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In order to cope with the energy crisis and improve energy efficiency, the use of organic Rankine cycle (ORC) to convert low-quality heat energy into electricity and use it is an effective method. Based on the ORC waste heat recovery system of vehicle engine, this paper explores the flow heat transfer and deformation law of the core component scroll expander under different tooth head corrections. Deformation has a significant impact on the performance of the expander. In this study, several flow-thermal-solid coupling models based on double circular arc correction and double circular arc plus straight-line correction are established. The effects of tooth head correction on the strength and stiffness of tooth head, flow field distribution of suction chamber and deformation characteristics of tooth head are studied. Finally, the deformation law of scroll tooth head with different correction angles was discussed. The results show that the EA-SAL correction makes the wall curvature of the tooth head change greatly, and the flow field in the center of the tooth head becomes more uneven and complicated. The tooth head area under EA-SAL modification is larger, and the tooth head strength and stiffness are improved by about 6%. Within a certain angle range, the tooth head deformation after EA-SAL correction is slightly larger than that after PMP correction, but the difference between them decreases and even reverses with the increase of angle. The maximum deformation of the EA-SAL modified tooth head under internal pressure is about 20% smaller than that of PMP. With a given initial correction angle [image: image], the deformation of the corrected tooth head caused by a pressure or temperature load reduces when the correction angle [image: image] is reduced, Therefore, reducing the correction angle properly is helpful to reduce the deformation of the tooth head.
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1 INTRODUCTION
In the process of industrial production, a considerable number of medium and low temperature heat sources are lost in the environment without effective utilization, such as internal combustion engine waste heat and industrial waste heat, resulting in serious energy waste (Firth et al., 2019; Lin et al., 2022). According to statistics, only about 30% of the energy generated by the typical internal combustion engine is converted into effective mechanical power, and about 60%–70% of the energy is wasted from the exhaust system and cooling system of the internal combustion engine (Lu et al., 2017a; Wang et al., 2020). Therefore, the technological recovery of engine exhaust thermal energy is crucial for improving energy efficiency, reducing emissions, and conserving energy.
In recent years, organic Rankine cycle technology has received extensive attention in the field of medium-low temperature heat source recovery technology, which is regarded as one of the most promising technologies for converting heat energy into mechanical or electrical energy (Li et al., 2017; Zhang et al., 2018; Gomaa et al., 2020; Zheng and Cao, 2020; Varshil and Deshmukh, 2021). For engine waste heat recovery, scholars have carried out research from the design of organic Rankine cycle system (Lu et al., 2017b), the improvement of waste heat recovery efficiency (Lu et al., 2017c), integrated waste heat recovery (Yu et al., 2019) and the selection of different recovery fluids (Lu et al., 2017d).
Then, the expander is an extremely important core work component in the ORC waste heat recovery system. Its working efficiency and reliability greatly affect the efficiency and technical economy of the waste heat recovery system. At present, the common volume expanders include screw type, vortex type, piston type and rotary vane type (Imran et al., 2016). Among them, scroll expander is widely used in small organic Rankine cycle waste heat recovery system because of its high efficiency, low noise, high reliability and high expansion ratio (Song et al., 2015a; Dumont et al., 2018). In the ORC waste heat recovery system of vehicle engines, the operating environment of scroll expander is relatively harsh, and its suction temperature is usually as high as 200–300°C (Zhao et al., 2017). Scrolls are often subjected to structural deformation and tooth head damage due to high temperature and internal pressure. Deformation will affect the meshing effect of the scroll teeth, causing leakage of working fluid, and serious deformation will also lead to tooth head to break. Therefore, the deformation of the scroll has a direct impact on the working performance and normal operation of the scroll expander.
