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Abstract: A novel converter that can directly transform electrical, wind, hydraulic and other types of
mechanical energy into thermal energy is presented in this study. First, the thermal energy of the
converter is classified and then calculated by a finite element method. The eddy current distribution in
the stator of the converter is also discussed. Second, the temperature field of the converter is calculated
using a boundary element method. Subsequently, a thermal power–temperature coupled calculation
method is presented to calculate the actual thermal power and temperature of the converter. The
characteristic curves of the actual thermal power and the increase in water flow temperature are
then presented based on the calculation results. Lastly, an experimental system is built, the thermal
power and temperature of the converter are measured and the experimental results and the analytical
calculations are compared.

Keywords: converter; electric machine; permanent magnet; thermal energy; eddy
current; temperature

1. Introduction

Thermal energy is one of the most important forms of energy used in both industrial production
and normal daily living. The primary, most direct and simplest method to obtain heat is by collecting
radiation from the sun. However, the extensive application of solar energy in providing heat is
limited, due to the low energy density and discrepancies between collection time and use time [1].
Consequently, the combustion of fossil fuels, such as coal, oil and gas, remains as the more economical
and practical method of providing heat [2]. Since the Industrial Revolution, fossil fuels have driven
economic growth, particularly in developed countries. However, fossil energy has many disadvantages,
such as having a low energy conversion efficiency, being non-renewable, and causing pollution and
the greenhouse effect [3].

At present, considerable attention has been focused on novel thermal energy generation
techniques that exhibit advantages such as high efficiency, zero-pollution, safety, and comprehensive
use of clean energy [4]. Meanwhile, energy policies worldwide have encouraged the utilization of
renewable energy sources (e.g., wind energy, geothermal energy, biomass and biofuels, and fuel cell
technologies) [5–8]. Converting electric energy into thermal energy is apparently a clean and effective
method to obtain heat. However, electric energy is not a primary energy; in fact, it has to be produced
firstly from fossil energy, hydraulic energy, atomic energy, or some other form of mechanical energy,
before being converted into thermal energy. Attempting to combine these two steps into one to provide
a means to convert mechanical energy directly into thermal energy will require significant work.

An electric machine (EM) is used to convert fuel energy, hydraulic energy, atomic energy or
other forms of mechanical energy into electric energy (the generator), or convert electric energy into

Energies 2016, 9, 518; doi:10.3390/en9070518 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/journal/energies


Energies 2016, 9, 518 2 of 19

mechanical energy (the motor) [9]. Losses are generated during these processes, including resistance
or copper losses, core losses, mechanical losses, and additional losses [10]. In the forward problem
that occurs in an EM, these losses should be reduced to improve energy-conversion efficiency, because
all losses are converted into thermal energy, which increases the temperature of an EM and affects its
performance [11]. Thinking inversely, however, we attempt to enhance losses in an EM to enable the
EM convert all the input energy into thermal energy without producing mechanical or electric energy.
That is, a novel converter can be developed based on the inverse problem of loss and temperature rise
in the EM, which can sufficiently and effectively convert all the forms of input energy (e.g., electrical,
wind, hydraulic and other types of mechanical energy) completely into heat.

Figure 1 shows the structure of the converter in both the axial and radial directions. Similar to
traditional EMs (Figure 1A), the converter consists of a stator, a rotor, a shaft and permanent magnets
(PMs). The stator and the rotor are made of solid steel, which differs from the laminated steel in EMs.
The placement of the PMs is the same as that of a tangential magnetizing interior PM motor. The
PMs are placed as insets in the rotor, and the polarity of adjacent PMs are opposite. When the rotor
is rotated by other driving forces, which can be generated by wind, hydraulic and other forms of
mechanical energy, a rotating magnetic field is produced in the gap, the stator, and the rotor. Then,
eddy current power and hysteresis thermal power are generated in the stator, the rotor, and the PMs
as a result of the effect of the rotating magnetic field. The mechanical thermal power in bearings, as
well the frictional thermal power between water and the converter, is also generated through rotation.
Water flows axially from the inlet to the outlet and through the gap; hence, all forms of thermal power
are finally transmitted to the water (Figure 1B). The converter can be used to supply hot water and
thermal power, particularly in the remote areas where electric energy may be unavailable but with
possible access to wind energy and hydraulic energy.
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Figure 1. Structure of the converter: (A) axial direction and (B) radial direction.

