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ABSTRACT

In this paper, an experimental study is carried out to investigate the temperature response of a thermomagnetic
material subjected to water and air jet impingement. In particular, the thermomagnetic material is included in
a heat energy harvesting device that uses water to heat and air to cool. The aim of the study is to enhance heat
transfer and identify the limits of jet impingement to control the temperature-dependent magnetic properties
of thermomagnetic materials. Beyond the Curie temperature, in fact, the material loses its magnetic properties
and becomes paramagnetic. The rapid change in magnetization around the Curie temperature can be used to
design a device that converts thermal energy into other useful forms of energy. The study aims to identify the
suitable conditions required to operate the device and optimize the time required for heating and cooling of the
material. For this reason, time dependent simulations are performed to understand how the temperature on the
material varies over time for different values of water temperature and inlet velocity. Moreover, an analysis
on the effect of jet impingement exit velocity, nozzle diameter and nozzle-to-surface distance on the heat
transfer characteristics is made, showing the variation of the thermal time constant with these parameters.
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1. INTRODUCTION

Low grade heat is a byproduct of many man-made and natural processes. Recently, there has been advance-
ment in the development of new devices and materials that can harness such low grade heat [1]. Thermomag-
netic materials exhibit significant changes in magnetization following a small change in temperature around
its Curie temperature. This physical property of the material can be harnessed in a device to convert thermal
energy into other useful forms of energy like mechanical work [2][3][4]. A thermomagnetic motor typically
consists of a movable part which is constructed from thermomagnetic material while the permanent magnetic
assembly remains stationary or vice versa [5]. Typically, heat is introduced to a portion of the thermomagnetic
material while the other portion is kept cool. This causes a difference in permeability between hot and cool
zone which produces a net force on the material.

Rotary thermomagnetic motors produce a continuous output which makes it attractive for energy harvesting
applications [6][7]. In such devices, heat is typically introduced to the thermomagnetic material through a
heat transfer medium. Water is an effective medium for transferring heat energy and convenient source of low
temperature heat energy [8][9]. Currently, the output of such a thermomagnetic motor is still relatively low
due to the limits of heat transfer at higher rotation speed [10]. Also, not all the heat from the source can be
fully utilized due to the limits of heat transfer at lower temperature while other parasitic heat losses tends to
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dominate when operating at higher temperatures [11]. Therefore, there is a need to further improve the heat
transfer between the fluid medium and thermomagnetic material. Impingement jets are known to be effective
ways of enhancing the local heat transfer at or near the impingement zone [12]. The localized heat transfer at
the stagnation point is dependent on the exit velocity of the fluid at the nozzle and the distance of the nozzle
from the solid surface as well as the diameter of the nozzle [13][14][15]. The choice of the fluid, e.g. water or
air, also has a significant effect on the limits of impingement jet heat transfer [16].

In this paper, an experimental evaluation is carried out to investigate the temperature response of the thermo-
magnetic material in a rotary thermomagnetic motor which is subjected to water and air jet impingement. The
aim of the study is to enhance heat transfer and identify the limits of jet impingement to control the tempera-
ture of the thermomagnetic materials. The suitable conditions required to operate the device and to reduce the
time for heating and cooling of the material are determined from this experimental study.

2. EXPERIMENTAL EVALUATION
2.1 The thermomagnetic motor

The rotary thermomagnetic motor consists of 3 main parts: (i) outer housing, (ii) rotor and (iii) stator. Figure
1 shows a representation of the device together with the complete laboratory set-up. The rotor and stator are
placed inside the outer housing which sits on bearings supported by the front and rear end caps. This creates
a fully enclosed chamber which helps to contain the fluids within the device. The thermomagnetic material
is located on the rotor which consists of 6 thermomagnet segments while the stator contains the permanent
magnets which are positioned at a distance of approximately 10 mm from the rotor surface.

Fig. 1 The thermomagnetic motor experimental set-up.

Heat is supplied to the rotor through hot water delivered via a set of 3 nozzles positioned at 90°, 210° and 330°
on the outer surface of the housing while the hot water discharge port is located at the 270° position. The hot
water is maintained at 80°C using an external heater while the flow is regulated with the built-in pump which
is able to supply up to 10 L/min of hot water continuously. On the other hand, cool air is supplied to the device
through a main air inlet port located on one side of the central shaft of the device. Once the cool air enters the
main inlet port, it divides into 3 channels which direct the air to the inner surface of the rotor ending its run
at the outlet port located on the opposite side of the device. In this case, cool air is supplied by a pressurized
air source and it is regulated by means of an electronically controlled pressure valve. The heating and cooling
processes are further illustrated in Figure 2. During the heating phase, hot water is supplied through the inlet
at the top of the device, transferring heat to the thermomagnetic material. The temperature of the material
is measured on the inner surface of the rotor as indicated in Figure 2. Once the material reaches the desired
temperature or its Curie temperature, the flow of hot water is stopped and the cooling phase begins. Air at
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the room temperature of about 20°C is supplied to the device. In this case, the temperature of the material is
measured on the outer surface of the rotor.
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Fig. 2 Ilustration of the hot water and air impingement jet.