At present, the research of scroll expander mainly focuses on numerical simulation of internal flow field and performance improvement. Suman et al. (2017) obtained a 5 KW oil-free scroll expander through RE procedure and CAD reconstruction, and studied the axial and radial flow characteristics and volumetric efficiency of the expander. (Emhardt et al., 2019; Emhardt et al., 2020; Emhardt et al., 2022) established a CFD model of variable wall thickness scroll expander, and studied the unsteady three-dimensional flow field, aerodynamic performance and pressure-volume ratio of the expander. The results show that the variable wall thickness design produces lower average radial and axial gas forces, and the large-scale vortex is easier to dissipate. Song et al. (2018) proposed a new bilateral symmetrical discharge structure of scroll expander, and studied the discharge flow characteristics and performance of the expander under this structure. The results show that the symmetrical discharge structure helps to reduce the pressure in the cavity and weaken the pressure distortion and secondary flow phenomenon. Xi et al. (2019) studied and analyzed the influence of expanders with different suction volumes on system performance, and found that the difference in mass flow caused by different suction volumes of expanders is the most important factor affecting system performance. Wei et al. (2015) studied the unsteady flow characteristics of the suction port and suction chamber of the expander, and revealed the flow mechanism of the vortex in the suction chamber and the expansion chamber. In addition, (Song et al., 2015b) also focused on the blocking effect at the top of the scroll tooth, and based on the CFD method, three-dimensional numerical simulations were performed on scroll expanders with suction ports at different positions. The unstable leakage flow caused by the axial and radial clearances of the expander is also studied in Ref. Song et al. (2017), Fanti et al. (2020). Most of the above simulation results explore the flow characteristics, leakage characteristics and unsteady flow field distribution of the expander. Although it provides useful guidance for the performance improvement of the scroll expander to a certain extent, it is still not enough for the structural optimization and stiffness improvement of the expander, and the deformation of the scroll plate under the action of the complex flow field of the expander is lacking. Furthermore, in the study of the deformation of scroll machinery, the research objects are mostly scroll compressors, while scroll expanders are rare. Qiang and Tao (2013) proposed a new iterative method to obtain a better temperature load distribution of the scroll, and carried out the numerical simulation of the temperature distribution of the orbiting scroll. Zheng et al. (2014) used ABAQUS software to discuss the stress distribution and deformation of the scroll at different spindle positions, and obtained the stress and deformation distribution law of the scroll. Liu et al. (2018) established multiple fluid-thermal-solid coupling models, obtained a more suitable scroll deformation distribution, and determined the time when the maximum deformation of the scroll occurred. Ullah et al. (2021) studied the deformation and the distribution of von-mises stress on the fixed and orbiting scroll of the oil-free scroll compressor. Wang et al. (2021) analyzed the variation of the gap size and potential contact between different orbiting radius scroll wraps under the influence of deformation. Although the above deformation research of scroll compressor can also provide some references for the study of expander, because the scroll expander is a reverse working process, the different internal pressure and temperature distribution will inevitably lead to different deformation behaviors. Therefore, it is necessary to conduct more in-depth deformation research on the expander.
Moreover, the tooth head of the scroll is often the most severely deformed area, so structural improvement and profile optimization of the tooth head is essential. Therefore, the correction method of the tooth head by double arc correction is introduced and the performance of the modified tooth head is studied in Ref. Lee and Wu (1995), Ma et al. (2017), Mojiri et al. (2019), Mojiri et al. (2020). Meanwhile, Ref. Liu et al. (2010), Shaffer and Groll (2013). studied the geometric model of variable wall thickness scroll tooth profile and corrected the tooth head with arc and straight line. Ref. Bell et al. (2014). gave the analytical solutions of arc-line-arc, perfect-meshing profile, one-arc and two-arc discharge geometry. In recent years, (Liu and Wu, 2015) redesigned the geometric shape of the scroll profile based on the involute generating line composed of involute and arc. Subsequently, the geometric and dynamic models of the scroll compressor are established. Wang et al. (2018) proposed a new design method for the complete meshing profiles (CMPs) of the scroll compressor, and designed three kinds of CMPs: Arc improved, arc plus line improved and asymmetric arc improved. The influence of the geometric parameters of the improved wrap on performance of the scroll compressor was analyzed. Wang et al. (2022) introduced a novel circular involute modified wrap (IMW) and gave the design method of IMW. The results show that the tooth head of IMW is thicker and the strength is increased, which can resist the higher stress near the discharge port. Obviously, the studies on tooth head modification mainly focus on the geometric model design of the modification profile, parameter comparison before and after modification, and feasibility analysis.
