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Abstract. The contact angle and load distribution are important indicators for reflecting the 
operating condition of the angular contact ball bearing (ACBB). However, the raceway with local 
defect may cause serious diversification of contact angle and contact load. To analyze the effect 
of defect on bearing performances, a mechanical model considering the centrifugal force and 
gyroscopic moment of the rolling element is established for the defective ACBB. On this basis, 
the impacts of number of rolling elements on the load distribution and contact angle of defective 
ACBB have been evaluated. Also, the influence of defect size is taken into consideration. The 
results indicate that when a rolling element passes through the defect area, the rolling element will 
be partially or completely unloaded, while the others are loaded. This condition causes the load 
distribution and contact angle of ACBB are significantly influenced by the size of the defect. 
Under high-speed condition, the centrifugal force will aggravate the variation of the load 
distribution and contact angle in the defect area. The study in current work will be of great 
significant for revealing the failure mechanism and preventing premature failure for the ACBB. 
Keywords: rolling element, contact load, contact angle, local defect. 

1. Introduction 

As the load-carrying and moving connecting units in rotating machinery, rolling bearings are 
the most impact- and wear-intensive components. In the manufacturing or long-term service, due 
to processing errors, constantly external or internal impact load, corrosion, wear and other reasons, 
the rolling elements and raceways of bearings are prone to produce the local defects, such as 
pitting, spalling, cracks, dents, and scratches [1]. The occurrence of local defects and their further 
deterioration will dramatically affect the operating performance of the bearing and significantly 
increase the vibration level of the bearing. Once the faults in the bearing system cannot be detected 
in time, the bearing and its corresponding mechanical system may result in serious failure or even 
catastrophic accident. Therefore, to prevent the bearing from failure deterioration and understand 
the failure mechanism of the bearing systems, it very essential to systematically study and analyze 
the impacts of local defect on the dynamic characteristics of rolling bearing. Also, the relevant 
theoretical analysis is of great significant to the quality inspection and condition monitoring of 
rolling bearing. 

In the past decades, researchers have been conducted lots of works for the healthy rolling 
bearings. In 1901, Stribeck [2] firstly proposed a static analysis model for ball bearings based on 
the Hertz contact theory. Palmgren et al. [3] studied the deformation and contact load of the rolling 
bearing under axial, radial and moment. Jones [4] developed a quasi-static analytical model 
considering the inertia effect of rolling element. Subsequently, Harris [5] improved Jones’ model 
and developed a new quasi-static model for the rolling bearing. Their works was named as 
Jones-Harris (J-H) model. Generally, if the local defect occurs in the running of rolling bearings, 
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the bearing contact characteristics and stiffness will change abruptly [6]. When the rolling element 
passes through the local defect area, the periodic impulse force will appear which may result in 
unacceptable vibration in rolling bearing system [7].  

Patel et al. [8] established a dynamic analysis model for ball bearings with compound defects 
at the inner and outer rings, and solved the motion control equations of the bearing, the influence 
of rolling element and base vibration. Liu et al. [9]-[10] established a rolling bearing dynamic 
model based on the piecewise function at the local defect edge and the Hertz contact theory, 
studied different defect sizes, bearing contact mechanical properties and dynamic response under 
edge shape and plastic deformation. Singh et al. [11] used an explicit dynamic finite element 
method to study the change of the internal contact load of roller bearing with spalling at outer ring.  

Most scholars pay close attention to the dynamic modeling of defect bearing and compare the 
vibration response of bearings with and without defect. However, there are few studies on the 
influence of local defect on dynamic characteristics, i.e. the contact angle and contact load 
between the elements and the bearing raceway. 

Petersen et al. [12] proposed a static analysis model of ball bearing considering the rectangular 
defect on the raceway, and discussed the influence of the defect size on the bearing load 
distribution under different static loads. Li et al. [13] and Cheng et al. [14] studied the influence 
of defects on contact angle, contact load distribution and stiffness, respectively. Gao et al. [15] 
considered five defect positions on the raceway, established static and dynamic models of 
single-row angular contact ball bearings, and studied the influence of defects on bearing 
displacement, contact force, load distribution, stiffness and vibration response. 

This paper proposes a mechanical model for the ACBB with the local defect on outer raceway 
based on J-H model. On the basis, the effects of the circumferential extent of local defect and the 
number of rolling elements on the ACBB contact angle and contact load distribution are 
systematically and innovatively studied under external load conditions. 

2. Mechanical model of ACBB with local defect 

The quasi-static model of ACBB with local defect is built by combining the local defect 
functions with the mechanical model of normal bearings. 

