
Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 1, 20206

Article citation info:

Acronyms and Abbreviations

FEA Finite element analysis
MW Momentum wheel
MWB Momentum wheel bearing
PDF Probability distribution function
SSI Stress-strength interference

Notations

( )N ⋅  Normal distribution
( )P ⋅  Probability for a random variable
( )R ⋅  Reliability

s  Stress
σ  Strength

( )sf x  PDF of the stress
( )f xσ  PDF of the strength
( )Φ ⋅  Standard normal cumulative distribution function

1. Introduction

Momentum wheels (MWs) are used for changing orientation of 
satellites. With advantages of low-power consumption, strong anti-
disturbance ability, contamination-free and high-control precision, 
MWs have been widely adopted in attitude and orbit control system 
of satellites. However, the failure of MWs frequently occurred, ac-
cording to the observation data from [33]. On the one hand, the failure 
of MWs will lead to catastrophic consequences to inertial actuators, 
even to the whole satellites [5]. On the other hand, the attitude control 
of satellites relies on MWs. Hence, the reliability estimation for MWs 
is essential to guarantee high reliability and mission success of satel-
lites [4].

Due to the limitations of cost, time and difficulties in data col-
lection, reliability estimation of MWs is always restricted by small 
amount data [22, 18, 21, 35]. To this end, the reliability estimation of 
MWs mainly relies on the simulation, testing and degradation models 
[3, 12, 19, 27, 28, 30]. The Russian Academy of Science adopted deg-
radation based method and related testing technology to estimate the 
lifetime of the turned gyroscope RBHK05-78, and a remaining useful 
life of 30000 hours was estimated by using the extrapolation method 
[10]. The venerable companies, BENDIX of USA and TELDIX of 
German, led the research of MWs. To test the reliability of permanent 
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Momentum wheels are the key components of the inertial actuators in the satellites, and the momentum wheel bearings are weak 
links of momentum wheels as they operate under harsh conditions. The reliability estimation for momentum wheel bearings are 
helpful to guarantee the mission successes for both momentum wheels and satellites. Hence, this paper put emphasis into reli-
ability estimation of a momentum wheel bearing considering multiple coupling operating conditions and frictional heat by using 
the finite element analysis. The stress-strength interference model is employed to calculate the reliability of the momentum wheel 
bearing. A comparative analysis for reliability estimation with and without frictional heat of the momentum wheel bearing is con-
ducted. The results show that the frictional heat cannot be ignored in the reliability analysis of momentum wheel bearings.

Keywords: Momentum wheel bearings, Finite element analysis, Frictional heat, Stress-strength interference 
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Koła zamachowe są kluczowymi elementami składowymi siłowników bezwładnościowych w satelitach. Ich łożyska stanowią słaby 
punkt podczas pracy w trudnych warunkach. Ocena niezawodności łożysk kół zamachowych pozwala zapewnić powodzenie misji 
zarówno w odniesieniu do samych kół zamachowych, jak i satelitów. Dlatego też niniejszy artykuł poświęcono zagadnieniu oceny 
niezawodności łożyska koła zamachowego z wykorzystaniem analizy metodą elementów skończonych przy uwzględnieniu wielu 
sprzężonych warunków pracy oraz ciepła tarcia. Do obliczenia niezawodności łożyska koła zamachowego zastosowano model 
obciążeniowo-wytrzymałościowy. Przeprowadzono także analizę porównawczą oceny niezawodności łożyska koła zamachowego 
z uwzględnieniem lub bez uwzględnienia ciepła tarcia. Wyniki pokazują, że w analizie niezawodności łożysk kół zamachowych nie 
można pominąć ciepła tarcia.

