Exact forced torsional vibration solution of a shaft with
multiple discontinuities and arbitrary boundary
conditions

Meilong Chen', Shuying Li%, Hongliang Li3, Siyuan Liu*

Harbin Engineering University, Harbin, China

3Corresponding author

E-mail: 'meilongchen@hrbeu.edu.cn, *lishuying@hrbeu.edu.cn, 3lihongliang@hrbeu.edu.cn,
Hiusiyuan@hrbeu.edu.cn

Received 5 August 2019; received in revised form 11 January 2020; accepted 22 January 2020 M) Check for updates
DOI https://doi.org/10.21595/jve.2020.20938

Copyright © 2020 Meilong Chen, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. In this paper, the method based on Laplace transform and Fourier transform and their
inverse transforms is developed to give an exact solution to the forced torsional vibration of a shaft
subjected to multiple inertias, multiple elastic supports, arbitrary boundary conditions and
arbitrary excitation forces. Two simple cases are used to show in detail how this developed method
can obtain an exact analytical solution to the forced torsional vibration of shaft and the results are
compared with Eigenfunction Expansion Method and Finite Element Method (FEM) to
demonstrate the accuracy and effectiveness of the developed method. Two more complex cases
are investigated to further show the superiority of the developed method over FEM in highly
efficient and accurate. Finally, using the developed method, the effects of parameters on forced
torsional vibration response of shaft are discussed, including the stiffness, the location of elastic
supports and the time interval of impact loading. The developed method can provide a reliable
theoretical base not only for analysis and fault diagnosis of a shaft system in engineering signal
testing projects but also for the verification of other numerical and analytical methods.

Keywords: analytical solution, forced torsional vibration, integral transformations, arbitrary
boundary conditions.

1. Introduction

A shafting system is an important component in the structures widely used in aviation,
navigation, machinery, etc. The torsional vibration is a common cause of the failure of the shaft
system. Hence, studying the characteristics of the torsional vibration of a shaft is important. It can
not only provide the ideas for the engineering design of the shaft system but also the basis for fault
diagnosis. Usually, the study is to deal with a forced torsional vibration of a simplified shaft system
with multiple concentrated inertias and multiple elastic supports.

There is a lot of published literature available involving in the forced torsional vibration of the
shaft system. Among them, the energy method and the amplification factor method were the most
basic and important methods widely used to study torsional vibration [1]. The Holzer method was
often used for forced torsional vibration as well [2, 3]. With the rapid development of computer
technology, the system matrix method, the transfer matrix method and FEM have been widely
used in [4, 5]. Meanwhile, many approximate solutions have also been developed by researchers.
Based on the a modified Riccati torsional transfer matrix combining with the Newmark-f method,
Xiang et al. [6] presented an analytical method of the forced torsional vibrations of a Shafting
System under Electrical Disturbances. The torsional vibration of an elastic rod with external dry
friction was solved using approximate methods of expansion in a small parameter and harmonic
linearization by Koibin [7]. A general analytical solution was developed to study vibration of
non-uniform Timoshenko beams coupled with flexible attachment and multiple discontinuities
based on separation of variables in conjunction with the transfer matrix approach by Zhang et al.
[8]. Ewing and Mirsafian [9] proposed an analytical model consisting of two Euler-Bernoulli
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beams joined by a torsional spring with linear and cubic stiffness and a method of harmonic
balance was used to give an approximate solution for the model with pinned-fixed conditions.
Jiang et al. [10] discussed the forced tensile and torsional response of helical springs caused using
the Laplace transforms. The nonlinear torsional vibration dynamical modeling of the multi-DOF
rolling mill’s main drive system is established by Han et al. [11] and the amplitude-frequency
characteristic equations are obtained by multiscale method. Beytullah et al. [12] investigated the
dynamic behavior of composite cylindrical helical rods subjected to time-dependent loads in the
Laplace domain. Bapat and Bhutani [13] have developed a general approach for free and forced
vibrations of stepped systems governed by the One-Dimensional wave equation with non-classical
boundary conditions. Wang et al. [14] studied forced torsional vibration of a finite class 622
piezoelectric hollow cylinder with free-free ends subjected to dynamic shearing stress and time
dependent electric potential at both internal and external surfaces by means of the superposition
method and the separation of variables technique. On the basis of lumped parameter model and
the Lagrange method, the dynamic analysis and multi-object optimization of the forced torsional
vibration for vehicular multi-stage planetary gears was studied by Liu Hui et al. [15]. Kang and
Hoon [16] investigated hysterically damped free and forced vibrations of axial and torsional bars
using a closed form exact method. Rudavskii et al. [17] studied the forced flexural-and-torsional
vibrations of a cantilever beam of constant cross section. Torsional vibrations of composite bars
of variable cross-section by BEM are investigated by Sapountzakis [18]. Among the researches,
the numerical approach is common used to solve the problems of forced torsional vibration.
Hardly, one can found an actual analytical solution. Yang [19] developed an analytical method
with a distributed transfer function formulation and a residue formula for inverse Laplace
transform for transient vibration analysis of stepped systems composed of shafts and strings
carrying lumped masses. In Ref. [19], the matching conditions are given to describe the
discontinuity at the locations of lumped mass and elastic supports and to obtain the forced
vibration response of the equation the natural frequencies needs to be solved first.

