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Abstract

:

Gerotor pump technology is being increasingly employed in innovative application fields, such as engines and as the hydraulic source of automatic transmissions. The most important issues in the automobile industry in recent years are improvement of fuel efficiency and noise reduction, so the existing studies relating to design of the gerotor profiles and the port in gerotor oil pumps have been conducted to ensure high flow rates and low irregularity. This study proposes a new gerotor lobe shape with 2-expanded cardioids to reduce the noise of the oil pump used in the automatic transmissions of automobiles. Theoretical equations to generate the tooth profile with 2-expanded cardioids was established, and then the gerotor profile to reduce noise was proposed using an automatic program. A design method for generation of a port shape suitable for the proposed gerotor was introduced, and performance tests (2000 rpm~3000 rpm) of the new oil pump with the suggested gerotor and port shape were implemented. The test results showed that the flow rate was improved by 7.3%~1.5% and the noise was reduced by 2.8 dB~4.8dB compared to those of the existing oil pump, so it was demonstrated that the design methods for the gerotor with 2-expanded cardioids and the port shape were validated. It is expected that the new lobe shape with 2-expanded cardioids and the port shape design method could be adopted in various fields, and will contribute to improving the performance of oil pumps.
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1. Introduction


Gerotor pump technology is being increasingly employed in innovative application fields, such as engines and as the hydraulic source of automatic transmissions. This remarkable growth is based on its three main advantages: simplicity, versatility and performance [1]. The most important issues in the automobile industry in recent years are improvement of fuel efficiency and noise reduction, so studies relating to design of gerotor profiles and the ports of gerotor oil pumps have been conducted to achieve high flow rates and low irregularity.



Previous studies on gerotor lobe shape design mostly focused only on the trochoid curves (cycloid, epitrochoid and hypotrochoid), which have been used in a broad array of applications [2,3,4,5]. Mimmi presented a method for avoiding undercutting of cycloid pumps and determined the analytical expression of the limit curve [2]. Gamez presented a new design methodology of a trochoidal gear, which allows one to find the best gear set for the initial required design parameters, considering contact stress and volumetric characteristics [3]. Ravari implemented the optimization of an epitrochoidal gerotor according to volumetric, dynamic and geometric properties, and the results showed wear rates proportional to factor and the irregularity were significantly improved [4]. Bonandrini studied an epitrochoidal profile for internal rotary pumps to have superior flow-rate performance, and a tooth contact analysis was performed to consider possible transmission errors [5]. Om et al. presented a method to design the cross section of PCPs or DHMs with hypotrochoidal multilobes by using the differential geometric approach and established the formulae for the envelope and its offset curve and calculated the area efficiency of the cross section and curvature of the hypotrochoid [6], but they did not conduct a design of a new type of gerotor profile to improve the performance of oil pumps, considering design parameters relating to lobe shape. The authors have developed various lobe shapes by combining two or three geometric curves (2-ellipses, 3-ellipses, ellipse1-involute-ellipse2 and ellipse1-elliptical involute-ellipse2) to replace the existing gerotor with a single cycloid lobe shape, called parachoid, which has been adopted in the six-speed automatic transmission of an actual automobile [7,8,9]. Based on the authors’ previous studies, it was found that the performance of the gerotor with the two curves-combined lobe shape (2-ellipses) was better than that with the single lobe shapes (circle and ellipse) and the three curves-combined lobe shapes (3-ellipses, ellipse1-involute-ellipse2, and ellipse1-elliptical involute-ellipse 2), and the noise of the oil pump was reduced as the curvature radius of lobe shape increased.



Port shape is determined by gerotor profile, so if an unsuitable port shape is adopted in the oil pump, a fairly accurate performance cannot be guaranteed. The previous studies have only focused on fluid analysis to understand the flow characteristics of the oil pump by assembling the gerotor with the port. Ding reviewed a cavitation inception prediction method for an axial flow model pump, and fair agreement between experiment and simulation outcomes was found [10]. Frosina presented a tridimensional CFD analysis of the oil pump of a motorbike engine according to the temperature of the oil, velocity of the inner rotor and outlet pressure. The pump model results were compared with experimental data showing a good correlation between experimental and simulated data [11]. Kumar executed a CFD integrated development process for the gerotor pump using a 3D transient model [12]. Hsieh proposed a fluid analysis model based on a relief groove design to diminish collisions in gerotors [13], but previous works show deficiencies when establishing a design method for port shapes.



In this study, a new gerotor lobe shape with 2-expanded cardioids was proposed to reduce the noise of the oil pump used in the automatic transmission of an automobile. Theoretical equations to generate a tooth profile with 2-expanded cardioids was established, and the lobe shape was proposed through the automatic program, which was developed to obtain tooth profiles and to calculate performance parameters corresponding to the various input design parameters. In addition, the design method of a port suitable for the suggested gerotor was introduced, and noise reduction effects of the proposed gerotor and the port on the performances of the oil pump were validated through experimental tests.




