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Abstract: With the continuous growth of energy demand, the advantages of nuclear power, such
as high energy density, low emissions, and cleanliness, are gradually highlighted. However, the
increasing capacity of the turbine generator in nuclear power plants has led to greater losses and
critical heating issues. Designing an effective cooling system plays an important role in improving
the rotor’s heat dissipation ability, especially under the condition of limited rotor space. In this
study, the cooling effects of the rotor using a radial straight-type cooling structure and a composited
radial-axial-radial cooling structure are compared and analyzed for a 1555 MVA hydrogen-cooled
nuclear turbine generator. Three-dimensional fluid thermal coupled models of the rotor with both
cooling structures are established, and corresponding boundary conditions are provided. The models
are solved using the finite volume method. The flow law of cooling hydrogen gas inside the rotor and
the temperature distribution of various parts of the rotor are studied in detail. Compared with the
radial straight-type cooling structure, adopting the composited radial-axial-radial cooling structure
can reduce the average temperature of the rotor field windings by 4.5 °C. The research results provide
a reference for the design and optimization of the rotor cooling system for large-capacity nuclear
turbine generators.

Keywords: nuclear turbine generator; heating and cooling; computational fluid mechanics; coupled
analysis

1. Introduction

With the continuous development of the economy, the demand for clean and efficient
electric power is increasing. Nuclear energy, as a high-energy-density resource, can better
meet the growing demand for electricity, and its high stability also contributes to the reliable
operation of the power grid [1]. Additionally, nuclear power is a clean energy source with
low carbon emissions that is good for the economy and sustainable [2]. Therefore, it is
expected that the single-machine capacity of nuclear turbine generators will continue to
increase, but this poses the problem of increased losses. To ensure the safe and reliable oper-
ation and service life of nuclear power steam turbine generators, adopting a more effective
cooling method and ventilation structure to reduce the temperature rise of the generator
has become one of the key technologies in the design of nuclear turbine generators.

To reduce the temperature rise in the turbine generator, numerous scholars have
studied the fluid field and temperature field of the stator and rotor of the turbine gener-
ator [3-6]. For the rotor of the steam turbine generator, its cooling structure is complex,
and it is also affected by rotational motion during operation, making it difficult to study
the fluid field and temperature field inside the rotor through experimental methods [7].
Currently, temperature prediction methods mainly include lumped parameter thermal
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networks and numerical analysis [8,9]. Lumped parameter thermal networks depend ex-
cessively on empirical formulas and coefficients and cannot predict the flow characteristics
of the cooling medium in the motor [10]. In contrast, the numerical calculation method can
accurately predict the fluid movement and rotor temperature distribution in the complex
cooling system of the rotor [11,12].

The cooling method of the turbine generator rotor usually adopts a sub-slot cooling
system, where the cooling medium flows in a turbulent state in the ventilation duct [13].
Different ventilation duct structures directly affect the cooling effect and temperature
distribution of the rotor. For the sub-slot at the bottom of the rotor, the profile of the sub-slot
will affect the velocity distribution of the cooling medium inside the radial ventilation
duct and the heat dissipation performance. The profile of the sub-slot at the bottom of
the rotor slot is often tapered smoothly from the inlet of the sub-slot to the axial center,
which helps to enhance the pressure of the hydrogen gas cooling the axially middle part
of the rotor, improving the cooling effect of the rotor [14]. Regarding the ventilation duct
inside the rotor winding, when using radial straight-type ventilation ducts, changing the
inclination angle of the radial ventilation duct can improve the vortex phenomenon inside
the ventilation duct but does not affect the temperature distribution of the rotor [15]. To
further reduce the temperature rise of the rotor, a solution of adopting a composited radial-
axial-radial cooling structure inside the rotor field winding has been proposed. However,
there is currently limited research on the temperature distribution of the rotor when such a
ventilation system structure is adopted for the turbine generator rotor [16,17].

This paper studies the cooling performance of a 1555 MVA nuclear turbine generator
belonging to the CAP 1400 model nuclear power plant. CAP 1400 is the model of a large-
scale advanced pressurized water reactor nuclear power plant independently developed by
China. It is based on the concept of passive safety, adopts the latest international standards,
and meets the strictest emission requirements. It is one of the safest and most advanced
third-generation nuclear power models in the world today.