In summary, the internal flow characteristics of the scroll expander have been widely studied, but the research on the deformation distribution of the scroll plate is not sufficient. Especially for the tooth head with serious deformation, most of them are numerical theoretical calculations and geometric design, and the deformation comparison under different modifications of the tooth head is lacking. Therefore, the effects of different tooth head modifications on the flow field and deformation characteristics of the scroll expander cannot be visualized. Based on the above findings, in this work, the method of combining CFD numerical simulation and finite element method is adopted, and the numerical simulation results of the flow field are directly used for the boundary conditions of the finite element analysis through coupling walls. The difference in the flow field distribution of the central suction chamber, the comparison of the tooth head strength and the characteristics of tooth head deformation of the scroll expander after PMP correction and EA-SAL correction are investigated. Besides, the deformation law and strength change of tooth head under different spindle corners and different tooth head correction parameters are also studied, which provides theoretical reference for strength design, reliability research and optimization improvement of scroll expander. It has certain practical significance for indirectly improving the efficiency of ORC waste heat recovery system and improving energy utilization rate.
2 GEOMETRIC MODEL AND TOOTH HEAD MODIFICATION
2.1 The geometric model
The scroll expander studied is modified from the scroll compressor of a certain type of vehicle air conditioner, and its main geometric parameters are shown in Table 1. The scroll expander is mainly composed of orbiting scroll and fixed scroll. The two scrolls are installed with a phase difference of 180° and mesh with each other. The orbiting scroll rotates and translates around the fixed scroll. The geometric profiles of orbiting scroll and fixed scroll are the same and are generated by circular involute profiles. The involute equation of a circle can be expressed by Eq. 1. Then, combined with the initial involute angle, the inner and outer wall profile equation of the scroll expander can be obtained, as shown in Eqs 2, 3. In SolidWorks, combined with the geometric parameters of the model and the profile equation, the geometric model of the expander is established in the form of equation driven curve, as shown in Figure 1.
[image: image]
TABLE 1 | Main geometric parameters.
[image: Table 1][image: Figure 1]FIGURE 1 | Geometric model.
Inner wall involute profile equation:
[image: image]
Outer wall involute profile equation:
[image: image]
Where [image: image] is the involute angle, [image: image] is the radius of the base circle, [image: image] is the initial angle of the inner and outer wall involute; [image: image] are subscripts, representing the inner and outer wall lines.
2.2 The tooth head modification
The structure design of the scroll profile is the key to the meshing of the scroll, and the processing of the profile has a greater impact on the performance and efficiency of the scroll expander. Especially for the tooth head part, if reasonable tooth head correction is not performed to avoid interference in the center part of scroll profile, the tooth head will be deformed more under high temperature and pressure, which will affect the meshing effect. In severe cases, it may even cause the tooth head to break and affect the operation of the whole machine. Nowadays, common methods of tooth head correction include dual arc correction, multiple pairs of arc correction, and arc plus straight-line correction, etc. In this paper, the influence of different tooth head corrections on the flow field distribution and deformation characteristics of the scroll is further explored by comparing the dual-arc correction and dual-arc plus straight-line correction.
2.2.1 Dual-arc correction (PMP correction)
The dual-arc correction is also called perfect mesh profile (PMP). The modifying curve is composed of two circular arcs, which are all tangential with the involutes at contact points, thus leading to smooth and continuous profile. For the dual-arc correction, many scholars have given the construction method (Lee and Wu, 1995; Ma et al., 2017; Mojiri et al., 2019; Mojiri et al., 2020). The correction steps can be simplified as follows: as shown in Figure 2, the coordinate system is established with the center O of the base circle of the scroll as the origin. Firstly, the modified unfold angle [image: image] is set, and two points C and A with unfold angle [image: image] and [image: image] are obtained on the inner and outer involutes respectively, and CA is connected. Then make the two tangents CD and AG of the base circle, and take point B on AC, connect OB, so that [image: image], then extend the OB to submit CD, AG at point E, F. Finally, the modified arc AB and the connected arc BC are obtained by taking E and F as the center of the circle and EB and FB as the radius.
[image: Figure 2]FIGURE 2 | PMP correction.
