-like magnetic
field topology, which allowed for a flux reversal, which improved the performance of TMGs by orders of
magnitude [14]. In this work we will use this particular TMG, and demonstrate that under certain
circumstances not a single voltage peak is induced, but double peaks occur, which reduce the efficiency
strongly. To understand the physical origin of these unexpected double peaks, we will examine the interaction
between the thermomagnetic material and the TMG in detail by experimental and theoretical means.

The performance of a thermomagnetic system is strongly determined by the thermomagnetic material
used [8, 15] and many more materials have been suggested recently [16—18]. While most material libraries
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are based on literature values of material properties, only a few direct experimental analyses of
thermomagnetic materials are available [19]. For the particular TMG used here, we recently published a
comparison between La—Fe—Co-Si and Gd [20]. Although Gd exhibited an inferior performance, we selected
this thermomagnetic material for the present experiments as it is the reference material used for most
previous thermomagnetic devices [21-24]—and it is still the benchmark magnetocaloric material [25, 26].
Furthermore, Gd exhibits a typical second-order Curie transition, which results in an asymmetric
magnetization vs temperature M (T') curve, which is the more general case compared to La—Fe—Co-Si that
has a close to first-order transition. The need for more detailed experiments is evidenced by the fact that,
until now, double peaks within a TMG have been neither reported nor predicted.

To understand the origin and to finally eliminate the double peaks within a TMG, this paper is organized
as follows. After a short description of the TMG used in section 2, in section 3 we systematically analyze the
experimental conditions, which result in the formation of double peaks. We focus on the influence of the
fluid flow, since this can easily be varied independently for the hot and cold fluids. As this controls the heat
exchange, this allows us to adjust the magnetization change, which depends on both temperature and time
M]T(t)]. To disentangle the contribution of the cold and hot sides, we additionally analyze experiments
where only one side of the TMG is filled with thermomagnetic material. To demonstrate the detrimental
impact of double peaks on the power output, we systematically vary the flow rates of both fluids and cycle
frequency. In section 4 we present a model, which describes the temperature and time dependency of the flux
change on both sides. We intentionally selected a quite simple semi-analytical model as, in contrast to a fully
numerical model, this clearly allows us to attribute the origin of double peaks to the different M[T(t)]
dependencies of the hot and cold sides. Our analysis reveals that double peaks originate from the
combination of the asymmetric magnetization curve M(T) of Gd and the particular pretzel-like magnetic
field topology, which enables flux reversal. We demonstrate that the use of different fluid flow rates allows us
to match the magnetization change in both sides in time, which increases the power output of a TMG by
avoiding double peaks and unfavorable magnetic stray fields.

2. Materials and methods

In this work we examine the coupled behavior of magnetization change and heat transfer on the induced
voltage in a TMG. As a generator (figure 1), we use a recently developed prototype with an advanced
magnetic flux topology [14]. In the TMG two Nd—Fe-B permanent magnets (VACODYM 722,
VACUUMSCHMELZE) generate a magnetic flux ®. This magnetic flux is guided within two identical
magnetic circuits. Each circuit consist of two iron yokes and a thermomagnetic material, which is arranged as
a set of 25 Gd plates with a thickness of 0.5 mm [20]. Around the magnetic circuit a mixing chamber is
constructed with two entrance and two exit hose connections for the heat exchange fluid. The two magnetic
circuits are connected by two steel cores surrounded by copper coils , each with 1000 turns.

