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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu —The global domain fluid-thermal characteristics study is challenging to perform due to the
Index Terms: complicated ventilation arrangement and enormous volume for the large capacity electric ma-
_Large capacity electric machine chine. This paper uses the world’s largest capacity non-superconducting low-speed induction
Global domain fluid-thermal coupling model motor, 6.5 MW, as the research object and proposes a global domain fluid-thermal characteristics
Modeling method calculation method. Firstly, the global domain fluid field model of the inner air path is established
Fluid-thermal characteristics and solved. Then, the motor is divided into five subdomains according to the ventilation struc-

ture. The flow and pressure obtained from fluid field solutions are used as coupling parameters to
couple each subdomain model, and an iterative solution is carried out based on the boundary
condition continuity of the adjacent subdomains. The temperature distribution of each subdomain
is obtained when the temperature difference is less than 0.1%. Finally, an experimental platform
is built to verify the results. The maximum relative error between calculated and measured values
is 1.67% for temperature and 4.92% for fluid velocity, which verifies the developed model’s
rationality and the proposed method’s validity.

1. Introduction

Positive-pressure explosion-proof induction motors are frequently employed in flammable and explosive industrial production
because of their superior explosion-proof performance [1]. When motor capacity and electromagnetic load grow, heat production per
unit volume increases substantially, raising motor temperature and decreasing dependability. Hence, precise motor temperature
prediction is crucial for steady operation of positive-pressure explosion-proof induction motors. Currently, fluid flow and heat
transmission in positive-pressure explosion-proof induction motors and motor temperature prediction are hot research topics.

The current mainstream motor temperature prediction methods are the lumped parameter thermal network (LPTN) and the nu-
merical analysis method [2]. LPTN can quickly calculate the motor temperature but relies on empirical formulas and coefficients [3,4].
Moreover, it cannot predict the fluid flow characteristics in the motor. In contrast, the numerical analysis method predicts motor
temperature and fluid distribution accurately in complicated ventilation structures.

Stebel et al. [5] predicted the temperature distribution of the transformer by numerical analysis. And the effects of the cooling
medium and ambient temperature on the temperature distribution and oil flow characteristics are revealed. Tiwari et al. [6] used the
developed air-gap annulus model to perform a coupled calculation of the stator-rotor conjugate heat transfer model and determine the
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temperature distribution of the stator and rotor. Dang et al. [7] established a local conjugate heat transfer model for a hydrogenerator
and investigated how the turbulence model affected calculation accuracy. Nategh et al. [8] developed thermal network models for both
ends of the air-cooled traction motor and a 3D finite element model for the middle part. The finite element and thermal network models
used fluid field data as thermal boundary conditions to determine temperature distribution under varied operating situations.
Acquaviva et al. [9] reduced the three-dimensional numerical study by reducing the water jacket to a one-dimensional model,
substituting the stator insulation and slot liner with thin walls, and utilizing convective heat transfer coefficients comparable for air
gap and end winding heat transfer. Sung et al. [10] employed a dual-unit heat exchanger model to equal the motor’s shell-and-tube
heat exchanger model and examined the influence of folded tubes on motor cooling. Hosain and Kim et al. [11,12] used computational
fluid dynamics (CFD) to investigate fluid flow and heat transfer in the air-gap during rotation. Tikadar et al. [13] numerically
simulated the motor temperature and electromagnetic performance using stator sheath cooling, stator integrated cooling, and direct
winding cooling. Bersch et al. [14] developed a 3D parametric conjugate heat transfer model for an air-cooled synchronous generator
and coupled it with a 2D finite element electromagnetic model to predict the motor temperature. Appadurai et al. [15] studied the
effect of the housing fin number and height on the temperature distribution. The results showed that the highest heat dissipation
efficiency was achieved when 44 fins of 15 mm height were used. Sasa et al. [16] predicted flow rate and temperature distribution
within a 10 MW superconducting generator using magneto-thermal coupling analysis. Kim et al. [17] predicted the MW class HTS
synchronous motor temperature distribution using numerical analysis. By enhancing the thermal conductivity of the armature winding
support, they improved hollow stator cooling. Carounagarane et al. [18] created a 3D numerical analytical model for a 250 MW
hydrogenerator to anticipate temperature distribution under different overload conditions. Cotas et al. [19] used numerical simulation
to analyze the effect of transient loads on transformer oil flow distribution and heat transfer. Kim et al. [20] studied the effect of the fan
position of an oil-cooled transformer radiator on its cooling performance. Rodriguez et al. [21] numerically analyzed the radiator of a
power transformer and obtained the heat dissipation, surface air velocity, and oil flow characteristics. Galloni et al. [22] used nu-
merical analysis to determine how geometric features of motor cooling radial fans affect cooling capacity. All of the above literature
investigated the flow-thermal characteristics of the motor through numerical simulation. However, they use local models or fast al-
gorithms to reduce the solution time, resulting in lower computational accuracy. And for large motors with complex ventilation
structures, the results obtained from the local model are difficult to accurately reflect the physical characteristics inside the motor.