2.2.2 Dual-arc plus straight-line correction (EA—SAL correction)
The dual-arc plus straight-line correction is a correction form that combines circular arc and straight line, which is obtained on the basis of arc correction. As shown in Figure 3A, a straight line that crosses the center of the base circle and forms a γ angle with the X axis intersects the straight lines AG and CD at points F and E, respectively. Then, F and E are the centers of the two modified arcs. When the correction angle γ is variable, the degree of deviation of the center of the circle is different. Then the circle is made with AF and EC as radius respectively, and then make the common tangent of the two circles, so that the corrected straight-line MN is obtained. Finally, the redundant line segment is cut, and the dual-arc plus straight-line correction is obtained. It is found that the parameters affecting the correction of EA-SAL are mainly the modified unfold angle [image: image] and the modified angle γ. In Figure 3A, the corrected unfolding angle [image: image] is taken and the correction curves are given for different correction angles γ. They are distinguished by different colors to highlight the effect of different correction angles γ on tooth head deformation. It can be seen from the drawing that the value of γ cannot be too small. Otherwise, it will easily form a sharp angle at the beginning of the tooth head. However, if it is too large, it will gradually approach the dual-arc correction (γ = 52°). Figure 3B shows the relationship between different correction angles γ and the radius and length of the modified arc.
[image: Figure 3]FIGURE 3 | (A) EA-SAL correction (B) The relationship between the correction angle γ and the correction arc radius and the correction straight line length.
2.2.3 Influence of the correction parameters on the strength of the tooth head and the suction volume
The modified scroll tooth not only avoid the tool interference, but also increase the tooth head wall thickness and improves the strength and stiffness of the tooth head. For PMP correction and EA-SAL correction, if the correction parameters are different, then the tooth head strength and the formed suction chamber volume will also be different. In this paper, the area between the modified profile and the outer involute profile indicates the thickening of the tooth head, which characterizes the strength and stiffness of the tooth head. The axial projection area of the tooth head under different correction angles and the suction volume under different rotation angles are calculated in Solid Works, which are shown in Table 2.
TABLE 2 | Axial projection area and suction cavity volume of tooth head at different correction angles.
[image: Table 2]As can be seen from Table 2, the EA-SAL correction can increase the axial area of the tooth head, thereby increasing the overall strength of the tooth head, and the increase range is within 6%. In addition, the tooth head area decreases with the increase of correction angle γ. Therefore, appropriately reducing the correction angle γ can effectively improve the strength and stiffness of the tooth head. Meanwhile, by comparing the suction chamber volume, it can be seen that the suction chamber volume increases with the increase of the shaft rotation angles and decreases with the increase of the correction angle γ. Although the suction chamber volume under the PMP correction is small, its growth rate is greater than that under the EA-SAL correction. Figure 3B shows that the correction angle γ affects the radius of the correction arc and the length of the correction line, thus affecting the curvature change of the scroll tooth wall.
3 NUMERICAL CALCULATION METHOD
The one-way fluid-solid coupling method is adopted in this paper. Firstly, the numerical simulation of the flow field in the scroll expander is carried out in the CFD fluid software ANSYS FLUENT, and the internal temperature, pressure and velocity distribution are obtained. Then, the pressure and temperature results of CFD simulation are imported into ANSYS static model as the boundary conditions of the FEM model by coupling the wall. Finally, the stress and deformation analysis are carried out in ANSYS19.0 static model. In this paper, the flow field distribution at the center of the scroll plate and the stress and deformation at the beginning of the tooth head are specially studied.
3.1 CFD calculation and model validation
The fluid calculation domain of scroll expander is obtained by cavity extraction in ANSYS Workbench, as shown in Figure 4A. Then, the computational domain consisting of inlet domain, outlet domain and working domain is meshed in ICEM, as shown in Figure 4B. In order to ensure the quality of the grid, the working domain grid is stretched from triangular surface grid to triangular prism grid. The inlet domain and outlet domain are meshed by hexahedral structure and they are connected to the working domain by interface. The whole calculation domain has 782,784 nodes and 1,478,268 cells.
[image: Figure 4]FIGURE 4 | (A) Computational domains of the scroll expander (B) Illustration of the grids for computational domain.