During the operation of the TMG, cold and hot fluids (water with 40% propandiol) are pumped inside
the mixing chambers. The temperature control and the pumping of the fluid is provided by two thermostats
(CBC 5 control, IKA). Four three-way valves guide the cold fluid in one chamber and hot fluid in the other,
which is alternated after 5 s. The temperature of the fluid is measured by Pt1000 thermoresistors directly
before the entrance and after the exit. While the fluid moves through the fluid channel between the Gd plates
(with the same thickness as the plates), it exchanges heat with the thermomagnetic material. In one magnetic
circuit the thermomagnetic material is cold, while it is hot in the other circuit. In the cold state, with
temperatures below the Curie temperature, Gd has high magnetization. Hence, the magnetic resistivity of the
material is low, which means that it has a high conductivity for the magnetic flux. On the other site, Gd has
low magnetization for temperatures higher than the Curie temperature. In the low magnetization state the
magnetic flux cannot be guided by the material. As the two magnetic circuits are connected, the magnetic
flux of both permanent magnets close over the side with the cold Gd. When using an electric circuit, as an
analogy, the thermomagnetic material can be considered as a magnetic switch, which is closed when the
material is cold and open at higher temperatures. When the valves get activated, hot and cold fluids switch
sides and the temperature of the thermomagnetic material. With that, the previously open switch is closed
and the previously closed switch becomes open. Accordingly, the magnetic flux of the permanent magnets
changes its direction and now closes over the other side. Due to Faraday’s law of induction (equation (1)),
this change in magnetic flux inside the iron cores, which connect both magnetic circuits, results in an
induced voltage in the copper coils:

Vina = —N—. (1)
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Figure 1. The TMG, which allows for a magnetic flux reversal due to it pretzel-like magnetic circuit design [14]. (a) Two
schematic views of the TMG illustrate all the components of the device and its working principle. The magnetic flux ® is provided
by two permanent magnets and is guided over a yoke to the thermomagnetic material, arranged as 25 Gd plates. One side of the
generator is cooled down, while the other is heated up, due to hot and cold fluid going into the mixing chamber (length I,c) and
traveling across the plates (length [,;). The magnetic flux is then closed over the cold material since it has high magnetization,
Mco14> while the hot material has low magnetization, My,. Alternating the cold and hot fluid with three-way valves switches the
magnetic flux direction. Accordingly, a voltage is induced within the induction coils. (b) A photograph of the TMG with the
pretzel-like magnetic circuit design. Reprinted with permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Nature Energy [14] © 2019.

Here, the coil winding number N connects the induced voltage Vj,g with the time-dependent change in the
magnetic flux. This flux change is determined by the change in magnetization inside the material. Thereby,
the magnetization change itself depends on the time-dependent temperature change. In an ideal case the
thermomagnetic material acts as a flux switch, which is open (no flux guidance at all) in the hot state and
closed for the cold state, where the total magnetic flux can be guided inside the material. Thus, the
temperature-dependent magnetization change and the time-dependent temperature change are maximal,
resulting in an infinite induced voltage. However, in the real case the magnetization increases or decreases
continuously over the temperature span, and it also takes some time to change the temperature. With this, the
induced voltage is reduced compared to the ideal case. This particular TMG design minimizes magnetic stray
fields and, therefore, reaches the highest performance of all the TMGs today [14]. In this paper we consider a
consequence of this design, which is the need for a simultaneous flux change on both sides. This means that
the decrease of the magnetic flux change during heating has to be compensated by the magnetic flux increase
by cooling. Accordingly, it is necessary to match the magnetization change and the heating and cooling rates,
respectively. These aspects are analyzed experimentally in the next section and theoretically in section 4.

