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Abstract

:

This research examines how fluid damping loss affects the operation of a two-pole, 5.5 HP (4 kW) induction machine (IM) within the context of different slot opening configurations developed for downhole water pump applications. Since these motors operate with their cavities filled with fluid, the variations in fluid viscosity and density, compared to air, result in the occurrence of damping losses. Furthermore, this loss can be attributed to the motor’s stator and rotor surface geometry, as the liquid within the motor cavity moves unrestrictedly within the motor housing. This study involves the examination of the damping loss in a 24-slot IM under different stator slot indentations. The investigation utilizes computational fluid dynamics (CFD) finite element analysis (FEA) and is subsequently validated through experiments. The aim of this work is to emphasize the significance of fluid damping loss in submerged machines. Results reveal that the damping loss exceeds 8% of the motor output power when the stator surface has indentations, and it diminishes to 3.2% of the output power when a custom wedge structure is employed to eliminate these surface indentations.
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1. Introduction


In today’s world, there is a widespread objective to minimize energy losses, aimed at preserving natural resources and lowering energy expenses. As electric drive systems’ energy consumption accounts for 70% of the world’s energy, enhancing the efficiency of electric machines offers substantial advantages on both a national and global scale [1]. In the industrial sector, a significant share of electric motors is dedicated to pump motors, primarily employed to pump water and petroleum products from underground. Typically, machines utilized in flooded applications operate at notably low efficiencies due to various factors, including cost constraints, motor design challenges, and incorrect motor pump configurations. Nevertheless, owing to their robustness, cost-effectiveness, and being able to start with line voltage, Induction Machines (IMs) are often favored for pump applications.



In contrast to standard applications, flooded pump motors usually operate within environments filled with fluid. These machines are filled with fluids not only to prevent the water being pumped from infiltrating the motor but also to provide cooling. As a result, these motors run with both the stator and rotor submerged in fluid. Consequently, flooded motors experience fluid damping losses due to the damping effect of the fluids similar to air-filled machines’ windage losses [2,3]. The fluid damping effect is neglected in some pump motor design studies [4,5,6,7], where only the stator is flooded, or the motor is a dry motor [6,7]. In [8], a line start synchronous machine is designed ignoring the fluid damping effect, where the synchronization issues are explained with the overall moment of inertia for both the motor and the load being almost five times greater than the estimated value. Considering that the fluids are typically denser than the air and cause higher losses compared to the windage losses, it is imperative not to overlook the damping effect when designing the motor. Since the line start synchronous machines work as IMs during the start-up until they reach synchronous speed, the torque they generate around the synchronization speed is a crucial performance merit. If the damping loss is ignored during the design stage, the designed motor cannot overcome the total torque, which is the summation of load, friction, and damping torques along with the transient speed torque due to inertia. Consequently, the synchronization performance of line start synchronous machines may be impacted. In the existing literature, one can discover studies that consider damping losses and optimize designs accordingly [2,9,10,11]. In [9], a high-power density pump motor is designed by estimating the damping loss analytically. The estimated loss is deviated when calculated with the computational fluid dynamics method (CFD), and this deviation is explained by the temperature variation on the surface of the rotor. Similarly, a permanent magnet synchronous motor (PMSM) design study takes the damping effect into account using CFD [2]. Here, the air gap is modeled as a smooth cylindric surface. However, the calculated drag loss is deviated by 14% on experimental validation, which is related to the slotted structure of the stator. In [10], CFD is used to investigate the air gap thickness variation on fluid damping loss while designing a PM machine including eccentricity. In another study [11], a PM motor is designed for a turbine application where the fluid goes through the motor, i.e., the water travels through the air gap. Here, water comes into the motor through an inlet and slides through the rotor surface while the stator surface is closed with a container and goes out from the motor through an outlet. In such cases where water travels between a stationary cylinder and a rotating cylinder, vortices and turbulent flows are almost zero [12]. However, when surface nonidealities exist, the vortices and turbulent fluid flows increase and cause pressure variations in the air gap. Various studies indicate that the fluid viscosities increase with the pressure [13,14,15]. Considering a borewell flooded pump motor flooded with water, the inner pressure is dependent on how deep the motor is placed. The pressure increases 1 atm every 10 m, and usually the borewell flooded pump motors are placed 10 to 20 m deep. In [14], it is reported that the damping loss of a fluid doubles when the pressure varies from 0 to 80 mPa (798.54 atm). Also, the viscosity varies with the temperature. In [15], the relative viscosity variation of the water with respect to the pressure and temperature is investigated, and at room temperature, the viscosity variation of the water is reported as less than 1% when pressure changes from 0 to 300 atm. In [16,17], line start synchronous reluctance machines are designed as flooded water pump motors where the damping effect is reflected in the total loss calculation to obtain accurate performance metrics. However, results are not conducted with any experimental verification for either of the mentioned studies.



