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Highlights Abstract

* A flexible dynamic model of the connecting bolts
is presented.

Dynamic loads of the connecting bolts in a universal joint can greatly affect the bolt fatigue
and fracture, as well as the machinery safety and stability. But few researches focused on
those. To obtain the dynamic load characteristics of the connecting bolts in a universal joint,
this paper established a flexible dynamic model for the connecting bolts. A multibody dy-
namic model of a universal joint is developed. The dynamic loads on the connecting bolts of
the universal joint are analyzed. The influences of the preloads, speeds and loads are studied.
The amplitude and frequency properities are obtained. The effect of the preload is small when
the preload is in the range of 80%~120% of the standard value. The load and speed have great
influence on the time- and frequency-domain dynamic loads of the bolts. The flexible dy-
namic model of the connecting bolt is closer to the actual situation than the rigid model since
it can consider the preload and deformation of the bolts. This study can provide guidance for

* A multibody dynamic model of the universal joint
is established.

* Influence of the preload, speed and load on the
bolt loads were researched.

 Advantages of the presented method were shown
by comparing with the rigid models.

the fatigue life prediction of the universal shaft and its bolts.
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1. Introduction

The universal joint has the advantages of the wide power transmis-
sion range, simple structure, high reliability and easy to maintenance,
which can transmit the torques and power in the mechanical systems.
It is widely used in various ships, vehicles, power engineering and
other fields [18][25]. As the components for connecting the univer-
sal joint and the input- output shafts, the connecting bolts have great
influences on the safety and stability of the daily operation of the uni-
versal joint and the whole transmission system [2]. The dynamic loads
can greatly affect the bolt fatigue and fracture. Thus, a study of the
dynamic loads of connecting bolts on the universal joint is necessary.

Many researchers studied the loads on the connecting bolts [6]. Shi
et al. [19] presented a finite element (FE) model for the connecting
bolts of the flange by using the equivalent beam model. The load-
stress curve of the bolt was obtained by using the FE analysis. The fa-
tigue damage of the bolt was predicted and verified by the Palmgren-
Miner linear cumulative damage theory. Weijtjens et al. [22] obtained
the load transfer function for the connecting bolts of the flange in the
support structure of the offshore wind power unit based on the in-situ
monitoring data. The function was verified by using a FE analysis.
They also studied the contributory factors for the load transfer proc-
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ess. Jamia et al. [5] established an equivalent reduced-order model for
the flange connecting structure. Their model considered the frictions
between the contact interfaces. They predicted the flange dynamic re-
sponse caused by the dynamic loads from the presented model. The
results were verified by using the FE analysis. Qin et al. [17] studied
the influence of the bolt loosening on the time-varying stiffness of the
rotating joint interface by using the nonlinear FE simulation. Sharda
et al. [12] pointed out that the external load, material and geometry
have great influences on the fatigue performance of the connecting
bolts in the wind turbines. They presented a fatigue assessment meth-
od to estimate the bolt endurance. Nazarko et al. [16] conducted a
static tensile test to obtain the elastic wave signals of the connecting
bolts of the flange. It seems that the elastic wave signal was changed
by the load. The forces on the bolt were recognized and predicted
by using the artificial networks. Zhou et al. [29] pointed out that the
small preload or large external load would lead to the yield deforma-
tion on the bolts of the flange in the wind turbine foundation. Zeng et
al. [27] established a FE model for the flange connecting bolts in the
combustion chamber casing of an aircraft. The stress and deforma-
tion of the connecting bolts of the flange under the axial tensile and
bending load were calculated. Weiser and Corves [23] analyzed the
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dynamics, deflection and vibration characteristics of the mechanics.
The influences of the bolt connection stiffness and damping were con-
sidered. Hu et al. [4] conducted the analysis for the connecting bolts
in the motor suspending of a high-speed train by using the numerical
and test methods. It seems that the alternating load from the motor and
cardan shaft misalignment were the main reasons for producing the
bolt fatigue and fracture.