In this study, a 1555 MVA nuclear turbine generator is taken as the research object
to investigate the flow law of cooling hydrogen gas inside the rotor and the tempera-
ture rise distribution of various parts of the rotor when the rotor adopts two schemes: a
radial straight-type cooling structure and a composited radial-axial-radial cooling struc-
ture. Firstly, three-dimensional fluid thermal coupled models of two cooling structures
are established. Subsequently, by giving reasonable boundary conditions and using the
standard k—e turbulent model, numerical calculations are performed on the models of
the two cooling structures to obtain the temperature distribution of the cooling hydro-
gen gas and various components of the rotor. Finally, a detailed comparative analysis
of the temperature distributions along the axial and radial directions of the rotor field
winding in the two cooling structures is conducted. The research results show that the
composited radial-axial-radial cooling structure can reduce the temperature rise of the
rotor field winding.

The cooling performance of large-capacity generators is one of the most critical issues
that directly influence the safety, reliability, and economy of generator operation, especially
in the situation of continuously increasing power rating. The research results can help to
improve the cooling performance of existing ventilation systems and develop more effective
ones. It is very valuable for reference to develop a larger capacity turbine generator towards
2000 MVA.

2. Establishment and Simulation of the Fluid Thermal Coupling Model for the
1555 MVA Nuclear Turbine Generator Rotor

2.1. Rotor Cooling System Structure

The basic parameters of the 1555 MVA half-speed nuclear turbine generator studied in
this paper are shown in Table 1.
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Table 1. Basic parameters of the 1555 MVA nuclear turbine generator.

Generator Parameters Value
Power (MVA) 1555
Voltage (kV) 27
Field current (A) 7800
Frequency (Hz) 50
Pole pair 2
Power factor 0.9
Rotation speed (r/min) 1500
Stator outer diameter (mm) 3770
Rotor outer diameter (mm) 2040
Rotor length (mm) 7400

The rotor of the turbine generator studied in this paper adopts an axial bidirectional
symmetrical sub-slot ventilation cooling system, as illustrated in Figure 1. The cooling
hydrogen gas is driven by a multi-stage compressor axial fan at both ends of the rotor, and
the flowing path of cooling hydrogen gas can be divided into two branches.

Fan Hydrogen cooler

Hydrogen cooler Fan

= o558 & e :
L:_ :ﬁilﬂilﬂi

Figure 1. Schematic diagram of the turbine generator rotor cooling system.

A portion of the hydrogen gas enters the sub-slot inlet and then flows axially along
the rotor’s sub-slot. A certain proportion enters the rotor slots radially through radial
ventilation ducts to cool the rotor Finally, the hydrogen gas is discharged through the
ventilation outlet into the air gap and joins with the cooling hydrogen gas, directly entering
the air gap and entering the hot gas region of the stator core. The other branch of hydrogen
gas flows into the stator cold air region through the inlet duct on the back of the stator yoke,
cooling the stator core and armature winding. Then, it converges with the hot hydrogen
gas discharged from the rotor and enters the hot gas region of the stator together. Finally, it
enters the cooler through the outlet duct to complete a cooling circulation.

The ravdial straight-type ventilation duct (Scheme 1) is generally applied in the rotor’s
sub-slot cooling system, as shown in Figure 2a. This paper focuses on studying an improved
composited radial-axial-radial sub-slot rotor cooling system (Scheme 2), as shown in
Figure 2b. A comparative study is conducted between the traditional radial straight-type
cooling structure and the proposed Scheme 2 regarding the flow characteristics of the
cooling gas inside the rotor and the temperature rise distribution of rotor components.

In Scheme 1, the cooling structure consists of 43 radial straight-type ventilation
branches, each with the same flow path. Initially, cooling hydrogen gas enters the ra-
dial ventilation ducts through the rotor’s bottom sub-slot and then passes radially through
the rotor slots to cool them. Subsequently, the cooling hydrogen gas flows out through the
radial ventilation duct of the rotor and carries away the losses generated by the rotor.