This study examines a two-pole, 5.5 HP (4 kW) IM designed for use as a flooded water pump motor. The research focuses on the analysis of fluid damping losses for various slot opening configurations using computational fluid dynamics (CFD), using distinct wedge structures, and not using any wedges. The main goal is to examine how various stator indentation configurations impact fluid damping and how this, in turn, affects damping losses in flooded electric motors.



The investigation is conducted to evaluate the impact of stator slot surface characteristics, specifically indented and smooth surfaces, on fluid damping loss. Firstly, the design where wedges are not used in the stator slots, which leads to a large indented area on the stator surface, is analyzed. Second, an analysis is conducted on the implementation of standard wedges in the slot openings. Despite the use of standard wedges, the presence of indents on the stator surface persists due to the larger slot openings common in flooded pump motors. During the final stage, the suggested custom wedge structure is implemented to seal all indentations and form a smooth surface on the stator, followed by an analysis of the resulting damping loss. A significant reduction is obtained while the motor is operating in steady state condition with the custom wedges. The analysis is also performed with air as a replacement for the fluid. In this comparison with fluid damping losses, windage losses are found to be exceedingly low and can be disregarded.



Later, two identical motors with their stator slots closed with custom and special wedges are built and tested experimentally. The CFD analysis and experimental test results exhibit a strong correlation, leading to the conclusion that fluid damping loss cannot be treated as equivalent to windage losses and should not be ignored in the context of flooded machines.



The subsequent sections of the paper are organized as follows: Section 2 provides contextual information regarding the impact of fluid damping. Section 3 outlines the CFD analysis and presents its results for various slot opening structures with differing stator surface indentations. In Section 4, details about the test setup, experimental results, and a discussion are provided. Finally, Section 5 provides a concise conclusion.




2. Fluid Damping Loss


Flooded motor rotors and stators are typically surrounded by a liquid, which is typically a combination of water and polypropylene glycol, or oil. When rotors move within this fluid, damping losses occur, similar in concept to the windage losses experienced by dry motors, which are in fact damping losses due to the filled air inside the machine. Increased density of the water mixture compared to air leads to an expectation of higher losses, surpassing the usual windage losses. The associated calculations are detailed below as in [18]:


   P w  =  C d  ρ π  r 4   ω 3  L  



(1)




where the damping loss is denoted as Pw in Watts, the coefficient of the skin friction is represented with Cd, fluid density is ρ (997 kg/m3 for water), r is the radius of the rotor, ω is the shaft speed in rad/s, and the length of the rotor is L. The calculation of the skin friction coefficient is performed with 2, where the shear stress on the rotor surface is represented with τd, the dynamic pressure is expressed with Pd, the rotor’s projected area is denoted with A, and the fluid velocity is represented with ν.


   C d  =    τ d     P d  A    



(2)






   P d  =  1 2  ρ  ν 2   



(3)







Typically, the Cd is determined empirically rather than through calculations [9,19]. In [20], the skin friction coefficient is calculated with the following expression.


   1     C d      = 2.04 + 1.768 ln    R e     C d       



(4)




where the coefficients are determined empirically, and the Reynolds number, Re, is expressed as:


   R e  = ω r  ρ μ  ϕ  



(5)







Here, µ is the dynamic viscosity of the fluid and ϕ is the air gap length. There exist additional empirical calculations using various approaches [19]. However, these approaches consider the air gap to be a smooth cylinder and completely ignore the specific geometric characteristics of the air gap surface. Moreover, the roughness of the rotor surface is considered as a not changing parameter, which varies for different rotors even if they are manufactured with the same machinery. The parameters, shear stress on the rotor surface and dynamic pressure, which are required for computing the skin friction coefficient, could only be acquired through numerical methods involving CFD analysis. In this research, various slot opening structures are examined, and the CFD analysis details are elaborated on in the next section.