2. Design of Gerotor with 2-Expanded Cardioids Lobe Shape


2.1. Suggestion of New Outer Lobe Shape (2-Expanded Cardioids) to Reduce Gerotor Noise


According to the authors’ previous studies based on the accumulated experiences in relation to lobe shape designs [7,8,9], it was found that the space width and curvature radius of the tooth profile, generated from deddendum to addendum, greatly influence the irregularity and contact stress, which are the main performance parameters relating to gerotor noise. In order to suggest a new outer lobe shape which is favorable to noise reduction, the effects of the tooth profile on irregularity and contact stress were analyzed by comparing the existing lobe shapes (3-ellipses, 2-ellipses and cardioid).



A cardioid lobe shape has a narrow space width with respect to the outer rotor and a wide space width with respect to the inner rotor, when compared to 3-ellipses and 2-ellipses lobe shapes, as shown in Figure 1a. Also, its curvature radius increases and changes more gradually as shown in Figure 1b, so this causes a reduction of irregularity and contact stress as shown in Table 1. Based on the abovementioned tendency to increase space width and curvature radius, the new lobe shape (2-expanded cardioid) shown in Figure 2 is suggested by rotating the expanded cardioid, which is generated by increasing the constants in the cardioid equation, and by combining two expanded cardioids, which are symmetric with respect to the x-axis.




2.2. Design of Outer Lobe Shape with 2-Expanded Cardioids


A cardioid is a plane curve traced by a point on the perimeter of a circle rolling (a circumscribed circle) around a fixed circle (basic circle) of the same diameter (a), and is expressed using Equations (1)–(2). The expanded cardioid given in Equations (3)–(4) is obtained by multiplying the constant (a) in the x and y coordinates of the cardioid equation by ‘k1’ and ‘k2’, respectively, as shown in Figure 3. The new lobe shape is composed of the expanded cardioid 1 (Equations (5)–(6)) and expanded cardioid 2 (Equations (7)–(8)). In order to derive the shape of expanded cardioid 1, the expanded cardioid rotates ‘η’ degrees in a counter-clockwise direction on its own center. By combining expanded cardioid 1 and 2, which are symmetric with respect to the x-axis, and moving ‘d’ in the x-direction as shown in Figure 4, the 2-expanded cardioids lobe shape is obtained from Equations (9)-(12), where O1 and O2 are the centers of the inner and outer rotors, and ‘d’ is the distance between the center of the outer rotor and the center of the 2-expanded cardioids lobe shape.


xCardioid=−acosθ(1+cosθ)



(1)






yCardioid=asinθ(1+cosθ) 



(2)






xExpanded cardioid=−k1acosθ(1+cosθ)



(3)






yExpanded cardioid=k2asinθ(1+cosθ)



(4)






xexpanded cardioid 1=−k1acosθ(1+cosθ)cosη+k2asinθ(1+cosθ)sinη



(5)






yexpanded cardioid 1=k1acosθ(1+cosθ)sinη+k2asinθ(1+cosθ)cosη



(6)






xexpanded cardioid 2=−k1acosθ(1+cosθ)cosη+k2asinθ(1+cosθ)sinη



(7)






yexpanded cardioid 2=−k1acosθ(1+cosθ)sinη−k2asinθ(1+cosθ)cosη



(8)






x2−expanded cardioid 1=d−k1acosθ(1+cosθ)cosη+k2asinθ(1+cosθ)sinη



(9)






y2−xpanded cardioid 1=−k1acosθ(1+cosθ)sinη−k2asinθ(1+cosθ)cosη



(10)






x2−expanded cardioid 2=d−k1acosθ(1+cosθ)cosη+k2asinθ(1+cosθ)sinη



(11)






y2−3xpanded cardioid 2=k1acosθ(1+cosθ)sinη+k2asinθ(1+cosθ)cosη



(12)








2.3. Constitutive Equations for the Contact Point of a 2-Expanded Cardioids Lobe Shape


The Camus theory states that the direction vector (v1→) from a point on a lobe shape to the pitch point should be perpendicular to the vector (v2→) at the point on the expanded cardioid. A circular lobe shape is satisfied with the Camus theory, but in the case of a 2-expanded cardioids lobe shape, the normal line at a contact point is not directed toward the center of the outer lobe. Therefore, ‘θ’’, which enables the direction vector (v1→) from a point (x1, y1) on a lobe shape to the pitch point (Px, Py) to be orthogonal to the tangent vector (v2→) at the point, as shown in Figure 5, is calculated by the Newton-Raphson method within the range of error, 10−6 using Equations (13)–(15) [14]. The approximate contact points relating to the expanded cardioid 1 (C1) and expanded cardioid 2 (C2) obtained from Equations (16)–(18) are shown in Figure 6.