In this paper, a method based on Laplace transform and Fourier transform defined on a
bounded interval is developed to obtain an exact solution to the forced torsional vibration of a
shaft with multiple concentrated inertias and elastic supports deal with arbitrary boundary
conditions and arbitrary excitation forces. Different from Ref. [19], in this study the delta function
is used to describe the discontinuity at the locations of lumped mass and elastic supports and the
forced vibration response can be obtained directly. First, the developed method is introduced in
detail. Then, two examples, a shaft with two different forms of excitation and different boundary
conditions, are used to show in detail how this developed method can obtain an exact analytical
solution to the forced torsional vibration of the shaft. The results are compared with the widely
accepted Eigenfunction Expansion Method and FEM to demonstrate the accuracy and
effectiveness of the developed method. Furthermore, to further show its superiority over FEM, a
shaft with a single circular disc under the general excitation force and a shaft with one elastic
support under the impact loading are studied. To take advantage of the developed method further,
the influence of different parameters on the torsional forced vibration response of shaft is
discussed. They include the stiffness, the position of elastic supports and the time interval of the
impact loading.

2. Developed method
2.1. Free vibration equation of a shaft

The torsional free vibration equation of a shaft with multiple concentrated inertias and elastic
supports (with arbitrary magnitudes and locations) subjected to arbitrary boundary conditions can
be obtained from the Hamilton’s principle or from the equation of motion. It is given as follows:
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20 9% 920~
plym + Z/m5(x—x1m)ﬁ—G’pﬁJrzKi@@(x—ka =0, 1
m=1 i=1

. . 9%
where the x axis is along the shaft axis. z and — are the second derivative of 8(x, t) with

respect to x and t, respectively. The partial derlvatlve of 8(x,t) is E' The length and the radius
of the circular section of the shaft are L and R, respectively. The shear modulus is G and the mass
density is p. The polar moment of inertia of the cross section is I,, = fOR foznr3 d¢dr. The shaft is
composed of h discs and n elastic-supports. J,,, (m = 1,2,3 --- h) is the moment of inertia with the
associated m-th disc. K; (i = 1,2,3 ---,n) is the stiffness with associated i-th elastic-support.
6 = 8(x, t), the torsion angle of each section in the Cartesian coordinate system, is a function of
the generalized coordinate x and time t. It is worth to note that specially, the § function is used to
characterize the existence of a concentrated inertia and/or an elastic support at certain position.
8(x — xj,,) shows m-th disc existing at the position x = x;, and §(x — xy,) shows i-th spring
existing at the position x = x;,. In the following section, a method is developed to solve the
equation of forced torsional vibration.

2.2. A developed method to solve forced torsional vibration of shaft

Based on Laplace transform and Fourier transform defined on a bounded interval, a new
analytical method is developed herein to solve the forced torsional vibration of a shaft as shown
in Fig. 1. The shaft is treated as a beam which can be subjected to multiple concentrated inertias,
multiple elastic supports with arbitrary magnitudes and locations and arbitrary boundary
conditions and excitations.

Hix, t)
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-|—-|-—- mmw E— s
ki B ok £ Gp fi

Fig. 1. A shaft with multiple concentrated inertias and elastic supports under arbitrary excitation

Based on Eq. (1), the motion equation of forced torsional vibration of a shaft is given by the
following equation:

920 h 020 0%6
plpﬁ + Zmzljmé(x - x]m)ﬁ L 9x2 + Z K; 95()6 — Xk; ) M(x, t), @)

where M (x, t) is the applied torque.
The boundary conditions at fixed ends are given as:

6(0,t) =0, 3)
6(L,t) = 0. “4)

The boundary conditions at free ends are given as follows:

a0

- — 5
el (5)
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a0

x=L

The initial angular displacement and the initial angular velocity are given as follows:

a0

0(x,00=0, —
(x,0) 5t

=0. @)

t=0

Eq. (2) is a second order partial differential equation with the two variables: position x and
time t.

