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Summary: This paper presents an analytical -numerical model to analyze the static behaviour of the bearing assembly support with double row ball bearings with angular contact for agricultural mechanization. Bearing analytical model was developed based on John Harris's quasi-static equilibrium equations and Hertz's contact load. Based on the analytical model contact loads, change the contact angle and stiffness for each position of the ball are determinate. Results obtained by analytical models are applied to the 3D finite element model of the bearing assembly. The apply of the models are presented an analysis of the influence of the external load on the static and dynamic load capacity, stress and bearing life for different values of contact angle and the distance between the bearing raceways. The research in this paper show that the contact angle significantly affects the capacity and bearing life, while the distance between the bearing raceways affect the change of the stress of the entire bearing assembly for agricultural mechanization.
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1. INTRODUCTION
Agriculture is one of the oldest economic pillars existing. About one third of the earth’s surface is presently dominated by agricultural use Primary tillage is the first operation after the last harvest, and is the most aggressive tillage operation intended to mix and reduce the size of residual crop decomposition over the winter. Secondary tillage is typically performed in the following spring and is intended to reduce clod sizes, mix in crop residues and level the soil in preparation for seeding. Different set designs of disc harrows and cultivators are used to achieve this optimal soil condition. Gangs of rotating discs or independent discs with varying diameter, concavity, and design break up the soil. Often this machinery is combined with a seedbed finisher like a rolling basket to reduce clod size and improve the evenness of the seedbed. 

The typical bearing speed of disc harrow tillage application is between 100 and 150 min-1. The bearings supporting these tillage discs essentially operate at or even partially below ground level. Moist or dry, abrasive contamination forcefully pushes against bearing faces and seals during operation. Bearings are exposed to shock and high moment loads due to angle of pull. They typically need to be replaced as a result of excessive internal wear due to contamination. High sealing technology is crucial.
This paper presents an analytical -numerical model to analyze the static behaviour of the tillage hub units.
2. MATHEMATICAL MODEL OF THE TILLAGE HUB UNITS
Analytical model of the bearing and the 3D FE model of the assembly are used to determine the influences of external load on the static characteristics of the tillage hub units. The geometric parameters of the bearing, contact angle after preload, initial preload, contact forces, contact angles with raceways are considered for each angular position of the ball. The contact forces and contact angles for each ball as a result of internal and external load are determined. The process of static analysis is shown in Fig. 1.
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Fig.1. Analysis process of the tillage hub units
2.1 ANALYTICAL MODEL OF THE BEARING
When the bearing is deformed due to the external static load, the distance between inner raceway groove curvature center (Ci2) and the new position of the center of the ball (Cb1) and the distance between the fixed center of outer raceway groove curvature (C0) and the new position of the ball center (Cb1) is:
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Radial and axial distance between the position of curvature centers, when applying, according to Fig. 2a  is [4]:
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From Figure 2a, the equation of kinematic constraints between the ball and the raceway can be established:


[image: image5.wmf](

)

(

)

1/2

1/2

22

22

112212

;

ijjjjjojjj

lAXAXlXX

éùéù

=-+-=+

ëûëû





 (3)

[image: image6.wmf]
Fig.2. (a) Position of ball center and raceway curvature centers with applied axial load, (b) Ball loading at angular position (j
Based on Fig. 2b, in accordance with Newton's 2nd law, for every ball the equation of forces in horizontal and vertical direction is defined as:
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The relation between local Hertz's contact forces Q(j) and deflection ((j) between ball and inner/outer raceway is defined as:
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The previous relation is applicable when (i(j)>0. Otherwise Qoj=Fcj, that is δo,j=(Fcj/Ko)2/3. The conditions in which the ball loses contact with the inner/outer raceways were based on 1[]
, 