The mechanism behind the proposed converter differs from that of the traditional induction
heating technique. In the latter, the winding is supplied by an AC current to generate an eddy current
in the metal to be heated. Therefore, resistance loss is unavoidable in the winding, and the efficiency of
this technique is limited [12]. Several new induction heating techniques have been reported recently.
Researchers from the Universities of Bologna, Padua and Roma [13–18] used a DC high-temperature
superconductive (HTS) winding to produce a high-intensity DC magnetic field, and the billet to be
heated was rotated in this field. Figure 2 shows the principle of this induction heating technique. This
technique essentially uses an equivalent rotating magnetic field to generate eddy current. Lubin [19]
applied a two–phase superconductive winding with two operating modes. The first mode is the same
as the technique presented in [13–18]. In the second mode, the winding is supplied by a two-phase AC
current with low frequency, and the billet remains stationary. During this mode, a rotating magnetic
field is generated by the two phases of the windings supplied by a two-phase AC current. Figure 3
shows the configuration of this induction heater. The efficiencies of these new induction heating
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techniques are higher than those of traditional techniques because of the decrease in resistance loss.
However, the manufacturing cost and energy consumption of HTS windings cannot be disregarded.
Notably, current is essential in all aforementioned induction heating techniques; that is, the electric
energy is essential. Therefore, these techniques can only operate in areas where electric energy
is available.
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Figure 3. Cross section of two poles induction heater configuration. Symbols +A, −A, +B, and –B 
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thermal energy of the eddy current. This device has a simple structure and uses PMs to generate the 

rotating magnetic field instead of the windings. However, only a few PMs near the gap contribute to 

generating the thermal energy, and thus, the utilization of PMs is low in this device. 

Figure 2. Principle diagram of the novel DC induction heating technique. Bext denotes the external DC
magnetic field generated by the DC current in the windings.

Energies 2016, 9, 518  3 of 19 

 

the decrease in resistance loss. However, the manufacturing cost and energy consumption of HTS 

windings cannot be disregarded. Notably, current is essential in all aforementioned induction 

heating techniques; that is, the electric energy is essential. Therefore, these techniques can only 

operate in areas where electric energy is available. 

 
x z

y

Bext

Bext
Billet

 

Figure 2. Principle diagram of the novel DC induction heating technique. Bext denotes the external 

DC magnetic field generated by the DC current in the windings. 

 
+A

+A
+A

+A

-A -A
-A-A

-B

-B

-B

-B

+B

+B

+B

+B

Superconducting 
Windings

Billet

 

Figure 3. Cross section of two poles induction heater configuration. Symbols +A, −A, +B, and –B 

indicate the phases and polarities of the current in the windings. 

Takashi from Oita University presented a new induction heating device that used PMs [20]. 

Figure 4 shows the diagram of this heating device.  

 
Gap PM

Φ=360,NFeB

Low Speed High Speed

Conductive 
Cylinder

Φ=300

 

Figure 4. Structure diagram of the new induction heating device developed in Oita University. 

The PMs rotate at a high speed to generate a rotating magnetic field in the gap, and the 

conductive cylinder rotates slowly. The powder or the other contents of the cylinder is heated by the 

thermal energy of the eddy current. This device has a simple structure and uses PMs to generate the 

rotating magnetic field instead of the windings. However, only a few PMs near the gap contribute to 

generating the thermal energy, and thus, the utilization of PMs is low in this device. 
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Takashi from Oita University presented a new induction heating device that used PMs [20].
Figure 4 shows the diagram of this heating device.
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Figure 4. Structure diagram of the new induction heating device developed in Oita University.

The PMs rotate at a high speed to generate a rotating magnetic field in the gap, and the conductive
cylinder rotates slowly. The powder or the other contents of the cylinder is heated by the thermal
energy of the eddy current. This device has a simple structure and uses PMs to generate the rotating
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magnetic field instead of the windings. However, only a few PMs near the gap contribute to generating
the thermal energy, and thus, the utilization of PMs is low in this device.