3. Experimental results

The induced voltage in the TMG is a combination of temperature-dependent magnetization change and
time-dependent temperature change. As the change in magnetization with temperature is a material
property, it is fixed for a certain temperature difference AT. Therefore, the only way to influence the induced
voltage at a constant AT (and a fixed middle temperature Tyiqqie) is to change the heat exchange of the fluid
with the thermomagnetic plates. Since the thermal diffusivity is also a material property, heat exchange by
conduction in a given design only depends on the properties of the thermomagnetic material, which is Gd in
this work. With this, the only way to affect the heat transfer and thus the induced voltage is by varying the
fluid flow. Thereby, the heat can be brought to the thermomagnetic material faster and the temperature
changes faster. In our setup we can change the flow rate of hot and cold fluids independently by setting the
rounds per minute of the pumps in the thermostats. Accordingly, it is possible to investigate the influence of
different flow rates on the induced voltage.
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Figure 2. Voltage and magnetic flux profiles as a result of the heat exchange fluid flow rate at a temperature difference of 30 K.
After alternating the temperature we only observe a single voltage peak (green background color), if the hot fluid rate is roughly
twice as high as the cold fluid rate. Otherwise, a second peak immediately follows the first induction peak (red) or an intermediate
voltage profile appears (yellow). To understand the unexpected double peaks, this paper examines in depth the influence of hot
and cold fluid flow when using thermomagnetic materials with an asymmetric magnetization curve. The x-axis of each box
represents a span of 10 s, which is required for a complete cycle at 0.1 Hz. The y-axis represents the voltage V (black, in the range
of —0.1to 0.1 V) and the magnetic flux change ® (blue, in the range of —8 x 107° to 8 X 10~¢ Wb), respectively. All
measurements are performed under open circuit conditions.

In figure 2 we summarize the open circuit voltage (no current flow) profiles (black curves) and the
integrated magnetic flux change (blue curves) for different fluid flow rates of hot Vi, and cold Vg4 fluid at
AT =30K and Tpigde = 292 K. Thereby, the hot fluid rate varies from 0.1 Imin~! up to 0.86 | min~*. For
the cold fluid the maximal reachable flow rate is limited to 0.47 I min~'. This limitation results from the
exponential increase in viscosity within the heat exchange fluid at lower temperatures. Therefore, at the
highest pressure of the pumps in the thermostats, the maximal flow rates are different for hot and cold fluids.
From previous results with a La—Fe—Co-Si alloy as the active material, we expect, at a frequency of 0.1 Hz, a
voltage profile with two sharp peaks in a time span of 10 s [14]. However, using Gd plates as the
thermomagnetic material, we observe different appearances for the induced voltage profiles, depending on
the flow rates. Indeed, we observe three different types of voltage peaks: first, the expected single peak, which
occurs every time after the valves have switched. The second type is a voltage peak followed by a lower or
higher second peak, which we will call in the following a double peak. The third appearance is in between the
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Figure 3. Measurement of open circuit voltage for different fluid rates after the first five seconds after switching. Here, only one
side of the TMG is filled with Gd plates. With this, the active material is heated up after the first switching event and cooled down
after the second switching event. Thereby, it is possible to distinguish between the induced voltage due to heating (red) and
cooling (blue). By adding these voltages up (orange), it is possible to draw conclusions on the complete voltage when both sides
are filled with Gd plates. (a) At a constant flow rate of cold fluid Veord = 0.47 Imin ™", the hot flow rate is decreased from

Viot = 0.86 Imin~! down to Vo = 0.37 lmin~!. This represents the lowest row of figure 2. As a result the voltage peak occurs at
a late time and with a lower maximum. Accordingly, the voltage peak leads to an offset between cooling and heating and a double
peak in the voltage summer. (b) Reducing the cold flow rate at a constant hot flow rate Viot = 0.37 lmin~" (third row of figure 2)
reduces the induced voltage during cooling and shifts the maximum to a longer time, at which the voltage for heating also peaks.
Accordingly, the summation of both voltages results in a single peak voltage characteristic.

two previous cases: not a clear single peak but a peak with a following shoulder. To distinguish the different
cases we mark, in figure 2, those conditions resulting in a single peak, double peaks and intermediate cases
with green, red and yellow background colors, respectively.

In the measurement matrix of figure 2 both fluid flow rates are minimal in the top left corner. For this
condition the induced voltage is very small due to a long time over which the induction takes place. In fact, it
is longer than the switching period time of 5 s, which indicates an incomplete heat exchange and, as result, a
reduced magnetic flux change compared to the other measurements. The induced voltage increases when
increasing the flow rates. However, we observe a single peak only when the hot flow rate is around twice as
high as the cold flow rate. In the diagram these conditions are in the diagonal direction from the upper left to
the lower right. When we increase only one flow rate, starting at the conditions Vy,o; = 0.37 Imin ™" and
Veold = 0.20 Imin !, we observe a change in appearance of the voltage profile. This is followed by a
reduction in the maximum induced voltage and a broader width of the peaks. A clear double peak is formed
when we increase the cold flow rate, while a higher hot flow rate results in an intermediate peak. Accordingly,
we observe a strong influence of the flow rates on the induced voltage.