In Scheme 2, the cooling system consists of five groups of composited radial-axial—
radial ventilation ducts, with each group containing ten ventilation branches. Each branch
includes a first-section radial ventilation duct, an axial ventilation duct, and a second-
section radial ventilation duct. In the first branch of each group, the first-section radial
ventilation duct passes through copper bars 1~10, followed by connecting to the axial
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ventilation duct located inside copper bar 10, and then the second-section radial ventilation
duct passes through copper bar 10. Similarly, in the tenth branch, the first-section radial
ventilation duct only passes through field bar 1, the axial ventilation duct is inside field
bar 1, and the second-section radial ventilation duct runs through field bars 1-10.
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Figure 2. Ventilation structure of the rotor. (a) Radial straight-type ventilation structure (Scheme 1);
(b) composited radial-axial-radial ventilation structure (Scheme 2).

In each ventilation branch, cooling hydrogen gas initially enters each group of ven-
tilation ducts through the rotor’s bottom sub-slot, flows through the field bars in the
radial-axial-radial direction, and finally exits through the radial ventilation ducts of the
rotor to the air gap, completing the cooling of the rotor field bars.

2.2. Rotor Three-Dimensional Fluid Thermal Field Coupling Physical Model

The three-dimensional fluid thermal field coupling physical models of the two schemes
are established, as shown in Figure 3. Since the cooling system of the rotor is symmetrical
in the axial direction, and the rotor slots are periodical in the circumferential direction,
the solution models of both schemes consist of a half axial length of one rotor slot. The
heat generation and heat dissipation conditions inside each rotor slot are assumed to be
the same, and the surfaces of various components are assumed to be smooth and closely
connected. The established solution domain includes a slot wedge, a damping bar, rotor
slot wedges, field bars 1~10, layer insulation and slot insulation, a slot bottom wedge, and
a rotor core. The established model in Scheme 1 includes a sub-slot inlet and 43 outlets
numbered from the rotor end region to the axial center, while the model in Scheme 2
includes a sub-slot inlet and 50 outlets to the air gap.
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Figure 3. Coupled fluid temperature field model of the rotor. (a) Scheme 1; (b) Scheme 2.
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2.3. Rotor Three-Dimensional Fluid Thermal Field Coupling Mathematical Model

Due to the complexity of the cooling structure of the turbine generator rotor and the
turbulent flow of the cooling hydrogen gas, it is considered to be in a turbulent state. At
the same time, the cooling hydrogen gas is treated as an incompressible fluid. Based on
fluid mechanics and heat transfer theory, coupled governing equations for the fluid field
and temperature field within the solution domain are established, which comply with mass
conservation, momentum conservation, and energy conservation equations [18,19].

1.  Mass conservation equation

9  9pu)  9(pv)  d(pw) _
ot ox ay 0z

(1)

where t is the time (s); p is the density of the cooling medium (kg/m3); and u, v, and
w are the velocity components of the velocity vector # along the x-, y-, and z directions,
respectively (m/s).

2. Momentum conservation equation

5( )) + div(puu) = div(p grad u) — 3£ + S,

Eg( )) + div(pvu) = div(p grad v) — @ + S, ()

(’(J )) + div(puw) = div(p grad w) — ?,—Z + Sw

where y is the viscosity coefficient; p is the pressure on the fluid microelement (Pa); and
Su, Sy, and Sy, are the generalized source terms of the momentum equation along the x-, y-,
and z directions.

3. Energy conservation equation

AeT) + div(pu) = div(i grad T) + St 3)
ot Cp
where T is the temperature (°C); ¢, is the specific heat capacity [J/(kg-°C)]; A is the heat
transfer coefficient of a convective fluid [w/(m-°C)]; and St is the portion of fluid mechani-
cal energy converted into thermal energy.