It is meshed and then loaded into FLUENT to simulate flow and heat transfer. The whole working process obeys the continuity equation, the momentum conservation equation and the energy conservation equation. K-epsilon model is selected as the turbulence model. R123 real gas in NIST database is selected as the working fluid. Coupled algorithm is selected as the pressure-velocity coupling scheme which solves the pressure-based and momentum continuity equations together. The standard wall function method is used in the area near the wall. The inlet and outlet are set as the pressure boundary, where the total pressure and temperature are 1,000 kPa and 405 K respectively. In particular, the interfaces between gas and surfaces of scroll parts are defined as coupled walls for data transmission.
In order to verify the reliability of the numerical model, experimental measurements were carried out under four different test conditions. The test rig has been introduced in the previous work (Wei et al., 2015; Liu et al., 2018), and the test conditions are also shown in Table 3. By controlling and adjusting exhaust flow/temperature, working fluid flow/temperature, metering pump stroke, inlet/outlet gate valve opening, bypass valve opening and load, the performance parameters of expander under four working conditions are obtained. They include the flow rate, speed, effective output power, inlet/outlet pressure and temperature of the scroll expander. The output power is obtained by measuring the voltage and current of the electrical load, namely the generator electric power, as shown in Eq. 4. The mass flow rate is measured by turbine flowmeter. Meanwhile, the numerical simulation of the four working conditions is carried out, and the corresponding numerical calculation results are obtained, where the simulated shaft power can be obtained by Eq. 5. Ultimately, a comparison of the experimental results and numerical calculations results under four conditions is shown in Figures 5A, B.
[image: image]
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Where U and I represent measured voltage and current, respectively; internal friction losses and external electro-mechanical losses are lumped into one single efficiency η; n is the rotating speed of the orbiting scroll; [image: image] represents instantaneous driving gas moment exerted on the orbiting scroll.
TABLE 3 | Operating conditions.
[image: Table 3][image: Figure 5]FIGURE 5 | Comparisons between experimental and simulation results (A) mass flow rate and (B) output power.
It seems that the experimental results are in good agreement with the calculation results, and the maximum deviation is less than 5%. Therefore, the reliability of the calculation results is verified in a reasonable error range, and the numerical method can be used for subsequent research.
3.2 Finite element model analysis
The static analysis module is established in ANSYS after importing and the scroll plate model. The global mesh size is set up and the independent mesh generation is adopted. By means of a one-way coupling method, the temperature and pressure results obtained by CFD simulation are transmitted to the finite element model as boundary conditions for the stress and deformation analysis of the scroll plate. According to the actual working conditions of the scroll expander, the corresponding displacement constraints are set for the orbiting scroll:
(1) The displacement in the Z direction of the side wall around the end plate is constrained;
(2) The displacement of the inner wall surface of the orbiting scroll bearing hole in the X and Y directions are constrained;
(3) The displacement in the Z direction of the top of the orbiting scroll bearing hole is constrained.
The scroll plate material in this study is aluminum alloy 4032, and its material parameters are shown in Table 4.
TABLE 4 | Material properties.
[image: Table 4]4 DISCUSSION AND ANALYSIS OF CALCULATION RESULTS
4.1 Flow characteristics analysis of central suction chamber under PMP correction and EA-SAL correction
The flow field distribution of the working chamber is affected differently by the modified profile of the tooth head with different combinations. The positions with spindle angles of 60°, 180° and 240° are selected to study the flow field distribution characteristics in the working chamber of the scroll plate after the tooth head is modified by PMP and EA-SAL.
Since the correction of the tooth head has a greater influence on the flow field distribution at the center of the tooth head, this paper mainly studies the flow field distribution of the central suction chamber of the scroll expander. In order to better observe the spatial distribution of the flow field after PMP correction and EA-SAL correction, the circular planes with z = 8 mm, 18 mm and 28 mm are established in CFD-POST with the center of the fixed scroll as the center. When the shaft rotation angle is 60°, the temperature distribution of the central suction chamber under PMP and EA-SAL correction is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Temperature distribution in the center of tooth head at 60° angle.