To solve Eq. (2), first step is to separate the variables x and t. To begin with, the Laplace
transform of Eq. (2) with respect to time t gives:

5 00 d?U(x, s) h
pl, [s U(x,s) —s8(x,0) — —| ] —Gly—— ]m6(x — x]m)
ot t=0 dx m=1 (8)
00 n
. [SZU(X, s)—sO(x,0) —— ] + Z K;U(x,5)8(x — x,) = L(x,5),
Otli=o i=1 ¢
where s is the Laplace transform parameter:
+oo
U(x,s) = L[OCx, )] = f 0(x, )e=t dt, ©)
0
+00
L(x,s) = L[IM(x,t)] = M(x,t)e st dt. (10)
0
Substituting the initial conditions of Eq. (7) into Eq. (8) yields:
d?U(x, h
pl,s?U(x,s) — G, # + Jms?U(x,5)8(x — x]m)
dx m=1 (11)

+ZT_1_ K;U(x, s)6(x — xki) = L(x,s).

Since Eq. (11) is a second order non homogeneous equation with constant coefficient and
contains Dirac Delta function, it will be very complex to be solved. Therefore, a developed
approach to solve this equation is to make Fourier transformation of Eq. (11) with respect to the
variable x. Considering x in the range of [0, L], the Fourier transform defined on this bounded
interval can be described by the following relationship:

L
UU(p,s) = F(U(x,s)) =f U(x,s)e /P*dx, (12)

where p is the Fourier transform parameter. The Fourier transform of Eq. (11) with respect to x
gives:

pLs2UU(p,s) — GL[-p*UU(P,5) + jp(U(L, s)e P+ — U(0,5)) + U'(L, s)e P*

h ) n . 13
-U'(0,5)] + Z Jn U(x;,,s)s2e IPxm + Z K; U(xy, s)e Pk = FF(p,s). (13)
m=1 i=1

In which:
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F (%) = —p2UU(p,s) + U'(L,s)e P —U'(0,s) + pj (U(L, s)ePLi — (0, s)), (14)

Py =12 (15)
jp

F(L(x,s)) = FF(p,s). (16)

If both ends of shaft are fixed, substituting the boundary conditions of Eq. (3) and Eq. (4) into
the Eq. (13) leads to:

U'(L,s)e™PL —U'(0,s) FF(p,s)
a?s? + p? Gl,(a?s? + p?)
i Tm U(x]m, s)ste™PXm + ¥ K; U(xki,s)e_jpx"i
B GI,(a?s? + p?) ’

UU(p,s) =

(17

where a? = p/G.
The inverse Laplace transform of Eq. (17) gives:

U’(L, S)eas(x—L) _ U’(O, S)e—asx e—aslxl
2as 2asGl,

U(x,s) = «F"Y(FF(p,s))

el (18)
Zm=1Jm U(x]m,s)sze el Xle + XK U(inrs)e_as|x_xki|

2asGl, ’

where F71(FF(p,s)) is the inverse of FF(p,s). The symbol “x” represents the convolution
operation.

To solve Eq. (18), first, substituting the boundary conditions of Eq. (3) and Eq. (4) into
Eq. (18), from U(0,s) = U(L,s) =0, U'(L,s) and U’'(0,s) can be obtained. Then similarly,
substituting x = x;, , x =x, (m=123..,hi=123..,n) into Eq. (18), the values of
U(x,,,s) and U(xy,, s) can be obtained. After that, the function of U(x, s) can be obtained. Based
on the residue theorem, the exact function of 8(x, t) can be derived by inverse Laplace transform
of U(x, s). Hence, the forced torsional vibration of a shaft is solved.

In the following section, two cases are studied in detail to show how to use this developed
method to obtain an exact analytical solution and the results will be compared with the
Eigenfunction Expansion Method [20] and the FEM to demonstrate the superiority of the
developed method in the accuracy and effectiveness. All the calculations are obtained by
MATLAB and the results of FEM are obtained by ANSYS. Using ANSYS, the shaft studied is
divided into 60 Timoshenko beam elements (BEAM188) and 61 nodes. The disk is simulated
using MASS21 and the spring is simulated ideally by linear stiffness element (SPRING14). For
the purpose of brief, all these will not be mentioned later on.

3. Method validation

The first case is a shaft fixed at both ends and subjected to the distributed loading. The second
case is a shaft with one end clamped and the other free and subjected to a concentrated loading at
the center of the shaft.

3.1. Case one

Case 1 is a shaft fixed at both ends and subjected to the distributed uniform moment loading
as shown in Fig. 2. The shaft has a circular cross-section with the diameter R = 0.0375 m and the
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length L = 3 m. The material properties of the shaft are given as follows. The shear modulus is
G = 81.5x10° N/m? and the mass density is p = 7850 kg/m>. The polar moment of inertia of the
cross section is I, = mR*/2. The distributed loading is M (x,t) = f,sinwt = 3.01sin2wt N-m.

