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Abstract

:

Aiming at the problem of end structure heating caused by the excessive eddy current loss of large synchronous condensers used in ultra-high voltage (UHV) power transmission, combined with the actual operation characteristics of the synchronous condenser, a three-dimensional transient electromagnetic field physical model is established, and three schemes for adjusting the end structure of the condenser under rated condition are researched. The original structure has a copper shield and a steel clamping plate. Scheme 1 has no copper shield but has a steel clamping plate. Scheme 2 has no copper shield but has an aluminum clamping plate. By constructing a three-dimensional fluid–solid coupling heat transfer model in the end of the synchronous condenser, and giving the basic assumptions and boundary conditions, the eddy current loss of the structure calculated by the three schemes is applied to the end region of the synchronous condenser as the heat source, and the velocity distribution of the cooling medium and the temperature distribution of each structure under the three different schemes are obtained. In order to verify the rationality of the numerical analysis model and the effectiveness of the calculation method, the temperature of the inner edge of the copper shield in the end of the synchronous condenser is measured, and the temperature calculation results are consistent with the temperature measurement results, which provides a theoretical basis for the electromagnetic design, structural optimization, ventilation and cooling of the synchronous condenser.
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1. Introduction


The 300 Mvar synchronous condenser can not only generate reactive power for transmission systems, improve the power factor of power grids and generate reactive power, but will also not decrease with the voltage drop of the power grid. This condenser is constructed with more attention paid to instantaneous performance, and is capable of fast voltage support, short-term over-current and over-voltage protection, which can provide more powerful guarantees of safe and stable operation of UHV power grids, Therefore, it has become an essential piece of equipment to improve the power quality and effective reactive power compensation of UHV transmission systems.



Due to the large capacity and large stator armature current of synchronous condensers, the stator current generates a strong magnetic leakage field in the end under rated operating conditions, which further induces eddy current loss in the copper shield, clamping plate and finger plate, causing local overheating of the end structure. When the end structure is heated significantly, it may cause abnormal shutdown of the condenser, or even threaten the safety of the power system. Therefore, the reasonable design of the end structure of the condenser is very important in the improvement of the end structure and the reduction in its temperature.



In recent years, researchers have made many achievements in the research of the electromagnetic and heat transfer mechanisms of electromechanical energy conversion equipment [1,2,3,4,5,6,7]. In terms of the research methods of electromagnetic fields, a new idea for calculating the air gap magnetic circuit of a large turbo generator is proposed in [8]. Article [9] presents an analytical algorithm for calculating the leakage reactance of the strand slot in the transposition bar. In relation to the research methods of motor heat transfer performance, in [10], a lumped parameter network is proposed, which can better predict the thermal behavior of the machine. In [11], by employing the lumped-parameter model in the closed circuit of the flow network, the cooling medium flowrate and pressure drop in each element is calculated. In terms of the motor structure improvement and different material properties on the motor performance, a new ring structure is proposed, which can be better decrease the eddy current loss of the ring in [12]. Paper [13] described a new design scheme for a double three-phase asymmetric stator winding permanent magnet multiphase motor. Two kinds of permanent magnet synchronous motor, with the same capacity but different materials, were tested in [14], and the results show that compared with the traditional permanent magnet synchronous motor, the amorphous metal permanent magnet synchronous motor has very low no-load iron loss. In [15], the temperature distribution of the internal structural parts of a large generator with different shielding materials was researched. In paper [16], the traditional copper shield structure of a large turbo generator is transformed into a hollow structure, so that the temperature of the copper shield is reduced. Paper [17] analyzes the electromagnetic loss, stator temperature distribution and performance parameters of a high-speed induction motor with stator cores of different materials. Paper [17] analyzes the multi physical field distribution of a high-speed asynchronous motor with different stator core materials. However, compared with conventional large-scale motor, the end structure of the synchronous condenser for UHV transmission is complex, and its operation specification and assessment index requirements are more stringent than those of conventional motors, and thus, few researchers have researched the influence of the end structure change of the condenser and different material properties on the multiple internal physical fields of the motor.