2.2 Experimental set-up & procedure

In order to evaluate the distribution of temperature in the device, thermocouple sensors are placed in the areas
of greatest interest. In fact, a sensor has been positioned on each segment of thermomagnetic material, both in
the outer and inner rotor surface, as shown in the Figure 3. Furthermore, two sensors are positioned near the
water inlet and outlet ports, to evaluate the supply and return hot water temperature. A sensor is placed in the
air exhaust port to determine the temperature of outlet warm air. Finally, two heat flux sensors (HFS-4) are
positioned on the external surface of the outer housing to determine the amount of the heat loss at the outer
housing. In the subsequent thermal analysis, the inner rotor surface temperature is considered when the hot
water jet is supplied while the outer rotor surface temperature is considered when the cold air jet is active.
The sensor data is recorded onto a PC using Labview program for further processing thereafter. The rotor is
locked in position during the experiment and only the top water inlet is used to supply the hot water. In this
way, the water jet impingement is directed to outer surface of the top segment of the rotor assembly. During
the cooling phase, the air pressure is varied in order to achieve different air flow rates. The measurement data
is subsequently processed to evaluate the heat transferred to and from the fluid during both phases under the
various conditions tested. Each experiment is characterized by the following 3 phases: (i) pre-heating, (ii)
cooling and (iii) heating which would be further illustrated in the results section. A series of experiments is
conducted by varying the following parameters: (i) nozzle diameter (D), (ii) nozzle to rotor surface distance
(H) and (iii) water and air flow rates (V). The following table shows the range of values for each of the
parameters considered in this analysis

Parameters Range of values
Water flow rate (V') 1 to 5 L/min
Nozzle diameter (D) 4 or 5 mm
Nozzle to rotor surface distance (H) 14 or 20 mm
Air Pressure 0.3 to 1.5 bar

Table 1 List of parameters and the range of values considered.
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Fig. 3 (a) Heat Flux Sensor (HFS-4), (b) air outlet temperature sensor, (c) rotor surface temperature sensors,
(d) water inlet and outlet temperature sensors, (€) air velocity sensor.

2.3 Thermal analysis

In this section, the evaluation of the heat flux and the related thermal transmittance is described and elaborated.
The rate of heat transferred from the water during heating is given by the following formulation:

Qheat = prwVw(Tw,out - Tw,in) + Qloss (1)

where 17, o, 18 the temperature of water at the outlet, Vw is the volume flow rate of water while p,, is the
density and C', is the specific heat capacity of water. Moreover, Qlass represents the total thermal power loss
during the experiment. During the heating process, the specific heat flux (Q;;eat) on the exposed area (A) of
the rotor is given by the following expression:

: Qhea
heat =4 2)

Thereafter, the average thermal transmittance can be evaluated as:

o Y/4

U cat = heat 3
heat T = Toa) (3)

whereby 7' is the average temperature of the thermomagnetic material and T, ;,, is the temperature of the hot
water at the inlet, which is maintained at 80 °C. For the specific heat capacity, the value considered for water
is Cy, = 4190 J/Kg-K while the density of water is a function of temperature, p,, (7).

During the cooling process, the rate of heat transferred to the air is evaluated as follow:

Qcool = paCaVa(Ta,out - Ta,in) + Qloss (4)

where T, . is the average value of the air temperature at the outlet while the inlet air 77, ;, is fixed to be at
20 °C. The specific heat capacity of air is assumed to be constant at C,, = 1007 J/Kg-K while the density of

air is taken as a function of its temperature and pressure p, (P, T). The specific heat flux (Q”.,) on the rotor
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surface during cooling is then evaluated with the following expression:

N7 Qcool
Qcool = A (5)
and the thermal transmittance during cooling is evaluated as:
311
Ucool = ——cool (6)

(T - Ta,in)

An example of the measurement data obtained from the experiments is shown in Figure 4. It shows the span
of the data that are used in the evaluation of the heat transfer parameters that will be presented in the next
section. The different colored lines represents temperature measurements obtained from the inner and outer
surface of the rotor.
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Fig. 4 Laboratory experiments - Data record through Labview.