In fluid field calculations, the standard k—e model control equation is widely used in
fluid field calculations. In this paper, the standard k—e equation is used to simulate the
turbulent state of the cooling hydrogen flow [20]. The solving equation is represented by

Equation (4).
1

where k = julu] represents turbulent kinetic energy and is known as the k-equation;

ulou! .. . . .
e = vazl az represents the energy dissipation rate and is known as the e-equation; G

(0 ) 2]+ G- pe

7 (k) + axi (pku;) = )
[(y + ’”) a—} + C1e£ Gy — Coeps

7 (0€) + 5 (pew;) =

(4)

o
ox;
o
ox;

. E)
is the turbulence generation rate, Gy = (a”Z + ax]) o%,0 Mt is the turbulent viscosity

coefficient, y; = ch§ ; 0 and o are the turbulent Prandtl numbers for the k-equation
and e-equation, respectively; and Cq, and Cy, are constants, which are 1.44 and 1.92 in this
simulation, respectively.

2.4. Boundary Conditions and Numerical Solution

Due to the complex structure of the rotor cooling system, a high computational cost
is required. During the solution process, the cooling hydrogen gas is assumed to be
incompressible and in a turbulent state, while the effects of buoyancy and gravity are
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neglected. The cooling effects at both ends of the generator rotor are assumed to be
consistent, and hence the axial cross-section of the generator and the rotor tooth center
surface are considered as adiabatic boundary conditions. The inlet of the bottom sub-slot is
considered a pressure boundary, with a pressure of 1840 Pa and a cooling hydrogen gas
temperature of 50 °C at the inlet. The outlet of the radial ventilation ducts on the rotor
surface is considered a natural flow outlet. The interface between the cooling hydrogen gas
and the rotor structural components is set as a coupled solution boundary.
The material attributes involved in this simulation are summarized in Table 2.

Table 2. Material attributes of different components.

Specific Heat Thermal Conductivit

. . 3 P Yy
Material Density (kg/m”) (kg K)) (wi(m K))

Field bar 8978 381 398

Rotor core 7600 504 46/46/3.6

Insulation 700 1760 0.22

Meshing the solution model is an important part of the numerical solution process, and
the quality of the mesh affects the convergence speed of the numerical solution accuracy of
the final results. Due to the relatively long axial length of the turbine generator and the
extremely small insulation thickness inside the slots, the ratio of the maximum size to the
minimum size in the solid model is close to 10%, resulting in complex mesh discretization
of this solid model. Hexahedral meshes are used to discretize the solution domain, and
additional mesh refinement is performed for insulation, field bars, and various fluid
domains. Table 3 provides the mesh division information for the solution models of the
two schemes.

Table 3. Meshing results of the solving domain.

Elements Nodes
Scheme 1 3,281,284 3,522,046
Scheme 2 4,999,262 5,801,715

The software package Fluent 6.3 is used to conduct the coupled fluid thermal simula-
tion with an i7-10700 @2.90 GHz processor and a 32 GB RAM desktop PC. The pressure-
based solver, which is suitable for low speed and incompressible fluid in Fluent, is used.
The solver first obtains the velocity field from the momentum equation and then modifies
the velocity field from the pressure equation to satisfy the continuity condition. Since the
pressure equation is derived from the continuity equation and the momentum equation,
the simulation of the flow field can satisfy the conservation of mass and momentum at the
same time. The SIMPLE segregated Algorithms and Green-Gauss node-based gradient are
selected in the simulation process. The residual of continuity, velocity, k, and ¢ are set as
0.001, and the residual of energy is 10~°.

3. Cooling Hydrogen Gas Flow Patterns and Temperature Distribution

The rotor cooling system presents a complex structure. Analyzing the influence
of the ventilation duct on the flow patterns of the cooling hydrogen gas is helpful for
understanding the temperature variation patterns of various heating components in the
motor and their causes. Additionally, it can provide guidance for designers to develop
more rational and efficient cooling systems. This section analyzes the flow patterns of the
cooling hydrogen gas and the temperature variation within the rotor cooling system.