In this paper, a 300 Mvar large synchronous condenser is taken as the research object, and three schemes of the end structure of the condenser are compared. By establishing a three-dimensional nonlinear transient electromagnetic field model in the end of the condenser, the distributions of magnetic flux leakage and eddy current loss of each structural member are researched. Based on the calculation results of electromagnetic eddy current loss in the end of the condenser, a three-dimensional fluid–solid coupling analysis model is established. The eddy current loss of each structural member in the end of the condenser calculated under the three schemes is applied to the end region of the condenser as a heat source. The velocity distribution of cooling medium and temperature distribution of each structure member under different schemes are obtained, which have significance as points of reference for improving the end structure of the condenser and reducing the temperature of the end structure of the condenser in the future.




2. Solution Domain Model of Electromagnetic Field in the End of Condenser


2.1. Physical Model of the End of Condenser


The 300 Mvar synchronous condenser researched in this paper is the first high-capacity condenser to be produced. According to the actual structural characteristics of the end of the condenser, it consists of a copper shield, clamping plate, far stator core side finger plate, magnetic shield, long finger plate, short finger plate, stator core, retaining ring and rotor. The specific structure of the model is shown in Figure 1. The rated parameters and some basic structural parameters of the synchronous condenser are given in Table 1.




2.2. Three Dimensional Electromagnetic Field Mathematical Model of the End Region of the Condenser


The three-dimensional transient electromagnetic field solution domain of the end of the condenser is divided into the eddy current region and the non-eddy current region, in which the clamping finger, clamping plate and copper shield comprise the eddy current region, and the stator winding, rotor excitation winding and air region comprise the non-eddy current region. Taking current vector potential  T  and scalar magnetic potential  ψ  as unknown functions, the following mathematical model of the 3D transient electromagnetic field in the end of the large synchronous condenser is established [18,19,20]:



In the eddy current region:


   {      ∇ × ( ρ ∇ × T ) − ∇ ( ρ ∇ ⋅ T ) +   ∂ μ ( T − ∇ ψ )   ∂ t   =   ∂ μ  H s    ∂ t         ∇ ⋅ ( μ T − μ ∇ ψ ) = − ∇ ⋅  (  μ  H s   )         



(1)







In the non-eddy region:


  ∇ ⋅ ( μ ∇ ψ ) = ∇ ⋅  (  μ  H s   )   



(2)




where    H s    is the magnetic field intensity produced by the joint action of the armature current and the excitation current;  ρ  is resistivity;  μ  is permeability;  t  is time.



The boundary conditions of the three-dimensional transient electromagnetic field mathematical model are as follows:


   {        ∂ ψ   ∂ n    |   S 1     = 0        ψ  |   S 2    =  ψ 0         



(3)




where    ψ 0    is the scalar magnetic potential at the initial time;  n  is the normal vector of the boundary.



The initial conditions are as follows:


   {      T  |  t = 0   =  T 0  ( x , y , z )       ψ  |  t = 0   =  ψ 0  ( x , y , z )        



(4)




where    T 0    is the current vector potential at the initial time.



According to the results of the transient electromagnetic field calculation, the instantaneous eddy current density   J e  ( t )    can be obtained, and the instantaneous eddy current loss    P   ( e )     ( t )    of each structural part in the end of the condenser can be determined as:


   P   ( e )     ( t )  =   ∫    V e         |  J e  ( t )   |   2   σ  d V  



(5)




where    V e    is the volume of the structure and  σ  is the conductivity.



Let k be the number of finite element partitions in the calculation area, then according to Formula (5), the eddy current loss in a period T can be obtained as:


   P e  =   ∑   e = 1  k   1 T    ∫  0 T   P   ( e )     ( t )  d t  



(6)









3. Three-Dimensional Fluid–Solid Coupling Heat Transfer Model of the End Domain of the Condenser


The stator of the large synchronous condenser researched in this paper is cooled by air. An axial fan is used in the end of the condenser. Under the action of the fan, the cooling air enters the end domain of condenser from the fan, and a part of the cooling medium enters the stator side of the end to cool the structural parts in the end of the stator; a part of the cooling medium directly enters the rotor position in the end of the condenser, which directly cools the rotor. The cooling medium entering the rotor side in the end and the cooling medium entering the stator side in the end do not converge further, but flow into the straight section from the stator air chamber and the air outlet in the end of the rotor, respectively. Furthermore, the influence of rotor heating on the temperature increase in the end structure of the stator is ignored. The fluid–solid coupling heat transfer model is shown in Figure 2.