Moreover, the dynamic characteristics of the universal joint could
affect the load of the connecting bolts. Venugopal et al. [21] calcu-
lated the stress and angular deflection of the universal joint in a ve-
hicle under different working angles, torques and materials. Wu and
Niu [24] analyzed the dynamic stability of the U-joint by using the
monodromy matrix approach. Ma et al. [15] calculated and verified
the constant velocity transmission condition based on the dynamic
characteristics of the double Cardan joint. They found out the phase
angle with the smallest speed fluctuation. Zhang et al. [28] formulated
the interference curve between two connecting forks of the universal
joint. It seems that the workspace of two connecting forks in the uni-
versal joint is a curved surface, which was affected by the geomet-
ric parameters. Guo et al. [3] analyzed the dynamic characteristics
of the single cross universal joint. Bulut and Parlar [1] analyzed the
dynamic stability of the elastic shaft torsional vibration in the univer-
sal shaft. They studied the effects of the misalignment angle, inertia
and rigidity ratios on the torsional vibrations. Lu et al. [14] conducted
a dynamic model for the universal joint considering the cross shaft
neck clearance. It pointed that the small clearance could lengthen the
universal joint transient duration. The large clearance could affect the
output moment. Liu et al. [7] studied the relationship between the ra-
dial clearance and contact force of the universal joint under different
torques by using the FE analysis. Most above works were focused on
the static load, preload and fatigue damage analysis of the connecting
bolts by using the FE model. Although series of studies in the field
of fault and fatigue life of the bearing rotor system have been
conducted by Liu and coworkers [8, 9, 10, 11, 20], but few re- (a)
searches studied the dynamic loads and fatigue life of the bolts
in the universal joint. Therefore, to evaluate the practical load
conditions and fatigue life of the universal joint and obtain the
dynamic forces of the universal joint, it is necessary to research
the dynamic loads by considering the bolt deformation, preload
and different working conditions.

This paper presents a flexible dynamic model for the flange
connecting bolts in a universal joint. A multibody dynamic
(MBD) model of the shafting consisted of the universal joint,
bolts and shafts is developed. The dymanic load characteristics
in time- and frequency- domain can be obtained by presented
model. The influences of the deformantion, preload and work-
ing condition are also investigated. A numerical calculation for
the shaft under various working conditions is applied to obtain the
dynamic loads of the flange bolts. The results from the rigid and flex-
ible models of the bolts are compared. The flexible model of the bolts
can consider the torsion and bending deformations of bolts, as well as
the angular displacements between the adjacent flanges.

2. Dynamic modelling method

2.1. Modelling method of the connecting bolts in the univer-
sal joint

In this study, eight bolts are evenly arranged on each pair of the
flange set. The diameter of the bolt distribution circle is 482 mm as
shown in Fig. 1. In the previous researches about the multi-body dy-
namics of the connecting bolts in the universal joint, two bolt mode-
ling methods were used, such as the rigid modelling method and flex-
ible modelling method. In the rigid modeling method [14], the bolts,
flange and shaft were regarded as the rigid bodies; the bolts and shaft
were not deformed; the torque and power were totally transmitted
from the input flange to output flange by the bolts. Although the rigid

modelling method has less time consumption, it cannot consider the
bolt preload, collision and rebounding between the bolts and flanges.
Therefore, the influences of the preload, deformation and displace-
ment were ignored by the rigid modelling method.

I
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Input / Output shaft

Fig. 1. The bolt connection of the shaft flange in the universal joint
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Fig. 2. The flexible connection model of the bolt
(b) (©)

t
r 1 1

—I%_ L“ %J _:J

Fig. 3. The bolt deformation caused by the displacement of the flange: (a) bending de-
formation caused by the radial displacement, (b) tensile deformation caused by

|_~_.

the axial displacement, and (c) torsional deformation caused by the angular dis-

placement

In the presented flexible modeling method, the bolt is regarded as a
flexible body; the torque and power are transmitted through the defor-
mation of the preloaded bolts as shown in Figs. 2 and 3. It can reflect
the interaction between the bolts and flanges, which is more accurate
than the rigid modelling method. Therefore, the flexible modelling
method is selected to obtain the dynamic loads of the connecting bolts
in this study. The dynamic equation of the bolts is described as:

FEl Ty 0 0 0 0 0][x]fg, 0 0 0 0 0]{wu|[R
Fol 10 ky 0 0 0 0f[p|]0 e 0 0 0 0l[n]|]|A
E_ 0 0 kg 0 0 0fz) 10 0 ey 00 0w A
L 10 0 0 ke 0 016,10 0 0 cu 0 0ol |7
Tl 10 0 0 0 ks 06,0 0 0 0 e 0| |%
L] Lo 0 0 0 0 kello] [0 0 0 0 0 clle| T

(1)

where F\, F, F. T\, T, and T are the forces and torques on the bolt
in x, y and z directions; &y, k, and k33 are the stiffness coefficients in
the translational directions of the bolts; k4, k55 and kg are the stiff-
ness coefficients in the rotational directions of the bolts; x, y and z
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are the translational displacements of the adjacent flanges, which also
represent the tensile or bending deformation of the bolts; 6, 6, and
0, are the angular displacements of the adjacent flanges, which also
represent the torsional deformation of the bolts; ¢y, ¢y, and ¢33 are
the damping coefficients of the bolts in the translational directions;
C44, C55 and c4 are the damping coefficients of the bolts in the rota-
tional directions; vy, v, and v, are the relative velocities of the adjacent
flanges in the translational directions; @y, w, and w, are the relative
angular velocities of the adjacent flanges in the rotational directions;
F,, F, and F5 are the preload forces on the bolts in the translational
directions; Ty, Ty, and Ty are the preload torques on the bolts in the
rotational directions. The dynamic model of the bolt is determined
by the stiffness and damping coefficients, preload force and preload
torque as shown in Eq. (1). The preload force could be obtained
by querying the standard value data according to the bolt type and
grade, z direction is defined as the axial direction, the preload forces
F=F,=0, the preload force F; is 31900N (the bolt type is M20 and the
grade is 3.6). The bolts are not torqued after tightening, the preload
torque Ty =T,=T1,3=0.