Although we recognize that the voltage profile is affected by the ratio of the cold and hot fluid rates, it is
difficult to distinguish the influence of one of these processes on the induced voltage. This is attributed to the
generator design, where the switching of the valves starts the heating of one side simultaneously with cooling
of the other side. Therefore, the measured voltage is affected by any kind of magnetic flux change. To separate
the impact of heating and cooling, respectively, on the induced voltage we removed the Gd plates of one side.
By doing so, the first heat exchange process after switching is linked to heating and the second heat exchange
process to cooling. The addition of both absolute induced voltages allows us then to draw conclusions on the
complete voltage when both sides are filled with Gd plates. Accordingly, with this approach it is possible to
separate the consequences of different flow rates on the appearance of the voltage peak.

In figure 3 we display the induced voltage separately for the heating and cooling scenarios when only one
side of the TMG is filled with Gd plates. We focus on two different scenarios. First (figure 3(a)), we measure
the induced voltage for 0.47 Imin~! and V},o; = 0.86 Imin~"'. Both voltage peaks have nearly the same height
for heating and cooling and occur at the same time, just before 0.5 s. As a result, the sum of both, represented
by the orange dotted line, results in a single peak. This is nearly identical to the peak appearance in figure 2
under equal conditions, where both sides are filled with plates. When we decrease the hot flow rate the
voltage induced by heating also decreases and peaks later than 0.5 s. Now, this shift results in a double peak
when we add up both individual voltages (orange dashed curve). The second peak is higher than the first, as
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Figure 4. Average voltage and power output as a result of cold and hot fluid flow rates. The heat map represents the generated
power P within the TMG for different fluid flow rates. The power increases from the upper left corner, where the fluid ﬂow is low,
Vcold =0.21min"! and Vi = 0.37 Imin " to the lower right, where both fluid rates are maximal (Voq = 0.47 Imin~! and
Vhot = 0.86 Imin—"). This increase in output power results from a higher optimal cycle frequency fop; and average induced
voltage V due to a faster heat exchange. The average induced voltage per cycle frequency is shown in the inserted graphs. If just the
cold or hot fluid rate is increased based on the upper left conditions, the optimal cycle frequency and maximum output power
decrease, despite higher input power.

measured in figure 2. A further decrease in the hot flow rate shifts the voltage peak as a result of heating to
even longer times with a reduced maximum voltage. As a consequence, the sum (orange solid line) indicates
a double peak with a broader width and a lower second peak.

In the second scenario (figure 3(b)) we keep the hot flow rate V},o; = 0.37 Imin~! constant and only vary
the cold flow rate. For this hot flow rate, the induced voltage due to heating has a maximum of 25 mV, which
occurs between 0.5 s and 1 s. Much earlier, namely just before 0.5 s, the higher voltage as a result of cooling
occurs for Vg4 = 0.47 Imin~". The addition of both voltages (orange dotted curve) results in a double peak,
as in figure 3(a), under identical conditions. Now, we decrease the cold flow rate down to 0.36 I min~! so that
both flow rates are the same. Thereby, the induced voltage due to cooling decreases and the maximum shifts
to around 0.5 s. This shift reduces the double peak characteristics in the voltage addition, represented by the
orange dashed line, as also measured in figure 2. However, the double peak in the voltage profile only
disappears if we reduce the cold flow rate further to 0.2 Imin~!. Accordingly, for both scenarios we only
observe a single peak, when the hot flow rate is twice as high as the cold flow rate. For these conditions only,
the induced voltage contributions by both heat exchange processes—heating and cooling—have their
maximum at the same time.