It can be seen from the cloud diagram that when the shaft rotates to the position of 60°, the temperature at the center of the scroll plate under the two tooth head corrections is lower than that at other positions. This is because at this position, the connecting area between the inlet and the central suction chamber is nearly blocked by the orbiting scroll, which causes mall connected area and serious throttling. In addition, it shows that the temperature at the center of the scroll under the EA-SAL correction is greater than that under PMP correction by comparing the temperature scales. The average difference is about 2 K and the reason is that different tooth head modifications will cause different tooth head shapes. The modified geometric structure of EA-SAL makes the larger volume of the central suction chamber formed by meshing, which leads to more high temperature working fluid being inhaled. As shown in the frame line in the figure, the positions of the maximum temperature in the suction chamber under the two corrections are different. They are distributed at both ends of the suction chamber. This is caused by the position of the inlet port and the correction profile. In the case of PMP correction, the radius of the correction arc is larger than that of the connection arc, so the working fluid is more likely to flow to the A side along the fixed scroll wall. In the case of EA-SAL correction, the inlet port is located at the correction straight line position and close to side B, so the temperature of side B is higher.
With the rotation of the spindle, the connected area between the inlet port and the suction chamber increases, the throttling weakens, and the temperature of the working chamber increases. At the 180° position, the opening of the inlet port is the largest, and the temperature of the central suction chamber is the highest. However, due to different tooth head profile and different curvature changes, there are differences in the temperature distribution of the suction chamber. As shown in Figures 7A, B, the temperature is the highest in the vertical direction of the inlet port, and is slightly lower on both sides. The temperature near the surface of the orbiting scroll and the meshing point has obvious stratification and is relatively small. In addition, along the downward direction of the Z axis, the area of high temperature becomes larger and larger, and the temperature distribution is uneven. As shown in Figure 7C, the high temperature working fluid enters the central suction chamber and flows rapidly along the direction of the tooth height. When the airflow hits the end plate of the orbiting scroll, the velocity decrease and the direction changes, so that a local high temperature is obtained in the lower part of the suction chamber. In comparison, it can be found that this phenomenon is weaker under EA-SAL correction. The reason is that the combination of arc and straight line makes the flow fluctuation smaller. It is more favorable for the working fluid to the flow and transfer heat and easier to disperse to the surrounding during the flow process.
[image: Figure 7]FIGURE 7 | (A,B) are the temperature distribution of the central suction chamber of the tooth head after PMP correction and EA-SAL correction at 180° angle, respectively; (C) is the streamline diagram of ZX plane of central chamber.
As shown in Figure 8, at the 240° spindle rotation angle, the temperature distribution of the central suction chamber of the two modified scroll plates shows polarization. Which means taking the suction center as the boundary, the temperature distribution on both sides is quite different. The temperature on the left is higher than that on the right. In addition, the temperature on the right side is unevenly distributed with local high temperature. The specific reason is that the working fluid flows more smoothly towards the left side along the inner wall of the fixed scroll under the action of kinetic energy after entering the central suction chamber. On the contrary, the working fluid flowing to the right side is blocked by a part of the inner wall of the orbiting scroll. Therefore, the working fluid gas on the left side accumulates quickly, resulting in temperature rise and more uniform distribution. On the right side, the average temperature under the PMP correction is greater than that under EA-SAL correction. The reason is that the curvature of the connecting arc at the beginning of the tooth head of the former is smaller than that of the latter, so it is more conducive to the flow of working fluid. As shown by the circle in the figure, local high temperature appears under both corrections, and this phenomenon is more obvious under EA-SAL correction. The reason for this phenomenon is that the flow of working fluid at the circle is significantly blocked by the wall, and the curvature is large. This leads to the decrease of working fluid flow velocity, the formation of local low-speed vortex and the increase of temperature.
[image: Figure 8]FIGURE 8 | Temperature distribution in the center of tooth head at 240° angle.