Mx,t)

E——

Fig. 2. A shaft fixed at both ends under distributed loading

The vibration equation, the boundary condition and the initial condition are:

LB P

Ply o3 P 5x2 fosinwt,

6(0,t) = (L, t) =0, (19)
6(x,0) = 0, il = 0.

First, Laplace transformation of Eq. (19) with respect to time t gives:

L d?U(x,s) fow
pl, [SZU(x, s) —s0(x,0) — ET t=0] -Gl T i ar (20)
Substituting the initial conditions into Eq. (20) leads to:
d?U(x,s) fow
pl,s*U(x,s) — G, PR (21)

Eq. (21) can be transformed in accordance with the Fourier transformation rules on a bounded
interval as follows:

fow 1—e JPL

pl,s*?UU(P,s) — Gl,[-p*UU(P,s) + U'(L,s)e” /P = U'(0,5)] = R (22)

Substituting the fixed boundary conditions into Eq. (22) leads to:

U'(L,s)e /Pt —U'(0,s ) 1—e /oL
UU(,s) = (L,s) (0,s) fo e’ (23)
a?s? + p? Gl,(a?s?2 +p?)(s? +w?) jp
The inverse Fourier transform of Eq. (23) yields:
U’ L,S eas(x—L) U O,S e—asx W 2 —pmasx _ eas(x—L)
Ulxs) = (L,s) 0,s) fo (24)
2as Gl,(s? + w?) 2a?s?

Substituting x = 0, x = L into Eq. (24), the boundary conditions of U(0,s) = U(L,s) =0
are:
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U'(L,s)e L —U'(0,s w 1—e 9L
(U(Qs): (L,s) ( )+_ fo —o,
2as GL,(s? + w?) 2a?s?
UL s) = U'(L,s) —U'(0,s)e 2L fow 1—e %k
L (L,s) = 2as Gl,(s? + w?) 2a?s?
From Eq. (25), one can obtain:
W 1-— e—asL
U'(0,s) = Jo —,
asGl,(s* + w?) 1+ e~k
w 1— e ot
U'(L,s) = — Jo

asGl,(s? + w?) 1 + ek’
Substituting Eq. (26) into Eq. (24) yields:

fow(eas(x—L) + e—asx) fow

Ulx,s) =— .
(x,5) a?s2Gl,(s? + w?)(1 — e L) * a?s2GI,(s? + w?)

Inverse Laplace transform of Eq. (27) yields an exact analytical solution of Case 1:

fow (cosaw(x — L) + cosaxw — cosawl — 1)sinwt

0(x,t) = azGIp w3(1 + cosawl)

The result of Case 1 by Eigenfunction Expansion Method is given as:

® . 4f,L (Lza)sin "’zbt - nnbLsina)t) sin
00, 1) = Z bn2m2(—n2m2b? + w?l?) ’

(p=135..2i — 1),

p=1
where:
G
b= |—
p
Table 1. Amplitude of the center of the beam in Case 1
Method Amplitude (m) | Difference (%)
The developed method 1.3376e-5 —
The eigenfunction expansion method 1.3372e-5 0
The finite element method 1.3331e-5 0.3364

(25)

(26)

27

(28)

29)

(30)

The results from the developed method are shown in Fig. 3(a). The results from the
Eigenfunction Expansion Method are shown in Fig. 3(b). Fig. 3(c) shows the results from FEM.
In Fig. 3(a), Fig. 3(b) and Fig. 3(c), two figures are the amplitude vs the length of the beam and
the amplitude of the center of the beam vs time, respectively. The forced vibration response
amplitude of the center from three methods is given in Table 1. It can be seen that the results of
the shafting forced vibration response spectrum obtained by the developed method agree well with

the Eigenfunction Expansion Method and the FEM.

The developed method shows highly efficient. With simple cases like Case 1 to achieve the
desired accuracy, it is just taken one second for the developed method while several minutes for
the FEM. As for the Eigenfunction Expansion Method, it needs iterative more than 50 times. The
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superiority of the developed method over the Eigenfunction Expansion Method and the FEM in
accuracy and computation time is obvious.