By treating the bolts as a cylinder with the uniform mass, the stift-
ness coefficients in the translation and rotation directions could be
obtained by the material mechanics. Therefore, the translational stiff-
ness coefficients in the circumferential direction ky; and k»,, the trans-
lational stiffness coefficient in the axial direction k33, the rotational
stiffness coefficients in the horizontal and vertical circumferential di-
rections ky4 and kss, and the rotational stiffness coefficient in the axial
direction kg4 could be calculated by:

GA
ki =kp ==~ &
EA
k33 = T (3)
E End* 4
haa=hss === @)
Grrt
kg = (%)
667y

where E is the elastic module of the bolt material; 4 is the cross-
section area of the bolt, which can be obtained from the corresponding
technological standards; / is the length of bolt; d is the diameter of the
bolt; G is the shear module of the bolt material; 7 is the bolt radius; /
is the rotational inertia about the axial direction of the bolt. The cor-
responding values are shown in Table 1. The stiffness coefficients of
the bolt are calculated by Egs. (2) to (5). According to the bolt mate-
rial properties, the damping coefficients in the translational and rota-
tional directions of the bolt ¢|1=cy,=c33=50 Ns/mm, c44=cs55=c5=50
Nmm-s/deg.

Table 1. Properities of the connecting bolt (M20) in the universal joint

E G A 1 d
200 GPa 80 GPa 314 mm?® 100 mm

20 mm

Therefore, the dynamic equation of the connecting bolt in the uni-
versal shaft in the flexible model can be written as:

T mn.] -
F, 1.96x10 " x 50v, T o
F, 1.96x10''y 50v, 0
F, 49x10"z | | 50v, | |31900
== g - + (6)
T, 9x10°0, 50w, 0
Ty 9x 1086y 50coy 0
T, 8 S0w, | L O |
=2 | 72x10%, | T

2.2. A multibody dynamic model of the universal shaft

The relative motions of the components of the studied universal
shaft are shown in Fig. 4. Here, T is the input torque of the shaft;
T, is the load of the shaft; w; and w5 are the rotating speed of the
input and output shaft; §, is the acute angle between the input shaft
and intermediate shaft; f, is the acute angle between the intermedi-
ate shaft and output shaft; y is the angle along the rotation direction
between the plane formed by the input-intermediate shafts and that
formed by the intermediate-output shafts; ¢ is the angle between the
forks at the input and output sides of the intermediate shaft; #; and
05 are the rotation angles of the input and output shafts; 6,; and 6,,
are the phase angles of the fork at the input and output sides of the
intermediate shaft.

@,

Fig. 4. Motion of the universal shafting

According to the geometric relationship of the universal joint at the
input side of the shaft, it has:

tan 6, 1
L= (7)
tan6,; cosf;
Then, 6,; can be written as:
tan6,, = tan 6, cos f ®)
6, = tan"!(tan 6, cos ) )
Taking the derivation of 7 on two sides of Eq. (9), it has:
de cos do, cos
o, = 3021 _ By W _ By o (10)

dt 1-sin®Bcos’0, d  1-sin® B cos’6,

The transmission ratio from the input shaft to intermediate shaft is
obtained:

) cos
iy =—2=—— 2 £l 2 (11
@ 1-sin” fcos” 6

The angle relationship of the universal joint in the output side of the
shaft can be obtained by:

tan 6.
MZCOS[;Z (12)
tan 0y
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_1, tan6
0 = tan™ ' (—22 13
3 Can 5 (13)
Taking the derivation of # on the two sides of Eq. (13), it has:
oy _do; _ cos f3, d6, _ cos f3, 0y (14)

dr 1-sin? Bycos26,, dt  1-sin® B, cos® Oy,

The relationship between the phase angle 6,; and 6,, is given by:
0y =0y -7 +9 (15)
Then, Eq. (14) can be written as:

cos f3,
w3 = -2 2 1 ) (16)
1-sin” 8, cos“[tan” (tan 6, cos B;) —y + @]

The transmission ratio from the intermediate shaft to the output shaft
is expressed as:

PR cos 3,
3= = 3 -
@, 1-sin? B cosz[tan l(tan 6, cos By) -7y + o]

amn

According to Egs. (11) and (17), the transmission ratio from the
input shaft to the output shaft is written as:

cos 3 ) cos B
1-sin? B cos? 0 1- sin’ B cosz[tanfl(tan91 cos ) -y +o]

(18)

i3 =iy i3 =

The shafts are coplanar in this study. The angle f; between the adja-
cent shafts is 1.95°. The phase difference between the forks is 0.
The transmission ratio of the universal shafting is given by

cos f; cos f;
.2 2, . 2 2 -1
1—sin” fjcos“ ) 1—sin” By cos“[tan” (tan6 cos f;)]

(19)

i3 =l in=

By using a commercial software Adams, a MBD model of the
universal shaft is proposed to conduct the numerical calculations as
shown in Fig. 5. The dynamic model of the flange bolt is shown in Fig.
6. Here, F, is the axial load of the flange bolt, F, is the circumferential
load of the bolt. The motion relationship between the components in
the model can be described by various motion pairs. The input and
output shafts are constrained by the cylindrical joints. The cross shafts
and forks are connected by the hook’s joints. The forks and input or
output shaft are connected by the bolts, which are modeled by flex-
ible method. The friction forces are considered by using the contact
pairs established in the model. The static friction coefficient is 0.3, the
dynaimec friction coefficient is 0.1.

Bolts

Cross Shaft Neck
7

Cross Shaft Neck , 1

Input Shaft

Intermediate Shaft

Output Shaft

Fig. 5. A multi-body dynamic model of the universal shafting

Rotating

PN

Flange \

Bolt

Fig. 6. The flexible bolt in the multi-body dynamic model

3. Results analysis

The influences of the shaft speeds, loads and preloads on the dy-
namic loads of the connecting bolts in the axial and circumferential
directions are obtained. The results from the flexible model and the
rigid model are compared.

3.1. Influence of the preload on the bolt dynamic loads

Figures 7 to 10 show the waveforms of the circumferential and
axial dynamic loads of the bolts under different shaft speeds, loads
and preloads. The speeds are 400 rpm, 600 rpm, 800 rpm and 1000
rpm. The loads are 0 kNm, 10 kNm, 20 kNm, 30 kNm, 40 kNm and
50 kNm. The preloads are 80%, 100% and 120% of the standard value
(whose value is 31900 N). Figures 11 to 14 show the corresponding
RMS values. The waveforms of the dynamic loads of the flange bolts
are periodical ones. The frequencies of the waveforms are influenced
by the rotating speed. The average values of the axial loads are almost
0. The amplitudes of the axial loads increase with the shaft load. The
amplitudes of the axial loads of the output flange are higher than those
of the input flange. The average values and amplitudes of the circum-
ferential loads varies with the shaft load and rotating speed. The aver-
age values of the circumferential loads of the output flange are lower
than those of the input flange.

In Figs. 11 to 14, the RMS values of the circumferential loads var-
ies from 0.9 kN to 20.1 kN for the studied shaft load cases. The RMS
values of the axial loads of the input flange bolts varies from 1.3 kN
to 1.7 kN for the studied shaft load cases. The RMS values of the axial
loads of the output flange almost are fixed at 1.4 kN. The RMS values
of the circumferential loads of the input flange bolts are lower than
those of the output flange bolts. The waveforms and RMS values of
the circumferential and axial loads under different preloads are identi-
cal ones. The preload variation has small influences on the dynamic
loads of the bolts, when it varies from 80% to 120% standard value.
Thus, the following analysis will use the standard preload.

3.2. Circumferential loads on the bolts

3.2.1. Circumferential loads on the input flange bolts

Figures 15(a) and (b), 16(a) and (b) show the waveforms and spec-
tra of the circumferential loads of the input flange bolt under different
shaft speed and load conditions. When the shaft is unloaded, the loads
are consisted of the basic to tripling frequencies. The basic frequency
amplitudes vary from 8.6 N to 52.5 N with the shaft speed. The dou-
bling frequency amplitudes vary from 6.1 N to 48.9 N with the shaft
speed. The tripling frequency amplitudes vary from 9.9 N to 59.2 N
with the shaft speed. When the shaft is full-loaded, the loads consist
of the basic frequency and few doubling frequencies. The basic fre-
quency amplitude varies from 714.4 N to 956.3 N with the speed.