3. EXPERIMENTAL RESULTS

Figure 5 shows the heat flux and thermal transmittance achieved during the heating phase. It is clear that, dur-
ing the heating phase, the 4 mm diameter nozzle yields greater heat transfer. A maximum value of specific heat
flux of Q" = 104 kW/m? is achieved with the 4 mm nozzle at a separation distance of 20 mm. Reducing the
separation distance does not yield a better heat transfer. In fact, the heat flux achieved with this configuration
does not exceed the prior configuration at all. Even though the fluid jet does not reach the higher velocities
with the 5 & 6 mm diameter nozzles, the downward trend of the heat flux after a fluid velocity of 2.5 m/s
shows that the heat transfer is not likely to increase any further beyond that point. The result clearly shows
that the 4 mm diameter nozzle out performs the 5 & 6 mm nozzles especially at higher velocities. This shows
the strong dependency of the heat transfer with the fluid jet velocity. The thermal transmittance provides an
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additional dimension to the analysis since it also accounts for the rise in the temperature of the material. It
provides an indication of the effectiveness of the impingement jet in heating up the thermomagnetic material.
A maximum U = 7400 W/m?-K is achievable with the same configuration where the peak flux occurs.
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Fig. 5 (a) Heat flux and (b) Thermal transmittance derived during heating by water jet.

Figure 6 shows the heat flux and thermal transmittance achieved during the cooling phase. The inlet velocity
of the air jet is varied by regulating the supply of air between 0.3 to 1.5 bar. The corresponding velocity of
the air jet is determined to be between 4 m/s to 8.5 m/s. A maximum specific heat flux of Q" = 8 kW/m?
and a corresponding thermal transmittance of U = 265 W /m?-K is achieved at the maximum air velocity of
8.5 m/s. The rate of heat transfer is still significantly lower than that achieved during the heating phase. This
is mainly due to air being used as the medium for heat transfer during the cooling phase. The lower thermal
capacity and diffusivity of air do present a limit to achieving rapid cooling of the thermomagnetic material.
Increasing the inlet air velocity is expected to further increase the heat transfer as indicated by the upward
sloping trendline in Figure 6. Cooling of the material does represents a real limitation to the operation of the
device especially if higher rotation speed is to be achieved.
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Fig. 6 (a) Heat flux and (b) Thermal transmittance derived during cooling by air jet.

Figure 7 shows the temperature response on the thermomagnetic material under the more ideal conditions
as identified from the experimental testing. It is evident that the temperature of the material responds more
rapidly to using the 4 mm nozzle at 20 mm separation distance compared to other the configurations evaluated.
The material is able to reach its Curie temperature of about 60°C in less than 7s which represents a reduction
of more than 5s from the other configuration shown in Figure 7. On the other hand, cooling down the material
to the Curie temperature takes more than 17s with the highest air velocity. This still represents a significant
delay when compared to the heating process. The asymmetric heating and cooling of the material would lead
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to some challenges in the operation of the device.
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Fig. 7 (a) Heating and (b) cooling curve under the ideal operating conditions.

4. CONCLUSION

In this paper, an experimental investigation is carried out to analyse the heat transfer characteristics of an
impinging fluid jet directed onto the curved surface of the rotor of a thermomagnetic motor. Hot water is used
as the heat source during the heating phase while cold air is chosen as the medium during the cooling phase.
The heat flux and thermal transmittance during both the heating and cooling phases are evaluated from the data
obtained from the experiments. A series of tests is conducted with nozzles of different diameters and nozzle-
to-surface distance, as well as various inlet velocity of the hot water to determine the conditions necessary
to maximize heat transfer. During the heating phase, it is observed that a nozzle diameter of 4 mm and a
separation distance of 20 mm is the configuration that performs best. A heat flux of Q" = 104 kW /m? and
thermal transmittance of U = 7400 W /m? —K is achieved with an inlet velocity of about 5 m/s. In general,
the nozzle with the smaller diameter out performs the larger diameter nozzles due to the higher inlet velocity
attained. As for the cooling phase, the highest rate of heat transferred is reached with a maximum air velocity
of 8.5 m/s. In this case, a heat flux of Q" = 8 kW /m? and thermal transmittance of U = 265 W /m?—K
is achieved. In both cases, the results show that the rate of heat transferred to and from the fluid jet during
cooling and heating has a strong dependency on the inlet velocity of the fluid and the choice of fluid. The
lower capacity of air to store and transfer heat does pose a limit to achieving higher rates of heat transfer
during cooling. At the optimal operating conditions, the time taken for the thermomagnetic material to reach
its Curie temperature for heating is about 7s while it takes about 17s during the cooling phase. This represents
a 5-15s reduction in the heating and cooling time required during the operation of the thermomagnetic motor
respect to previous operating conditions, which would allow to reach to a higher rotation speed and also
increased output power from the thermomagnetic motor.
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