3.1. Flow Patterns of Cooling Hydrogen Gas

Figure 4a illustrates the velocity vector of cooling hydrogen gas within the ventilation
ducts in Scheme 1. In Scheme 1, the hydrogen gas velocity is highest at the inlet of the
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bottom sub-slot, reaching 87.6 m/s. As the cooling hydrogen gas flows axially within
the bottom sub-slot, a portion of it enters the radial ventilation ducts, causing a gradual
reduction in the flow rate of the cooling hydrogen gas within the sub-slot. In the radial
ventilation ducts, the proximity of radial ventilation ducts 1~10 to the bottom sub-slot
inlet presents a challenge, as the high flow velocity of cooling hydrogen gas within the
sub-slot makes the transition from axial to radial flow direction difficult. Consequently,
notable vortices form on the leeward side of the radial ventilation ducts, with vortex
heights ranging from 1/2~3/4 height of the rotor slot. In locations where these vortices
occur on the leeward side, the flow rate of the cooling hydrogen gas decreases. The
disparity in flow velocity between the windward and leeward sides of radial ducts 1~10
is significant. For instance, in radial duct 1, the difference in flow velocity between the
windward and leeward sides can reach up to 30 m/s. Conversely, in radial ducts 34~43 near
the axial center, the flow velocities on the windward and leeward sides remain relatively
consistent at approximately 20 m/s. This phenomenon arises from the lower flow velocity
of cooling hydrogen gas within the bottom sub-slot near the axial center, facilitating an
easier change in flow direction without the formation of vortices on the leeward side of the
ventilation ducts.

Lec\yal'd side  Windward side
Y,

: Leeward side Windward side
\ i

AR T
4 45 46 47 48 49 50

! yv)y v § k
36 37 38 39 40 41 42 43

@) (b)
Figure 4. Fluid field distribution of cooling hydrogen gas. (a) Scheme 1; (b) Scheme 2.

Figure 4b depicts the velocity vector diagram of the cooling hydrogen gas within
Scheme 2’s cooling system. Similar to Scheme 1, in Scheme 2, the cooling hydrogen gas
velocity is highest near the inlet of the bottom sub-slot, reaching 84.6 m/s. However, unlike
Scheme 1, the velocity of the cooling hydrogen gas within the bottom sub-slot does not
gradually decrease along the axial direction but shows a slight increase followed by a
decrease after passing through the inlet of each radial ventilation duct.

In the first-section radial ventilation ducts of the first four groups, similar to Scheme 1,
distinct vortices form on the leeward side of the radial ventilation ducts, with windward
side velocities higher than those on the leeward side. For instance, in the first group of
radial ventilation ducts, the average flow velocity of the windward side cooling hydrogen
gas is approximately 40 m/s, about 30 m/s higher than that on the leeward side. Differently
from Scheme 1, near the bottom of radial ventilation ducts in the fifth group, although
vortices do not form on the leeward side, the flow of cooling hydrogen gas is minimal
on the leeward side, concentrated mainly on the windward side, where the average flow
velocity of the cooling hydrogen gas is about 50 m/s.

In Scheme 2, it is noteworthy that after the cooling hydrogen gas passes through the
axial ventilation duct and enters the second section of the radial ventilation duct, the flow
velocities of the cooling hydrogen gas on the windward side and the leeward side tend to
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equalize. The flow velocity of the cooling hydrogen gas in the fifth group of ventilation
ducts is higher than that in the first group. In the first group of radial ventilation ducts, the
flow velocity of the cooling hydrogen gas is approximately 18 m/s, while in the fifth group
of radial ventilation ducts, it is approximately 35 m/s.

3.2. Temperature Distribution of Cooling Hydrogen Gas

Figure 5a illustrates the temperature distribution of cooling hydrogen gas inside the
rotor for Scheme 1. The temperature of the cooling hydrogen gas exhibits a trend of
initially increasing from ventilation duct 1~43 and then decreasing. Within each radial
ventilation duct, the temperature of the cooling hydrogen gas gradually increases radially
from the bottom to the top of the duct. Furthermore, within the radial ventilation duct, the
temperature of the windward side cooling hydrogen gas is lower than that of the leeward
side cooling hydrogen gas. This discrepancy arises because the higher windward side gas
velocity results in a relatively brief heat exchange process with the heating bars, while the
lower leeward side gas velocity allows for more substantial heat exchange. In Scheme 1,
the regions with higher temperatures of the cooling hydrogen gas primarily concentrate
on the leeward side of the duct top, specifically ventilation ducts 9~16, with the highest
temperature reaching approximately 93 °C.
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Figure 5. Temperature distribution of cooling hydrogen gas. (a) Scheme 1; (b) Scheme 2.