(Px,Py)=(r2cosα,r2sinα)



(13)






v1→=(Px−x1,Py−x1),v2→=(dx1,dy1)



(14)






ff=v1→·v2→=0,θ′=θ−ffdf



(15)






C1=(xc1yc1),C2=(xc2yc2)



(16)






xc1=[d−k1acosθ′(1+cosθ′)cosη+k2asinθ′(1+cosθ′)sinη]cosα−[−k1acosθ′(1+cosθ′)sinη−k2asinθ′(1+cosθ′)cosη]sinαyc1=[d−k1acosθ′(1+cosθ′)cosη+k2asinθ′(1+cosθ′)sinη]sinα+[−k1acosθ′(1+cosθ′)sinη−k2asinθ′(1+cosθ′)cosη]cosα



(17)






xc2=[d−k1acosθ′(1+cosθ′)cosη+k2asinθ′(1+cosθ′)sinη]cosα−[−k1acosθ′(1+cosθ′)sinη−k2asinθ′(1+cosθ′)cosη]sinαyc2=−[d−k1acosθ′(1+cosθ′)cosη+k2asinθ′(1+cosθ′)sinη]sinα−[−k1acosθ′(1+cosθ′)sinη−k2asinθ′(1+cosθ′)cosη]cosα



(18)








2.4. Generation of a Gerotor with 2-Exlanded Cardioids Lobe Shape


The profile of the inner rotor is generated by rotating ‘α’‘ clockwise from the contact point, (C1, C2) on the center (O1) of the inner rotor, and that of outer rotor is generated by rotating α clockwise from the contact point on the center of outer rotor (O2) as shown in Figure 7, where ‘r1’ and ‘r2’ are the radii of the pitch circles of the inner and outer rotors, respectively, and ‘e’ is the amount of eccentricity [14]:


α′=α(1−r2r1)



(19)






(xinyin)=(cosα′−sinα′sinα′cosα′)(xc−eyc)+(e0)



(20)






(xoutyout)=(cosα−sinαsinαcosα)(xcyc)



(21)








2.5. Performances of Gerotor


Flow rate (Q), which is the amount of working oil in the chambers is calculated by using Equation (22), where Amax and Amin are the largest and smallest values of the maximum chamber areas, and ‘b’, ‘ρfluid’ and ‘ω1‘’ are the thickness of the gerotor, density of the working oil and rotational velocity of the inner rotor, respectively [15]. Irregularity (i) is proportional to the difference between the amount of fluid in the maximum chamber area (qmax) and that in minimum chamber area (qmin). as given by in Equation (23):


Q=z1(Amax−Amin)bρfluidω1



(22)






i=qmax−qminqaverage, qaverage=qmax+qmin2



(23)







Specific sliding is the ratio of the sliding speed in a transverse plane of a contact point between mating gear teeth. It is the difference between the two rolling velocities that are tangential to the tooth profiles and perpendicular to the line of action. Formulas to calculate specific sliding values of inner and outer rotors (ss1 and ss2) are expressed in Equation (24), where ‘v1’ and ‘v2’ are the sliding speeds of the inner and outer rotors, respectively:


ss1=|v1−v2|v1, ss2=|v2−v1|v2



(24)







Pressure angle (δ) is the angle between the common normal to the contacting teeth and the common tangent to the pitch circles of meshing gears as illustrated in Figure 8, and calculated by using Equations (25)–(27):


cosγ=ρ2+PcP2¯−r22PcP2¯ρ



(25)






γ=cos−1(ρ2+PcP2¯−r22PcP2¯ρ)



(26)






δ=90°−γ



(27)







Contact stresses (PH) of two objects moving relatively shown in Figure 9 are generally calculated using the Hertzian theory expressed by Equation (28):


PH=FE2πbR, R=(1ρi+1ρo)−1



(28)







When the inner rotor contacts with outer rotor, they exert the same magnitude of contact force in the opposite direction to each other, so contact stresses occur inside the gerotor [16]. ‘F’ is the contact force to the inner rotor at a contact point; ‘E’ is elastic modulus of; ‘b’ is the thickness of gerotor; ‘R’ is the composite radius of curvature; ‘ρi’ and ‘ρo’ are the radii of curvatures of the inner and outer rotors, respectively.




2.6. Design of Gerotor with 2-Expanded Cardioids Lobe Shape Using Automatic Program


An automatic program to conduct gerotor design was developed using the commercial software MATLAB (R2018a, The MathWorks, Inc. Natick, MA, USA). The GUI is composed of an input module for entering the design parameters (‘d’, ‘a’, ‘k1’, ‘k2 ‘ and ‘η’) and an output module for displaying gerotor profile and performance parameters as shown Figure 10. In the input module shown in Figure 10a, if a type of lobe shape is chosen, design parameter-input-window corresponding to the lobe shape is activated. After entering values of the design parameters, gerotor profile and performance parameters are computed automatically in the output module as shown in Figure 10b. The fixed values, which are determined from the geometric constraints of gerotor used for the six-speed auto transmission, are as follows: the number of outer rotor tooth (z2), 10; eccentricity (e), 3.421 mm; thickness of gerotor (b), 12.6 mm; diameter of outer rotor (D), 90 mm.