Słowa kluczowe: łożyska kół zamachowych, analiza MES, ciepło tarcia, model obciążeniowo-wytrzymałościowy.
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The MWB was made by GCr15, which has great performance 
on corrosion resistance and high strength. The density (7830kg/m3), 
Poisson’s ratio (0.3) and coefficient of linear expansion (1.25e-5/℃) 
of GCr15 are regarded as constant in this study. The changes of elas-
ticity modulus and thermal conductivity of GCr15 together with tem-
perature are shown in Table 2.

2.2. Static-structure Analysis

Contact pairs are automatically generated when the model of 
MWB is imported into the ANSYS WORKBENCH. The model of 
the MWB has 8 rolling elements and 24 pairs of contact. Taking the 
surfaces of cage holes and raceway’s groove surfaces of the inner ring 
and the outer ring as target surfaces, and taking the sphere surfaces of 
balls as contact surfaces, 24 pairs in total of contact are built in the 
analysis. All of the contact types are defined as frictional contact with 
the friction coefficient 0.02. 

Meshing of the finite element analysis affects the results directly. 
Meshing is related to both accuracy of analysis results and calcula-
tion time. This paper takes these both parameters into consideration. 
Moreover, a module named Mesh Quality Check is applied to ensure 
the quality of the meshing element. The meshing of the MWB creates 
10084 elements and 29739 nodes, as shown in Fig. 2.

Fig. 2. The meshing of the bearing

magnetic rate integrating gyroscopes, BENDIX took 326 
products as samples and spent 794240 hours. TELDIX 
has provided 588 momentum wheels for 235 satellites, 
and the total no-failure on-orbit time is up to 2200 years 
[13]. Jin [9] proposed a method based on the relation-
ship between the MWs’ physical performances and their 
failure mechanisms to evaluate the reliability of MWs. In 
this method, a stochastic threshold Gauss-Brown process 
model was put forward to describe the failure process of 
MWs. Liu [23] and Jin [8] introduced Bayesian method to 
fuse multi-source information to carry out reliability as-
sessment of MWs. According to engineering practice and 
testing results, the reliability of MWs relies on the high reliability 
and long usage life of momentum wheel bearings (MWBs), which 
are weak links of MWs. From field collection point of view, failures 
of MWBs occupied the first place in the failures of MWs [31, 32]. 
The methods of estimating the reliability of WMs often cost a lot 
of time and money currently. Though reliability estimation on bear-
ings is widely conducted under certain working condition [6, 7, 11, 
14, 15, 21, 29, 37, 38], the method of estimating the reliability of 
MWBs under working condition based finite element analysis (FEA) 
is rare. Furthermore, this paper takes frictional heat into consideration 
by adopting the FEA and stress-strength interference (SSI) model to 
evaluate the reliability of the target MWB. A comparative analysis 
was conducted, which indicates that the reliability of the MW is rela-
tively affected by the frictional heat. A method based on FEA and SSI 
model is introduced here, which provides a solution to the reliability 
estimation for the small sample size products.

The rest of this paper is organized as follows. The finite element 
analysis of the MWB is carried out in section 2. Section 3 introduces 
the SSI model. SSI based reliability estimation for the MWB of the 
MW is conducted in Section 4. Section 5 provides the conclusions of 
this research.

2. Finite Element Analysis

2.1. Introduction of the MWB

This paper analyzes a MWB of a real MW equipped in a satellite 
of China. The MWB is a deep groove ball bearing with an inner ring, 
an outer ring, eight rolling elements and a cage. 

The software namely SOLIDWORKS is used to build the three 
dimensional model of the MWB, and ANSYS WORKBENCH is em-
ployed to carry out FEA. The three dimensional model is shown in 
Fig. 1 and each MWB consists of inner ring, outer ring, cage and 
8 rolling elements. The main parameters of the MWB are listed in 
Table 1. 