5
15X10 Response under distributed loading 5 Response under distributed loading
157
1
1}
~05
3 ~ 05
g e
s
<05 B 05
-
At
15 :
0 05 1 15 2 25 3 a8
Length (m) 1 Tlme(l)
a) The developed method

5
x10 Response under distributed loading '5 Response under distributed loading

EU [ Eos
E g,
s =
£
Zos| Zo0s|
-1t
15! - - 15,
0 05 1 15 2 25 3 1
Length (m) Tlme(t)
b) The eigenfunction expansion method
NODAL SOLUTION POST26
STEP=1
SUB =25
TIME=.25
m (AvG) (.;r--sy

DMX =.S500E-06
SMX =.133E-04

- VALU

 — e e ———— ]
° wmos DB o FES sgpgs WS oga BN o

¢)The finite element method
Fig. 3. Results of Case 1

3.2. Case two

Case 2 shown in Fig. 4 is a shaft with one end clamped and the other free subjected to a
concentrate load ae the center. All geometrical and material parameters are same as given in
Case 1. The concentrated load is M(x, t) = fysinwtd(x — L;) = 3.01sin2nt§(x — 1.5) N-m.

Mix,t)
( ( :
e
i X
_—_— — e —_———= >
Li 1 p (;_[p
LI

Fig. 4. A shaft with one end clamped and the other free under concentrated loading

The vibration equation, the boundary condition and the initial condition are:
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2%0 0%0 .
pl, o GI, i fosinwts(x — Ly),
06
0(0,t) =0, %l =0, (31
x=
00
0(x,00)=0, —| =0.
(x,0) atl_,

First, Laplace transformation of Eq. (31) with respect to time t gives:

] Gl d’U(x,s)  fow
=0 Podx? 524 w?

pl, [SZU(JC, s) —su(x,0) — % §(x = Ly). (32)

Substituting the initial conditions in Eq. (31) into Eq. (32) leads to:

d*U(x,s)  fow

Plys*U(x,s) = Gly— 5~ = —

_5(x — Ly). (33)

Eq. (33) can be transformed in accordance with the Fourier transformation rules on a bounded
interval as follows:

. . , fow .
plys*UU(P,s) = Gl [—p*UU(P,s) + jpU(L,s)e P = U'(0,5)] = i — eI, (34)

Substituting the boundary conditions in Eq. (31) into Eq. (34) leads to:

ipU(L,s)e PL —U'(0,s 1) e Jrla
VU, s) _JpUL,s) 0,s) fo . (35)
a?s? + p? GI,(a%s? +p?)s? + w?
Inverse Fourier transform of Eq. (35) yields:
U(L,s eas(x—L) U’ 0,s e—asx w e—aslx—L1|
U(x, S) — ( ) _ ( ) fO (36)
2 2as GlL,(s? + w?) 2as

Substituting x = 0, x = L into Eq. (36), the boundary conditions of U(0,s) = U(L,s) =0
are:

U(L, s)e ™t U'(0,s w e—asl1
u(,5) = LD VO, fy _o,
2 2as  Gly(s* + w?) 2as 37
U(L _ U(L,s) U'(0,s)e st fow e—as(L—Ly) _ 0 (37)
(L.s)= 2 2as Gl,(s2+w?) 2as
From Eq. (37) one can obtain as follows:
W chas(L — L
U'0,s) = —10 (L~ L)
GL,(s? + w?)  chaslL
fow shasL (38)
U(L,s) = 0 1

asGIl,(s? + w?) chasL

Substituting Eq. (38) into Eq. (36) yields:
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3 fow(shas(x + Ly — L) — shas(Jx — L;| — L))

39
2asGl,chasL(s? + w?) (39)

U(x,s)

Then the exact analytical solution of Case 2 can be obtained by Inverse Laplace transform of
Eq. (39):

00x ) = fo (smaa)(x + L, — L) — sinaw(|x — L,| L)) Sinot. “0)
2awGl, cosawl
Table 2. Amplitude of the center of the beam in Case 2
Method Amplitude (m)
The developed method 5.9251e-6
The finite element method 5.9247e-6
Difference (%) 0

Response under concentrated loading ¢ Response under concentrated loading

5
x10
6 6)(10

IN
IS

N
~

. Amplitude
, Amplitude
=)

[

% 05 1 15 2 25 3 A 05 1 15 25 3
Length (m) Time(t)
a) The developed method
NODAL SOLUTION (x10%%-6)
STEP= 625
SUB =250
TIME=.25 s

DMK =.222E-06
=.592E-05 2.8

0 s 1.6 2.4 3.2 ‘
Il 12 2 28 36

P - * mes P iapos TIME

b) The finite element method
Fig. 5. The results of Case 2

The results from the developed method are shown in Fig. 5(a). Fig. 5(b) shows the results from
FEM. In Fig. 5(a) and Fig. 5(b), two figures are the amplitude vs the length of the beam and the
amplitude of the center of the beam vs time, respectively. The forced vibration response amplitude
of the center is given in Table 2. It can be seen that the results obtained by the developed method
agree well with the FEM. Case 2 not only again demonstrates the superiority of the developed
method in precision and time consuming but also indicates that the developed method is suitable
for shafting models with arbitrary boundaries.