In the multiple calculation program, the ranges and increments of the design parameters are entered as shown Figure 11a, and then about 1.2 million of different gerotors and their performances corresponding to combinations of the input design parameters are created. Tooth profiles, which are not satisfying the kinematics constraints, such as a cusp or loop, are automatically excluded as shown in Figure 11b.



One of the characters of gerotor performance is that an increase of flow rate causes high irregularity, which conflict with each other, so the automobile industry demands a compromise for noise reduction while maintaining the flow rate of the existing gerotors. Oil pump noise is caused by two reasons: fluid dynamic noise is related to turbulence and whirl flow, and the main source is a pressure pulsation due to a sharp increase in irregularity; impact noise is mainly greatly attributable to the contact force between the two rotors [17,18]. A lower pressure angle reduces the impact force on the tooth, but decreases transmission errors due to weak mesh stiffness, and specific sliding largely influences slip power loss and tooth wear [19]. Hence, this study suggested a gerotor to reduce noise focusing on irregularity and contact stress, while providing a similar flow rate level (45.37L/min) as the previous gerotor with 2-ellipses lobe shape [7], which was the best model among the various gerotors developed in our laboratory. The comparison results between the performances of the proposed gerotor and those of the existing one show that the irregularity and contact stress are decreased by 4.54% and 37.9%, respectively, as shown in Table 2.



In order to verify the effects of the proposed gerotor on noise reduction, the relationship between the tooth profile features (space width, tooth thickness and curvature radius) and performance parameters (irregularity and contact stress) was analyzed. The largest maximum chamber area value of the four gerotors shown in Figure 12a are almost similar, whereas the smallest value of maximum chamber area of the proposed gerotor increased due to the large space width and narrow tooth thickness of the inner rotor as shown in Figure 12b. This implies that a small difference between the largest and the smallest flow rates at the maximum chamber causes a reduction of irregularity as shown in Table 3.



On the basis of Hertz’s theory, increase in curvature radius leads to decrease of contact stress. 2-expanded cardioid has so larger curvature radius at which contact stress occurs than the existing gerotors as shown in Figure 13, that the contact stress is the lowest (70.5MPa) as shown in Table 4.





3. Design of Port for the Proposed Gerotor with 2-Expanded Cardioids Lobe Shape


The geometry of the oil pump for fluid analysis consists of inner rotor, outer rotor, pumping chambers (which are cavities between the inner rotor and the outer rotor), suction/exhaust ports and inlet/outlet pipes as shown in Figure 14.



Since port shapes are determined by the gerotor profile, exact performances of the oil pump cannot be obtained without matching the port shape with the designed gerotor. Therefore, its design to be suitable for the proposed gerotor based on the accumulated experiences of the actual field was conducted according to the following procedures:



Step 1) Outer shape of ports: The inner diameter of the ports is to be the deddendum circle of the inner rotor, and the outer diameter is to be the deddendum circle of the outer rotor as shown in Figure 15a.



Step 2) Upper part of ports (entrance of the suction port and exit of the outlet port): When the pumping chambers have the maximum and minimum cavities, the entrance of the suction port starts ‘b1’ away from y-axis, and the exit of the outlet port ends ‘b2’ away from the –y-axis. Radii at the four edges of the upper part of the ports are 2 mm as shown in Figure 15b.



Step 3) Inlet and outlet pipes: The centers of the inlet and outlet pipes with diameter of ‘D’ rotated by ‘β1’ and ‘-β2’ from the y-axis on the center of the inner rotor (O1), respectively, and locate the distance of ‘L’ from ‘O1′. The connection lines, which are tangent to the pipes and upper part of the ports, were generated as shown in Figure 15c, and the radii of the two connection edges are 2mm. ‘L’ (52.5 mm) and ‘D’ (20 mm) were determined by the size of the oil pump for six-speed automotive transmission,



Step 4) Exit grooves of suction port: When the maximum chamber is formed in the lower part of the ports, the upper and lower exit grooves of the suction port are generated to be tangent to the chamber with radii of 1.5 mm, and the middle groove with radius of 1 mm is on the right end of the maximum chamber, as shown in Figure 15d.



Step 5) Entrance groove of exhaust port: The entrance groove of the exhaust port is connected with a straight line between the arc with radius of 1 mm, which is on the left end of the maximum chamber, and the location ‘–β3 ’ degree far from the arc, as shown in Figure 15d. The two radii of the edges are 2 mm.



‘β1’, ‘β2’, ‘β3’, ‘b1’ and ‘b2’ were given from the dimension of the proposed gerotor with 2-expanded cardioids as shown in Table 5.