The motor studied in this paper is the world’s largest capacity non-superconducting low-speed induction motor. The cooling form is
air-air cooled, and the cooler is located on top. The cooling airflow path comprises two independent air paths: inner and outer. The
centrifugal fan at the center of the cooler’s top drives the inner air path, while the axial fan at the outer air path’s inlet drives it. This
cooling system achieves a more uniform airflow distribution and less difference in temperature between the driven and non-driven
ends. However, there is little literature on the fluid-thermal characteristics of the motor with this cooling method.

In light of those mentioned above, this paper establishes a 3D global domain fluid field model of the inner air path and a fluid-
thermal characteristic analysis model of the core, ends, and cooler. And the method of coupling the fluid field model and the fluid-
thermal characteristic analysis model is proposed. The flow law of the cooling medium inside the motor, global domain heat trans-
fer properties, and motor temperature distribution are evaluated using the established model and proposed method. Finally, the ra-
tionality of the established model and the validity of the proposed method are verified through experiments. The proposed method can
provide a reference for the analysis of the global domain fluid-thermal characteristics of large capacity motors.

2. Methodology

2.1. Prototype parameters and ventilation structure

The subject of this paper is a 6.5 MW positive-pressure explosion-proof air-air cooled induction motor, which is the world’s largest
non-superconducting low-speed induction motor. The performance parameters and basic dimensions are listed in Table 1.

The motor mainly consists of the stator core, stator winding, rotor core, rotor bar, shaft, rotor support frame, positive pressure
housing, and cooler. The stator and rotor cores feature 14 equal-width and uniformly distributed radial ventilation ducts labeled No. 1
to No. 14 in order from left to right. The motor’s cooling system is air-air cooled, and the cooler is positioned on top of the motor. The
ventilated path is separated into inner and outer air paths, which are independent of one another, as shown in Fig. 1. The red arrow
indicates the airflow direction in the inner air path. The inner air path is driven by the centrifugal fan positioned at the middle of the
cooler’s top, and the outer air path is driven by the axial fan located at the inlet of the outer air path. The cold air flowing from the

Table 1

Performance parameters and basic dimensions of the prototype.
Item Value Item Value
Rated power (MW) 6.5 Rated voltage (kV) 11
Rated speed (rpm) 297 Pole numbers 20
Stator outer diameter (mm) 2600 Number of stator slots 180
Stator inner diameter (mm) 2200 Number of rotor slots 210
Rotor outer diameter (mm) 2192 Cooling tube specifications ®23mm x 1.5 mm
Insulation class F Number of cooling tubes in the cooler 390
Outer diameter of the centrifugal fan (mm) 930 Inner diameter of the centrifugal fan (mm) 620
Outlet angle of the centrifugal fan blade (°) 49 Length of the centrifugal fan blade (mm) 186
Centrifugal fan blade numbers 16 Rated speed of the centrifugal fan (rpm) 1490
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Fig. 1. Ventilated path of the prototype.

cooler first comes into contact with the end windings. Then, it flows axially through the rotor support frame and air gap. Lastly, the
centrifugal fan at the top draws hot air from the core region down the radial ventilation ducts to the cooler, creating a circulation in the
inner air path. The green arrow represents the direction of airflow in the outer air path. The cold air from outside enters the cooling
tube and exchanges heat with the heated air in the inner air path through the tube wall to eliminate heat from the motor.