Based on the tetrahedron and hexahedron hybrid subdivision, the end structures of the condenser are meshed. In the process of meshing, the stator winding, insulation layer and pressure finger are meshed by hexahedron, and the local size of these structures is controlled. The fluid domain is meshed by tetrahedron. The copper shield and clamping plate are meshed by tetrahedron and hexahedron.



Mathematical Model of Fluid–Solid Coupling Heat Transfer in the End of the Condenser


In view of the theory of fluid mechanics and heat transfer, the fluid flow and heat transfer in the condenser should meet the following three physical conservation laws. The specific conservation equations of mass, momentum and energy are shown below [21].








	(1)

	
The conservation equation of mass is:


    ∂  ρ 0    ∂ t   + div  (  ρ  u   )   = 0   



(7)




where    ρ 0    is the fluid density (kg/m3),  t  is time (s),   u   is the velocity vector (m/s).




	(2)

	
The momentum conservation equation is:


   {        ∂  (   ρ 0  u  )    ∂ t   + div  (  ρ u u  )  = div ( η   g r a d   u ) −   ∂  P 0    ∂ x   +  S u          ∂  (   ρ 0  v  )    ∂ t   + div  (  ρ u v  )  = div ( η   g r a d   v ) −   ∂  P 0    ∂ y   +  S v          ∂  (   ρ 0  w  )    ∂ t   + div  (  ρ u w  )  = div ( η   g r a d   w ) −   ∂  P 0    ∂ z   +  S w         



(8)




where  u ,  v  and  w  are, respectively, the components of   u   in the direction of  x ,  y  and  z , m/s,  η  is the turbulent viscosity coefficient, (kg/(m·s)),    P 0    is the fluid pressure, Pa,    S u   ,    S v    and    S w    are general source terms.




	(3)

	
The energy conservation equation is:


    ∂  (   ρ 0  T  )    ∂ t   + div  (  ρ  u  T  )  = div (  λ c    g r a d   T ) +  S T   



(9)




where  T  is the temperature, K;  λ  is the thermal conductivity, W/(m·K);  c  is the specific heat capacity, J/(kg·K);    S T    is the power density calculated by FEA, W/m3.




	(4)

	
The k-epsilon equation is:


   {        ∂  (   ρ 0  k  )    ∂ t   + div  (   ρ 0  k u  )  = div  [   (  μ +  μ   σ k     )  g r a d   k  ]  +  G k  −  ρ 0  ε         ∂  (   ρ 0  ε  )    ∂ t   + div  (   ρ 0  ε u  )  = div  [   (  μ +  μ   σ ε     )  g r a d   ε  ]  +  G  1 ε    ε k   G k  −  G  2 ε    ρ 0     ε 2   k         



(10)




where  ε  is the diffusion factor, (m2/s3),  k  is the kinetic energy of turbulence, (m2/s2);    σ k    and    σ ε    are the Prandtl numbers.    G  1 ε     and    G  2 ε     are the constants.    G k    is the turbulence generation rate.









In order to simplify the solution process, the basic assumptions are as follows:




	(1)

	
In this paper, the fluid flow state of the condenser researched is stable, and it is of a steady flow type.




	(2)

	
The Reynolds number of the fluid in the condenser is much larger than 2300, and the flow is turbulent. The standard k-epsilon model is used to solve the fluid.




	(3)

	
The velocity of fluid in the calculation domain of the condenser fluid field is far less than that of sound, so the compressibility of fluid is not considered.









Based on the above assumptions, all the equations are solved using the ANSYS Workbench finite element software. The standard k-ε model is used to deal with the turbulence. The solution parameters of the k-ε model are shown in Table 2.