2.1. Global and local coordinate systems 

As shown in Fig. 1, three external forces about 𝑥-axis, 𝑦-axis and 𝑧-axis and two moment loads 
about 𝑥-axis and 𝑦-axis are acting on the center of ACBB. Bearing is subjected to external forces 
and moment loads represented by force vectors 𝐹 = ൫𝐹௫;𝐹௬;𝐹௭;𝑀௫;𝑀௬൯். Hence, three translation 
displacement and two rotate angles are generated on the center of ACBB. The bearing 
displacements can be defined by a displacement vector, that is 𝛿 = ൫𝛿௫;𝛿௬;𝛿௭;𝜃௫;𝜃௬൯். 

 
Fig. 1. Global coordinate system of ACBB 
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When the inner raceway rotates at a constant angular speed 𝜔௦ = 2𝜋𝑓௦, the angular speed of 
cage 𝜔௖ is given as bellow: 𝜔௖ = 𝜔௦2 ൬1 − 𝐷𝑑௠ cos𝛼൰, (1)

where 𝐷 is the ball diameter, 𝑑௠ is the pitch diameter and 𝛼 represents initial contact angle. The 
azimuth of the 𝑗-th element is: 

𝜓௝ = ሺ𝑗 − 1ሻ2𝜋𝑁 + 𝜔௖𝑡,     𝑗 = 1,2,3 … ,𝑁, (2)

where 𝑁 is the number of rolling elements. 

 
Fig. 2. Displacement analysis of rolling elements passing through outer raceway defect 

In this study, it is assumed that the outer raceway of ACBB has a local defect, as given in 
Fig. 1 and the enlarged view of the ball passing through the local defect area are shown in Fig. 2. 
The azimuth center of the local defect is 𝜓௙ in the coordinate system, and the circumferential angle 
extent of the defect is denoted by Δ𝜓௙. When the element passes through the local defect area, the 
additional displacement excitation will be produced. The local defect can be described by the 
function derived by Petersen [12], that is: 

ℎ൫𝜓௝൯ =
⎩⎪⎪
⎨⎪
⎪⎧minቌℎ, 𝑅 − ඨ𝑅ଶ − 14 𝑟௢ଶ ൬12𝛥𝜓௙ + 𝜓௝ − 𝜓௙൰ଶቍ , 𝜓௙ + 12Δ𝜓௙ ≥ 𝜓௝ > 𝜓௙,

minቌℎ, 𝑅 − ඨ𝑅ଶ − 14 𝑟௢ଶ ൬12𝛥𝜓௙ + 𝜓௝ − 𝜓௙൰ଶቍ , 𝜓௙ ≥ 𝜓௝ ≥ 𝜓௙ − 12Δ𝜓௙,0, others,
 (3)

where ℎ൫𝜓௝൯ is the defect function of the rolling element at the azimuth angle 𝜓௝, 𝑟௢ expresses the 
radius of the outer ring, and 𝑅 represents the radius of the rolling element. 

2.2. Equilibrium of rolling elements 

In the operation process, as shown in Fig. 3, each rolling element of the bearing is always in 
force equilibrium. Therefore, according to the relationships described in Fig. 3, the force balance 
equation for each rolling element is established as: 
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൞𝐹𝑐𝑗 + 𝑀𝑔𝑗𝐷 ൫𝜆𝑖𝑗sin𝛼𝑖𝑗 − 𝜆𝑜𝑗sin𝛼𝑜𝑗൯ − 𝑄𝑜𝑗cos𝛼𝑜𝑗 + 𝑄𝑖𝑗cos𝛼𝑖𝑗 = 0,−𝑀𝑔𝑗𝐷 ൫𝜆𝑖𝑗cos𝛼𝑖𝑗 − 𝜆𝑜𝑗cos𝛼𝑜𝑗൯ − 𝑄𝑜𝑗sin𝛼𝑜𝑗 + 𝑄𝑖𝑗sin𝛼𝑖𝑗 = 0,  (4)

where 𝜆௜௝ = 𝜆௢௝ =1, the gyroscopic moment 𝑀௚௝ of the bearing rolling element is equal to the 
friction force between the raceways. 