2.2. Mathematical model

Based on the theory of computational fluid dynamics and heat transfer, a mathematical model of fluid-thermal characteristic
analysis is established, comprising mass conservation, momentum conservation, and energy conservation equations [23,24]:
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where p is the density (kg/m3), kef is the thermal conductivity [W/(m-K)], ¢, is the specific heat [J/(kg-°C)] and T is the temperature
Q).

The Reynolds number of the fluid in the air gap and radial ventilation ducts is greater than 2300 and in a turbulent state. The shear
stress transport (SST) k-w model is applied to solve complex turbulent motions in the fluid region, and the turbulence model control
equation is as follows [25]:
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domain of rotor
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Fig. 2. 3D model. (a) 3D global domain fluid characteristic analysis model of the inner air path. (b) Fluid-thermal characteristics analysis model.
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where ok and o, are the turbulent Prandtl numbers for k and o, G and Y represent the production of turbulence kinetic energy and the
dissipation of k and w, respectively.

(2

2.3. 3D global domain fluid field model

The 3D global domain fluid field model of the inner air path of the prototype is shown in Fig. 2(a). The model is built according to
the actual dimensions and cooling arrangement of the motor. The solution domain includes the rotating fluid domain of the centrifugal
fan and the rotor support frame and other non-rotating fluid domains.

According to the requirements of engineering calculations, the following assumptions and boundaries are made:

1) The air flow inside the motor is constant flow.

2) The effect of gravity on air flow is ignored.

3) The air velocity is much lower than the speed of sound, so it is considered to be an incompressible fluid.

4) The rotor rotates counterclockwise at 297 rpm when viewed from the positive direction of the Z-axis, and the centrifugal fan rotates
clockwise at 1490 rpm when viewed from the positive direction of the Y-axis.

2.4. Fluid-thermal characteristic analysis model

Due to the complex ventilation structure and large size, it is difficult to conduct the global domain fluid-thermal characteristics
analysis for the motor. The motor is divided into five sub-domains according to the ventilation structure, and the fluid-thermal
characteristic analysis model is established separately, as shown in Fig. 2(b). The solution domains are the end solution domain Ej,
end solution domain E,, core solution domain Cj, core solution domain C,, and cooler solution domain. Since the cooler is symmet-
rically distributed along the X direction, only a 1/2 cooler model is built. In the model, a, c, h, f, j, and S2 are the mass flow inlet
boundaries, and b, d, e, g, i, S1, and S3 are the pressure outlet boundaries. For the convenience of later analysis, the end windings are
labeled in the direction shown by the red arrows by the numbers 1 to 180. Moreover, the number of end windings in the solution
domains E; and E; is the same. M1 is the section of the inner air path cooler region at Z = 0 mm.

The model is simplified in order to reduce the solution time. The equivalent process for the windings and insulation in the stator slot
is shown in Fig. 3 [26-28]. The multiple copper conductors within the winding are combined into a single body. And a variety of
insulation materials have also been merged into the equivalent insulation by multi-step equivalence, and the equivalent thermal
conductivity calculation formula is expressed as follows [29].