4. Numerical Analysis of Multiple Physical Fields in the End of the Condenser


4.1. Electromagnetic Field Analysis in the End of the Condenser


In order to better analyze the magnetic flux density distribution of the clamping plate, the circumference of the radius R1–R6 on the upper surface of the lower side of the clamping plate and the position of the inner circle and outer circle on the lower side of the clamping plate are shown in Figure 3. By solving the three-dimensional electromagnetic field in the end of condenser under original structure, the circumferential magnetic flux density distribution with a radius of R1–R6 on the upper surface of the lower side of the clamping plate under the original structure is obtained, as shown in Figure 4. The distributions of the magnetic flux density, radial magnetic flux density, tangential magnetic flux density and axial magnetic flux density of the circumference with radius of R1–R6 are, respectively, given in Figure 4a–d. It can be seen from Figure 4a that the magnetic flux density of the circumference of the clamping plate presents a sinusoidal regular change. The magnetic flux density decreases from R1 to R3 along the radial direction, and increases from R4 to R6 along the radial direction. At the circumference angle of 90° and 270°, the magnetic density reaches the peak value nearby. In Figure 4b, the radial magnetic flux density also presents a sinusoidal regular change. The radial magnetic flux density from R1 to R3 gradually decreases, and the radial magnetic flux density from R4 to R6 gradually increases. It can be seen from Figure 4c that the tangential magnetic flux density reaches a peak near 180° along the circumference. Figure 4d shows that the axial magnetic flux density of the circumference with radius R1–R5 shows a sinusoidal variation with smaller amplitude of magnetic flux density, while the axial magnetic flux density of the circumference with radius R6 shows a larger amplitude. Because there is copper shield above the circumference of radius R1–R5 and no copper shield above the circumference of radius R6, the axial magnetic flux density of the circumference of radius R6 is larger.



In order to further analyze the influence of the three different schemes on the magnetic flux density distribution of the clamping plate, the magnetic flux density distribution of the inner circle and the outer circle of the clamping plate under the three different schemes are shown in Figure 5. It can be seen from Figure 5 that the magnetic flux density of the inner circle and outer circle of clamping plate under the three schemes are sinusoidal in the circumferential direction, and the magnetic flux density of the inner circle side is higher than that of the outer circle side. In Figure 5a, the magnetic flux density of the inner circle side of the original structure gradually decreases along the positive axial direction, and the decreasing trend is larger. The maximum magnetic flux density of the inner circle of the clamping plate is 30.75 mT, which is due to the copper shield in the original structure that can effectively prevent the leakage flux from entering the clamping plate. The maximum magnetic flux density of the outer circle is 7.25 mT. It can be seen from Figure 5b,c that in Scheme 1 and Scheme 2, the maximum magnetic flux density of the inner circle of the clamping plate is 83.04 mT and 112.93 mT, respectively, the maximum magnetic flux density of the outer circle of the clamping plate is 9.73 mT and 7.11 mT, respectively, and the magnetic flux density of the outer circle side gradually increases along the positive axial direction. In conclusion, the change of the magnetic flux density of the outer circle of the clamping plate along the axial direction is small under the three schemes. However, under the three schemes, the magnetic density of the outer circle of the clamping plate is the largest in Scheme 2, the second largest in Scheme 1, and the smallest in the original structure.



According to Formula (6), the eddy current loss of each structural part in the end of the condenser, under three different schemes, is shown in Figure 6. From the calculation results, compared with the original structure, in Scheme 1, the eddy current loss of the upper side of the clamping plate is increased by 5930 W, the eddy current loss of the lower side of the clamping plate is increased by 17,122 W, the eddy current loss of the retaining ring is reduced by 1.14%, and the eddy current loss of the finger plate is increased by 33.76%. Compared with the original structure, under Scheme 2, the eddy current loss increases by 665 W at the upper side of the clamping plate, 2368 W at the lower side of the clamping plate, 0.13% at the retaining ring and 18.37% at the finger plate.