 
Fig. 3. Forces of the 𝑗-th rolling element 

2.3. Equilibrium of equations of inner ring 

On the above analysis, the contact forces 𝑄௜௝, 𝑄௢௝ and the contact angles 𝛼௜௝, 𝛼௢௝ can be 
calculated. Then, the force balance equations of the inner raceway can be established as bellow: 

⎩⎪⎪
⎪⎪⎪
⎪⎨
⎪⎪⎪
⎪⎪⎪
⎧𝐹𝑥 = ෍ቆ𝜆𝑖𝑗𝑀𝑔𝑗𝐷 sin𝛼𝑖𝑗 + 𝑄𝑖𝑗cos𝛼𝑖𝑗ቇ cos𝜓𝑗𝑁

𝑗=1 ,
𝐹𝑦 = ෍ቆ𝜆𝑖𝑗𝑀𝑔𝑗𝐷 sin𝛼𝑖𝑗 + 𝑄𝑖𝑗cos𝛼𝑖𝑗ቇ sin𝜓𝑗𝑁

𝑗=1 ,
𝐹𝑧 = ෍ቆ−𝜆𝑖𝑗𝑀𝑔𝑗𝐷 cos𝛼𝑖𝑗 + 𝑄𝑖𝑗sin𝛼𝑖𝑗ቇ𝑁

𝑗=1 ,
𝑀𝑥 = ෍ቆ−𝜆𝑖𝑗𝑀𝑔𝑗𝐷 cos𝛼𝑖𝑗 + 𝑄𝑖𝑗sin𝛼𝑖𝑗ቇ𝑅𝑗sin𝜓𝑗,𝑁

𝑗=1𝑀𝑦 = ෍ቆ𝜆𝑖𝑗𝑀𝑔𝑗𝐷 cos𝛼𝑖𝑗 − 𝑄𝑖𝑗sin𝛼𝑖𝑗ቇ𝑅𝑗cos𝜓𝑗𝑁
𝑗=1 .

 (5)

2.4. Calculation procedure of the theoretical model 

To solve the mechanical model of ACBB with local defect given above, the nonlinear 
equations of inner ring and rolling elements should be solve iteratively based on the 
Newton-Raphson method. The complete solution procedure for solving the proposed model is 
given in Fig. 4. 
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Fig. 4. Calculation flow chart 

2.5. Validation of the method 

The model is validated in this section and the ACBB contact angle and contact load obtained 
by this method are compared with the results calculated by Wan [16]. 

The comparison results are shown in Table 1. The calculation results of the model in this 
paper are in good agreement with the calculation results of wan, which verifies that the mechanical 
model proposed in this paper is effective. 

Table 1. Verification results 
Contact characteristic Wan [16] Proposed model 

Outer ring contact load 𝑄௢ 488.97 N 489.66 N 
Inner ring contact load 𝑄௜ 76.57 N 76.68 N 

Outer ring contact angle 𝛼௢ 4.074° 4.069° 
Inner ring contact angle 𝛼௜ 37.70° 37.64° 

3. Results and discussions 

Based on the above model, the dynamic characteristics of ACBB B218 under different working 
conditions are studied and analyzed. The detailed structural parameters of B218 are shown in 
Table 2.  

Table 2. Structural parameters 
Bearing parameters Values 

Rolling Element diameter 𝐷 22.225 mm 
Outer raceway diameter 𝑑௢ 147.7264 mm 
Inner raceway diameter 𝑑௜ 102.7938 mm 
Number of rolling elements 𝑁 16 
Radial clearance 𝑟௅ 0.1 um 
Initial contact angle 𝛼 40° 
Outer raceway groove curvature coefficient 𝑓௢ 0.5232 
Inner raceway groove curvature coefficient 𝑓௜ 0.5232 
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This section considers the outer raceway with different local defects (Δ𝜓௙ = 2°, 6°, 10°) and 
healthy bearing conditions, studies the bearing contact angle (𝛼௜, 𝛼௢) and contact load (𝑄௜, 𝑄௢) 
distribution changes with the number of bearing rolling elements (𝑁 = 8, 10, 14, 16). The center 
angle of the local defect is located at the azimuth angle of 𝜓௙ = 270°, the external load is  𝐅 = (0, 1 KN, 5 KN, 0, 0) and the rotating speed is 5000 r/min.  