In the following, we ask if the different features of the measured voltage profiles have an direct impact on
the TMG performance. For this we measure, in figure 4, the power output with Gd plates on both sides

again, depending on the hot and cold flow rates. We measure the power of the TMG with P = e |
|V] is the average induced voltage per cycle and R is the load resistance. We set a load resistance of
R =9.15 §, resulting in the maximal power [14]. Inside each field of the heat map we show the average
induced voltage depending on the cycle frequency. For V},o = 0.37 Imin~! and V_,q = 0.20 Imin~" the
average induced voltage is maximal at an optimal cycle frequency f,,c = 1.1 Hz, resulting in a output power
of 45 uW. In figures 2 and 3 we observe a single peak at these flow rates. Increasing both flow rates results in a
higher output power up to 95 W, since the optimal frequency (fopc = 1.5 Hz) and thus the average voltage
can be higher. However, this is only the case if we increase the hot and cold flow rates in such a way that only
a single peak occurs. For conditions where only one flow rate is increased (e.g. Vhor = 0.86 Imin~!

, whereby

and
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Veold = 0.20 Imin~") and the voltage profile has a double peak characteristic, the output power decreases.
This reduction results from the lower optimal frequency and thus average voltage. Indeed, f,,; decreases to
0.4 Hz for Vo = 0.37 Imin~" and V4q = 0.47 Imin ™", although the cold flow rate is higher compared to
the upper left conditions. Consequently, in this case, the output power of the TMG is lower, although the
input energy is higher. This is a key issue, since it shows that maximum fluid flow does not automatically
result in higher performance. Only under those conditions where the voltage profile has a single peak is the
thermal input energy efficiently converted into electric energy.

4, Theoretical considerations

In the experimental section we observed different appearances of the induced voltage profiles. Three types of
voltage peaks occur, depending on the hot and cold fluid flow rates. As the different voltage profiles influence
the optimal cycle frequency and thus the output power, it is important to understand why different voltage
profiles are formed. To describe the different shapes of voltage peaks we present a simplified model in the
following. With this model it is also possible to predict the best operating conditions for different
thermomagnetic materials to achieve a single peak voltage profile and the maximal power output.

To describe the induced voltage in the TMG we have to look at the magnetic flux inside the magnetic
circuit. The magnetic flux depends on the magnetization M of the thermomagnetic material and the applied
magnetic field H from the permanent magnets:

M+H
(b:/lo( + )'

" (2)

Here, p is the induction constant and A is the surface area of the magnetic circuit component through
which the magnetic flux closes. In this equation the magnetization is the key material property, as its
temperature dependence results in the switching of the magnetic flux in the TMG. As, in this particular
generator design, the magnetic flux is always guided inside the magnetic circuit of any of the two sides, it is
possible to approximate the upper limit of the magnetic flux change using the magnetization change of the
thermomagnetic material. Therefore, we can also approximate the induced voltage as follows:

Vindz_N',UO'A' (3)

dr

Therefore, the induced voltage depends on the time-dependent change in magnetization. As the
magnetization of the material depends on the temperature, the time-dependent characteristics are
determined by the temperature change in the material as a result of heating and cooling of the material. As a
consequence, the magnetization is a function of the temperature, which itself is a function of time

M = f[T(¢)]. Using the chain rule of differentiation, we can unbundle the time-dependent change in
magnetization in two parts. As evident from equation (4), we have to consider both the
temperature-dependent change in magnetization and the time-dependent temperature change:

dM dMm dT 4
& T @
The induced voltage is thus a linked connection of the temperature-dependent change in magnetization and
the time-dependent temperature change. In the following we now look closer at both terms of the equation
separately. For the first term we measure the magnetization of the thermomagnetic material (Gd) with
regard to dependence of the temperature, as shown in figure 5. Accordingly, we can calculate the
temperature-dependent magnetization change %I, which differs for the cooling and heating side. When
considering the cold material during heating, it loses its magnetization and, accordingly, %4 is negative. The
largest change in magnetization occurs close to its Curie temperature, where %I exhibits its minimum. On
the other hot side the material becomes ferromagnetic, and thus ‘%I is positive and a maximum is observed.