4.2. Analysis of Calculation Results of Fluid–Solid Coupling Field in the End of the Synchronous Condenser


The eddy current loss of the structure is applied to the end domain as the heat source, and then the fluid–solid coupling field is solved. The velocity distribution of cooling medium and the temperature distribution of the structure near the end of synchronous condenser are obtained under three different schemes.



In order to describe the fluid distribution in the fluid domain, the calculated fluid trace distribution in the end region of the condenser is shown in Figure 7. According to the fluid trace distribution, most of the cooling medium flows through the fluid domain from the condenser fan inlet, and then flows out through the stator air cavity after cooling the end stator winding, copper shield, clamping plate and other components.



In order to research the fluid change law near the clamping plate under the three schemes, Figure 8a shows the velocity distribution and fluid temperature distribution of the clamping plate’s leeward side (270°). Figure 8b shows the velocity distribution and fluid temperature distribution of the clamping plate near the chamber side (90°). As can be seen from Figure 8a, on the leeward side, under the original structure, the velocity in the inner circle of the clamping plate increases first and then decreases along the positive axial direction. Under Scheme 1 and Scheme 2, the velocity of cooling medium increases gradually along the positive direction of the inner circle axial direction, and they have the same flow velocity. The fluid temperature of the inner circle of the clamping plate under the original structure is higher than that of Scheme 1 and Scheme 2. This is because the gap between copper shield and clamping plate is small in the original structure, less cooling medium enters into the gap and the circulation is poor. Therefore, the flow rate of the cooling medium under the original structure is smaller and the fluid temperature is higher. Scheme 1 and Scheme 2 have no copper shield, so the cooling medium can flow to the inner circle of the clamping plate better and then cool the inner circle side of the clamping plate. Therefore, the fluid temperature in the inner circle of the clamping plate under the two schemes is lower. In the three schemes, the velocity of the outer circle of the clamping plate decreases slowly along the positive axial direction, but the temperature of the outer circle of the clamping plate in Scheme 1 is the highest, followed by Scheme 2, and that of the original structure is the lowest. This is because the velocity of the cooling medium on the outer circle side of the clamping plate is small, and it is not fully cooled to the outer circle side of the clamping plate. At this time, the fluid temperature on the outer circle side of the clamping plate has a great influence on the heat source of the clamping plate itself. In Figure 8b, on the inner circle side of the clamping plate, the fluid distribution on the near chamber side of the clamping plate is the same as that on the leeward side of the clamping plate. However, compared with the leeward side of the clamping plate, the fluid temperature on the near chamber side of the clamping plate lower than that of the leeward side.



1—Velocity of the inner circle side of the clamping plate of the original structure; 2—velocity of the inner circle side of the clamping plate of Scheme 1; 3—velocity of the inner circle side of the clamping plate of Scheme 2; 4—velocity of the outer circle side of the clamping plate of the original structure; 5—velocity of the outer circle side of the clamping plate of Scheme 1; 6—fluid temperature of the outer circle side of the clamping plate of Scheme 2; 7—fluid temperature of the inner circle side of the clamping plate of the original structure; 8—fluid temperature of the inner circle side of the clamping plate of Scheme 1; 9—fluid temperature of the inner circle side of the clamping plate of Scheme 2; 10—fluid temperature of the outer circle side of the clamping plate of the original structure; 11—fluid temperature of the outer circle side of the clamping plate of Scheme 1; 12—fluid temperature of the outer circle side of the clamping plate of Scheme 2;