Ve

ke =k (3)

tk
Vp + Ve Vp + Ve
where k. is equivalent thermal conductivity of the insulation material (W/mek), k; and k. are thermal conductivity of different
insulation materials (W/m-k), respectively, and v; and v, are volume fraction of different insulation materials (%), respectively. Based

on the layered equivalence, shell conduction is applied to simulate the heat transfer effect of the equivalent insulation and reduce the
mesh number further.
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Fig. 3. Winding equivalence. (a) Actual structure of stator winding. (b) Simplified winding. (c) Equivalent winding used in this paper.
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In order to accurately solve the global domain fluid-thermal characteristics of the motor, the following assumptions and boundary
conditions are made:

1) Compared to the forced convection in the cooler and natural convection heat transfer on the housing, the amount of radiation heat
transfer is minor. Therefore, the radiation heat transfer is ignored.
2) Ignores rotor core losses and assumes that the distribution of stator core losses is uniform.
3) The inlet flow rate for each solution domain is determined from the fluid field analysis results.
4) The ambient temperature used in the simulation is measured in experiments.
5) Pressure of the outlet boundary condition is 1 standard atmosphere.
6) The fluid-solid interface is set to the no-slip coupled wall.
7) The outer surface of the housing is set as the wall boundary, and the boundary conditions are:
or

AESA: —a(T-T;) 4

where «a is the heat dissipation coefficient [W/(m2~K)], Ty is the fluid temperature around the cooler and Sy is the cooler.

2.5. Fluid-thermal characteristic coupling analysis method

The flow chart of the global domain fluid-thermal characteristic coupling analysis method is shown in Fig. 4. At first, by solving the
global domain fluid field model, the flow and pressure at the cooler inlet and outlet S1, S2, and S3 are derived. Then, assuming the
cooler inlet temperature of the inner air path, the temperatures of the two cooler outlets are obtained by solving the fluid-thermal
characteristic analysis model of the cooler. The temperature and flow of the two outlets are used as the inlet boundary conditions
for the two end solution domains. Subsequently, the end solution domain’s outlet temperature and flow are used as the inlet boundary
conditions for the corresponding core solution domain. Finally, it is determined whether the average outlet temperature of the two core
solution domains and the assumed cooler inlet temperature of the inner air path satisfy the convergence conditions. If not, the solution

!

Establish the 3D global domain fluid field
model of the inner air path.

l

Solve the global domain fluid field model.
S Iy SpE—— Obtain the flow and pressure distribution of
oL the cooler inlet and outlet S1, S2 and S3.
characteristics of the motor.

[ l |
Assume that the inlet (S2) temperature of the inner air path of the cooler
solution domain is 7 and set the inlet flow according to the fluid field
results. Set the inlet temperature and flow of the outer air path of the
cooler. Obtain the cooler outlet temperature T, and T, (i=1).
1

Establish the fluid-thermal characteristic
analysis model with multi subdomains

Set T}, as the inlet (a) temperature of the end
solution domain (E;). Set the inlet flow and pressure
according to the fluid field results. Obtain the
solution domain (E;) outlet (b) temperature T

Set T; as the inlet (/1) temperature of the end
solution domain (E,). Set the inlet flow and pressure;
according to the fluid field results. Obtain the
solution domain (E,) outlet (g) temperature T;.

Set T as the inlet (c) temperature of the core
solution domain (C;). Set the inlet flow and pressure
according to the fluid field results. Obtain the
solution domain (C;) outlet (d) temperature T,

Set T; as the inlet (f) temperature of the core
solution domain (C;). Set the inlet flow and
pressure according to the fluid field results. Obtain
the solution domain (C,) outlet () temperature T

i=i+1
Torn1 = (Tt T) 1 2

Fig. 4. Flow chart of the global domain fluid-thermal characteristic coupling analysis method.
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is solved again by changing the assumed temperature until the convergence conditions are satisfied.