Figure 5b presents the temperature distribution of cooling hydrogen gas for Scheme 2.
The temperature of the cooling hydrogen gas exhibits a trend of initially increasing and
then decreasing from the first group to the fifth group of ventilation ducts. Taking the
second group of ventilation ducts with higher temperatures as an example, within the
first-section radial ventilation ducts, the temperature of the cooling hydrogen gas similarly
increases radially. However, the cooling hydrogen gas temperature is lower, ranging from
53 to 64 °C. Subsequently, as the cooling hydrogen gas enters the axial ventilation duct, its
temperature gradually rises, ranging from 56 °C to 76 °C. Upon entering the second-section
ventilation ducts, the temperature of the cooling hydrogen gas reaches its peak, continuing
to increase radially, with a range of 61~84 °C. Compared to Scheme 1, Scheme 2 achieves a
reduction of 9 °C in the maximum temperature of the cooling hydrogen gas.

To further compare and investigate the cooling performance of the two schemes,
Figure 6 illustrates the variation in flow rate and temperature of the cooling hydrogen
gas at each rotor outlet for both schemes. Figure 6a depicts the temperature distribution
and flow rate of cooling hydrogen gas at each rotor outlet in Scheme 1. The temperature
variation of the cooling hydrogen gas is inversely proportional to the flow rate variation.
This is because an increase in the cooling hydrogen gas flow rate enhances the cooling
performance of the rotor field bars while simultaneously reducing the temperature of
the cooling hydrogen gas. The flow rate of the cooling hydrogen gas decreases from
outlet 1 to 43, showing a decreasing trend after an initial increase. The lowest flow rate
appears at outlet 20, with a flow rate of 2.9 x 1073 m3/s, while the highest flow rate is
at outlet 43, 2.4 times that of outlet 20. The average temperature of the cooling hydrogen
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gas at outlet 20 is the highest, reaching 84.7 °C, which is 19.8 °C higher than the lowest
temperature at outlet 43.
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Figure 6. Temperature and flow rate of cooling hydrogen gas at the outlet. (a) Scheme 1; (b) Scheme 2.

Figure 6b illustrates the temperature distribution and flow rate of cooling hydrogen
gas at each rotor outlet in Scheme 2. The overall variation trend of temperature and flow
rate of the cooling hydrogen gas is similar to Scheme 1. However, in Scheme 2, both the
temperature and flow rate of the cooling hydrogen gas vary in groups of ten ventilation
ducts. It is noteworthy that Scheme 2 has an increased number of outlets, resulting in a
slight decrease in the flow rate of the cooling hydrogen gas compared to Scheme 1. The
lowest flow rate of the cooling hydrogen gas appears at outlet 11 in the second group of
ventilation ducts, with a magnitude of 2.3 X 1073 m3/s, a 20.7% decrease compared to
the lowest flow rate in Scheme 1. The highest flow rate at outlet 50 in the fifth group of
ventilation ducts is 6.5 x 1073 m3/s, a 5.8% decrease compared to the highest flow rate in
Scheme 1.

In Scheme 2, despite a slight decrease in the flow rate of the cooling hydrogen gas at
each outlet, the increased number of cooling channels better dissipates the heat generated
by the rotor field bars. The highest temperature of the cooling hydrogen gas at the outlet in
Scheme 2 appears at outlet 12 in the second group, with a maximum temperature of 81.7 °C,
a 3 °C decrease compared to Scheme 1. The lowest temperature of the cooling hydrogen
gas at the outlet appears at outlet 50 in the fifth group, with a minimum temperature of
61.0 °C, a 3.9 °C decrease compared to Scheme 1.