3. Damping Loss Analysis with Different Slot Opening Structures


Flooded pump motors typically feature magnet wires wound with Polyvinyl Chloride (PVC) insulation. PVC is chosen for its suitability in applications requiring electrical isolation in the presence of fluids. Its superior chemical stability compared to standard varnished magnet wire makes it a safe and appropriate choice for submerged environments. PVC-insulated wires have larger diameters than regular ones due to their thicker insulation. Consequently, the stator slot openings of these flooded pump motors are wider than those found in industrial motors. To close these expanded slot openings and secure the coils during operation, standard slot wedges are employed. However, when these wedges are not precisely custom-fitted, they produce a surface with indentations on the stator’s air gap side. This indented structure leads to increased liquid fluctuations, as depicted in Figure 1, ultimately resulting in significantly increased pressure differences and damping losses.



In this study, the investigation into damping loss is conducted through the utilization of CFD analysis. This analysis considers three distinct designs: one without a wedge, another with a standard wedge, and a third featuring a custom no-slotting wedge structure. The CFD analysis is configured with the stator surface designated as the stationary element, while the rotor is described as a smooth-surfaced cylinder rotating at a specified speed. The liquid within the air gap cavity is specified as water at 20 °C with no initial velocity. Analysis results are obtained once the system reaches a steady state operational condition. All CFD analyses are conducted within the ANSYS/Fluent simulation environment. Key motor parameters are outlined in Table 1.



3.1. Analysis without a Wedge Inserted in Stator Slots


In this arrangement, slot wedges are absent, enabling the fluid in the air gap cavity to penetrate the windings as depicted in Figure 2. The fluid damping loss is computed with 1, where CFD analysis is utilized to determine the crucial parameters, which are dynamic pressure and drag force. These values are subsequently utilized to calculate the skin friction coefficient using 2. Notably, the stationary stator surface exhibits significant indentations, as illustrated in Figure 2.



The analysis was conducted across a range of speeds, spanning from 52.4 rad/s to 314.2 rad/s. Based on the analysis results, the damping loss ranged from 1.7 W to 384.4 W, as illustrated in Table 2. The findings clearly demonstrate that damping loss experiences exponential growth with speed. Given that the considered motor has an output power of 5.5 HP (4 kW), it is noteworthy that nearly 10% of the overall loss is attributed to fluid damping. However, it is important to note that the motor cannot be operated without a wedge to prevent physical damage to the windings and rotating components. Consequently, further analysis results are not considered for the no-wedge structure. The sole purpose of initiating the analysis with a no-wedge structure was to assess the impact of deeper surface indentations.




3.2. Analysis with Standard Wedge Inserted in Stator Slots


In this setup, standard stator slot wedges are placed into the slots to secure the windings, as illustrated in Figure 3. As seen from the figure, the indent level on the stator surface decreased. Consequently, water fluctuations within the indented areas are less pronounced compared to the case where wedges are absent, resulting in smaller damping loss.



The analysis results are summarized in Table 3. According to the analysis results that are summarized in Table 3, the recorded loss at 52.4 rad/s is 1.6 W, while the loss at 314.2 rad/s is 376.3 W. In comparison to the no-wedge structure, a slight decrease in damping loss is observed. These findings suggest that the level of indentation does not have a significant impact on damping loss. Figure 4 illustrates the pressure distribution (red window) and the fluid velocity streamline (purple window) within the air gap and in the slot indent cavity in addition to the mesh adopted (orange window) for the analysis. As the water flows across the rotor surface, some portion of it enters the slot indents and starts rotating. This behavior is related to the transitional cavity flow regimes [21] which is dependent on the geometry of the cavity and the velocity of the flow. The characterization and the measurements of the pressure and velocity dynamics in rectangular cavities can be found in the literature [21,22]. Consequently, the rotating fluid causes pressure variations on the rotor surface fluctuating between positive and negative values.