In addition, it needs to be particularly stated that E; has the same fluid computational domain as C;. The difference between the two
is that Ej only contains solid structures in the end region, including the end of the stator winding, end rings, and part of the rotor bar,
etc. While C; only contains solid structures in the core region, including the stator and rotor cores, stator winding in slots, rotor bar in
slots, rotor support frame, etc. And this holds applicable for E, and C; as well. In this way, the flow characteristics of the fluid from the
cooler outlet of the inner air path are the same in E; and C;. When solving for the solution domain Ej, the fluid absorbs only the losses
generated by the solids in the end region and warms up. Then, when solving for C;, the warmed fluid absorbs the losses generated by the
solids in the core region. This modeling approach can effectively reduce the computational cost of a single model. In addition, both the
3D global domain fluid field model and the fluid-thermal characteristic analysis model are solved by Ansys Fluent 2020 R2.

3. Results and discussion

3.1. Global domain fluid field calculation results

The global domain fluid field model of the inner air path is solved. The streamlines of the inner air path are obtained, as shown in
Fig. 5(a) and (b). As can be seen from the figures, the streamlines distribution along the inner air path is relatively uniform. The
maximum fluid velocity in the inner air path is 95.6 m/s, located at the centrifugal fan blade. This is caused by the rotation of the
centrifugal fan. In addition, the fluid velocity in most regions of the inner air path is within 28.7 m/s. Fig. 5(b) also shows that the fluid
velocity in the air gap and the radial ventilation duct of the stator and rotor is relatively high (the red circles in Fig. 5(b)), up to 57.6 m/
s. This is due to the small cross-sectional area of the flow path in this region. In addition, there are vortices at local locations in the inner
air path (the black circles in Fig. 5(b)). Especially the bottom of both sides of the motor, which is mainly caused by the stator support
baffle and affects the fluid flow from the end to the core region.

The fluid flow near the cooling tube is directly related to the overall heat dissipation. Fig. 5(c) shows the fluid vector distribution on
the M1 section. It can be seen that the upper layer fluid velocity, which is close to the centrifugal fan, is higher than that of the lower
layer fluid. The fluid velocity distribution makes the heat transfer capacity of the upper cooling tube superior to that of the lower
cooling tube. Cooling tubes are arranged in a staggered manner between layers so that the direction of fluid flow is constantly
changing, which helps to strengthen the heat transfer capacity of the cooling tubes. However, the vortex generated by the intersection
of fluids also brings about energy loss.

In order to further study the flow pattern of the inner air path and the flow rate distribution characteristics in the stator radial
ventilation duct, the outflow flow rate of each duct is shown in Fig. 5(d). It can be seen that the outflow flow rate of the stator radial
ventilation duct is symmetrically distributed along the axial direction, which is characterized by being high on both sides and low in
the middle. The average flow rate of the 14 ventilation ducts is 0.577 m>/s. The highest flow rate of 0.646 m>/s is found in radial
ventilation duct No. 1, which is 11.96% higher than the average flow rate. Ventilation duct 6 has the lowest flow rate of 0.552 m®/s,
which is 4.33% lower than the average flow rate. The dual circulation cooling structure of the inner air path makes the flow rate
distribution of each radial ventilation duct relatively uniform, which helps to reduce the axial temperature difference of the motor.

The fluid velocity in the stator radial ventilation duct significantly influences the heat dissipation in the stator region. Therefore,
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Fig. 5. Fluid characteristics. (a) Streamlines of inner air path of isometric view. (b) Streamlines of inner air path of +X view. (c) Fluid vector distribution on M1
section. (d) Flow distribution in each stator radial ventilation channel. (e) Fluid velocity variation in the stator radial ventilation duct.
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the fluid velocity variation in the radial ventilation duct is analyzed using the X = 0 mm section as an example. The sampling line AC is
set in the 2, 4, 6, 8, 10, and 12 stator radial ventilation ducts. Point B is at 1115 mm in the positive direction along the Y-axis (radial
direction).