4. Temperature Distribution Analysis of the Rotor
4.1. Temperature Distribution of Various Rotor Components

Figure 7 presents the maximum, average, and minimum temperatures of various rotor
components for two different cooling schemes. The slot wedges located at the bottom of the
slots are cooled by both the sub-slot and the radial ventilation ducts, effectively reducing
the temperature rise of the slot wedges. Therefore, in both schemes, the temperature of the
slot wedges is the lowest, with Scheme 2 showing an average temperature of 61.3 °C for
the slot wedges, a decrease of 2.8 °C compared to Scheme 1. Since the insulation material
is in close contact with the field bars and has a low thermal conductivity, the insulation
inside the rotor presents an approximate temperature rise in the field bars. In Scheme 2, the
average temperature of the insulation is 85.6 °C, a decrease of 2.6 °C compared to Scheme 1.
As the field bars serve as the sole heat source in the rotor, the highest temperature rise of the
rotor occurs within the field bars, with maximum temperatures of 106.1 °C and 104.5 °C
for Scheme 1 and Scheme 2, respectively, indicating a decrease of 1.6 °C in Scheme 2. The
rotor core is affected by the heat conducted from the field bars and suffers from severe
heat dissipation conditions, which results in the average temperatures of the rotor core in
Scheme 1 and Scheme 2 being 85.2 °C and 83.4 °C, respectively.
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Figure 7. Temperature of various rotor components. (a) Scheme 1; (b) Scheme 2.

4.2. Temperature Distribution of Rotor Field Bars

The temperature variations of rotor field bars along the radial and axial directions are
comparatively studied in detail. Figure 8 illustrates the radial cross-section temperature

distributions of the rotor field bars for both schemes.
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Figure 8. The temperature of field bars along the radial direction. (a) Scheme 1; (b) Scheme 2.

In Scheme 1, five radial cross-sections are evenly selected along the axial direction
from the rotor end region to the center, positioned at distances of 1249 mm, 1809 mm,
2369 mm, 2929 mm, and 3489 mm. The temperatures of bottom field bars are lower than
those of top bars, with the temperature of bottom bar 1 at the rotor slot bottom being the
lowest, below 80.0 °C, while the temperatures of bars 7~10 are all above 100.0 °C. This is
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attributed to the lower temperature of the cooling hydrogen gas in the radial ventilation at
the slot bottom, resulting in stronger heat dissipation. As the cooling hydrogen gas flows
radially, its temperature increases, leading to reduced heat dissipation. Among the five
axial cross-sections, the temperature of field bars at z = 1809 mm is significantly higher than
at other sections, with the largest temperature difference between the bottom and top bars,
reaching 28.8 °C. Conversely, at z = 3489 mm, the bar temperature is the lowest, with the
smallest radial temperature difference of 19.1 °C.

In Scheme 2, the radial cross-sections are located at axial positions of 834 mm, 1498 mm,
2162 mm, 2826 mm, and 3490 mm. The temperature distribution pattern of the rotor field
bars along the radial direction in Scheme 2 is similar to Scheme 1, with temperatures
increasing from bottom bar 1 to top bar 10. Among the five axial cross-sections, the bar
temperature at z = 1498 mm is the highest, with the largest radial temperature difference
of 31 °C, while the bar temperature at z = 3490 mm is the lowest, with the smallest radial
temperature difference of 17.3 °C.

It is worth noting that in both schemes, due to the proximity of field bar 10 to the rotor
slot wedge, it receives effective cooling from the hydrogen in the air gap, resulting in a
lower temperature compared to field bar 9, making field bar 9 the hottest part of the rotor.

Figure 9 provides the axial variation of field bar temperatures for both schemes.
In Scheme 1, the bar temperatures along the axial direction show a pattern of initially
increasing and then decreasing from the rotor end region to the center, with the high-
temperature region concentrated approximately 1000~2000 mm along the axial direction.
The average temperature of bar 1 has the lowest temperature of 72.8 °C. Additionally,
the axial temperature variation of field bar 1 is relatively small, and the maximum axial
temperature difference of 14.6 °C. In contrast, the average temperature of bar 9 is the
highest at 97.5 °C. Bar 9 also has a larger axial temperature variation, and the maximum
axial temperature difference is 23.8 °C. This phenomenon is due to the bottom bars being
close to the sub-slot, with effective cooling conditions due to the lower temperature of the
cooling hydrogen gas, resulting in small temperature variations along the axial direction.
However, the top bars are only cooled by the hydrogen gas in the ventilation ducts inside
the bars, and their temperature rise is significantly affected by the velocity, temperature
rise, and flow rate of the cooling hydrogen gas in the ventilation duct.