4. Prototyping and Performance Testing


A prototype of the new oil pump, composed of the proposed gerotor (SMR4040M), housing and cover (FC250) including the designed ports shapes, is shown in Figure 16. The NC lathe adjusted the inner diameters of the inner rotor (47 mm) and the outer diameter of the outer rotor (90 mm), and the wire electric discharge machine (EDM) fabricated lobe shapes within a tolerance below 0.01 mm. In order to install the components of the oil pump to the test equipment, the drive shaft to connect the driving motor with the gerotor was assembled with the plate. O-rings to prevent leakage of the working oil were inserted into the holes in the cover, which contacts with the inlet and outlet pipes, and the cover was bolted to the plate.



Performance tests were conducted to verify the excellence of the design methods for the proposed gerotor with 2-expanded cardioids and the port. Two identical prototypes were fabricated to ensure accuracy of the test results, and their average values were calculated. The gerotor was rotated by the power of the driving motor at an inner rotor rotational speed o, 2000 rpm ~ 3000 rpm which is the range to determine the performance of the oil pump in the actual field. The cooling water in the temperature control system maintained the temperature of the working oil constant (80 °C), and a microphone was placed 30 cm away from the oil pump. The flowrate measurement checked the amount of the exhausted working oil as shown in Figure 17a, and the torque sensor measured the driving torque of the motor as shown in Figure 17b. The pressure gauge showed the inlet and outlet pressures as shown in Figure 17c. When the driving motor rotates the gerotor, ATF with 0.1 MPa was taken in from the oil tank and transferred to the suction part of the oil pump, and it was exhausted through the outlet pipe at 1.6 MPa. Information of the measurement instruments are shown in Table 6.



The flow rates and sound pressure levels of the new oil pump with the suggested gerotor and port shape and those of the existing one were plotted in Figure 18. The comparison results indicated that the proposed design of gerotor profile attributed to improvement of flow rate (7.29%~1.5%) and reduction of noise (2.77~4.83 dB), so noise reduction effects of design of the proposed gerotor and port on the performances were validated.




5. Conclusions


This study suggested a new gerotor lobe shape with 2-expanded cardioids to reduce the noise of the oil pump used in automatic automobile transmissions. Theoretical equations to generate the tooth profile with 2-expanded cardioids was established, and design of the gerotor was implemented through the automatic program. In addition, the design method of a port matching the suggested gerotor was introduced, and the performances of the new oil pump with the suggested gerotor and port shape were verified through the experimental test. Our conclusions are summarized as follows:



(1) In order to reduce the oil pump noise, a new lobe shape (2-expanded cardioids) was proposed by combining the two identical geometric curves (expanded cardioids1 and expanded cardioids 2, which are symmetric with respect to the x-axis), and theoretical equations to obtain the gerotor profile with the new lobe shape were established.



(2) An automatic program was developed to obtain the gerotor profile and to calculate the performances corresponding to the various input design parameters, and design of a gerotor with 2-expanded cadioids was conducted. The irregularity and maximum contact stress of the suggested model were decreased by 4.5% and 37.9%, respectively, compared to the existing (2-ellipses) gerotor.



(3) Design of a port shape suitable for the proposed gerotor with 2-expanded cardioids was performed according to the design method based on the accumulated actual field experiences.



(4) Based on the comparison results of the performance test of the new oil pump with that of the existing one (2000~3000 rpm), the flow rate was improved by 7.3%~1.5%, and the noise was reduced by 2.8 ~4.8 dB, and the design method for the gerotor with 2- expanded cardioids and port were validated.



The new lobe shape with 2-expanded cardioids and the port shape design method could be adopted in various fields, and it will contribute to improving the performance of oil pumps. In further research, an improved port shape design will be carried out to maximize the performance of the oil pump.
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Figure 1. Comparison of the existing gerotor profiles. 
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Figure 2. 2-expanded cardiod profile. 






Figure 2. 2-expanded cardiod profile.



[image: Energies 12 01126 g002]







[image: Energies 12 01126 g003 550]





Figure 3. Definition of expanded cardioids. 
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Figure 4. Generation of 2-expanded cardioids lobe shape. 
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Figure 5. Orthogonal condition for finding the contact point. 
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Figure 6. Contact points of a 2-expanded cardioids lobe shape. 
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Figure 7. Inner and outer rotors profiles with 2-expanded cardioids lobe shape 






Figure 7. Inner and outer rotors profiles with 2-expanded cardioids lobe shape



[image: Energies 12 01126 g007]







[image: Energies 12 01126 g008 550]





Figure 8. Schematic model for calculating pressure angle. 
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Figure 9. Schematic model for calculating the Hertz contact stress. 
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Figure 10. GUI to obtain gerotor profile and performance parameters. 
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Figure 11. Calculation results obtained from the multiple calculation program. 
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Figure 12. Comparison of maximum chamber areas between 2-ellipses and 2-expanded cardioids lobe shapes. 
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Figure 13. Comparison of curvature radii of 2-ellipses and 2-expanded cardioids lobe shapes. 
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Figure 14. Analysis model of gerotor oil pump. 
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Figure 15. Procedures to design ports. 
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Figure 16. Prototype of the new oil pump. 
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Figure 17. Measurements device. 
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Figure 18. Comparison of the performances of the new oil pump and the existing one obtained from performance test. 
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Table 1. Irregularities and contact stresses of the existing gerotors.
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	Performance Parameter
	3-Ellipses
	2-Ellipses
	Cardioid





