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This paper investigates characteristics of the TRB such as displacements, contact forces between roller and inner ring, outer ring and
flange, contact angle between roller and flange, load distribution along roller, and stiffness matrix, when the TRB is subjected to
combined radial and moment loads. Understanding of these characteristics deserves attention for developing more sustainable TRBs.
To this end, a five-degree-of-freedom model of TRB is employed. Unlike other studies, this paper takes TRB displacements as unknown
variables and determines them by iteratively solving the roller and bearing equilibrium equations. A new formula for load variation
in rollers is also presented by using an integration technique. The developed method is validated by comparing preliminary results
with those from a reference program. The characteristics of TRBs subjected to combined radial and moment loads are simulated as

a function of roller profile and rotational speed.
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1. Introduction

Tapered roller bearings (TRBs) have a very noticeable feature of
high load capacity against axial and radial loads. By nature, they can
also support moment load. Hence, TRBs have been particularly
considered in high load supporting applications such as automobile
wheel hub assembly, gas turbine engine, milling machine spindle, etc.

Generally, rolling element bearing stiffness is an essential factor that
affects dynamic behavior of rotating spindle. Because bearing stiffness
is needed for analyzing the dynamic characteristics, for example,
natural frequencies, mode shapes, and vibration amplitudes. The
contact force and load distribution in roller of TRBs have been found
to significantly influence their lubrication regimes, life time, or
reliability. Therefore, accurate estimation of these characteristics is very
valuable for better design so as to improve the performance and fatigue
lives of TRBs, as well as predicting the performance of rotating
systems supported by TRBs.

The fundamental theories of rolling element bearing were early
outlined by Palmgren,' Jones® and Harris.’> Studies on bearing were
further extended by many researchers because of increasing demand
toward higher efficiency. Regarding TRB, various investigations have
been carried out that focused on determination of bearing

characteristics. Andreason* analyzed the load distribution in a TRB
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under radial and axial loads. Although he effectively used a vector
method to determine the elastic deformation of the roller and raceways,
the centrifugal force and gyroscopic moment in TRB were not taken
into account. Andreason’s model* was further improved by Liu® so as
to investigate the effect of given misalignment angles on the
performance of TRB under combined loads. He considered the TRB
characteristics under more realistic conditions, e.g., high speed, and
actual direction of flange-roller contact force, which were neglected in
the Andreason’s research.* However the TRB displacements in the
researches of both Liu® and Andreason* were assumed to be known a
priori, rather than taken as unknown variables. This obviously limits
the applicability of the model.

De Mul et al.%” presented a general theory for determination of
stiffness matrix and displacements of ball and roller bearings. Cretu et
al.® used the de Mul’s model to investigate the dynamic characteristics
of TRBs under lubricating conditions. His study was confined to
straight roller and raceway profiles. This implies impracticability
because the roller or raceway profiles have been modified considerably
to reduce the pressure concentration at the ends.’

Recently, Houpert improved the previous study'®!! to perform an
analytical approach for determining loads and moments of TRB as a
function of given displacement with neglecting the influence of

centrifugal and gyroscopic moment. A transition from point contact to
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line contact between roller and raceways with the increasing load has
also been considered.

In this paper, the characteristics of TRBs with modified roller
profile such as displacements, contact forces between roller and inner
ring, outer ring and flange, load distribution along roller, and stiffness
matrix were investigated. First, based on the theory of de Mul et al.®’
an alternative integration method was proposed to replace the slicing
technique. Subsequently, the developed model was verified by
comparing the computational displacement and stiffhess of the TRB at
difference rotational speeds with those from a reference code.'” Finally,
the effects of combined radial and moment loads on the characteristics
of TRB were reported. The presented results on TRBs subjected to
practical loading conditions are believed to contribute to developing
more sustainable TRBs.

2. Derivation of Dynamic Equations for TRB

In order to obtain bearing equilibrium equations, it is necessary to
solve the equilibrium equations of all rollers which are related to roller
contact forces. The derivation of these equations was clearly presented
by de Mul et al.%” and briefly summarized below.