The determining of Hertz's contact stiffness Km (m=i,o) is based on ][2. Four parameters X1j, X2j, (i(j), (o(j) for each ball position were obtained by solving the non-linear relations (3) and (4) using Newton-Raphson method, for the presupposed values of relative ring displacement (δa, δr i θy). Permissible error in Newton-Raphson iterations is 10-10. In order to reduce the time needed for finding suitable solutions, and narrow down the area of iteration, an additional condition is set αi+αo = 2αp.
In order to find the value of δa, δr i θy the conditions of equilibrium applied to the entire bearing must be set. Considering the combination of the external load of the bearing, the equations of equilibrium for the inner ring are:
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After obtaining the primary variables δa, δr and θy, a new set of values X1j, X2j, (i(j), (o(j), must be determined in order to be compatible with the primary values. After all the values X1j, X2j, (i(j), (o(j), are  determined, contact parameters such as contact forces, contact angle contact deformations and the contact areas for each position of the ball are calculated. Following that, the angle of contact with the outer and inner raceway in Fig. 2a is:
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Since the external loads affect the balls, an uneven distribution of contact forces and an uneven contact angle change occurs. The consequence of the aforementioned is the uneven distribution in bearing stiffness, depending on the position of the ball. This paper presents the stiffness coefficients for every ball as the combination of the effects of kinematic and elastic properties on the bearing. The bearing stiffness consists of an array of combined stiffness of the ball/inner raceway and ball/outer raceway. Therefore, the axial (ka) and radial (kr) bearing stiffness are [3]:
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After establishing the contact load and the contact angle, the radial and axial stiffness on the inner and outer raceway can be determined through Hertz's contact stiffness as:
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2.2 NUMERICAL  MODEL OF THE TILLAGE ASSEMBLY
In defining the static model of the tillage hub unit, i.e., the tillage, shaft, bearings (rings and balls), and the housing, the hexahedral element SOLID 90 was used to mesh solid structure. In order to improve the accuracy and speed at the same time, elements, i.e. the raceways and balls, are meshed in a more refined manner. Model consists of 90541 solid elements and 101103 nodes in total. The finite elements CONTA174 and TARGET170 were used to simulate contact joints. To simulate contact joints, contact pairs were created at the joints, and the real constant was defined, i.e., the bearing stiffness for each ball. Because of the tillage hub unit symmetry only a half of the three-dimensional model was considered, as shown in Fig. 3.

To completely construct the 3D FE model in the ANSYS, all bearing stiffness must be computed using aforementioned relation and set up in the model.
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Fig.3. The 3D FE model of the tillage hub unit
3. RESULTS AND DISCUSSION
The outer ring of the hub was rotating at 140 [rpm]. At the same time a constant horizontal load (F) is applied on the disc at a distance of 185 [mm] from center (Fig. 3). Analysis of the tillage hub unit static behaviour, includes of the bearings which have different internal construction as shown in Table T1.
Table T1. Internal geometry of the bearing
	Marks
	Z
	db
	Ao
	Ai
	ri
	re
	di
	de
	α

	Type 1
	26
	11,1
	15,8
	15
	5,7
	5,9
	41,8
	64,2
	35

	Type 2
	24
	11,9
	12,2
	11,6
	6,1
	6,2
	42,5
	66,5
	38

	Type 3
	26
	12,7
	19,3
	18,5
	6,6
	6,8
	45,7
	71,3
	35

	Type 4
	26
	13,4
	13,9
	13,2
	6,9
	7,1
	48,9
	76,1
	38

	Type 5
	22
	11,9
	39,4
	38,6
	6,2
	6,2
	34,8
	58,9
	40

	Type 6
	22
	11,9
	15,9
	15,2
	6,2
	6,2
	34,8
	58,9
	40

	Type 7
	22
	13,4
	14,9
	14,3
	6,9
	7,1
	38,4
	65,6
	32

	Type 8
	28
	10,3
	19,3
	18,7
	5,4
	5,5
	41,1
	61,9
	35


Note: Z-nubmer of the ball; db-diameter od the ball; Ao-distance between outer raceways; Ai-distance between inner raceways, ri,o- Inner and outer raceways groove curvarure radius; di,o-Diameter of the inner and outer raceways; α-contact angle.
For the considered bearings in Table T1 by analytical method are determined bearing static and dynamic capacity and bearing life, while using finite element method determined eqivalent Von Misses's stress and displacments on the disc in the force direction. Table T2 shows the results of analysis for observed bearing determined by the mathematical model. 