Fig. 1. Three dimensional model of the MWB

Table 1. The main parameters of the MWB

Parameter value Parameter value

Bearing outside diameter 
(mm) 50 Number of balls 8

Bearing bore diameter (mm) 22 Rib diameter of outer ring (mm) 40

Bearing width (mm) 14 Rib diameter of inner ring (mm) 32

Ball diameter (mm) 7

Table 2. Material properties of GCr15 changing along with time

Temperature
T/℃

Elasticity modulus
E/GPa

Thermal conductivity
k/W/ (m∙°C)

20 200 40.1

200 192 37.85

400 175 34.5

600 153 30.1
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Loads and boundary conditions

The inner ring of MWB is fixed to the shaft while the outer ring 
revolves around the axis.

To simulate the assemblage of the inner ring and the shaft, a 1) 
fixed support constraint is applied to the inner surface of the 
inner ring.
To simulate the role of the sleeve bearing, axial displacement 2) 
constraints are applied to end surfaces of the outer ring, the 
inner ring and the cage.
To simulate the rotation and the assemblage of the outer ring, a 3) 
rotational velocity is applied to the whole outer ring around the 
axial orientation, and a radial force, which pointes into inside, 
is applied to the outside surface of the outer ring.

Static structure analysis result

In static structure analysis module, equivalent stress is added in 
the solution to detect the stress of the riskiest point on the MWB. Fig. 
3 shows the results of the equivalent stress of the MWB when the 
rotation velocity of the outer ring is 10000 rpm, and the radial force of 
the outer ring is 1200 N. The maximum stress points of the inner ring, 
outer ring and cage of the appeared at the position of contact with the 
rolling elements. The maximum stress on different parts of the MWB 
are listed in Table 3.

As shown in Table 3 and Fig. 3, the maximum stress is on the 
rolling element, more specifically, the contact region of the ball and 
the outer ring. The maximum stress is 368.61MPa, which is regarded 
as the riskiest point. The second maximum stress part of the MWB is 
the inner ring, amounting to 305.98MPa. The third maximum part is 

Fig. 3. Static structure analysis results

(a) The whole bearing

(c) The cage

(b) The inner ring

(d) The outer ring

(e) The rolling elements
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the cage, amounting to 225.12MPa. The minimum stress part is the 
outer ring, amounting to 223.5MPa. The result in Table 3 is accord-
ance with factual reality, which indicates the correctness of the FEA 
in this paper.

2.3. FEA of the MWB Considering Frictional Heat

The MWB produces frictional heat between the 
rolling elements and inner ring, the outer ring and 
cage. The friction may influence the stress of the riski-
est point of the MWB. To this end, this paper adopted 
indirect coupling method in FEA. Steady-state ther-
mal analysis is firstly completed, then the result is 
imported to static structure analysis as a thermal load. 

Finally, the thermal-mechanical FEA is accomplished.

Steady-state thermal analysis
(1)   According to the installation and working conditions of 

MWB, the Loads and boundary conditions are shown as fol-
lows:

(e) The rolling elements

(a) The whole bearing (b) The inner ring

(c) The cage d) The outer ring

Fig. 4. The steady-state thermal analysis results

Table 3. The maximum stress on different parts of the MWB

Different part of the 
MWB

The maximum stress 
(MPA)

Different part of the 
MWB

The maximum 
stress (MPA)

The inner ring 305.98 The outer ring 225.12

The cage 223.50 The rolling elements 368.61
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The heat generated by the friction between the rolling elements 1) 
and the raceways is loaded in the form of heat flux to the race-
way surfaces, which is 42W.
The heat generated by the friction between the rolling elements 2) 
and the cage is applied in the form of heat flux to the hole sur-
faces of the cage, which is 5W.
Applied the convection to the outer surfaces of the inner ring, 3) 
outer ring and the body surface, which is 60 2/ (mm )W ⋅  °C.

(2)   The results of steady-state thermal analysis of different parts 
of the WMB are shown in Fig. 4.