4. Complex cases

In this section, the more complicated cases, the torsional forced vibration of a shaft with
concentrated inertias and elastic supports, will be investigated to further demonstrate the
superiority of the developed method is highly efficient and accurate. First, Case 3, a shaft with
single concentrated inertia subjected to random loading, is studied. Then, Case 4, a shaft with an
elastic support under impact loading, is studied. The amplitude and the vibration response derived

7 82 JOURNAL OF VIBROENGINEERING. JUNE 2020, VOLUME 22, ISSUE 4



EXACT FORCED TORSIONAL VIBRATION SOLUTION OF A SHAFT WITH MULTIPLE DISCONTINUITIES AND ARBITRARY BOUNDARY CONDITIONS.
MEILONG CHEN, SHUYING LI, HONGLIANG LI, SIYUAN L1U

from the developed method are taken to compare with FEM. Finally, to take advantage of the
developed method further, the influence of different parameters on forced torsional vibration
response of shaft is discussed. The different parameters include the stiffness and position of elastic
supports and the time interval of the impact loading.

4.1. Case 3

Case 3, a shaft with single concentrated inertia is fixed at both ends and subjected to a random
load, is investigated as shown in Fig. 6. All geometrical and material parameters are same as given
in Case 1. The concentrated inertia locates at x =x; =L/3 = 1 m. The moment is
J = 0.6021 kg'm?. The random loading is M(x,t) = fo(1 — wt)e “t§(x — L) = 3.01(1 —
2t)e %t5(x — 1.5) N'-m.

P M_(x.f)

|
(, )
T

e ——ﬁ————————%———)
X, i Lo Gfp

] L 7.2

L

Fig. 6. A shaft with a single concentrated inertia fixed at both ends under random loading
The vibration equation, the boundary condition and the initial condition are:

(9% 220 320

plpﬁ — Glpﬁ +]6(X — x])ﬁ = fo(1 - wt)e 5 (x — L),
6(0,t) = 6(L,t) = 0, (41)
LQ( 0)=0 06 =0

%0 =0, | =0

For the sake of brief, omitting the process detail of solving the equation mentioned in
Section 2.2, the exact solution of Case 3 is given as follows:

foe~“tLehawl(chaw(|x — Ly| — L) — chaw(x + L; — L))
2GI,(shawl)?

(chacu(|x] - L1| - L) - chaa)(x] +L — L))
2aGl,shawl —](u(chaw(Zx, - L) - chawL)
Jfoe ®tw (—a(|x - x,| - L)shaw(|x - x]| - L) + a(x +x, = L)shaa)(x +x; - L))

0(x,t) =—

2aGl,shawl
JfowaLchawLe™“t (chacu(x +x,— L) — chaw(|x — x| — L))
B 2aG1,(shawl)?

(42)
(chaw(|x] - L1| - L) - chaw(x] +L;— L))

‘ 2aGl,shawl —]w(chaw(Zx] - L) - ChawL)
we™®t (chaw(x +x - L) - chaw(|x - x]| - L))
2aGl,shawl
(a(|x] - L1| - L)shaw(|x] - L1| - L) - a(x] +L;— L)shaw(x] +L— L))
2aGl,shawl —]w(chaw(Zx, — L) - chawL)
_fo(chaw(lx —Ly| — L) — chaw(x + L, — L))te™**
2aGl,shawl

+
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foe=®*(—a(lx — Ly| — L)shaw(|x — L,| — L) + a(x + L, — L)shaw(x + L, — L))
2aGl,shawl

Jfote ™tw (chaw(|x - x,| - L) - chaw(x +x; - L)) (chaw(|x] - L1| - L) - chaa)(x, +L— L))
i 2aGl,shawl (ZaGIpshaa)L —]w(chaw(Zx] - L) - cha(uL))

Jfoe™t (chaw(x +x - L) - chaa)(|x - x,| - L)) (Chaa)(|x] - L1| - L) - chaw(x] +L,— L))
* 2aG1,shawl (2aG1,shawl - Jo(chaw(2x; — L) - chawL))

Jfowe ™t (chaw(x +x - L) - chaw(|x - x]| - L)) (chaw(|x] - L1| - L) - chaa)(x, +L— L))

2aGl,shawl
] 2azLGlpcha(uL —](chaw(Zx, - L) - chaa)L) —]w(a(Zx] - L)shaw(Zx] - L) - aLshaa)L)
(ZaGlpshawL —]a)(chaa)(Zx, - L) - chawL))2 .