Table T2. Results of the analysis for observed bearing
	
	Dynamic capacity
	Static capacity
	Fa=4 KN
	Fa=7,5 KN

	
	
	
	Max. eqivalent Von Misses's sstress
	Max. displacement
	Bearing life
	Max. eqivalent Von Misses's sstress
	Max. displacement
	Bearing life

	Marks
	Co [kN]
	C [kN]
	( [MPa]
	Ux [mm]
	L x 106 [obrtaja]
	( [MPa]
	Ux [mm]
	L x 106 [obrtaja]

	Type 1
	57
	48
	173
	0,32
	100
	324
	0,60
	67

	Type 2
	67
	49
	185
	0,33
	114
	347
	0,61
	78

	Type 3
	73
	62
	-
	-
	-
	339
	0,59
	136

	Type 4
	87
	72
	-
	-
	-
	356
	0,58
	127

	Type 5
	53
	44
	-
	-
	-
	504
	0,68
	12

	Type 6
	53
	44
	-
	-
	-
	410
	0,66
	25

	Type 7
	74
	62
	-
	-
	-
	314
	0,62
	115

	Type 8
	50
	41
	-
	-
	-
	333
	0,61
	33


3.1 Analysis of the eqivalent Von Misses's stress
Distribution of the maximum equivalent stresses for the considered bearings are shown in Figures 5 to 9. The maximum equivalent stress occurring on the shaft of disc, where it is the inner ring of the bearing, except for the bearings Type 5 and Type 6 as as shown in the following figures is approximately 290 to 360 MPa. In the bearings Type 5 and Type 6 maximum equivalent stresses occur on the bearing ball at the contact with the inner raceways and amounts for 504 and 410 MPa (Figure 5 and Table T1). In these bearings maximum equivalent stresses on the shaft of disc is 290 MPa to 248 MPa.
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Fig. 4 Distribution of the maximum equivalent stresses:a) Type 1; b) Type 2
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Fig. 5 Distribution of the maximum equivalent stresses: a) Type 3; b) Type 4; b) Type 5
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Fig. 6 Distribution of the maximum equivalent stresses: a) Type 6; b) Type 7; b) Type 8
3.2 Analysis of the displament on the disc

In the analysis of displacements, it is contemplated displacements in the direction of the force according to Figure 3. The maximum displacement of all the considered the bearing occurs on the disc at the site of action of the axial load, and ranges from 0.58 to 0.68 [mm], depending on the type of bearing. Figure 8 shows the distribution of displacements in the direction of the force of the rolling bearing Type 1 and Type 2. For other types of bearing the maximum displacement shown in Table T2.
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Fig. 8 Distribution of dispmacmens:a) Type 1; b) Type 2
3.2 Analysis of the bearing life

The bearing life was determined by the considered on the basis of the external axial loads applied on the disc and the moment about the Z axis of the bearing, which can cause the mentioned axial load. Table T2 shows the value of the load torque of the bearing around the Z axis, and the bearing life 'considerations expressed in hours of work.

Table T3. Moment and bearing life [h]

	
	Moment Mz [Nm]
	Bearing life [h]

	Marks
	Fa=4000
	Fa= 7500 N
	Fa=4000
	Fa= 7500 N

	Type 1
	0.37
	0.71
	12000
	8100

	Type 2
	0.38
	0.70
	13000
	9400

	Type 3
	-
	0.69
	-
	16000

	Type 4
	-
	1.01
	-
	15000

	Type 5
	-
	1.34
	-
	1400

	Type 6
	-
	0.99
	-
	3100

	Type 7
	-
	0.82
	-
	23000

	Type 8
	-
	0.81
	-
	4700


4. CONCLUSION 
This paper presents mathematical models for static analaysis of the tillage hub units. For of the tillage hub units due to lower vehicle speed centrifugal force is small, so the difference between the contact load paths with rolling below 1%, so that the influence of inertial forces can be neglected.
Based on a comprehensive analysis discussed of the tillage hub units can be concluded following:

The maximum equivalent stress are at all considered types, except for the bearings Type 5 and Type 6 occur on the shaft of disc and are moving in the range from 290 to 360 MPa. In the bearings Type 5 and Type 6maximum equivalent stresses occur on the ball at the site of contact with the inner raceways and account for 504 or 410 MPa. Also, these two types of bearings have smallest beraing life as a result of the maximum equivalent stresses on the ball. According to the literature designed bearing life of the bearing for agricultural vehicles ranges from 4000 to 8000 h. From the foregoing it appears that bearings Type 5 and Type 6 does not satisfy the required criteria, because the life thereof is 1400 h and 3100 [h].
In all other considered bearing life is in the range or above the levels required life, and from it determines that it meets the conditions from the viewpoint of durability.
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