	Irregularity
	3.96
	3.74
	3.67



	Contact stress (MPa)
	142.14
	113.51
	91.03
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Table 2. Performance parameters of the proposed gerotor (2-expanded cardioids) and the existing gerotor (2-ellipses).
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	Lobe Type
	2-Ellipses
	2-Exanded Cardioids





	Shape of gerotor
	 [image: Energies 12 01126 i001]
	 [image: Energies 12 01126 i002]



	Flow rate (L/min)
	45.37
	45.41 (0.1%↑)



	Irregularity (%)
	3.74
	3.57 (4.5%↓)



	Specific slipping
	1.35
	1.61 (19.3%↑)



	Pressure angle (degree)
	18.39
	28.56 (55.3%↑)



	Contact stress (MPa)
	113.53
	70.50 (37.9%↓)
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Table 3. Comparison of largest and smallest flow rates at the maximum chamber.
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	Lobe Type
	Irregularity

(%)
	Largest Flow Rate

(L/min)
	SmallestFlow Rate

(L/min)





	3-ellipses
	3.96
	45.84
	43.99



	2-ellipses
	3.74
	45.86
	44.11



	Cardioid
	3.67
	45.91
	44.24



	2-expanded cardioids
	3.57
	45.86
	44.33
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Table 4. Comparison of contact stress.
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	Performance Parameter
	3-Ellipses
	2-Ellipses
	Cardioid
	2-Expanded Cardioids





	Contact stress (MPa)
	142.14
	113.51
	91.03
	70.50
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Table 5. Design values to generate the ports for the proposed gerotor.
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	β1
	β2
	β3
	b2
	b2
	D
	L





	34°
	33.5°
	13°
	8.88 mm
	6.64 mm
	20 mm
	52.5 mm
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Table 6. Measurement instruments.






Table 6. Measurement instruments.





	Item
	Mass Flow Rate Meter
	Torque Meter
	Pressure Gauge
	Microphone





	Maker
	OVAL
	S. H. C
	WIKA
	PCB



	Model No.
	CA025L21SC22AA1132
	48002V (5-2)-N-N-Z
	A63ϕ-100k
	426E01 ICP 034899



	Accuracy
	±0.1%
	±0.2%
	±1.6%
	< 0.05 dB











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
ellipses.

Curvature radivs o}

‘Where contact
stress oceurs

‘Where contact
sress oceurs

Curvature radius 17

_Contact stress reduced






media/file8.jpg





media/file27.png
2-expanded

Curvature radius 77
Contact stress reduced

cardioids

2-ellipses
Curvature radius o

-
.-
-
-
-
e

Where contact
stress occurs

Where contact
stress occurs






media/file34.jpg





media/file21.jpg
(b) Exclusion of error (cusp and loop)





media/file13.png
Inner rotor

Outer rotor

v_






media/file31.png
Y Dedendum circle

4

of inner rotor
/ﬁ%
I /1

0,

| A .
0, X

Outer rotor
Dedendum circle
of outer rotor
(a) Step 1 (outer shape of ports)
.............. Minimum Y Upper part of ports

[N chamber ™. ) P

. /RN AR
\ = th, |/ \ | D1 V
‘\\ R2 ,/" ‘\\ R2 -~ ’
T 0 Entrance of
Exit of outlet port 1 »  suction port

71\ 717
\; é 0, § f ’
Maximum chamber

(b) Step 2 (upper part of ports)

Outlet pipe y Inlet pipe
o D 4 4D
Connection line between » Connection line between

S
b

~— -

v

exhaust port and outlet pipe * \‘ suction port and inlet pipe
R2

.
.
|
Oy |/
.y
1|
Ak

N/

(c) Step 3 (inlet and outlet pipes)

Yy
4
0,
]

0,

viv
-

Upper exit groove
(R1.5)

| I W

Bz / Maxi .
; ‘ ' aximum i . L. _
; S chamber ; \ Middle exit groove
=. S 7 - (R1)
-7 Right end of
Entrance groove Exit grooves of l the maximum chamber
Lett end of of exhaust port suction port Lower groove
the maximum chamber (R1.5)

Lower part of ports
(d) Step 4 (exit groove of suction port) and step 5 (entrance groove of exhaust port)





media/file39.png





media/file12.jpg
N

Inner rotor

Outer rotor

v_






media/file18.jpg
Corer
Ot 2 % |- ¢ [ 0w |m
Onmen « sm |moa | o | m
03 Measurr ® 126 L 108 =
O3y o [ |me [m |-
Oaerm i s
g:‘;__‘ Fixed values Design parameters

Select type of lobe shape Input values of design parameters

(@) Input module:

Flow e (i)

asas

gty 09
357367

Speitistdng
i

Prssuc gl )

Contaer s (B

Geseregtorpotle Pertomace et

(b) Output module.