At different spindle rotation angles, the pressure distribution of the central suction chamber of the scroll after PMP correction and EA-SAI correction is shown in Figures 9A–C and Figures 9D–F. When the spindle angle is 60°, the pressure value at the center of the scroll under EA-SAL correction is significantly greater than that under PMP correction. The reason is the same as the temperature distribution. In this position, the former suction chamber volume is larger and more high-pressure gas is inhaled. With the rotation of the orbiting scroll, the volume changing rate of the suction chamber in the center of the scroll under the PMP correction is greater, so the gap between the two corrections is gradually reduced. At the angle of 180°, the average pressure under the PMP correction is greater than that under EA-SAL correction. At the angle of 240°, the pressure value under EA-SAL correction is higher than that under PMP correction by about 5 kPa. In addition, due to the combination of circular arc and straight line at this position, the pressure distribution is uneven caused by the more complex flow of the working fluid in the central suction chamber and the larger flow resistance is larger.
[image: Figure 9]FIGURE 9 | (A–C) and (D–F) are the pressure distribution of the spindle angle at 60°, 180° and 240° under PMP correction and EA-SAL correction, respectively.
4.2 Analysis of deformation characteristics of scroll tooth under different tooth head modifications
The numerical simulation results of flow field calculated by CFD are imported into the static analysis module for stress and deformation analysis of scroll tooth. In order to observe the deformation law of the scroll tooth under the two tooth head correction methods more directly, the deformation curve of the top of the scroll tooth is drawn. The deformation curve is drawn by taking the modified starting point of the scroll tooth head as the origin, the inner arc length as x coordinate and the deformation amount as y coordinate. In this paper, the arc length range of 1–50 mm is selected to make a comparative analysis of tooth head deformation after PMP correction and EA-SAL correction.
In Figures 10A–F show the top deformation curves of the orbiting scroll tooth head modified by PMP and EA-SAL under the action of temperature load at 60°, 180° and 240° angles position respectively. It can be seen intuitively from the curve distribution that the temperature load has a greater influence on the axial deformation of the tooth head. The axial deformation trend of the tooth head under the two corrections are basically the same, which gradually decrease outward along the scroll profile. The axial deformation of the tooth head under EA-SAL correction is slightly larger than that under PMP correction within a certain range of spindle rotation angle. However, the gap between them is reduced with the increase of spindle rotation angle and is eventually reversed. At the position of 60° angle, the average difference of axial deformation is 8um. The reason is the same as the flow field analysis. At this position, the average temperature at the center of the tooth head under EA-SAL correction is higher than that under PMP correction, so the thermal stress deformation is slightly larger than that under PMP correction. Since the modified tooth is thicker and the degrees of freedom in the X and Y directions of the bearing holes are limited, the figure shows that the radial deformation is smaller than the axial deformation. In addition, the former part of the radial deformation curve shows a downward trend, because this stage is in the connecting arc section. The curvature of the position is larger, the flow rate of the working fluid is faster, and the internal energy conversion is high, which makes the deformation in a contraction state. The large fluctuation of radial deformation at the 60° position is caused by the large change of temperature gradient and the change of direction. Moreover, the average difference of radial deformation between the tooth heads is less than 5 um, and all of them tend to increase outward.
[image: Figure 10]FIGURE 10 | The top deformation curve under temperature load at different spindle positions [(A,B)-60°; (C,D)-180°; (E,F)-240°].
It is not difficult to find that the overall total deformation of the tooth head corrected by EA-SAL is slightly larger than that by PMP based on the total deformation curve under temperature load. Moreover, their difference gradually decreases with the increase of the angle, which is related to the temperature distribution at different rotation angles. In the range of 0–12 mm arc length, the tooth thickness gradually increases from the beginning of the tooth head, so the larger wall thickness reduces the bending stress caused by the temperature, resulting in rapid reduction of deformation.
The top deformation curves of tooth head modified by PMP and EA-SAL under internal pressure load at different spindle positions are shown in Figures 11A–F. From the deformation curves at different spindle positions, it can be seen that the trends of radial deformation distribution of the tooth head modified by the two methods are roughly the same. However, due to the different correction forms and different tooth thickness, the deformation is different in the local range. In general, the average deformation of the tooth after PMP correction is greater than that after EA-SAL correction. At the angle of 60°, the deformation curves under the two modifications both show steep inflection points. The EA-SAL shows expansion effect, whilst the PMP shows contraction effect. This can be attributed to the deformation fluctuation near the inlet port caused by the sudden large pressure difference between the inside and outside of scroll tooth.