2. Thermal Power Analysis

The thermal power in the converter is firstly divided into mechanical and electromagnetic thermal
power based on the classification of losses in EMs. For EMs with low power and low rotation
speed, the proportion of mechanical losses to total power is considerably low [21]. To simplify the
calculation process, we ignore the mechanical thermal power in the converter. Hereinafter, the term
“thermal power” refers to “electromagnetic thermal power”, unless specifically stated otherwise.
Electromagnetic thermal power includes eddy current power and hysteresis thermal power. This
section describes the calculation of the electromagnetic thermal power of the converter, and then
discusses their distribution.

2.1. Thermal Power Calculation

By solving the electromagnetic field equations of the converter, the total thermal power P of the
converter is approximately calculated using Equation (1) [22]:

P “
8n

3
2
r M2

1

b

σ
µ

15
?

30π
3
2

26π2 p
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2 D2
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s1

225Le
4pδ
Ds1

(1)

where nr is the rotation speed, M1 is the fundamental wave amplitude of the residual magnetization
intensity, σ is the conductivity, µ is the permeability, p is the number of pole pairs, Ds1 is the inner
diameter of the stator, δ is the gap length, and L is the axial length

Equation (1) indicates the relationship between the parameters and the thermal power of the
converter. A prototype, with a rated speed of 1500 rpm and a rated power of 1.2 kW, is designed based
on Equation (1). The parameters of this prototype are listed in Table 1, and its photograph is provided
in Figure 5.

Table 1. Parameters of the prototype.

Parameters Dimensions Materials

Stator outer diameter 70 mm
Steel 20#Stator inner diameter 58 mm

Gap length 0.3 mm N/A
Rotor outer diameter 57.4 mm Steel 20#

Pole pairs 9 N/A
PM magnetization length 3 mm

N33µH
PM width 10 mm

Axial length 55 mm N/A
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However, the electromagnetic field in the converter is complicated, and Equation (1) is only an
approximate calculation equation. To calculate thermal power more accurately, the subsequent studies
on thermal power are discussed based on the finite element method (FEM).

2.1.1. Eddy Current Thermal Power

By using time-step FEM [23], the eddy current density vector Je in the converter is calculated by
using Equation (2):

∇2A “ ´µJe (2)

where µ is the permeability (H/m), and A is the magnetic vector potential.
From the integral form of the Ohm’s law [24], the eddy current thermal power pe of the

converter is:
pe “

1
σ

ż

V
Je ¨ JedV (3)

where σ is the conductivity (S/m), and V is the area where eddy current occurs.

2.1.2. Hysteresis Thermal Power

Theory of hysteresis loss indicates that hysteresis thermal power per unit mass in the sinusoidal
magnetic field is calculated using Equation (4) [25]:

ph0 “ Kh ¨ f ¨ Bα
m (4)

where Kh and α are the coefficients that depend on the material, f is the frequency of the magnetic
field, and Bm is the amplitude of flux density. Steel #20 is used in the prototype of the converter as the
material of the stator and the rotor. The Kh of this steel is 0.045 W/(kg¨Hz¨T2), and α = 2 within the
power frequency [26].

The magnetic field in the converter is rotating. To use Equation (4) in calculating hysteresis
thermal power, we decompose flux density vector B into two orthogonal variables, namely, Bx and
By, and then translate them into sinusoidal variables using Fourier series expansion. Therefore, the
hysteresis thermal power in the converter is calculated using Equation (5):

ph1 “

N
ÿ

k“1

Kh ¨ k ¨ fk ¨ pBα
kxm ` Bα

kymq (5)

where Bkxm is the flux density amplitude of the k-order magnetic field in the x direction, Bkym is the
flux density amplitude of the k-order magnetic field in the y direction, and fk is the frequency of the
k-order magnetic field.

2.1.3. Calculation Result

When the temperature is 10 ˝C and the rotation speed is 1500 rpm, the distributions of the eddy
current and the magnetic flux of the prototype in a steady state calculated via FEM are shown in
Figures 6 and 7, respectively. Eddy current density is higher in the inner surface of the stator and lower
in its outer surface because of the skin effect of eddy current.

Eddy current power and hysteresis thermal power at different speed are shown in Figures 8 and 9,
respectively. In Figure 8, the values of the eddy current thermal powers in the rotor and the PMs are
considerably lower than that in the stator. The eddy current in the stator is generated by the main
magnetic flux, which is established by the rotating PMs, whereas the eddy current in the rotor and the
PMs is generated by the harmonic magnetic flux. This flux is low because the stator has no slots or
windings as shown in Figure 7.
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Figure 8. Calculated values of eddy thermal power in the: (A) stator; (B) rotor and PMs.
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Figure 9. Calculated values of hysteresis thermal power.