From Fig. 4, the highest temperature of the inner ring, outer ring 
and retainer appears at the position of contact with the rolling ele-
ments. And the highest temperature is 52.778℃, which locates on the 
rolling element, specifically, the contact area between the ball and the 

outer ring. The second highest temperature part of the MWB is the 
outer ring, amounting to 52.536℃. The third highest temperature part 

Fig. 6. The results of thermal-mechanical coupling FEA

(e) The rolling elements

(a) The whole bearing

(c) The cage

(b) The inner ring

(d) The outer ring

Fig. 5. The process of thermal-mechanical coupling analysis
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of the MWB is inner ring, amounting to 51.816℃. The fourth highest 
temperature part of the MWB is cage, amounting to 51.541℃.

Thermal-mechanical coupling analysis

This paper considers both efficiency of calculation and working 
conditions of the MWB. The process is shown in Fig. 5.

The result of steady-state thermal analysis is imported into the 
static-structure analysis as the thermal load. Other loads and bound-
ary conditions are same to the static-structure analysis. The results of 
thermal-mechanical coupling FEA are shown in Fig. 6.

It can be seen from Fig. 6 that the maximum stress is up to 
433.61MPa located on the contact area between the rolling elements 
and the outer ring. It is evident that the stress on the WMB increases 
considerably due to the frictional heat, which indicates that the ther-
mal field cannot be ignored when undertaking FEA to the MWB. That 
is to say the reliability estimation result is more accurate when taking 
frictional heat into consideration than not. It is shown in Fig. 6 that 
the maximum stress is on the rolling element, more specifically, the 
contact region of the ball and the outer ring. The maximum stress is 
433.61MPa, which is regarded as the riskiest point.

3. Stress-Strength Interference Model

Stress-strength interference (SSI) model has been widely used in 
the reliability estimation [1, 2, 25, 36]. In SSI model, Stress represents 
a number of factors promoting the failure while strength represents 
ability of resisting the failure of products. Products fail or not depends 
on the relationship between the stress and the strength. Failure occurs 
if the stress is larger than the strength, otherwise structures would be 
safe [16, 17, 20]. In practice, uncertainties exist in both stress and 
strength, thus stress and strength is no longer a constant value as most 
researchers did [34]. It is proper to describe them by distributions [24]. 
The reliability of a structure is defined as the probability of strength 
is larger than stress. 

The probability density function (PDF) of strength is represented 
as ( )f yδ , and the PDF of stress is represented as ( )sf x .According 
to the definition of the SSI model, the reliability of the structure is 
calculated by Eq. (1):

 ( ) ( ) ( )0
Y

sR P Y X f y f x dx dyδ

∞

−∞ −∞

 = − > =   ∫ ∫  (1)

If both X and Y follow normal distribution ( )2,x yX N µ σ∼
 
, 

( )2,y yY N µ σ∼ , their proper function is Z Y X= − . According to 
the property of normal distribution, Z is also follow a normal dis-
tribution ( )2,z zZ N µ σ∼ . Moreover, z y xµ µ µ= − , 2 2

z x yσ σ σ= + . 
Then, Eq. (1) can be transformed to Eq. (2):
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4. Reliability Estimation of MWB

Owning to complex working conditions, the rotational velocity 
of the MWB is not a constant value but a distribution. The rotational 
speed of the bearing can be represented by a normal distribution with 
mean value of 10000 and standard deviation of 100, which means 

( )210000,100Nω ∼  [7]. Taking 40 random numbers from the nor-
mal distribution of the rotational speed, and adopted them into FEA. 
In order to analyze the effect of frictional heat on the reliability of 
the MWB, both the static structure analysis and thermal-mechanical 
coupling analysis were undertaken 40 times under different rotational 
velocity. The stress on the riskiest point of the MWB were calculated 
by the FEA, as shown in Table 4.

In Table 4, n represents the rotational velocity of the outer ring, S1 
and S2 represents the maximum stress of the bearing under the static 
structure analysis and thermal-mechanical analysis, respectively. The 
histograms of stress on the riskiest point of the MWB are shown in 
Fig. 7. 