 
Fig. 5. Effect of number of rolling elements on contact angle of inner and outer rings under different 

defects: a) Δ𝜓௙ = 0°, b) Δ𝜓௙ = 2°, c) Δ𝜓௙ = 6°, d) Δ𝜓௙ = 10° 

As shown in Fig. 5(a) and Fig. 6(a), when a healthy bearing is subjected to combined loads, 
the distribution of contact angles (𝛼௜, 𝛼௢) and contact loads (𝑄௜, 𝑄௢) between the rolling elements 
and the inner/outer ring changes sinusoidal with the azimuth angle of the rolling elements. In the 
case of the number of rolling elements is constant, the contact angle 𝛼௜ of the inner raceway is 
larger than the contact angle 𝛼௢ of the outer raceway, and the contact load 𝑄௜ of the inner raceway 
is smaller than the contact load 𝑄௢ of the outer raceway. As the number 𝑁 of bearing rolling 
elements increases, 𝛼௜ will gradually increase, while 𝛼௢ will gradually decrease. In addition, 𝑄௜ 
and 𝑄௢ will decrease with the increase of 𝑁 whether the load-bearing area or the non-load-bearing 
area, more importantly, the contact load distribution curve of the inner and outer rings will 
gradually become flat, which means that more rolling elements are located in the load-bearing 
area. 

As shown in Fig. 5(b-d) and Fig. 6(b-d), the distribution of contact angles (𝛼௜, 𝛼௢) and contact 
loads (𝑄௜, 𝑄௢) of bearing with three different local defect sizes Δ𝜓௙ = 2°, 6°, 10°. When the rolling 
element passes through the local defect area, the rolling element will neither suddenly drop into 
the defect region to release the elastic deformation, nor abruptly leave the defect area to obtain the 
elastic deformation. It can be seen from the figure that when the rolling elements enters into or 
leaves from the defect area, the contact deformation releasing and obtaining process is in a gradual 
manner, specifically the distribution of contact angle and the contact load will change in a gradual 
manner at the edge of the defect. 

When the bearing is subjected to an external load, the contact deformation between the rolling 
elements at the local defect area and the inner/outer raceways will be reduced, the load will be 
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partially or completely unloaded, and the load to be borne will be partially or fully distributed to 
rolling elements around it. However, the force and moment load under the inner ring of the bearing 
are unchanging, so the contact load of the rolling elements around the local defect area will 
increase, while the contact load of the rolling elements farther from the local defect area will 
decrease. It is certain that as the circumferential extent of local defects becomes larger and larger, 
part of the rolling elements will fall into the defect area, and this part of the rolling elements may 
regain the bearing capacity. 

 
Fig. 6. Effect of number of rolling elements on contact load of inner and outer rings  

under different defects: a) Δ𝜓௙ = 0°, b) Δ𝜓௙ = 2°, c) Δ𝜓௙ = 6°, d) Δ𝜓௙ = 10° 

According to the geometry dimension calculation of bearing azimuth Angle between the roller 
spacing, When the number of rolling elements 𝑁 = 16, the angular spacing between two adjacent 
rolling elements Δ𝜓௝ = 22.5°, when 𝑁 = 14 and Δ𝜓௝ = 25.7 °, when 𝑁 = 10 and Δ𝜓௝ = 36 °, 
when 𝑁 = 8 and Δ𝜓௝ = 45°. The rolling elements roll into or out of the local defect area, 𝛼௜, 𝛼௢ 
and 𝑄௜, 𝑄௢ have local abrupt changes at every 22.5°, 25.7°, 36° and 45° distribution of the bearing 
azimuth, as the size increases, the occurrence of these mutations will become more and more 
obvious. When the rolling element rotation does not pass through the local defect area, the 
distribution of 𝛼௜, 𝛼௢ and 𝑄௜, 𝑄௢ is the same as that of the healthy bearing, which explains that the 
contact characteristic trend of the ACBB with local defect is the same as that of the healthy 
bearing, but when the rolling element passes through the local defect area Local mutation occurs. 

4. Conclusions 

Through the analysis, the following conclusions can be drawn:  
1) For healthy angular contact ball bearings operating at high speeds, not all rolling elements 

are loaded, only the rolling elements in the load zone are subjected to external loads. When the 
cage rotates, the position and number of bearing rolling elements are constantly changing, which 
leads to real-time changes in the contact angle and contact load distribution. 

2) When the rolling elements pass through the defect area, the rolling elements in the defect 
lose all or part of bearing capacity, the number of loaded rolling elements will vary, and the load 
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will be redistributed to other rolling elements outside from the defect area. 
3) As the local defects become larger, the contact angle and contact load mutation at the 

bearing defect will be more obvious. 
4) The number of rolling elements has a very obvious effect on the contact characteristics of 

angular contact ball bearings. With an appropriate number of rolling elements, the distribution 
curve of the contact load will gradually become flat, indicating that more rolling elements of the 
bearing are located in the load-bearing area to carry the load. 
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