[T ———





media/file9.png
0,

04

® |

(1, )

(P, By) 3

1





media/file22.png
N .—» Maximum value
domin = 40,35; o ]_ Range
d_max = 40.75: — Minimum value
del_d = 0.01; — Increment
d = 40.39500 a = 3.0000 k1 = 1.08 k2 = 1.35 eta = 20.00, calculation done !!!! (391 / 1201095 )
a_min = 3.00; d=40.3500 a = 3.0000 k1 =1.08 k2 = 1.35 eta = 21.00, calculation done !!!! (3392 / 1201095 )
a_max = 3.20; d = 40,3500 a = 3.0000 kI =1.08 k2 = 1.35 eta = 22.00, calculation done !11! (393 / 1201095 )
del_a = 0.01; d = 40,3500 a = 3.0000 kI = 1,08 k2 = 1.35 eta = 23.00,  calculation done !!!! (334 / 1201095 )
. | ,
kl_min = 1.0: . . . The number of
S Combinations of inputted design parameters combinations
del k1 = 0.01; » —
K2 nin = 1.2 Design parameter Performance parameter
tne= ' d a k1 k2 eta Flow rate irregularity  Specific slipping  Contact stress  Pressure angle
ke_max = 1.4; 4065 32 105 1371 18 45.4160 3.54828 1.6494 92,4988 28.1796
del_k2 = 0.05; 4063 319 105 1374 18 Mla54158 3.54602 1.6492 941333 281716
4065 32 105 137 18 45.4163 3.54975 1.6482 94,0336 28.1644
eta_min = 17; 4059 317 105 1373 19 45.4135 354935 1.6495 96,0108 281423
eta_max = £5; : .
del_eta = 1; - *

Coding for setting ranges and

increments of design parameters Calculation of performance parameters corresponding the inputted design parameters

(a) Multiple calculation program





media/file14.jpg





media/file35.png
——

(a) Flow rate measurement (b) Torque sensor (c)_ Pressure gauge





media/file20.jpg
at = 0,05+ BIRKRIROL VIO
17T Maimum vaie | R0
ity e
gt CemlimnnianEaEn SMNII S e |
L T |
et Conbinstions of mpted dsen s Thommberof
. T
jastahate T - |
Coingfo setng s sad

Calculation of performance piranetrs coresponding e iputed desgn parametes
(@) Multiple calculation program

ncrementsofdsig paramctrs





media/file23.png
\ I'. Error
- Nﬂusp}

" Error
\[L oop)

/

(b) Exclusion of error (cusp and loop)





media/file5.png
Circumscribed circle
of basic circle

Cardioid

Cardioid

| .
-

Basic circle

k2><2a r

h

I}.‘

) 2a
\_/O

Expanded cardioid
(a in x-coordinate —kqa, ain y—coordinate—k,a)

[
X
Q
X L #
‘ Expanded cardioid






media/file40.png
W





media/file36.jpg
Flow rate (Limin)

‘Sound pressure level (4B)

Fiow e Wiy

2000 | 250017 | 3000
Exsngoipme | ®
Celipespon) | W | 808 | e
New ol punp EEREER D
Lot (epued caide port | 02m) | 557 | own)

Rotational velocity ofnne roto rpm)
(@) Improvement of flow rate

el

S e vl @)

2000 | 25000 | 3000mm
it i pap
Eimeolome | g | w0 | w0
New oo e | |
Cspaniedctionrgon) | 317 00 | @77 60 | as30m)

s

Rotaionalvloiy o e o ()
(b) Reduction of sound pressue level





media/file15.png
r

05| |0,





media/file19.png
() Circle

(O) Elipse 27 10 - d 40.50
() Elinv-ER2

e 3.421 mm a 3.13
(O 3-Elipses(T) b 126

k1 1.05 -
D

b D 90 mm k2 1.363 =
() Edinv-ENRT)
eta 18 deg
() 2-Elipses

© Fixed values Design parameters
®) 2-Expanded cardioids

Select type of lobe shape Input values of design parameters
(a) Input module

Flow rate (L/min)
45413

Irregularity (%)
3.57367

Flow rate(L/min)
" - g h
Pressure angle (°)

Specific sliding
l.ellel

Pressure angle (°)
28.5611

'"'\_ R |

b

Contact Stress (MPa)

Specific Slipping
Contact stress (MPa)

i
0 50 100 150 200 250 300 350
Rotation angle ()

. 0) \ a""
70.4946 0 100 200 300 (")

Generate gerotor profile Performance parameters Graphs of performance parameters

(b) Output module





media/file28.jpg
Outlet pipe — — Inlet pipe

Exhaust port

Pumping chamber





media/file2.jpg
New lobe shape

(

Seellipses Semine

cedioid. cardioids

3

2ellipses






media/file32.jpg
Outer rotor

Exhaust port

(3) Proposed gerotor with 2-expanded cardioids

Pl

(0) Plate, shaft, O-ring and cover

(d) Ol pump installed in the performance tester





nav.xhtml


  energies-12-01126


  
    		
      energies-12-01126
    


  




  





media/file11.png
.....................
..........
""""""

s

Contact points relating to
expanded cardioid 2 % Expanded cardioid 1

Contact points relating to Expanded cardioid 2

expanded cardioid 1

-------
........
-------------------





media/file6.jpg
Expanded cardioid 2

expanded card;
before rotation.