As a consequence, the increase in magnetization during the cooling of one side is not always balanced by
a decrease during heating on the other side. For example, at the beginning of the temperature change the
magnetization of the heated material decreases faster than the magnetization of the cooled material increases,
whereas it is the opposite at the end of the temperature change. To describe the influence of this unbalance
on the induced voltage we fit the magnetization derivation for heating and cooling (dashed lines). With this
fit function (Gaussian plus a linear function) it is possible to link the temperature-dependent magnetization
change with the time-dependent temperature change to calculate the induced voltage.

The temperature change with time is the second term of equation (4) and is the more difficult part when
describing the time-dependent magnetization change. As we do not have experimental in operando data and
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Figure 5. The temperature-dependent magnetization curve of Gd (black line), its derivation as a result of heating (red curve) and
cooling (blue curve) for a temperature span of 30 K and the corresponding fit functions (dashed curves). In the TMG the cold
material is heated up, while the hot material is cooled down, from the initial temperature T until the end temperature Too.
Thereby, the material goes from a high magnetic state M4 to a low magnetic state Mo and back. The change in magnetization
results in a change in magnetic flux and thus in an induced voltage. The arrows indicate the direction of the heating and cooling
process. The measurement is performed in a constant magnetic field of 0.1 T.

an analytical description of the heat exchange is quite difficult, we use a very simple model. In this
simplification the temperature change is only determined by the position of the hot and cold fluids within
the TMG. This means that when the fluid fronts reach a certain part of the plates it immediately changes the
temperature. We consider this simplification justified, as we had previously shown that the heat exchange
between the fluid and plates is about five times faster than the time required for the fluid to travel through
this TMG [14]. After a certain time, which depends on the fluid flow and respectively velocity, the fluid front
reaches the end parts. Subsequently, the material changes its temperature completely and remains at its end
temperature for the rest of the cycle. Accordingly, we can describe the temperature of the plates with regard
to the dependence on time, as illustrated in figure 6(b), using three different time sections:

Ty ift <tpe = lmc'\:’/qmc
_ AT-V . e Ame | bAp
T— Toimt lftmc<t<(t1nc+tp1—7+%)
T, > tne +

In the first time section the temperature T is equal to the initial temperature Ty. The duration ¢ of this
section is defined as the time #;,, which the fluid needs to go through the mixing chamber. This time is
described by the length I;;,c and the cross sectional area A, of the mixing chamber as well as the fluid flow V.
After the fluid front passes the mixing chamber the second time section starts. During this time, the initial
temperature decreases or increases—depending on whether we consider the cooling or heating process. The
temperature in this section changes in a linear manner with time, whereby the slope is the ratio of the
temperature difference AT between the cold and hot state (here, AT = 30 K) and the time ¢, the fluid needs
to reach the end of the thermomagnetic plates. This duration is determined by the fluid flow V, the length of
the fluid channels [ and the total cross sectional area of all the fluid channels A. Since the latter are
constant in the given device, the slope of the temperature profile and thus the temperature change rate only
depends on the fluid flow at a given AT.

The magnetization of the first parts of the thermomagnetic material changes as its temperature changes
due to the passing fluid. Accordingly, the magnetic flux starts to change and thus the induction of voltage
starts. However, the last sections of the plates still remain at their initial temperature, and therefore they do
not contribute to the flux change and voltage induction. Hence, it is convenient to divide the
thermomagnetic plates section into ten discrete space parts, as illustrated in figure 6(a) (p1-p10). As we
obtained the same results with only five discrete parts, we consider ten parts more than sufficient. In each of
the separate parts [, ; we then calculate the individual temperature profile. In the ensuing set of curves, the
individual curves are shifted by the time it takes for the fluid to reach the next section. From these curves we
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Figure 6. The progression of the calculated material temperature (solid blue and red curves) from the initial Ty to the end
temperature T and its derivation (dashed blue and red curves) for a temperature span of 30 K. At the beginning, the valves
switch and guide the fluids in the opposite mixing chamber. Thereby, the heating and cooling process starts. In the early stages,
the temperature changes very quickly. As a consequence, the cooling and heating rates are very high. For longer times these rates
decrease and approach zero, as the final end temperature is nearly reached. These calculations are performed for the same flow
rates of cold and hot fluid (lmin—1).