[image: Figure 11]FIGURE 11 | The top deformation curve under pressure load at different spindle positions [(A,B)-60°; (C,D)-180°; (E,F)-240°].
As can be observed from the total pressure deformation curve, the total pressure deformation of the tooth head after EA-SAL correction is greater than that of the tooth head after PMP correction at a small spindle angles because of the difference in suction chamber volume. However, with the increase of rotation angle, under the influence of expansion volume and tooth head wall thickness, the deformation effect of the two corrections is reversed. The total deformation of the tooth head under PMP correction is gradually larger than that under EA-SAL. Therefore, it can be seen that the deformation of the tooth head is complex and changeable, which is affected by temperature, pressure, correction method and spindle rotation angle.
4.3 Study on deformation law of tooth head with different correction angle γ
In Figures 12, 13 show deformation curves of scroll tooth heads corrected by different correction angles under temperature load and pressure load at the same rotation angle. From the deformation curve under temperature load, it can be seen that the deformation trend of the tooth head after correction with different correction angles is similar, the PMP correction has a smoother trend and less fluctuation than the EA-SAL correction. Combined with the data in Table 5, it can be found that the deformation of tooth head under the action of temperature load decreases with the decrease of correction angle. The deformation difference between the EA-SAL correction of γ = 43° and the PMP correction of γ = 52° under the action of temperature load is larger. The reason is that the thickness of the tooth head corrected by EA-SAL is larger and less affected by thermal stress. So appropriately reducing the correction Angle is conducive to reducing the deformation caused by thermal stress.
[image: Figure 12]FIGURE 12 | Deformation of tooth heads with different correction angles under temperature load.
[image: Figure 13]FIGURE 13 | Deformation of tooth heads with different correction angles under pressure load.
TABLE 5 | The data of tooth heads with different correction angles.
[image: Table 5]From the deformation curve under internal pressure load, it can be seen that the overall deformation of the tooth head under PMP correction is greater than that under EA-SAL correction, and the difference is significant at the front end of the tooth head, which is about 20%. In addition, as the EA-SAL correction increases the tooth thickness, the deformation of the tooth head under different correction angles is relatively close. Under the action of internal pressure, the deformation of tooth head also decreases with the decrease of the correction angle. But after 30 mm, the deformation gradually increases, and the smaller the correction angle, the greater the deformation. The reason is that the smaller the correction angle, the greater the rate of change of the tooth thickness, resulting in greater changes in the amount of deformation.
5 CONCLUSION
In this research, CFD numerical simulation and finite element method are combined to study the influence of tooth modification on the internal flow field and tooth head deformation of a scroll expander in an ORC waste heat recovery system. Meanwhile, by changing the parameter value of the tooth head modification, the deformation law and strength change of the tooth head under different modification parameters are explored. The main conclusions are as follows:
(1) The EA-SAL corrected tooth head has a larger head area, a larger central suction chamber volume and better head strength. In addition, the tooth head area decreases with increasing correction angle γ.
(2) The EA-SAL modified profile makes the curvature of the tooth head wall change greatly, resulting in more uneven distribution of the flow field in the center chamber of the tooth head and more complicated flow.
(3) The deformation trend of the two corrected tooth heads is basically the same, both decreasing along the scroll profile towards the outer ring, while the axial deformation of the tooth head under temperature load is obvious. Within a certain range of rotation angles, the thermal deformation of the tooth head after EA-SAL correction is slightly larger than that after PMP correction. However, the gap gradually decreases or even reverses with the increase of the spindle rotation angle. Additionally, the average total deformation of the PMP corrected tooth head under internal pressure loading is greater.
(4) With a given initial correction angle [image: image], the deformation of the corrected tooth head under temperature load or pressure load both decreases with the decrease of the correction angle γ. The greater the difference of the correction angle, the greater the change of tooth thickness, and the greater the difference of deformation. Therefore, appropriately reducing the correction angle is beneficial to reduce the deformation of the tooth head.
The research provides a theoretical basis for the optimization design and performance improvement of scroll expander, but it is far from enough. In the future work, on the basis of this study, the suction port structure suitable for different tooth head structures can be explored to better improve the performance of the expander.
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