3.3. Analysis with Custom Wedge Inserted in Stator Slots


In this configuration, the objective is to entirely seal the slot openings using a custom-designed wedge structure, as depicted in Figure 5. This way, the inner surface of the stator is smoothed out and left with no indents. As a result, fluids surrounding the rotor slide across a smooth surface, leading to a dramatic reduction in damping losses.



Results for the custom no-slotting wedge structure are given in Table 4. The results indicate that the loss at 52.4 rad/s is 1.3 W, while it peaks at 314.2 rad/s to 141.6 W. Notably, this is nearly three times more efficient than the standard wedge structure at its highest operating speed. Figure 6 illustrates the pressure distribution (red window) and velocity variations (purple window) within the smooth cylindrical air gap cavity along with the mesh adopted (orange window) for the analysis. As water flows across the rotor surface, it does not enter any slot indents. Consequently, the fluid vortices are mostly eliminated, leading to a slight variation in surface pressure. This reduction in fluid vortices and pressure variations results in a significant decrease in damping loss. Examining the variations of the skin friction coefficient, Cd, variations with respect to rotor speed in Table 2, Table 3 and Table 4 reveal an almost linear trend in Table 4.



Figure 7 compares the damping loss variation between the no-wedge, standard, and custom wedge structures. It can be clearly seen that the damping loss variation is limited when there are indents on the stator surface regardless of the depth of the indents. On the other hand, the loss decreases by almost one-third of the maximum value when the stator surface is indent-free. No matter how deep the indent is, the damping loss is significantly greater than it is with the smooth surface.





4. Experimental Verification


The experimental verification is performed on a motor that has regular and custom no-slotting wedge structures. First, the motor is built with the standard wedge and tested at different loading conditions. Later, the same motor is tested with the custom wedges to avoid slight performance variations due to the manufacturing. In other words, each component of the motor is kept the same but the wedges to ensure a fair and more realistic comparison. Internal views of the stators built with two wedges are shown in Figure 8. Custom-design wedges are 3D printed with a temperature-resistant thermoplastic polymer, Acrylonitrile Butadiene Styrene (ABS).



4.1. Test Setup


The tests are performed on the test system shown in Figure 9. The line voltage and current, output torque, and speed signals are fed to the test system controller for all the power and efficiency measurements.



The testing system distinguishes itself from the typical dynamometer system, where a loading motor is conventionally linked to the motor under test. Within this system, a water pump is coupled to the motor under test, both of which are placed within a water tank. A torque sensor is strategically positioned within a pressurized air chamber to avoid water intrusion into the sensor. A visual representation of the system can be observed in Figure 10. Loading is achieved through the precise regulation of water discharge using a servo-controlled valve. When the valve is completely shut, there is a complete cessation of water circulation through the pump, thereby setting the loading to its minimal level. Gradually opening the valve results in the initiation of water flow through the pump. Notably, an increase in the volume of water passing through the pump directly correlates with an augmented demand for torque to maintain the pump’s operation at a specific velocity. Consequently, the pump motor loading is variably adjusted in response to changes in the water flow rate.




4.2. Experimental Results and Discussion


With the current motor test setup adjustment, the direct measurement of the damping loss is not possible. Hence, the only observable quantity is the difference in the total losses of the motors with standard and custom wedges. Naturally, there are some limitations on the motor test platform. The first limitation is that the motor cannot reach 314.2 rad/s as it is an IM and cannot operate at synchronous speed. The second limitation is that the minimum speed cannot be 52.4 rad/s as the motor will be running through the line voltage, and loading it until the rotor speed reaches 52.4 rad/s would draw a significant amount of current and cause overheating and even burn the motor. Therefore, the speed range is adjusted so that the motor would not be damaged and can operate with line voltage by itself with minimum loading conditions. Table 5 summarizes the experimentally obtained total losses with the standard and custom wedge structures along with the total loss difference between the two measurements. During the experiments, the servo-controlled valve is precisely controlled to achieve the same mechanical shaft speed for both designs.



The total loss difference between the motors with standard and custom wedges obtained in simulations and experiments is presented in Figure 11. Obviously, the standard wedge structure reduced the total losses. Over 4% of the loss is due to the damping effect being eliminated with the custom wedge structure at the rated operating condition. The experimental results slightly deviated from the simulation results, which can be related to the measurement errors and the assumption that the stator surface is perfectly smooth with the custom wedge structure as there are some imperfections on the wedge surfaces.