In order to explore the influence of the three schemes on the temperature distribution of the clamping plate in detail, Figure 9 shows the temperature contour distribution of the clamping plate on the leeward side and the near chamber side under different schemes. It can be seen from Figure 9 that the temperature of the clamping plate on the leeward side is higher than that on the near chamber side. As shown in Figure 9a, the maximum temperature of the clamping plate is 47.95 °C under the original structure, and the temperature at A0 and D0 in the middle of the clamping plate is higher. From A0 along the radial direction to B0, A0 along the radial direction to C0, D0 along the radial direction to E0, and D0 along the radial direction to F0, the temperature of the clamping plate gradually decreases, and the temperature of the inner circle side of the clamping plate is less than that of the outer circle. It can be seen from Figure 9b that in Scheme 1, the temperature of the clamping plate decreases gradually from A1 to B1 and from D1 to C1. However, the temperature contour of the inner circle side of the clamping plate is dense, and the temperature contour of the outer circle side of the clamping plate is sparse. Therefore, the cooling effect of the inner circle side of the clamping plate is better. On the one hand, the cooling medium velocity is small on the outer circle side of clamping plate. Moreover, in Scheme 1, the heat source of the clamping plate is larger, which leads to the higher temperature outside the clamping plate and the same temperature in a large area. The maximum temperature of the clamping plate is 89.84 °C. According to Figure 9c, the maximum and minimum temperatures of the clamping plate in Scheme 2 are 49.40 °C and 46.80 °C, respectively, which are 1.45 °C and 4.6 °C higher than the maximum and minimum temperatures of the clamping plate in the original structure. The temperature of the clamping plate under Scheme 2 decreases gradually from A2 to B2.



In order to research the influence of the original structure, Scheme 1 and Scheme 2 on the temperature distribution of the far stator core finger plate in the end of the condenser, the temperature distributions of the far stator core finger plate under three different schemes are given in Figure 10a–c. It can be seen from Figure 10 that the temperature of the finger plate near the chamber is lower than that of the finger plate near the leeward chamber. According to the eddy current loss value of finger plate given in Figure 6, the eddy current loss of the finger plate under the three schemes is similar, but the maximum temperatures of the finger plate under the original structure, Scheme 1 and Scheme 2 are 49.91 °C, 80.11 °C and 51.57 °C, respectively. In Scheme 1, the maximum temperature of the finger plate is 30.2 °C higher than that of the original structure. In Scheme 2, the maximum temperature of the finger plate is 1.66 °C higher than that of the original structure. Through comparative analysis, it can be concluded that the temperature of the finger plate is mainly affected by the heat transfer of other structural parts as well as its own heat source.





5. Temperature Test and Data Comparison


In order to further verify the correctness of the fluid–solid coupling model of the end of the condenser and the accuracy of the calculation results, the temperature test of the 300 Mvar air-cooled synchronous condenser under rated conditions is carried out. The temperature increase test system of the 300 Mvar condenser is shown in Figure 11. The temperature measurement position of the inner edge of the copper shield of the condenser is shown in Figure 12. The temperature measuring element PT100 is bonded to three positions, A, B and C, of the inner edge of the copper shield.



The temperatures of A, B and C on the inner edge of the copper shield are 57.9 °C, 58.3 °C and 54.2 °C, respectively. The comparison results between the calculated values and the measured values are shown in Table 3. The temperature calculation results are basically consistent with the temperature results of the field test, which can meet the engineering requirements. There is a certain deviation between the copper shield temperature calculation results and the measured temperature values. The reason for the error is that due to the extremely complex structure of the end of condenser, the distance between the stator end windings of the condenser will be different in the assembly process of the condenser, resulting in the uneven distribution of fluid velocity in the end region of the generator. The installation error and unevenness of the copper shield may exist in the actual installation of the project, which will lead to the uneven distribution of the fluid velocity in the ventilation channel between the copper shield and the clamping plate. In addition, the deformation of the end member can cause the uneven distribution of the electromagnetic loss in the end region of the actual condenser, which also leads to the difference between the temperature values measured by the three temperature measuring elements and the calculated values in the inner circle region of the copper shield.




6. Conclusions


Taking a 300 Mvar air-cooled large synchronous condenser as an example, this paper researches the distribution of magnetic field and eddy current loss in the end of the condenser under three different schemes, and then explores the flow diversion law of the cooling medium and the temperature distribution law of the structure under these three schemes. The temperature of the inner edge of the copper shield in the end of the condenser is measured by the PT100 thermistor. The calculated value of the temperature is consistent with the measured value, and the conclusions are as follows:




	(1)

	
The radial magnetic flux density is the largest in the magnetic flux density component of the upper surface of the lower side of clamping plate under the original structure. Under the three schemes, the magnetic flux density of the inner circle and the outer circle of the clamping plate presents a sinusoidal regular change in the circumferential direction, and the magnetic flux density of the inner circle side is higher than that of the outer circle side. The magnetic flux density of the clamping plate under the original structure is the smallest.