The fluid velocity variation in the stator radial ventilation duct is shown in Fig. 5(e). It can be seen from the figure that the fluid
velocity in the six radial ventilation ducts tends to decrease, increase, and then decrease along the radial direction. The velocity at the
entrance of the stator radial ventilation duct reaches a maximum of 39.13 m/s in the No. 8 duct. It is because the rotor rotation drives
the fluid near the air gap, increasing the flow velocity. Under the disturbance of the slot wedge, the fluid velocity decreases sharply
along the radial direction. The velocity drops to a minimum of 2.69 m/s at Y = 1120 mm in the No. 4 duct. In the range of Y =
1120-1177 mm, the fluid velocity gradually increases, and the maximum of 11.48 m/s is located in the No. 12 duct. This is because the
cooling fluid does not flow parallel into the radial ventilation duct. Therefore, there are windward and leeward sides in the ventilation
duct, and the fluid velocity on the windward side is greater than that on the leeward side. Influenced by the angle of incidence, the
windward side of the fluid influence is larger in the range of Y = 1120-1177 mm. Therefore, the fluid velocity increases continuously.
In the range of Y = 1177-1215 mm, the fluid velocity turns to decrease under the influence of the fluid on the leeward side and drops to
a minimum of 6.17 m/s located in the No. 12 duct. This is due to the large cross-sectional area of the ventilation duct near the stator
yoke, which reduces the fluid velocity.

3.2. Fluid-thermal characteristic

3.2.1. Motor overall temperature distribution

The temperature distribution of each sub-domain component is obtained by solving the fluid-thermal characteristic analysis model.
Due to the sub-domain calculation, the average temperature of each sub-domain component is volume-weighted averaged to calculate
the overall average temperature of each motor component, as listed in Table 2. It can be seen that the average temperature of the stator
winding is the highest among the motor components, at 77.72 °C. Furthermore, the hot spot of the motor is also located at 120° of the
circumferences of the stator end winding on the drive side, which is 89.52 °C. The lowest temperature in the motor is located in the slot
wedge, at 49.14 °C. The overall temperature distribution meets class F insulation requirements.

3.2.2. End solution domain temperature distribution

The end winding average temperature variations in the solution domains Ej and E; along the circumferential direction are shown in
Fig. 6. The figure shows that the end winding temperature on both ends increases and then decreases along the circumferential di-
rection. The end winding average temperature of numbers 1 to 45 and 146 to 180 is relatively low, ranging from 71.27 °C to 76 °C. This
part of the end winding is located in the upper part of the motor and is in direct contact with the cooling fluid flowing from the cooler,
so the heat dissipation conditions are better. The end winding average temperature of the numbers 46 to 145 from both sides to the
middle increases and reaches a maximum of 86.4 °C at the end winding of No. 118. This is due to the presence of a wind shield between
the end region and the core region. The fluid in the end region flowing through the lower part of the end region is blocked by the baffle
plate and forms a vortex, resulting in poor heat dissipation conditions for the end windings in this region. However, since rotor rotation
affects the flow of fluid in the end region, the highest temperature is not located directly below the end, but at the end winding of No.
118.

3.2.3. Core solution domain temperature distribution

The overall temperature distribution of the two core solution domains is shown in Fig. 7(a). The highest temperature in the solution
domain Cj is 81.27 °C, located at the bottom of the stator winding. The highest temperature of the solution domain C; is 79.08 °C, and
its location is the same as that of the solution domain C;. The overall temperature of the solution domain C, is slightly lower than that of
C. This is because the cold air in the outer air path flows from the right to the left, so the temperature of the air coming out of the cooler
outlet in the inner air path is lower on the right than on the left.

The stator winding temperature distribution in the core solution domain is shown in Fig. 7(b). The maximum temperature of the
stator winding in slots is 81.27 °C, and the minimum temperature is 76.45 °C. The maximum temperature difference of the stator
winding in slots is 4.82 °C, which indicates that the temperature distribution of the stator winding in slots is uniform and the tem-
perature gradient is small. Because the ventilation structure is symmetrically distributed along the axial direction, the fluid flow
characteristics on both sides are similar. So, the stator winding temperature distribution characteristics on both sides are roughly the
same. In addition, the average temperature of the stator winding in slots in the solution domain C; is 2.32 °C higher than that in the
solution domain C;.