2.1 Assumptions

The following assumptions are made for reducing the complexity of
analysis: (1) Loads generated by the cage and frictions are neglected;
(2) The elastic deformation appears only at the contact location
between roller and bearing rings; (3) Axial preload is large enough to
allow no gaps appear between the roller and raceways.

2.2 TRB Coordinate Systems, Loads and Displacements

Fig. 1 shows the TRB coordinate systems and loading. The bearing
global coordinate system (x, 3, z), external force vector {F}” = {F,, F,
F., M,, M,} and the inner ring displacement vector {5}” = {3, 6 O o
%+ are shown in the Fig. 1(a). In the local cylindrical coordinate system
(r, ¢ z) which is fixed with a particular roller at azimuth angle ¢, the
inner ring contact force and displacement vectors are {Q}" = {Q,, 0.,
My and {u}" = {u, u., 6}, respectively. The roller displacement is
expressed by vector {v}” = {v,, v., y} (Fig. 1(b)). The relationship
between vectors {u} and {o} is stated as

(a) (b) (©
Fig. 1 Bearing coordinate systems and loading. (a) (x, ), z) global
coordinate system, (b) (r, ¢, z) cylindrical coordinate system, (c) (&, &,
n) inclined coordinate system

{uy = [Rg].{5} (1

where [R¢] is the global transformation matrix,

cos@sing 0 —zpsingzpcos
[RA1=| 0 0 1 rpsing zpcos @

0 0 0 —sing cos¢g

The contact load vector {Q} depends on both the roller and inner
ring displacements, i.e.,

{0} = {0({u}, {v))} 3

In the inclined coordinate system (& ¢ 17) (Fig. 1(c)), the
corresponding contact force and displacement vectors indexed by
subscript xare {0,}7= {0s Os M}, {u}™= {us, ug 6}, and {v, 7= {v,
vs ). By using local transformation matrix [K], one can get

{04 =[K]-{0} “

{u,} =[K]-{u} (5)

v} =[K]-{v} (6)
cosk sink 0

where [K1=|—sink cosk 0 ™
0 0 1

2.3 Roller-Raceway Contact Force
The contact force per unit length between roller and raceway was
represented, by Andreason,* as

Ga=c,” ®)

The total contact force between roller and raceway can be
determined by applying integration operation

0,= [, ©

where a =i, e indicates the inner and outer ring. With the aim of determining
the elastic contact compression (&), it is necessary to decompose the contact
force into those of subsections corresponding to the roller profile. For
example, in case of chamfered roller, three subsections denoted by Q,1, O.»
and Q,; are needed as illustrated in Fig. 2. ¢, at an arbitrary position of each
subsection will be defined. First, to consider the straight roller profile (Fig.
3), the contact compression at a distance x, (0 <x,</,) is calculated by

5a0=5a(ﬁ.)—wxa,a=i,e (10)
where J,4.) and J,4) are the compressions at the rear end and front end
of the straight roller, respectively. Subsequently, the gaps developed
along each subsection in the modified roller are found as

8a1 :(lwlixa)tany (ngaSlwl) (]1)

™ 0 (lwl SxaS le) (12)
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g =~ )tany (I,,<x,<l) (13) of non-linear equations.
The existence of the gaps would reduce the actual contact compression. (OF —Q;cose—0singy,
Thus, the real compression between the roller and raceway is 10 =40 o= Oysine—Qrcos 1y 19)
M) | M0, sinu

Ouk = u0=8ak  (k=1,2,3) (14)

By substituting Eq. (14) into Eq. (8), the contact force of each
subsection is defined. Finally, the total contact force will be obtained

Qa:Qal+QaZ+Qa3 (15)

2.4 Roller-Flange Contact Force

The flange-roller end contact is subjected to a classical Hertzian
point contact between a flat flange and a spherical roller end. The roller
and flange contact force is obtained from

0= ¢/ 8(8>0) (16)

where ¢y and o are the contact constant and the compression between
the roller sphere end and flange, respectively.