	(2)

	
The temperature near the chamber side is lower than that at the leeward side. The velocity of cooling medium at the inner circle side is higher than that at the outer circle side, but the temperature at the inner circle side is lower than that at the outer circle side.




	(3)

	
The eddy current loss (4036 W) of the clamping plate of Scheme 2 is 3023 W higher than that of the original structure (1013 W), but the maximum temperature and minimum temperature of the clamping plate of Scheme 2 are 1.45 °C and 4.6 °C higher than those of the original structure, respectively. The eddy current loss (234 W) of the finger plate of Scheme 2 is 18.37% higher than that of the original structure (277 W), but the maximum temperature and minimum temperature of the finger plate of Scheme 2 are 1.66 °C and 0.54 °C higher than those of the original structure, respectively.




	(4)

	
When Scheme 2 is adopted, the eddy current loss increases more than that of the original structure, but the temperature increases in the clamping plate, finger plate and other structural parts are less. It can be seen that when the copper shield is removed and the steel clamping plate is replaced by the aluminum clamping plate, the end structure can be simplified and the material of copper shield can be saved. The aluminum clamping plate itself can play a shielding role. Due to the temperature increase being lower, other simple and feasible methods can be adopted to reduce the temperature, such as increasing the fan inlet air volume.
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Figure 1. Physical model of the end region of the condenser. 
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Figure 2. Physical model of the fluid–solid coupling field in the fluid domain. 
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Figure 3. Clamping plate sampling position: (a) location of inner and outer surface of clamping plate; (b) inner circle and outer circle of clamping plate. 
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Figure 4. Magnetic flux density in different directions on the surface of the clamping plate of the original structure: (a) magnetic flux density of the outer surface of the clamping plate; (b) radial magnetic flux density of the outer surface of the clamping plate; (c) tangential magnetic flux density of the outer surface of the clamping plate; (d) axial magnetic flux density of the outer surface of the clamping plate. 
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Figure 5. Magnetic density distribution in the inner and outer circle of the clamping plate: (a) original structure; (b) Scheme 1; (c) Scheme 2. 
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Figure 6. Distribution of eddy current loss in the end domain of the synchronous condenser. 
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Figure 7. Trace distribution in the end of the synchronous condenser. 
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Figure 8. The fluid distribution of clamping plate on the leeward side and the near chamber side: (a) leeward side (270°); (b) near chamber side (90°). 
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Figure 9. The temperature contour distribution of the clamping plate on the leeward side and the near chamber side: (a) original structure; (b) Scheme 1; (c) Scheme 2. 
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Figure 10. Temperature of far core finger plate under different schemes: (a) original structure; (b) Scheme 1; (c) Scheme 2. 
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Figure 11. Temperature increase test system of the 300 Mvar synchronous condenser. 
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Figure 12. Temperature measurement position of the inner edge of the copper shield: (a) the temperature of the copper shield and the circumferential temperature measurement position; (b) the axial temperature measurement position of the copper shield. 
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Table 1. The rated parameters and some basic structural parameters of the condenser.
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	Parameters
	Value





	Rated Capacity/Mvar
	300



	Rated voltage/kV
	20



	Rated current of stator/A

Rated rotate speed/  r ⋅   min   − 1    
	8660

3000



	Rated excitation current/A

Stator external diameter/mm
	2381

2950



	Number of stator slots
	72



	Number of poles
	2
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Table 2. Parameters of the k-ε model.
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	Parameters
	Value





	    σ k    
	1.30



	    σ ε    
	1.30



	    G  1 ε     

    G  2 ε     
	1.44

1.92



	Energy Prandtl number

Wall Prandtl number
	0.85

0.85
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Table 3. Comparison of calculated and measured temperature.
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Structure

	
Position

	
Measured Value/°C

	
Calculated Value/°C




	
Copper shield

	
A

	
57.9

	
58.7




	
B

	
58.3

	
59.4




	
C

	
54.2

	
58.6
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