Figure 17 shows the effects of the load and shaft speed on the cir-
cumferential load of the input flange bolts. The corresponding data
is depicted in Table 2. When the shaft is loaded, the circumferential
load of the input flange bolt is affected by the shaft load. The maxi-
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Fig. 7. The time-domain dynamic loads on the bolts with different preloads under 400 rpm and 0 kNm: (a) circumferential loads of the input flange bolts, (b) axial
loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts
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Fig. 8. The time-domain dynamic loads on the bolts with different preloads under 400 rpm and 50 kNm: (a) circumferential loads of the input flange bolts, (b) axial
loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts
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Fig. 9. The time-domain dynamic loads on the bolts with different preloads under 1000 rpm and 0 kNm: (a) circumferential loads of the input flange bolts, (b) axial
loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts
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Fig. 10. The time-domain dynamic loads on the bolts with different preloads under 1000 rpm and 50 kNm: (a) circumferential loads of the input flange bolts,
(b) axial loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts
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Fig. 11. The RMS value of the dynamic loads of the bolt with different preloads under 400 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS
value of axial loads on the bolts in output flange
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Fig. 12. The RMS value of the dynamic loads of the bolt with different preloads under 600 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS
value of axial loads on the bolts in output flange
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Fig. 13. The RMS value of the dynamic loads of the bolt with different preloads under 800 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS
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Fig. 14. The RMS value of the dynamic loads of the bolt with different preloads under 1000 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS

value of axial loads on the bolts in output flange
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Fig. 15. The waveforms and spectra of circumferential loads on input flange bolts under no-load working condition through flexible and rigid model: (a) waveforms
of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model
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Table 2. The average values and amplitudes of frequency components of the circumferential loads on the input flange bolts (N)

Speeds
Loads (kNm) Values
400 rpm 600 rpm 800 rpm 1000 rpm
Average 911.7 921.2 935.0 959.0
0 Basic frequency amplitude 8.6 229 34.1 52.3
Doubling frequency amplitude 6.1 16.2 22.5 48.9
Tripling frequency amplitude 9.9 22.7 40.9 59.2
Average 4105.8 4064.8 4064.0 4057.7
10 Basic frequency amplitude 739.0 930.5 808.7 699.4
Doubling frequency amplitude 44.45 70.5 90.5 162.8
Average 8054.7 8052.8 8051.8 8045.4
20 Basic frequency amplitude 744.7 937.5 814.5 703.8
Doubling frequency amplitude 36.55 53.2 81.6 152.5
Average 11659.7 12057.9 12016.5 12050.3
30 Basic frequency amplitude 748.6 942.1 818.4 706.6
Doubling frequency amplitude 35.8 48.8 79.4 149.6
Average 16110.9 16067.2 16065.8 16059.5
40 Basic frequency amplitude 754.4 948.5 818.2 709.9
Doubling frequency amplitude 35.45 47.1 79.3 148.3
Average 20082.7 20078.4 20036.2 20070.4
50 Basic frequency amplitude 760.9 956.3 829.2 714.4
Doubling frequency amplitude 35.4 46.5 77.9 147.7
@ (b
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Fig. 16. The waveforms and spectra of circumferential loads on the input flange bolts under full load working condition through flexible and rigid model: (a) wave-
forms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

mum basic frequency amplitude occurs when the load is 50 kNm and
the rotating speed is 600 rpm, which is 956.3 N. The average values
of waveforms are unchanged with the rotating speed. The doubling
frequency amplitude increase with the rotating speed. The maximum
doubling frequency amplitude occurs when the load is 10 kNm and
the rotating speed is 1000 rpm, which is 162.8 N.

Figures 15(c), 15(d), 16(c) and 16(d) show the waveforms and
spectra of the circumferential loads of the input flange bolts of the
rigid model. When the shaft is unloaded, the circumferential loads of

the input flange bolts from the flexible model are higher than those
from the rigid model. The loads of the rigid model are consisted of
the basic to quadrupling frequency. The amplitudes of the frequency
components of the rigid model are smaller than 0.3N. When the shaft
is fully loaded, the loads of the rigid model are consisted of the basic
frequency and doubling frequency with the similar amplitude in the
range of 80 N to 110 N.
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Fig. 17. Influences of the speed and load on average, basic and doubling frequency amplitudes of the input flange bolts: (a) average value, (b) basic frequency, and

(c) doubling frequency

3.2.2. Circumferential loads on the output flange bolts

Figures 18(a) and (b), 19(a) and (b) show the waveforms and spec-
tra of the circumferential loads of the output flange bolts under differ-
ent shaft speeds and loads. When the shafting is unloaded, the loads
of the flexible model are consisted of the basic frequency. The basic
frequency amplitude varies from 81.8 N to 116.8 N. When the shaft
is fully loaded, the loads of the flexible model are consisted of the
basic frequency. The basic frequency amplitude varies from 620.9 N
t0 929.8 N.