The rotor bar temperature distribution in the core solution domain is shown in Fig. 7(c). The highest temperature of the rotor bar in
slots is 62.01 °C, which is located at 196° in the circumferential direction in solution domain C; and at a distance of 297 mm from the Z

Table 2
Main structure temperature of the motor.
Part Max temperature (°C) Min temperature (°C) Average temperature (°C)
Stator winding 89.52 70.63 77.72
Stator core 72.25 59.00 65.59
Slot wedge 73.43 49.14 62.12
Rotor winding 84.69 57.65 65.22
Rotor core 62.01 50.81 57.47
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= 0 mm section. The lowest temperature is 57.63 °C, located at 1° in the solution domain C, and a distance of 30 mm from the Z = 0 mm
section. Moreover, the maximum temperature difference of the rotor bar in the slots is also small, only 4.38 °C.

To further study the temperature characteristics of the stator and rotor cores along the radial and axial directions, sampling lines
are selected at different axial locations. The locations of the sampling lines are displayed in Fig. 8(a).

The stator core temperature variation along the radial direction at different axial positions is shown in Fig. 8(b). The temperature
increases first and then decreases along the radial direction, reaching the highest at 2/3 of the stator teeth, at 70.69 °C. This is because
both sides of the stator teeth are surrounded by the stator windings. In addition to the core loss generated by the stator teeth, many
copper losses are transferred to it. Therefore, the temperature reaches the highest near the center of the stator winding. Except at Z =
518 mm, the stator core temperature gradually increases along the axial direction from the end to the middle. This is because the
cooling fluid flows from the end to the middle region. The closer to the axial center, the higher the fluid temperature, resulting in a
lower convective heat transfer rate. As for Z = 518 mm, the sub-domain calculation sets the interface of the stator winding between the
slot and the end winding as the adiabatic boundary surface, resulting in the poor axial heat dissipation condition of the winding near
the interface. The temperature drop rate in the cd section of the Z = 518 mm curve is large because the stator yoke is in direct contact
with the stator support structure at this location. The heat conduction rate is significantly greater than the convective heat transfer rate
on the surface of the stator yoke at other axial locations.

The rotor core temperature variation along the radial direction at different axial positions is shown in Fig. 8(c). As can be seen from
the figure, the temperature distribution characteristics of the rotor core are approximately the same as those of the stator core. Along
the radial direction, the rotor core temperature increases first and then falls from the outer surface to the inner surface, and the high-
temperature area is concentrated in the vicinity of the rotor bar. Along the axial direction, the rotor core temperature gradually
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increases from the end to the middle. Due to ignoring the rotor core loss and being far away from the heat source, the temperature
gradient of the AB section is large. The BC section has a small temperature gradient along the radial direction because of its proximity
to the heat source. The CD section has a decreasing temperature trend under the effect of air-gap heat exchange.

3.2.4. Cooler solution domain temperature distribution

The surface heat transfer coefficient of the cooling tube is shown in Fig. 9(a) and (b). It can be seen that the convective heat transfer
coefficient on the right side is significantly greater than that on the left side, both in the inner air path and the outer air path. This is
because the cold air in the outer air path flows from right to left. The low temperature fluid gradually increases in temperature along
the flow path. The temperature difference between the two sides of the cooling tube at the outlet side is lower than that at the inlet side,
resulting in a lower surface heat transfer coefficient.

In addition, comparing Fig. 9(a) and (b), it can be found that the inner air path surface heat transfer coefficient distributes un-
evenly, while that of the outer air path is with a small gradient and is evenly distributed. This is because the fluid velocity near the inner
air path cooling tube surface is not uniformly distributed due to the cooling tube arrangement. The fluid velocity near the outer air path
surface is affected by the boundary layer, so the velocity variation along the axial direction is small.