2.5 Roller and Bearing Equilibrium Equations
From Fig. 2, the equilibrium equations of a roller are written as

(Q;—0,)cose+ Qpsinpy+F, cosxc =0
—(Q;+0,)sine+Q,cospy—F, sink =0 a7
M—M,+ QL sinu=F ¢, cosk—M,=0

where F. and M, are the roller centrifugal force and gyroscopic
moment. M; and M,, the moments about 7 axis, are caused by contact
forces between roller and inner and outer raceways, respectively.

/. 1,
M,= | ”cu5;”°(l—xu)dxa, a=ie (18)
b 2

Once the inner ring displacement {u} is known, the roller
displacement {v,} can be found by solving the roller equilibrium Eq.
(17). An iterative Newton-Raphson method is utilized to solve this set

1]

i
Xe

0.,

Fig. 2 Free-body diagram for a roller

After all the roller equilibrium equations are completely solved, the
contact load vector of inner ring at a particular roller is easily found as
shown in Eq. (19). The inner ring contact load at each roller location is
then transformed into the global coordinate system in order to find the

bearing equilibrium, the resultant force vector is

(1 =[R4" - {0} (20)

Summation of all equivalent forces {f} and external force {F}
acting on the inner ring gives the global equilibrium equations as

(F1+ Y[R (0}, = 10} @1
j=1

This set of equilibrium equations with unknowns {8}” = {3, &, J,
% ) are non-linear so are the roller equations. Thus, the Newton-
Raphson method is applied as a solution. From the above descriptions,

an overall computational flowchart for TRB is given (see Appendix).

2.6 Bearing Stiffness Matrix
Determination of bearing stiffness matrix is made possible by.%’

BEE : g}}r} @)

From the bearing equilibrium Eq. (21), the bearing stiffness matrix
is rewritten as

nr

{0,
1 = -3 [Rel- 220 (R 23)
j=1 s
3. Numerical Example
A MATLAB program was developed to determine the

characteristics of TRB. A TRB of type 30208A with properties given
in Table 1 was selected in the entire simulation work.

3.1 Model Verification

The TRB is loaded by combined axial, radial and moment loads
being F. = 45,000 N, F, = 10,000 N and M, = 70 Nm, respectively. The
rotational speed of TRB (n) is selected from 5,000 rpm to 25,000 rpm.

Raceway

Roller

Fig. 3 Contact compression of straight roller
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Fig. 4 shows the TRB displacement, the centrifugal force and
gyroscopic moment of roller as a function of ». From Fig. 4(d), both
the centrifugal force (F,) and gyroscopic moment (M) considerably
increase with the increase of bearing speed. Because F,. and M, are
taken into account, the axial displacement of bearing (J.) decreases by
0.988% (Fig. 4(a)). The angular () and radial displacements (&) are
less affected by the speed of bearing than &, since % and J; increase
by 0.083% and 0.075% as seen in Figs. 4(b) and 4(c). Fig. 4 also shows
a good match between the computation and commercial code results, in
which the maximum differences between them are 0.21%, 1.7% and
5.01% in case of &, o, and , respectively.

Table 1 Geometry parameters of TRB

Parameter Unit Value
Number of row 1
Number of rollers (7,) 17
Bearing bore diameter mm 40.0
Bearing outer diameter mm 80.0
Bearing total width mm 19.75
Roller total length (/) mm 12.45
--B- Simulation--O- Commercial code
0.220t & (mm) (@) | ooss!(b) & (mm)
0210f T s |
08 s st Aol 5
0.218 . I S
-+ 0.052¢"
0217 ’ | 0.051!-
5 10 is 20 s 5 10 15 20 25
n (10 pm) n (10 pm)
75ty (107rad) (©| 300 —@—F N Jsc
70l 250 —— M (Nmm)
£ 6C
6'5-------< -------- Ommmmmn P 150 a
6.0 100
o e 2
5 10 15 20 25 U5 10 15 20 2?

n (10°rpm) n (10°rpm)