Comparing Figure 9 with Figure 8A, hysteresis thermal power is considerably lower than the
eddy current thermal power in the stator. However, in traditional EMs with laminated steel structure,
hysteresis and eddy current losses are nearly equal [26,27]. The hysteresis effect is related to the
amplitude of magnetic flux density, as well as the frequency and the characteristic of materials. These
factors are the same in EMs and converters. However, compared with eddy current in EMs, which is
restricted by the laminated structure of EMs, eddy current in the converter is considerably increased
because of the solid structure of the converter.

As indicated by the calculation results of the thermal powers of the prototype and the related
analysis, we should only consider eddy current thermal power in the following study of the converter.
This consideration decreases the amount of computation but does not affect the correctness of the
result. Moreover, Figure 8A shows that an approximately linear relationship exists between thermal
power and rotation speed.

2.2. Eddy Current Distribution

The distribution of eddy current in the stator should be studied, not only because of the
uneven distribution of eddy current in the stator (Figure 6), but also for the subsequent calculation
of temperature.

To simplify the analysis, the stator is unfolded into a plate, as showed in Figure 10. Theoretically,
the eddy current only occurs in axial direction (Jz) and is generated by the magnetic field in the radial
direction (By). Assuming that all the variables are sinusoidal and permeability µ is constant, the current
density in the inner surface of the stator is indicated by Equation (6), according to the theory of 2D
travelling wave:

Jz “ Jpyqcospωt´ λxq (6)

From Maxwell’s equations, we obtain the differential equation of Jz as follows:

B2 Jz

Bx2 `
B2 Jz

By2 “ σµ
B Jz

Bt
(7)

When Equation (6) is substituted into Equation (7), we obtain:

B2 J
By2 ´ Jpλ2 ` 2ωσµjq “ 0 (8)

The solution for Equation (8) is:

Jz “ Jme´βycospωt´ λx´ γyq (9)
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ω “ 2π f “ 2πnp{60
β “ Rcosϕ
γ “ Rsinϕ
R4 “ λ4 ` 4α4

tan2ϕ “ 2α2{λ2

λ “ π{τ

α “
a

σµω{2

(10)

where τ is the pole pitch (m), n is the rotating speed (rpm), p is the number of pole pairs, Jm is the
amplitude of the current density on the inner surface of stator (A/m2), and ω is the angular frequency
of rotation (s´1).
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Figure 10. Unfolding diagram of the stator for the mathematical model of eddy current. X, Y, and Z
are circumferential, radial, and axial directions respectively; Jzm is the amplitude of eddy current in
the axial direction; τ is the pole pitch; v is the speed; Bym is the amplitude of flux density in the radial
direction; B1m is the amplitude of the fundamental wave of flux density; and J1m is the amplitude of
the fundamental wave of eddy current density.

The rotating angular frequencyω is relatively high within the speed range of the converter. That
is 2α2 ąą λ2. Hence, Equation (9) is changed as follows:

Jz “ Jme´αycospωt´ λx´αyq (11)

As shown in Equation (11), the rate between the amplitude of current density at the position
where y = 2/α (i.e., where radial distance to the gap is 2/α) and at the inner surface of the stator
is only 1/e2. Moreover, as indicated in Equation (3), the rate of eddy thermal power is only 1/e4

(approximately 1.83%). Hence, we assume that eddy current thermal power is only distributed in the
area where its radial distance to the gap is less than 2/α.
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3. Temperature Calculation

3.1. Temperature Field Calculation

The heat exchange process that occurs in the converter is mainly convection between water and
the converter. In general, the convection problem can be solved via three methods: solving temperature
and fluid field equations, using empirical equations based on experiments, and applying numerical
analysis methods. The analytical solutions for the temperature and fluid field equations are highly
complicated, or even impossible to realize. Only a few referential empirical equations can be used
because of the new structure of the converter. Therefore, using the numerical analysis method to
calculate the temperature field in the converter is practical. The boundary element method (BEM) is
one of the most effective numerical analysis methods for calculating convection problems; it can also
be used to calculate the heat transfer problem in other areas of the converter [28].