S1 and S2 follow normal distributions, as presented in Fig. 8.
It is can be seen from Fig. 7, there are 40 simulation data in each 

of the two conditions. Therefore, the S1 and S2 can be fit by normal 
distribution. Then, Lilliefors test is taken, and the results show that S1 
and S2 follow normal distribution well. The software of MATLAB was 
used to fit S1 and S2, and the results are ( )2

1 370.6678,7.7655S N∼  
and ( )2

2 434.9405,6.7781S N∼ .

Fig.7. The histograms of stress on the riskiest point of the MWB

(a) The histogram of S1 (b) The histogram of S2
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Due to insufficient data of MWB, and the influence of manu-
facturing technology and assembly level, it is difficult to obtain 
the intensity distribution of MWB. In this paper, the intensity dis-
tribution of material is approximately used as the intensity distribu-
tion of MWB. The strength of GCr15 follows normal distribution 

( )2518.42,51.842Nδ ∼ .
According to the SSI model, the reliability of the MWB can be 

calculated by Eq. (2):

( )1 1 2 2

518.42 370.66780
51.842 7.7655

                              0.99759

R P Sδ
 −

= − > = Φ 
+ 

=  

( )2 2 2 2

518.42 434.94050
51.842 6.7781

                              0.94483

R P Sδ
 −

= − > = Φ 
+ 

=

R1 and R2 represent the reliability of the MWB under the static-
structure analysis and under the thermal-mechanical coupling analy-
sis, respectively. The results indicate that frictional heat does affect 
the reliability of MWB, and frictional heat cannot be ignored in the 
reliability estimation of the MWB.

5. Conclusions

In this paper, a reliability estimation method for MWBs based on 
FEA and SSI model is proposed. Firstly, the thermal-mechanical cou-
pling FEA to the MWB is carried out. Then, the reliability estimation 
based on stress-strength interference model and the comparison anal-
ysis between the static-structure analysis and the thermal-mechanical 
coupling analysis is fulfilled. The reliability under static-structure 
analysis is 0.99759, and the reliability under the thermal-mechanical 

Table 4. The stress on the riskiest point of the MWB at various rotational speed

n/rpm S1/MPa S2/MPa n/rpm S1/MPa S2/MPa

10054 371.79 436.23 10072 372.78 437.06

10183 379.23 442.31 10163 378.07 441.34

9774 355.99 421.71 10049 371.45 435.96

10086 373.60 437.73 10103 374.59 438.50

10032 374.47 435.13 10073 372.83 437.10

9869 361.27 427.06 9970 366.94 432.15

9957 366.19 431.51 10029 370.30 434.99

10034 370.63 435.26 9921 364.15 429.97

10358 389.45 450.63 10089 372.82 437.87

10277 384.67 446.74 9885 362.17 427.97

9865 361.06 426.84 9893 362.60 428.40

10303 386.19 447.86 9919 364.04 429.86

10073 372.83 437.10 9706 352.25 417.96

9994 368.28 433.33 10144 376.96 440.42

10071 372.72 437.01 10033 370.57 435.22

9980 367.48 432.61 9925 364.36 430.18

9988 367.91 433.03 10137 376.52 440.08

10149 377.24 440.65 9829 359.05 424.80

10141 376.80 440.31 10067 372.50 436.83

10142 376.85 440.32 9879 361.80 427.59

Fig. 8. The normal plot of the stress on the riskiest point of the MWB

(a) The normal plot of S1 (b) The normal plot of S2
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analysis is 0.94483. It is evident that the reliability decreases a lot 
owing to the effect of frictional heat, which indicates that the effect 
of frictional heat on the reliability of MWB cannot be ignored. Put it 
in another way, the reliability estimation result considering frictional 
heat proposed in this paper is more accurate than the method ignor-
ing the fictional heat. Future work can be done by considering more 

physical fields, for example, electrical field, magnetic field and so on 
to make the estimation result more close to practical engineering.
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