calculate the mean value, as illustrated in equation (5). With this mean value we can calculate the overall
middle temperature T(t) of the thermomagnetic material:

. 1 o= ATV

T=To+ ; e t. (5)
After the fluid passes the last part of the plates, the last time section (¢ > ty,c + t,1) starts, in which the average
temperature of the material corresponds to the end temperature T.

From the resulting temperature profiles for the cooling and heating process we now calculate the
temperature change rate T by numerical derivation (figure 6(c)). Hence, we have both terms required for
equation (4) and can calculate the time-dependent magnetization change and thus the induced voltage using
equation (3).

In figure 7 the calculated induced voltage is shown separately for the cooling and heating process. Adding
these voltages results in the total induced voltage as both processes happen simultaneously in our TMG. This
procedure is similar to the experimental results shown in figure 3. In these experiments we measure the
voltage in the generator for only one side filled with thermomagnetic plates, which allows us to distinguish

9



10P Publishing

J. Phys. Energy 4 (2022) 024006

D Dzekan et al

100 a) Vv .y Vheating ||
’ cold hot Veooling [
50 4
—_ 4 “s - VCaIc
9 SN
E 0 /T | — I\ I I 1
E "
i 100 /A VcoId < Vhot B
o 50 \\ 7N —
S
e 0 e T T
~ 100 i C) I | i
- / ) Vcold > Vhot m
50 — /1 \V-, 3 —]
0 == - I - I 1
0 1 2
Time {(s)

Figure 7. Calculated voltages for three different fluid flow ratios. With the temperature-dependent magnetization change and the
time-dependent temperature change we can calculate the induced voltage in the generator using equation (3). This allows a
comparison between the calculated voltage and the experimental measured voltage from figures 2 and 3. (a) For the same cold
and hot fluid flows (Veoig = Vior = 0.5 Imin—") the calculated voltage due to heating has its maximum nearly at the same time as
the voltage contribution from the cooling process. However, both curves are not identical, which is particularly true for the
decaying curves as a consequence of different magnetization changes for the heating and cooling scenarios. This difference in the
voltage due to heating and cooling results in different complete voltages for Veold < Viot (b) and Vg > Vior ().

between the cooling and heating contribution to the measured voltage. In these experiments the fluid flow is
the only operational parameter that has an impact on the induced voltage at a certain temperature difference.
Therefore, in figure 7, for the calculated voltage, we consider three cases with different flow rates as well.
Hence, we can directly compare the experimental results with the calculations. Although it is not possible to
reproduce the experimental values exactly with our simple model, we can clearly see the same behavior of the
induced voltage with respect to the fluid flow rates.

In the first case (figure 7(a)) we consider the same fluid flow for the cold and hot fluid. Thus, we obtain
the same temperature profile, and respectively its change, for both processes. However, because of the
difference in the temperature-dependent magnetization change (figure 5) the calculated voltage due to
cooling is not the same as that for the heating process. As a result of the smaller magnetization change in the
early stage of the cooling process the induced voltage is lower compared to the voltage induced in the
beginning of the heating process. The main difference occurs after the maximum voltage, where the voltage
caused by heating decreases significantly faster than that caused by cooling. Although this does not have a
major impact on the total voltage for the same fluid flow, this difference becomes quite important for
unequal fluid rates. When the hot fluid flow is higher than the cold one (figure 7(b)), the temperature change
rate is higher for the heating process and the induced voltage as a result of this process peaks before 0.5 s. In
comparison, the induced voltage due to cooling is shifted to longer times and accordingly only reaches lower
voltage values. As a consequence, the sum of both voltages results in a first relatively sharp peak, and a second
lower but broader peak. Indeed, this is similar to what we observe in our experiments in figure 2 or 3, when
the hot fluid flow is much higher than the cold one (for example at Vit = 0.62 Imin ™! and V4 =
0.14 lmin™!). Next, we consider a larger cold fluid flow (figure 7(c)). Now, the voltage due to cooling is
induced faster. However, the voltage due to heating now peaks now on the flank of the cooling voltage.
Accordingly, the summed up curve has a different appearance than in the previous case and the second peak
has a similar height and width as the first. In the experiments we also find this behavior also in conditions
where the cold fluid flow is larger or at least similar to the hot fluid flow.