In summary, analytical fluid damping loss calculations cannot accurately calculate the fluid damping losses as the fluid and air behaviors are quite distinct from each other; the density and the viscosity of the fluids differ from the air. Consequently, the determination of the fluid damping loss requires numerical analyses such as CFD. According to the performed analysis with CFD, it can be inferred that damping loss is at its lowest when the stator surface is entirely smooth, and it increases significantly even with minor surface indentations. While direct experimental measurements of damping loss may not be feasible in our test system, its influence can be observed indirectly through total loss measurements. Experiments involving standard and custom wedge structures show a significant difference in terms of the total loss, which can be attributed to the effectiveness of custom wedge designs in minimizing fluid damping loss. Based on the findings, with the standard wedges, 329 W damping loss is calculated at the rated speed, which exceeds 8% of the shaft power. Conversely, if the damping effect is disregarded and it is assumed that the fluid in the motor cavity behaves like air, the windage loss remains at just 0.69 W at the rated speed. There exists a minor distinction in the designs when the wedge is absent, which can be considered negligible. Nevertheless, crafting a custom wedge to create a smooth surface that seals the openings and eliminates all irregularities leads to a reduction in damping loss to 129 W at the rated speed, which is about 3.2% of the shaft power.





5. Conclusions


Flooded motors, which are filled with fluids and typically utilize PVC-insulated wires with a thick PVC layer, are commonly favored for applications in which cables are in contact with fluids. Consequently, the stator slot openings in these motors are wider than those found in industrial ones. Even when the standard wedges are present, a recessed surface develops on the stator’s inner surface where fluid flow irregularities lead to fluctuations in pressure on the rotor surface. Consequently, this leads to the generation of fluid damping loss. This study explores various stator inner surface structures with varying indentations to demonstrate that the machine performance is impacted by fluid damping losses significantly and should not be disregarded or simply assumed as windage losses, as is the case for air-filled motors. A series of computational fluid dynamics (CFD) analyses were conducted to assess damping losses in flooded machines using various wedge structures. The findings indicate that designs featuring even minor indents on the stator surface resulted in elevated fluid damping losses. However, the stator with a custom-designed smooth surface wedge, free of indents, reduced the damping loss from 329 to 129 W at the rated operating speed. Subsequently, two identical motors equipped with standard and custom wedges were constructed and subjected to experimental testing to confirm the findings. Given the constraints of our test system, it is not feasible to directly measure fluid damping losses. However, the impact of a smooth stator surface can be differentiated by analyzing variations in total motor losses at different speed levels. By comparing the power loss differences between motors with standard and custom wedge structures, as obtained through simulations and experiments, a strong correlation is identified. This investigation yields two significant findings:




	
Fluid damping loss represents a substantial fraction of the total losses in submerged motors and should not be disregarded in the design phase.



	
Smooth surfaces facilitate fluid flow, resulting in reduced pressure variations and a significant reduction in damping loss. Consequently, sealing all stator slot openings with custom-designed wedges emerges as a highly effective approach to achieving this goal.
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Figure 1. Liquid circulates within the air gap cavity. 
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Figure 2. The stator surface features indentations, without inserting any wedges into the slots. 
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Figure 3. The stator surface features indentations where standard wedges are present. 






Figure 3. The stator surface features indentations where standard wedges are present.



[image: Machines 11 01088 g003]







[image: Machines 11 01088 g004] 





Figure 4. Pressure (red window) and fluid velocity variation (purple window) throughout the air gap surface with standard wedges at 314.2 rad/s speed and adopted mesh for the analysis (orange window). 
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Figure 5. Indent-free surface with proposed wedges. 
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Figure 6. Pressure (red window) and fluid velocity variation (purple window) throughout the air gap surface with smooth stator surface and adopted mesh for the analysis (orange window). 
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Figure 7. Fluid damping loss comparison with different wedge structures. 
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Figure 8. Internal view of the stators built with (a) standard, and (b) custom-made wedges. 
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Figure 9. Downhole pump motor test system. 
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Figure 10. Motor under test, torque sensor, pump assembly, servo-controlled valve, pressure sensor, flowmeter, and testing hole. 
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