Fig. 4 The TRB characteristics vs rotational speed (F, = 45,000 N,
F,=10,000 N and M,=70Nm). (a) Axial displacement, (b) Radial
displacement, (c) Angular displacement, (d) Centrifugal force and
gyroscopic moment

- & Simulation - C- Commercial code

250k (MN/m) () (b) k_, (MN/m)-{1960

sppbomsme— W B e T T S {1940

235} 1920
| mm—————

21 S ol e sl 1 kit & === <1900
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-14.0
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Fig. 5 Effects of rotational speed on TRB stiffness (F,=45,000 N,
F.=10,000N and A,=70Nm). (a) Axial stiffness, (b) Radial
stiffness, (c) Angular stiffness, (d) Coupling stiffness

Fig. 5 illustrates the effects of n on the stiffness of the sample TRB.
The bearing speed increases resulting in a decrease of the axial stiffness
(k..), radial stiffness (k.), angular stiffness (kg) but an increase in
coupling stiffness (k.y). As expected, the simulation results in Fig. 5
prove a good agreement with commercial code results when the
greatest discrepancies are 3.75 %, 1.94 %, 3.25 % and 1.25% in terms
of k.., k., kg9, and kg, coefficients, respectively.

Fig. 6 demonstrates the contact characteristics of rollers with the
inner ring. As can be seen in Figs. 6(a) and 6(b), the roller-flange
contact force (Q; gradually increases with regard to », while the
contact force between roller and inner ring (Q;) tends to decrease. The
maximum variation of Oyand Q; recorded at position angle ¢ = 180° are
6.15 % and 2.65 %, respectively. It can be seen that O; and Oy are high
sensitive to the speed variation in high speed range.

Regarding the roller-outer ring raceway contact force (Q,) shown in
Fig. 6(c), Q. is almost independent on the rotational speed. This is due
to the fact that the applied axial load on the bearing remains constant
yet large enough to keep the roller and raceways in a perfect contact
throughout the full contact length during operation. Summation of
projection of all roller-outer ring contact forces into the horizontal axis
must be equal to the axial load”. Figs. 6(a) to 6(c) also suggest that all
the contact forces between rollers and raceway of the lower half of
TRB (at the azimuth angle ¢ = 0° ~ 90° and 270° ~ 360°) are higher
than those of the upper part (¢ = 90° ~ 270°). This fact is caused by the
effect of the applied radial load.

| —=— 5000 —— 10000 —— 15000 —— 20000 —— 25000 (rpm) |
0.90

40.75

n n " " L

0 45 90 135 160 225 270 315 360 0 45 90 135 180 225 270 315 360
¢ (deg) ¢ (deg)

—e— Loaded TRB

—'—1 o0 Unloaded TRB

4 (107rad)

284

24 «

244

28

(d)

Fig. 6 Roller-inner ring contact characteristics (F.=45,000 N,
F,=10,000 N and M, =70 Nm). (a) Roller-inner ring raceway contact
force, (b) Roller-flange contact force, (c¢) Roller-outer ring raceway
contact force, (d) Roller-flange contact angle
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Roller and flange contact angle () at each roller is indicated in Fig.
6(d). Because all rollers exhibit a negligible change in x with regard to
rotational speed, the contact angle at only one speed of 25,000 rpm is
shown. It is observed that, unlike the unloaded bearing, & decreases in
the rollers of the upper half of bearing but increases in the rollers of the
lower half in case of loaded bearing. This can be explained by the
existence of inner ring displacement when the bearing is loaded as
shown in Figs. 4(a), 4(b) and 4(c). Therefore, it is necessary to consider
the actual direction of flange contact force for investigating the
characteristics of TRB.