The outer air path fluid temperature variation along the axial direction at the cooling tube axial section center is shown in Fig. 9(c)
(the cooling tube number is shown in Fig. 2(b)). It can be seen that the fluid temperature gradually increases from the inlet side to the
outlet side. The fluid temperature in the upper layer of the cooling tube is higher than in the lower layer. The temperature rise of the
fluid in cooling tube No. 1 is the highest, at 7.56 K, and the lowest in tube No. 3, at 6.61 K. This is because the upper cooling tube is
close to the centrifugal fan. Therefore, the fluid velocity near the upper cooling tube is higher than that of the lower, resulting in a
higher heat transfer rate.

4. Experimental verification

An experimental platform is built in order to verify the rationality of the developed model and the effectiveness of the proposed
method. The experimental platform includes a prototype, a thermo-sensitive wind speed measuring instrument, a resistance measuring
instrument, and a console, as shown in Fig. 10.

Firstly, air speed and temperature measurement tests are conducted. Eight measuring holes are reserved on both sides of the cooler,
and the positions of the measuring holes correspond to the inlet and outlet of the cooler. Multiple measurements at different depths for
each measurement point are performed to obtain the average air speed and temperature. Then, the thermal test is conducted following
the national standard GB/T1032. The resistance of the stator winding at the beginning and end of the thermal test is measured to
calculate the average temperature of the stator winding. In addition, the ambient temperature at the time of the experiment is
measured, which is 11.1 °C.

The calculated results and measured values are listed in Table 3. As seen from the table, the relative error between the calculated
and measured values of the average temperature of the winding is only 0.57%, and the maximum error of the fluid field results is
4.92%. This is because of the uneven distribution of the inlet and outlet fluid velocities in the inner air path of the cooler. The
experiment can only measure the fluid velocity at one point. It cannot obtain the average fluid velocity of the inlet and outlet surfaces,
so the relative error is large. The air speed, temperature, and motor thermal tests meet the engineering calculation requirements. It
shows that the numerical simulation results are consistent with the actual situation, which verifies the rationality of the developed
model and the effectiveness of the proposed method.

5. Conclusion

This paper investigated a 6.5 MW positive-pressure explosion-proof air-air cooled induction motor. A global domain fluid field
model and a partitioned fluid-thermal characteristic coupling analysis model were established and solved, respectively. The following
conclusions were obtained:

(1) The sub-domain fluid-thermal characteristics analysis models were coupled and solved using global domain fluid field results.
The global fluid flow and temperature characteristics were obtained. The maximum relative error between the numerical
calculations and measured values was 4.92%. It proved that the developed model and method are effective and accurate in
studying motors with large capacities and complex ventilation structures.

(2) The fluid distribution in the motor was reasonable, and the fluid traces were relatively evenly distributed. The maximum
difference in flow between different stator radial ventilation ducts reaches 16.2%. The air gap contributed 6.7% of the stator
core flow. The maximum fluid velocity in the inner air path was 95.6 m/s, located at the outer edge of the centrifugal fan. The
fluid velocity increased as it approached the centrifugal fan and decreased as it moved away. The lowest was at the bottom of the
end region.

(3) The overall temperature distribution of the motor was low at both ends and high in the middle. The hotspot temperature was
89.52 °C, located at 120° in the circumferential direction of the end winding within the end solution domain E;. The average
temperature of the stator winding in the solution domain C; was 2.25 °C higher than that in the solution domain C; due to fluid
flow direction in the outer air path. In addition, the temperature of the lower half of the motor was higher than that of the upper
half. This was due to the poor fluid condition in the lower half, resulting in lower heat dissipation efficiency.
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Fig. 10. Prototype experimental platform.

Table 3
Calculated results and measured values.
Calculated result Measured value Relative error
Inlet velocity of the inner air path (m/s) 8.69 9.14 4.92%
Outlet velocity of the inner air path (m/s) 7.65 7.92 3.41%
Outlet temperature of the outer air path (°C) 23.83 239 1.67%
Average temperature of the stator winding (°C) 77.72 78.1 0.57%
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