Table 3. Amplitude of the center of the beam in Case 3

Method Amplitude (m)
The developed method 2.9625¢e-6
The finite element method 2.9611e-6
Difference (%) 0

£

%10 Response under random loading

Response under random loading

E £

s 315

° °

2 2

£ g’

< <
0s 05

o

_05 L . " L o) n L
0 05 15 25 3
Length (m) 0 1 2 3T\me(s)4 6 7
a) b)
Fig. 7. The vibration pattern of Case 3 from the developed method
NODAL SOLUTTON (x10%2-5)
STEP=1 L |
SUB =1
TIME=.100E-03 2.8
ROTSUM (AVG)
RSYS= 2.4
DMK =. 111E-06
SMK =.296E-05 2

1.6

e TR m— Y

] 1.6 3.2 4.8 6.4 8
.8 2.4 4 56 7.2

|
. TIME
a) b)

Fig. 8. The vibration response spectrum of Case 3 from FEM

The results of vibration response are shown in Fig. 7. The spectrum diagram of the forced
vibration response along the axial direction is given in Fig. 7(a) and the torque of the shaft vs time
is given in Fig. 7(b). The torque of M(x, t) = fo(1 — wt)e~®*§(x — L,) is applied at the center
of the shaft. The results of the vibration response of FEM are given in Fig. 8. The spectrum
diagram of the forced vibration response along the axial direction is given in Fig. 8(a) and the
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torque of the shaft vs time is given in Fig. 8(b). The vibration amplitude is given in Table 3. All
the results from the developed method agree with the FEM very well and once again demonstrate
the reliability of the developed method. One can conclude that the developed method is capable
and suitable for solving shaft problems in engineering for the arbitrary boundary conditions and
excitation.

4.2. Case 4

Case 4 is a shaft with an elastic support and one end clamped and the other free subjected to
uniform impact loading as shown in Fig. 9. All geometrical and material parameters in this case
are the same as given in Case 1. The stiffness of elastic support is K = 10000000 N/m. The elastic
support is located at x = x;, = L/3 = 1 m. The uniform load is M(x, t) = fysinwt(u(t —t;) —
u(t—ty)) = 3.0lsin§t(u(t) —u(t — 16)) N-m, in which t, represents the starting time of the
torque action and t, is the ending time of the torque action.

Mx.t)

Fig. 9. A shaft with an elastic support and one end clamped and the other free under impact loading
The vibration equation, the boundary condition and the initial condition are:

0%0 0%6 )
pl, i GI, Iz + K06 (x — x;) = fosmwt(u(t —t;) —u(t— tz)),

a6
e(oi t) = OI al x=L — 01 (43)

26
0(x,0)=0, —|i==0.

Again, for the sake of brief, omitting the process detail of solving the equation, the exact
solution of Case 4 is given as:

—fB(cosaa)L — cosaw(L — x))

0(x,t) =
(% 0) a’Gl,w? 4
1 k(sinaw(lx — x| = L) — sinaw(x + x;, — L)) )
cosawl  awGlpcosawl + K(sinawL + sinaw (2x;, — L)) ’
where:
B = sinwt(u(t — t;) — u(t — t;)). (45)

The results are given in Fig. 10(a) and Fig. 10(b). The response amplitude changes along the
axial direction as shown in Fig. 10(a). As the big bearing stiffness, the response spectrum of the
shaft between 0-1 m is much similar than the rest part of the shaft. The response spectrum of the
shaft between 0 to 1 m is similar to that of a shaft with both fixed ends like Case 1 and the response
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spectrum of the shaft between the 1 m to 3 m is similar to that of a shaft with one end fixed and
the other free like Case 2.

= Response under impact loading % Response under impact loading

3% 10 x 10

2,
g1 E
@ ]
° °
20 2
a =3
E £
< 1 x5

2+

-3 L i i i -3L L " n

0 05 1 1.5 2 25 3 0 5 10 15 20
Length (m) Time(s)
a) b)

Fig. 10. The vibration pattern of Case 4 from the developed method

Table 4. Amplitude of free end of the beam in Case 4

Method Amplitude (m)
The developed method 2.4513e-6
The finite element method 2.45501e-6
Difference (%) 0.1511 %

The results from the FEM method are given in Fig. 11. The results of the amplitude are given
in Table 4. Again, the results show that the developed method agrees with the FEM well. It not
only demonstrates the superiority of the developed method in effect and accuracy but also
indicates that the developed method is suitable for shafting models with arbitrary elastic supports.

NODAL SOLUTION (x10%%-5)
STEP=1 il

R R

—_—

-1

-1.5

-2.5

o 4 8 12 16 20
14 18

10
——] — ]
J 73805 - B 818805 1o 136504 M o 19104 e 246m-04 Tm

a) b)
Fig. 11. The vibration response spectrum of Case 4 from FEM

5. Effect of different parameters on response

To take advantage of the superiority of the developed method in effect and accuracy, the
studies of the effect of different parametric on the dynamic response are carried out. They are the
effect of the impact time of load and the effect of stiffness of the elastic support. Case 4 is taken
as shaft model to study the effects of different parameters.