——Coil bar 1
—a— Coil bar 2

——Coil bar 1
—a— Coil bar 2

Coil bar 3 Coil bar 3
Coil bar 4 Coil bar 4
Coil bar 5 Coil bar 5

—— Coil bar 6 ——Coil bar 6
Coil bar7 Coil bar 7
Coil bar8 Coil bar 8
Coil bar9 Coil bar 9
Coil bar10 I Coil bar 10

510
8
(a) (b)

Figure 9. The temperature of field bars along the axial direction. (a) Scheme 1; (b) Scheme 2.

In Scheme 2, the temperature variation pattern of the rotor field bars along the axial
direction is consistent with Scheme 1. However, it is noteworthy that in Scheme 2, since
the ventilation ducts are grouped into ten branches and divided into five groups, the
temperature variation of the bars along the axial direction can be divided into five segments.
In each segment, the temperature of the bars also shows a trend of initially increasing and
then decreasing, with the high-temperature region of each bar appearing in the second
segment (i.e., the region of the second group of ventilation ducts). In Scheme 2, similarly,
the temperature of bar 1 is the lowest, with an average temperature of 69.1 °C, and the
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temperature of bar 9 is the highest, with an average temperature of 93.0 °C, representing a
decrease of 4.5 °C compared to Scheme 1.

The average temperature differences of field bars 1~10 in the two schemes are shown
in Figure 10. It shows that an approximate temperature decrease of greater than 4.5 °C can
be obtained by employing the cooling Scheme 2. As bar 10 has a better cooling condition in
both schemes, the temperature difference of bar 10 is smaller.

Temperature difference (°C)

1 2 3 4 5 6 7 8 9 10
Field bar
Figure 10. Temperature differences of field bars along the axial direction.

5. Conclusions

In this study, numerical simulation methods are employed to investigate the coupling
fluid thermal field of the rotor of a nuclear turbine generator with two cooling schemes: a
radial straight-type ventilation system and a composited radial-axial-radial ventilation
system. A comparative analysis of the flow patterns of cooling hydrogen gas and the
distribution of temperature rises in various parts of the rotor was conducted. The following
conclusions were drawn:

(1) Inboth cooling schemes, the flow rates of cooling hydrogen gas at outlets exhibit a
trend of initially decreasing from the rotor end region towards the rotor center and
then increasing. Although, in Scheme 2, the outlet flow rate of cooling hydrogen gas
is slightly lower compared to Scheme 1, with its maximum flow rate reduced by 5.8%
compared to Scheme 1. However, the increase in the number of cooling branches
facilitates more efficient heat exchange between the cooling hydrogen gas and the
rotor field bars. In comparison with Scheme 1, the maximum temperature rise of the
field bars in Scheme 2 is reduced by 1.6 °C.

(2) Within the rotor slots, both schemes result in the lowest temperature observed in the
slot bottom wedges. In Scheme 2, the average temperature of the slot bottom wedges
is 64.2 °C, which is 2.8 °C lower than that in Scheme 1. Additionally, the average
temperature of the rotor insulation in Scheme 2 is 85.6 °C, representing a decrease of
2.6 °C compared to Scheme 1.

(3) Inboth cooling schemes, the temperature variation along the radial direction of the
field bars shows a consistent trend of increasing from bar 1 near the slot bottom
towards bar 10 near the slot top. Field bar 10 can be effectively cooled by heat
conduction through slot wedges and heat convection through the air gap, and hence
the highest temperature is observed in bar 9.

(4) Similarly, in both cooling schemes, the temperature variation along the axial direction
of the field bars shows a trend of initially increasing from the rotor end region towards
the rotor center and then decreasing. In Scheme 2, the high-temperature region of
bar 9 is concentrated in the region of the second group of ventilation ducts, with an
average temperature of 93.0 °C, representing a decrease of 4.5 °C compared to bar 9
in Scheme 1.
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