The temperature field calculation model is shown in Figure 11. Half of the radial section of the
converter is used as the temperature calculation model given the symmetry of the converter. The
model is divided into the stator, rotor, gap, PM, and heating areas. The following assumptions are
then made: (1) The flow rate of water is constant; (2) The outer interfaces of converter are all adiabatic;
(3) Thermal power is distributed evenly throughout the heating area, and the radial length of the
heating area is 2/α according to the analysis in Section 2.2; (4) The effect of the rotating rotor on
convection is ignored.
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The temperature distribution calculated using BEM is shown in Figure 12 when the rotation speed
of the prototype is 1500 rpm, the initial temperature is 10 ˝C, and the water flow speed is 0.8 m/s.
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As shown in Figure 12, heat in the converter is transmitted both along the axial and radial
directions. Water flows along the axial direction, and its temperature increases gradually because
of the heat exchange between water and the converter. Meanwhile, the heat generated in the stator
is partly transmitted to the excircle of the stator; it is also transmitted through gap to the internal
section of the rotor. Figures 13 and 14 show the distribution of temperature along the axial and radial
directions, respectively.
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Figure 13. Temperature curves along the axial direction.
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Figure 14. Temperature curves along the radial direction.

Figure 13 indicates the temperature on the lines between the stator and the gap and between the
PM and the gap. Temperature linearly increases along the two lines because water flows along the
axial direction and its temperature gradually increases.

Figure 14 indicates the temperature on six radial lines. The axial distances of the six radial lines
to the origin are 0, 11, 22, 33, 44, and 55 mm. Temperature changes rapidly in the gap because of the
convection between water and the converter. However, temperature changes slowly in the stator, rotor,
and PM areas. The temperature distributions on these radial lines are opposite in the inlet and outlet
sides. In the inlet side, temperature is decreased from the rotor to gap and increased from gap to stator.
In the outlet side, the temperature is increased from the rotor to the gap and decreased from the gap to
the stator. Overall, the temperature distribution along the axial direction is symmetrical to the middle
section of the radial direction.

Notably, the temperature of the PMs is considerably lower than the Curie temperature, and
the highest temperature point is located in the stator. Therefore, the PMs will not be demagnetized
during operation.
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3.2. Thermal Power–Temperature Coupled Calculation Method

The thermal power and temperature calculated in Sections 2.1 and 3.1 are actually initial values.
When the converter operates, its temperature will be gradually increased, and its thermal power will
change because some characteristic parameters of the material change with temperature. If the flow
speed of water and the rotation speed of the converter are constant, then the converter and water will
achieve thermal balance. The thermal power and temperature of the converter in the thermal balanced
state are actual values.

The changes in remanence and coercivity of the PM with temperature will directly change the
magnetic flux of the converter and affect the thermal power. Equation (3) shows the change in
conductivity also directly affect the thermal power.

Regardless of irreversible loss in the PM, its remanence and coercivity in different temperatures
can be calculated using Equation (12) [29]:

Xt1 “ Xt0

”

1´
αX
100

pt1 ´ t0q
ı

(12)

where X is the remanence (T) or coercivity (A/m), αX is the temperature coefficient of remanence
and coercivity (˝C´1), t0 is the room temperature, and t1 is the calculated temperature. Similarly, the
conductivity of each temperature can also be calculated using Equation (12).

To calculate the actual values of thermal power and temperature, a thermal power–temperature
coupled calculation method is presented, as shown in Figure 15. First, we estimate and provide the
initial average temperature of the stator and the PM. Then, thermal power is calculated via FEM, as
mentioned in Section 2.1, according to the electromagnetic parameters of the initial temperatures.
Second, the temperature field is calculated via BEM, and the calculated temperatures of the stator and
the PM are compared with the initial values. The thermal powers should be recalculated again with
the calculated temperatures of the stator and the PM until the difference in temperature ∆T between
two calculations is less than a certain small value ε. In the following calculation, ε is set as 0.001.
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4. Operating Characteristic of the Converter

The decreasing rate between the initial and actual thermal power ∆P is calculated using
Equation (13):