Figure 20 shows the influences of the load and shaft speed on the
circumferential load of the output flange bolts. The corresponding
values are shown in Table 3. The circumferential loads of the output
flange are influenced by the shaft speed and load. The loads are con-
sisted of the basic frequency and small amount of the doubling fre-
quency. The average values of the circumferential loads of the output
flange bolts are influenced by the load. The maximum of the average
value at the highest shaft speed and load, whose value is 18857.2 N.
The basic frequency amplitudes firstly increase and then decreases
with the rotating speed. The maximum basic frequency amplitude oc-
curs when the shaft speed and load are 600 rpm and 50 kNm, whose
value is 929.8 N. The doubling frequency amplitude is influenced by
the load and the shaft speed. The doubling frequency amplitude firstly

Table 3. The average values and amplitudes of frequency components of the circumferential loads on output flange bolts (N)

decreases and then increases when the load is fixed. The maximum
doubling frequency amplitude occurs when the speed and load are 400
rpm and 10 kNm, whose value is 84.2 N.

Figures 18(c) and (d), 19(c) and (d) show the waveforms and spec-
tra of the circumferential loads of the output flange bolts of the rigid
model. When the shaft is unloaded, the loads of the rigid model are
consisted of the basic to the quadrupling frequency. The amplitudes
of the frequency components are smaller than 1 N. When shaft is fully
loaded, the loads of the rigid model are consisted of the basic and
doubling frequencies with the similar amplitudes. The amplitudes of
the basic and doubling frequencies of the rigid model varies from 75
to 110 N with the shaft speed.

According to the above analysis, the characteristics of the circum-
ferential loads of the input flange bolts are similar with those of the
output flange bolts. The loads of the flexible model have simpler
frequency components and higher amplitudes. The loads of the rigid
model are opposite. The reason of the differences between the two
models is that in the presented flexible model, bending and torsional
deformation occurred in the bolts when the shaft is working as shown
in Figs. 3(a) and (c). The forces and torques are transmitted between
the adjacent flanges through the bolt deformations. The radial and an-
gular displacements between the adjacent flanges are also constrained
by the bolts. The circum-
ferential force caused by

the displacements would
Loads Speeds
(kNm) Values act on the bolts. Therefore,
400 rpm 600 rpm 800 rpm 1000 rpm in the flexible model, the
Average 922.4 914.1 904.8 891.4 average values and am-
0 Basic frequency amplitude 97.2 116.8 97.15 81.8 pllt}ldes of the c1rC}1mfer-
- - ential load vary with the
Doubling frequency amplitude 5.5 10.5 14.3 31.7 load and shaft speed. In
Average 3864.5 3825.6 3824.6 3831.3 the rigid model, the bolts
10 Basic frequency amplitude 737.8 898.3 745.9 597.8 and adjacent flanges have
Doubling f itud 2 61 517 ; no defamation and dis-
oubling frequency amplitude 84. 6. . 67.6 placement. The circum-
Average 7567.1 7564.9 7563.8 7570.6 ferential loads of the bolts
20 Basic frequency amplitude 744.5 906.5 752.6 603.6 are smaller than the flex-
Doubling £ fitad 758 609 383 52 ible model. Moreover, the
oubling requency amplitude ’ ’ ’ ’ adjacent bolts and flange
Average 10950.3 11323.4 11284.5 113289 will rebound due to their
30 Basic frequency amplitude 749.1 9128 757.6 608.2 impact interactions; and
Doubling frequency amplitude 74.7 58.9 37.6 55.5 this process may cause the
complex frequency com-
Average 15128.2 15086.8 15084.8 15092.1 ponents. When the shaft
40 Basic frequency amplitude 755.9 920.2 759.2 613.9 is loaded, the rebounding
Doubling frequency amplitude 74.8 59.7 36.9 58.1 is inhibited, the frequer}cy
components become sim-
Average 18856.6 18852.1 18812.3 18857.2 pler as shown in Figs.
50 Basic frequency amplitude 763.8 929.8 771.8 620.9 18(b) and (d), 19(b) and
Doubling frequency amplitude 75.7 61.5 38.2 61.7 (@.
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Fig. 18. The waveforms and spectra of the circumferential loads on the output flange bolts under the unload working condition from the flexible and rigid models:
(a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model
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Fig. 19. The waveforms and spectra of the circumferential loads on the output flange bolts under the full load working condition from the flexible and rigid models:
(a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model
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Fig. 20. Influences of the speed and load on the average, basic and doubling frequency amplitudes of the output flange bolts: (a) average value, (b) basic frequency,
and (c) doubling frequency
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3.3. Axial loads on the bolts

3.3.1. Axial loads on the input flange bolts

Figures 21(a) and (b), 22(a) and (b) show the waveforms and spec-
tra of the axial loads of the input flange bolts under different shaft
speed and load conditions. The loads are consisted of the basic fre-
quency. When the shaft is unloaded, the amplitude of the basic fre-
quency varies from 1292.2 N to 1846.4 N. When the shaft is fully
loaded, the amplitude of the basic frequency varies from 1671.6 N to
2403.2 N.