Parallel translation by d

} weaxis }

L symmetry d
Rotation

-expanded cardioid
Expanded cardioid 1 lobe shape






media/file24.jpg
2ellpses

Largest chamber area
(almost similar to 2-expanded cardioids)

T

2-expanded cardioids

Largest chamber area

AT LT

Outefrotor

faner rotor

(@) Largest value of maximum chamber areas,

2ellipses.

Tooth thickness
of inner rotor]

Smallest chamber area 1| [ e3pended cardioids

Tooth thickness
of iner rotor |

Space widih
of inner rotor |

Smallest chamber area 11

Space widih

of nner rotor 11

(b) Smallest value of maximum chamber areas






media/file29.png
Outlet pipe — — Inlet pipe

Exhaust port

Pumping chamber





media/file1.png
3-ellipses

Space

Inner rotor

Pumping chamber

________________ .'
Space width of

outer rotory

Quter rotor

width of inner rotor |

2-ellipses

_________________ b
Space width of
outer rotor]

Cardioid

Space width of
outer rotor |

-

Space width of inner rotor T

(a) Space widths

3-ellipses

Deddendum

Curvature radius of
outer rotor |

Addendum

2-ellipses

Curvature radius of
outer rotor |

Cardioid

. Curvature radius of

/ outer rotor T

(b) Curvature radius






media/file37.png
Flow rate (L/min)

Sound pressure level (dB)

50.0
450
40.0
35.0
30.0
250
20.0

-
-
-
-
-
-
-
-
-

2,000

2,500

_ 2-expanded

cardioids

Rotational velocity of inner rotor (rpm)

— 2-ellipses

_____ 2-expanded cardioids

2,500

3,000

Flow rate (L/min)

(a) Improvement of flow rate

''''''

Rotational velocity of inner rotor (rpm)

3,000

2000 rpm | 2500 rpm | 3000 rpm
Existing oil pump 5 ,
(2-ellipses- port) 28.48 38.08 48.02
New oil pump 30.55 40.20 48.93
(2-expanded cardioids+ port) | (7.27%71) | (5.57%7) | (1.90%7)
Sound pressure level (dB)
2000rpm | 2500rpm | 3000rpm
Existing oil pump
(2-ellipses+ port) 73.78 76.03 80.07
New oil pump 70.61 73.26 75.25
(2-expanded cardioids+port) | (3.17dB|) | (2.77 dB|) | (4.83dB))

(b) Reduction of sound pressure level






media/file10.jpg
/" Contact points relating to

expanded cardioid 2 . Expanded cardioid 1

Contact points relating to Expanded cardioid 2

expanded cardioid 1





media/file7.png
Expanded cardioid 2

Parallel translation by d

Basic expanded cardioid

before rotation
n 0.1/ . X-axis /

Lo symmetry d
Rotation L

-

2-expanded cardioid
Expanded cardioid 1 lobe shape






media/file33.png
Outer rotor

Suction port Exhaust port

Inner rotor

(a) Proposed gerotor with 2-expanded cardioids

Inlet pipe

d

il pump

(d) Oil pump installed in the performance tester





media/file16.jpg
Hertz contact stress (Py)





media/file3.png
3-ellipses

35

40

2-ellipses

30

35

40

cardioid

»

30

35

40

i
(=2
T

 New lobe shape

2-expande
cardioids

30 35 40






media/file17.png
Hertz contact stress (Py)






media/file4.jpg
Circumscribed circle

R
‘b'

‘Basic circle

w
=N
- "
N

Expanded cardioid
(a in x-coordinate —k,a, a in y-coordinate—k;a)





media/file30.jpg





media/file25.png
2-ellipses

Largest chamber area
(almost similar to 2-expanded cardioids)

1

QOuter rotor

Inner rotor

2-expanded cardioids

Largest chamber area

(a) Largest value of maximum chamber areas

2-ellipses

Tooth thickness
of inner rotorf

Smallest chamber area |

Space width
of inner rotor |

2-expanded cardioids

Tooth thickness
of inner rotor | |

Smallest chamber area 71

Space width
of inner rotor 11

(b) Smallest value of maximum chamber areas






media/file0.jpg
Sl Selipes

S ol

S \ o]
e

(a) Space widths

Selipses 2elipies Carioid

Curvaue s of
N

X
A\

Curvatue i o
~ outerroter, Curvature s of
ovter ot

(b) Curvature radius