∆P “
P0 ´ Pa

P0
(13)

where P0 is the initial thermal power and Pa is the actual thermal power.
We calculate a series of rate curves of the prototype at different initial power and flow speed

values, as indicated in Figure 16. This figure shows that the rate is lower when flow speed is higher
and initial power is lower; this relationship is affected by temperature increase. A lower rate, that is,
actual power is closer to initial power, indicates that the heat transfer performance of the converter
is better.
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Figure 17 shows the actual thermal power curves of the prototype, when flow speed and initial
thermal power are changing. The equipotential lines in Figure 17 are the thermal power curves (unit:
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Sgap “
π
`

D2
s1 ´D2

r2
˘

4
(15)

where v is the flow speed (m/s), Sgap is the section area of the gap (m2) calculated using Equation (14),
ρw is the density of water (kg/m3), C is the specific heat of water (J/(kg¨ ˝C)), Ds1 is the inner diameter
of the stator (m), and Dr2 is the outer diameter of the rotor (m).

The equipotential lines in Figure 18 are the temperature increase curves (unit: ˝C). These curves
indicate when temperature increase is lower, the operating area of the converter is lager, thereby
providing more values of flow speed and initial thermal power to choose from when the required
temperature increase is lower. Figure 18 indicates the actual temperature increase characteristic of the
converter, which can be used to control its temperature increase.
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During the operation of the converter, the adjustable input variables are rotation speed and flow
speed. The analysis in Section 2.1.3 indicates that the relationship between initial thermal power and
rotation speed is approximately linear. Therefore, Figures 17 and 18 indicate the control characteristic
of the converter, which provides the relationship between the input and output variables (actual
thermal power and temperature increase of water, respectively) of the converter.

5. Experiments

5.1. Experimental System

The structural diagram and photographs of the experimental system are shown in Figure 19.
The prototype is rotated by a motor, and the motor is driven by a controller, hence, the prototype
can operate at different speeds. Water flows into and is stored in a homothermal tank, and thus the
temperature of the water flowing into the prototype is constant. A pump is used to control the speed
of the water flowing though the prototype and the pipes. The prototype and the pipes are wrapped
with an insulation layer to ensure that nearly no heat exchange will occur between the prototype and
its surroundings. Temperature sensors are placed in the inlet, the outlet, and test points A and B in the
stator. The positions of points A and B are shown in Figure 20. Point A is located near the inner surface
of the stator, and its radial distance to the inner surface is 0.5 mm. By contrast, point B is located near
the outer surface of the stator, and its radial distance to the outer surface is 0.5 mm. Both points are
located in the center of the axial direction. A flow flux sensor is placed in the pipe to measure the
flow speed of water. A speed and torque sensor is placed on the shaft between the motor and the
prototype. All the measured values are transmitted into a computer via a data acquisition card during
the experiment.
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Figure 19. Experimental system. (A) Structural diagram; (B) photograph of the entire system; (C)
photograph of the system near the converter. To display the system clearly, the insulation layer wrapped
around the converter and the pipes were removed when these pictures were taken.
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Before the prototype rotates, the pump starts and the homothermal water flows through the
prototype at a constant speed. When the temperature of each sensor has remained constant for a
certain period, we deem that the prototype is in a thermal balanced state, and the temperature of each
part of the prototype is equal to the temperature of water. Then, the prototype is rotated by the motor
at a certain speed. The output power of the motor, which is equal to the input thermal power of the
prototype, is tested using the speed and torque sensor. Temperature and flow speed are also measured
using corresponding sensors. Lastly, when the temperatures and torque have remained constant for
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a certain period, we deem that the prototype has again achieved a thermal balanced state, and the
experiment is completed.

We use the variable of flow speed l (m/s) in the calculation, but the measured value is flow rate Q
(m3/h). Given the conservation of the flow flux of water in the system, the flow speed in the gap is
calculated using Equation (16):

l “
Q

3600Sgap
(16)

During the calculation, we assume that no heat exchange occurs between the converter and its
surroundings; hence, the calculated thermal power should correspond to the measured input thermal
power. The measured input thermal power of the converter Pin is calculated using the measured
values of the input torque and rotation speed as shown in Equation (17):

Pin “
2π
60

Tn (17)

where T is input torque (Nm), and n is rotation speed (rpm).
The output thermal power Pout is the thermal power transmitted into water flow, which is

calculated using Equation (18):

Pw “
pTout ´ Tinq ρwQC

3600
(18)

where Tout and Tin are measured temperatures at outlet and inlet, respectively (˝C); Q is the measured
flux of water flow (m3/h); ρw is the density of water (kg/m3), and C is the specific heat of water
(J/(kg¨ ˝C)).