Table 4. The average value and amplitude of the frequency components of the axial loads on input flange bolts (N)

frequency varies from 1292.2 N to 2403.2 N. The maximum basic
frequency amplitude occurs at 600 rpm and 50 kNm.

Figures 21(c) and (d), 22(c) and (d) show the waveforms and spec-
tra of the axial loads of the input flange bolts of the rigid model. When
the shaft is unloaded, the loads of the rigid model are consisted of
basic to the quadrupling frequency. The average values of the axial
loads are 108.25 N. The amplitudes of the frequency components are
smaller than 0.03 N. When the shaft is fully loaded, the average value
of the loads is 110 N. The amplitudes of the frequency components
vary from 5.4 N to 6.7 N.

3.3.2. Axial load on the

output flange bolts
Loads Values Speeds Figures 24(a) and (b),
(kNm) 400 rpm 600 rpm 800 rpm 1000 rpm 25(a) and (b) show the
Average 69.1 107.4 124.6 1139 waveforms and spectra
0 Basic fi litud 1534.9 1846.4 1540.3 1292.2 of the axial loads of the
asic frequency amplitude : i : i output flange bolts under
10 Average 69.1 107.9 124.6 116.1 different shaft and load
Basic frequency amplitude 1555.5 1871.8 1562.1 1307.4 conditions. The loads are
consisted of the basic fre-
20 Average 69.1 107.9 124.6 118.4 quency. When the shaft is
Basic frequency amplitude 1613.8 1946.2 1625.7 1356.9 unloaded, the amplitude of
20 Average 69.1 107.9 124.6 120.6 the basic frequency varies
from 1334.7 N to 1903.3
Basic fi litud 1696.5 2064.1 1725.5 1437.5 .
asic requency amprude N. When the shaft is fully
10 Average 69.1 107.9 124.5 122.8 loaded, the amplitude of
Basic frequency amplitude 1831.4 22188 1847.6 1543.9 the basic frequency varies
Average 69.1 107.4 124.6 124.9 from 1363.9 N to 1940.8
50 N. The average value of
Basic frequency amplitude 1976.8 2403.2 2014.5 1671.6 the loads varies from 67.9
Nto 127.9 N.
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Fig. 21. The waveforms and spectra of the axial loads on the input flange bolts under the unload working condition from the flexible and rigid models: (a) wave-
forms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

Figure 23 shows the influences of the shaft rotating speed and load
on the axial loads of the input flange bolts. Table 4 shows the corre-
sponding data. The axial loads on the input flange bolts are influenced
by the load and shaft speed. The average values increase with the shaft
speed. The average value obtained by the flexible model varies from
69.1 N to 124.9 N. The maximum average value occurs when the shaft
speed and load are 1000 rpm and 50 kNm. The amplitude of the basic

Figure 26 demonstrates the influences of the shaft speed and load
on the axial loads of the output flange bolts. Table 5 shows the cor-
responding values. The average value and basic frequency amplitude
are influenced by the shaft speed. The average value firstly increases
and then decreases with the increment of the speed. The maximum
average value occurs at 600 rpm and 40 kNm, whose value is 127.9
N. The maximum basic frequency amplitude firstly increases and then
decreases with the increment of the speed. The maximum basic fre-
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Fig. 22. The waveforms and spectra of the axial loads on the input flange bolts under the full load working condition from the flexible and rigid models: (a) wave-
forms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model
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Fig. 23. Influences of the speed and load on the average, basic frequency amplitudes of the input flange bolts:

(a) average value and (b) basic frequency

Table 5. The average value and amplitude of the frequency components of the axial loads on output flange bolts (N)

4900 600
Speed (rpm)

800 1000

2500
2313
2125
1938
1750
1563
1375
1188
1000

quency amplitude occurs at 600 rpm and 50
kNm, whose value is 1940.8 N.

Figures 24(c) and (d), 25(c) and (d) show
the waveforms and spectra of the axial loads
of the output flange bolts of the rigid model.
The average value of the rigid model var-
ies from 100 N to 110 N. When the shaft is
unloaded, the loads of the rigid model are
consisted of the basic to the quadrupling
frequency. The frequency component ampli-
tudes vary from O N to 0.5 N. When the shaft
is fully loaded, the loads of the rigid model
are consisted of the basic and doubling fre-
quencies. The amplitudes vary from 5 N to
7N.