To summarize this section, the combination of magnetization measurements and a simple model for
estimating the temperature profiles in the thermomagnetic materials within the TMG gives an explanation
for the three voltage peak appearances observed in our experiments. We can show that different temperature
change rates for the heating and cooling processes induce double peaks. Two types of double peaks occur,
depending on whether cooling or heating happens faster, since the magnetization changes for both processes
are different.
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In our experiments we also observed a double peak forming when cold and hot fluids have the same flow
rates. We could not reproduce this with our simple model as we did not include the impact of the different
fluid properties on the heat exchange. For this we propose to use finite element calculations for
computational fluid dynamics in future. However, this simple model presented here already helps to avoid a
double peak voltage profile and thus a reduced performance.

5. Conclusion

In this work we investigate different voltage profiles in a TMG for converting low-grade waste heat into
electricity with Gd as the thermomagnetic material. In particular, the novel generator design with magnetic
flux reversal used in this work has a high potential to become competitive with other low-grade energy
harvesting devices. During experimental investigation on this novel prototype we observed three different
voltage profileswith regard to the dependency of the flow of the cold and hot heat exchange fluid. To examine
the contributions of the heating and cooling processes to the induced voltage separately we changed our
setup in such a way that only one side of the generator was filled with thermomagnetic material. Thereby, we
observed different voltage profiles for heating and cooling, which resulted in the different appearances of the
measured voltage peaks. We observed a direct impact of the voltage profiles on the optimal cycle frequency
and thus on the maximum output power of the generator. The highest cycle frequency and power were only
obtained for conditions where the hot fluid flow rates were twice as high as those for the cold fluid.

To explain the voltage peaks that formed we describe the magnetic flux change and the induced voltage
using a simple theoretical model, which considers both the temperature-dependent magnetization change in
the thermomagnetic material and the time-dependent temperature change. We obtained the first factor from
magnetization measurements of Gd. For the second factor we developed a simple model, where the
temperature change rate only depends on the fluid flow. Indeed, with this we can explain the different voltage
peaks and also give predictions for the best operating parameters. Furthermore, we found that in the
experiments with the same fluid flows, the heat exchange is different for cold and hot fluids, which can be
related to the temperature-dependent fluid properties.

With our combined experimental and theoretical investigation on the different voltage profiles in the
TMG with flux reversal we obtained a more precise understanding of the operation of this novel and
promising TMG design. Its device performance is intimately connected with the magnetic properties of the
thermomagnetic material used and the operational parameters. Our example illustrates that, for the
application of novel functional materials, it is essential to understand the interactions of the device and the
thermomagnetic material.

As a TMG is most suitable for harvesting low-grade waste heat, large-scale systems may be used for power
plants, where most of the energy in this temperature range is wasted. However, it will be some time before
reliable systems at this scale will be available and, until then, fossil power plants may become obsolete. Thus,
we expect that medium scale systems will first be developed for useful applications. In particular, off-grid
applications in regions where the climate does not permit the use of photovoltaic systems justifies the still
high effort required for novel systems. We expect that geothermal energy may be the first explored source as
it supports a quite constant temperature difference. For miniaturized systems the most promising
applications are sensor applications and wearables, since thermomagnetic systems avoid the effort required
for wiring or the service required to replace batteries.
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