Output thermal power is always lower than input thermal power given that a small amount of
heat is still exchanged between the converter and its surroundings even if the prototype and the pipes
are wrapped with an insulation layer during the experiment. Energy conversion efficiency η is the
ratio of Pout to Pin, and is calculated using Equation (19):

η “
Pin

Pout
ˆ 100% (19)

5.2. Results and Discussion

Figure 21 shows the measured curves of flow flux, temperature, torque, rotation speed, and
thermal power when the temperature of water in the inlet is 10 ˝C. Flow flux is 0.157 m3/h (0.8 m/s)
and rotation speed is 1500 rpm. These values remain constant during the experiment. The temperature
of inlet also remains constant during the experiment. By contrast, the temperature of outlet, point A
and point B, as well as the torque initially increase rapidly and then tend to remain constant.

The power of the converter is initially decreased and then tends to remain constant (Figure 21E).
As the converter operates, its temperature increases (Figure 21B), and thus, the remanence and the
coercivity of the PMs decrease, whereas the conductivity of the stator increases. Finally, thermal power
is decreased because of these two factors. The prototype achieves a thermal balanced state given
that the rotation speed of the converter, the flow speed of water, and the temperature of water in the
inlet are constant, and that the prototype and pipes are wrapped with an insulation layer. Under a
balanced state, the temperature in the prototype remains constant (Figure 21B), and thus, the power is
also constant.

Under the same initial water temperature and flow speed, the rotation speed of converter is
changed from 0 rpm to 3000 rpm. Figure 22 shows the measured and calculated curves of power and
temperature. The measured and calculated values of the actual thermal powers are nearly the same
(Figure 22B). However, the calculated values of the initial thermal power are higher than the measured
values, and the deviation between them increases as speed increases (Figure 22A).
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Figure 21. Measured curves: (A) flow flux; (B) temperature; (C) torque; (D) rotation speed; and
(E) thermal power.

Measuring the real initial thermal power is actually impossible because the temperature changes
as soon as the converter starts operating. Nevertheless, we assume that when converter achieves
constant speed, its temperature will not change because the acceleration time of the motor is extremely
short. We also deem that the measured power at the moment when the converter achieves constant
speed is actually the initial thermal power. When speed is higher, the acceleration time is longer, and
thermal power is also higher. The temperature increase in the converter will be higher because of these
two factors, and thus, the measured initial thermal power is lower than the calculated value when the
speed increases. As shown in Figure 22C, the calculated and measured temperatures of point A are
nearly the same, whereas the calculated temperature of point B is slightly higher than its measured
temperature because point B is located near the outer surface of the stator. Even if the converter is
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wrapped with an insulation layer, a small amount of heat from the outer surface of the stator still
transmits though the insulation layer and into the surroundings.Energies 2016, 9, 518  17 of 19 
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Figure 23 indicates the efficiency of the converter at different speeds. Efficiency is extremely high
at all the speed, thereby indicating that value of the output thermal power is closed to that of the
input thermal power. This result proves the feasibility of the assumption that no heat exchange occurs
between the converter and its surroundings during temperature calculation. Efficiency is reduced
when the speed increases because the thermal power of the converter increases, along with the heat
exchange between the converter and its surroundings.
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6. Conclusions

A novel mechanical to thermal power converter is presented in this study. The converter can
convert all forms of input energy (e.g., electrical, wind, hydraulic and other types of mechanical energy)
directly into heat energy. The results of the calculation and experiment performed in this study prove
the correctness and feasibility of the proposed converter.

The thermal power of the converter is mainly eddy current thermal power in the stator based on
the calculation and analysis results. The decreasing rate between the initial and actual power values
indicates the heat exchange performance of the converter. The converter operates at a low rotation
speed and at a high flow speed of water will achieve a low decreasing rate, thereby indicating a high
power density and a low temperature increase in the converter. The characteristic curves of the actual
thermal power and water temperature increase indicate the control feature of the converter. The output
power of the converter is approximately constant when flow speed and rotation speed are low. This
work provides effective calculation, analytical, and experimental methods for the proposed converter.
Furthermore, it presents the basic mechanism and the operation characteristic of this converter. On the
basis of the results, further research on the converter will be developed.
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