The differences between the axial
loads of the flexible model and those
of the rigid model are observed. The

Loads Values Speeds reason is that the preload can affect
(kNm) 400 rpm 600 rpm 800 rpm 1000 rpm the axial loads in the flexible model.
Average 67.9 108.4 1276 1191 The axial dlspla(':ement b§tween the
0 adjacent flanges is constrained by the
Basic frequency amplitude 1581.5 1903.3 1588.9 1334.7 bolts. The axial force from the dis-
Average 67.9 108.9 127.6 118.6 placement would act on the bolts. In
10 .. .
Basic frequency amplitude 1582.7 1904.9 1590.2 1336.4 the rigid model, the influences of the
preloads are ignored. The adjacent
20 Average 67.9 108.9 127.6 118.1 flanges will rebound due to their im-
Basic frequency amplitude 1586.3 1909.4 1594.1 1340.2 pact interactions. Then, the complex
Average 67.9 1089 1276 117.5 frequency components occur in the
30 - - axial loads of the bolts. The rebound-
Basic frequency amplltude 1591.5 1916.9 1600.4 1346.0 1ng is inhibited when the shaft is
10 Average 67.9 108.9 127.9 116.9 loaded, the tripling and quadrupling
Basic frequency amplitude 1600.6 1927.4 1598.9 1353.9 frequencies disappeared as shown in
Figs. 24(b) and (d), 25(b) and (d).
50 Average 67.9 108.4 127.6 116.4
Basic frequency amplitude 1611.0 1940.8 1620.8 1363.9
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Fig. 24. The waveforms and spectra of the axial loads on the output flange bolts under the unload working condition from the flexible and rigid models: (a) wave-
forms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model
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Fig. 25. The waveforms and spectra of the axial loads on the output flange bolts under the full load working condition from the flexible and rigid models: (a) wave-
forms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model
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4. Model validation

The calculation is conducted by using the
empirical method. The results from the flex-
ible model are verified with those from the
empirical method and the rigid model. The
axial load of the flange bolt equals to the
preload force of the bolt. The circumferential
loads of the flange bolt can be expressed as
[7,13, 14, 26]:

27,
nD

F. =

c

(20)

ExspLoatacia | NiEzawobnosc — MAINTENANCE AND ReLiasiLITY VoL. 24, No. 2, 2022

223




where,  is the bolt number of the flange connection, D is the diameter
of the bolt distribution circle.

Figure 27 shows the RMS values of the circumferential loads of the
input flange bolt by using the three methods. Table 6 shows the cor-
responding data. The differences between the loads of the three meth-
ods are observed. The results from the empirical method are higher
than those from the numerical calculation by using the flexible model.
Although the empirical method considers the influences of the flange
parameters and the shaft working conditions. But the influences of
the preload, stiffness and damping on the loads of the bolts are ig-
nored. The more accurate values cannot be obtained by the empirical
method. Thus, the flexible model can reach more accurate values than
the empirical method and the rigid model.

30000
25000 - o Rjgiq Model
—_ I Empirical Formula
£ 20000 - [~ Flexible Model
= 15000 |
N
5 10000 }
0 -:l
10 20 30 40

50
Fy(kNm)

Fig. 27. The RMS values of the circumferential loads of the input flange bolts
at 1000 rpm and different loads

Table 6. The RMS values of the circumferential loads on the input flange bolts by using

the flexible model and the empirical method

5. Conclusions

This study presents a flexible modelling method for the connect-
ing bolts of the universal joint. A numerical analysis for the dynamic
loads of the connecting bolts is conducted. Some obtained conclu-
sions are as follows.

(1) The presented model for the connecting bolts of the univer-
sal shaft considers the affective factors for the dynamic loads
of the bolts, such as the bolt preload, deformation, damping
coefficient and adjacent flanges’ displacement. The presented
method is close to the real situation of the bolts than those from
the rigid model.

(2) When the preload on the connecting bolts of the universal joint
is from 80%~120% of the standard value, it has small effect on
the dynamic loads of the bolts.

(3) The average value and the basic frequency amplitude of the
circumferential load are affected by the rotating speed. The
double frequency amplitude is affected by the load and speed.
The average value and basic frequency amplitude of the axial
load are affected by the shaft rotating speed too.

(4) Based on the above analysis, the effects of the load and speed
on the dynamic forces can be obtained. Then, the evaluation of
the working status and fatigue life of the universal shafting can
be conducted, which can provide information for the design,
applications and maintenance of the universal shafting.

(5) This study only investigated the dynamic forces under the
static load and rotating speed, the dynamic forces under the
dynamic working condition are not studied. Furthermore, only
the bolts were treated as the flexible bodies in this paper. Fu-

ture research will be focused on the dynamic forces under

the dynamic working condition by treating the whole uni-
versal shafting as flexible bodies.

Loads (kNm) | Rigid model (N) | Empirical method (N) | Flexible model(N) Funding
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51975068, and the Fundamental Research Funds for the
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Central Universities (No. 3102020HHZY030001).
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