Distribution of contact forces between roller and inner, and roller and
outer raceways are calculated at the rotational speed of 25,000 rpm and
represented in Fig. 7. Due to the effect of TRB misalignment angle on a
specific roller, load distribution of the roller # 1 (¢ = 0°) shows that more

— — Roller-outer ring contact =—— Roller-inner ring contact

2000 Roller #1 b

1500 |~

1000

500

Contact force
per unit length (N/mm)

Percentage of effective contact length (%)

Fig. 7 Contact force distribution along rollers (F,=45,000N,
F,=10,000 N, M, =70Nm and » = 25,000 rpm)
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(c) Angular displacement

Fig. 8 Displacements of TRB and combined radial and moment loads
dependence (F.= 45,000 N and » = 10,000 rpm)

portion of the front end of the roller get into contact with the raceway
than those of the rear end. On the contrary, the higher load distribution
appears at the rear end of roller # 9 (¢=169.4°). Nearly same amount of
load along the contact length is found in roller # 5 (¢=84.7°).

3.2 Effects of Combined Loads on the Displacement and Stiffness
of TRB

In this section, the effects of combined radial and moment loads on
the characteristics of TRB will be discussed. Radial load (F,) and
moment load (M4,) are varied from 0 to 10,000 N and 0 to 70 Nm,
respectively, while the axial preload and rotational speed are kept
constant at 45,000 N and 10,000 rpm. The TRB displacements as a
function of radial and moment loads are demonstrated in Fig. 8. Fig.
8(a) shows that & is reduced with increasing F or M,. Contrarily, the
displacements &, and , increase linearly with F\, and M, as in Figs.
8(b) and 8(c). From Fig. 8(c), it is noteworthy that y, is present even
though only radial and axial loads are applied on the bearing.

Fig. 9 shows the effects of combined radial and moment loads on the
TRB stiffness. It is observed that k.., k., kgq show a similar behavior
with respect to combined loads. However, k.4, is negative and increases
steadily with increasing applied loads. It should be noticed here that the
higher applied loads come with the greater changes in stiffness. Similar
results were also reported earlier for angular contact ball bearing.'

4. Conclusions

Analysis on the TRB characteristics has been performed with regard
to combined loads and high rotational speed. From the simulation
results, the following conclusions can be drawn:
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Fig. 9 Stiffness of TRB (¥, =45,000 N and » = 10,000 rpm)

(d) Coupling stiffness



328/ OCTOBER 2014

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY Vol. 1, No. 4

1) Increase of TRB rotational speed results in decrease of the axial
displacement, but increase of the radial and angular displacements of
TRB. It also causes the axial, radial, and angular stiffness coefficients
to decline and the coupling stiffness coefficient to grow up.

2) Increase of TRB rotational speed reduces the contact force between
roller and inner ring raceway, but increases the roller-flange contact
force. The roller-outer ring raceway contact force and the contact angle
between roller and flange are almost independent of the rotational speed.

3) The displacement and stiffness of TRB are greatly changed under
significant radial and moment loads. Radial and moment loads show
the similar effects on the displacement and stiffness of TRB.

4) Radial and angular displacements of TRB show an almost linear
relation with radial and moment loads, whereas the axial displacement
decreases non-linearly with the increase of combined loads.

5) Regardless of the non-linear characteristics of displacement and
stiffness of TRB, the superposition principle can provide a good
approximation for the TRB characteristics under combined loads.

6) A new method for determining roller and raceway contact force
has been introduced in the study. The presented modeling and analysis
method will contribute to developing more sustainable TRBs.
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APPENDIX: Computational Procedure

Input geometry parameters of bearing,
external force vector {F}

¥
Give an initial displacement of bearing {&)},
bearing displacement tolerance {&}
L&
¥
Calculate the inner ring displacement
at each position of roller {u,}
|

Give an initial displacement of roller {v,o},
roller displacement tolerance {&}

»l
¥

Calculate the error {4,} of the roller
displacement using Newton Raphson method

v

| Calculate the displacement of the j'h roller {v,} ‘

4] > is)

(4} 5 (5}

| Calculate the contact force at the j"' roller {O,} ]

Jj=n

v J=zn
Calculate the error {4,} of the bearing
displacement using Newton Raphson method

v

Calculate the bearing displacement { &} |

14} > {6)

(TR N

End
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