5.1. Effect of impact time of load

In the study, t; is same as 0 and the impact time of t, varies from 1.0 sec to 4.0 sec. The results
are given in Fig. 12. As to be expected, increasing the action time, the amplitude of the forced
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vibration response is increased. It also is observed that there is a quick increase of the amplitude
of vibration response occurring at a range of 1secto 3 sec.

-5 Response under impact loading
25 x 10 )
' t1=0t2=1 - t1=0,t2=2.6
t11=0,t2=1.2 - t1=0t2=2.8
of 11=0,12=1.4 t1=0,t2=3 o a———
e 11=0,42=1.6 ¢ t1=042=3.2
- 11=0,t2=1 8- 11=012=3 .4
£ t1=0,t2=2 + t11=012=3.6
g"' =1 11=0,t2=2.2 t1=0,12=3.8
3 r
i ——
g7 —
0.5
0 0.5 1 2 25 3

Lenafﬁ' (m)
Fig. 12. The effect of variations of action time t, on forced vibration response of Case 4

5.2. Effect of stiffness of elastic support

The value of spring stiffness K studied is chosen as, namely, 0, 10° N/m, 10* N/m, 10° N/m,
10° N/m, 107 N/m, 108 and 10° N/m, separately. The results are given in Fig. 13.

It can be observed that the forced vibration amplitude of the shaft has a significant increase
staring from the K = 10° N/m. It also can be seen that from the larger the stiffness K, the higher
is the changing rate of the vibration response amplitude. But as the stiffness is less than 10° N/m
or larger than 107 N/m, the vibration response amplitude is constant. That means that in those
cases the influence of K on vibration response can be negligible. It also can find that in the case
K = 10°% N/m, along the shaft axis once over the elastic support the vibration response amplitude
is increased and then finally will stay at a constant value. This phenomenon is related to the
stiffness property of the elastic supports.

5.3. Effect of location of elastic support

The effect of the location of the elastic supports on vibration response amplitude of the shaft
is studied herein. The locations at L = 0.5 m, 1.5 m, 2 m and 3 m are investigated, separately. The
results are given in Fig. 14.

The results show that when the location of the elastic support is closed to the two ends of the
shaft, the effects of the elastic support can be negligible and the vibration response amplitude of
the shaft is equivalent to that of the shaft with no elastic supports.

From above investigations, the developed method is proved to be an applicable and capable
general approach to analysis of the torsional vibration response of shaft with arbitrary boundary
conditions, complicated excitation force as well as various elastic supports. Though the examples
dealing with are with only an elastic support, as one can be expected, the developed method can
be used conveniently to analyze the forced torsional dynamic behaviors for more complicated
shaft- elastic support systems in the same way. Another major advantage of the developed method
is that, regardless of the number and types of elastic supports, the dynamic equation always can
be conveniently established as a single second-order partial differential equation like Eq. (2) which
can significantly save the computational effort.

With FEM, when the number of the elastic supports changes, the overall system matrix of the
entire structural system has to be rebuilt due to the change of additional freedoms associated with
the elastic-support points. However, with the developed method, only a slight change to the overall
dynamic equation is required and the process is simple and straightforward. For instance, the effect
of the number of elastic supports can be easily reflected in the value r in Eq. (2). That is why the
developed method is superior over FEM in the computation time and effectiveness.
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Fig. 13. The effects of variations of the stiffness K on the forced vibration amplitude of Case 4
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Fig. 14. The eftect of the position of the elastic supports on vibration response amplitude of Case 4
6. Conclusions

In this paper, an analytical method is developed to solve the torsional forced vibration of a
shaft with multiple concentrated inertias and elastic supports under arbitrary boundary conditions
based on the two kinds of integral transform methods. The time t and the coordinate x are carried
out the transforms in the Laplace domain and the Fourier domain to obtain the exact solution
quickly and accurately, respectively. In comparison with most existing solution procedures for
shaft system, such as Eigenfunction Expansion Method and FEM, the results show that this
developed method not only is applicable to deal with any boundary conditions, but also can be
substantially improved and guaranteed to the speed of solving a complicated shafting model. It is
superior over Eigenfunction Expansion Method and FEM in the computation time and
effectiveness.

Four cases, the shafts with single concentrated inertia or single elastic support under given
boundary conditions, are studied to demonstrate the accuracy and the effectiveness of the
developed method. What’s more, the effects of parameters on torsional forced vibration response
of shaft are further investigated, including the stiffness and location of elastic supports and the
impact time of the loading. The results from the investigation could serve as benchmark solutions
for validating new computational techniques in the future.

The developed method successfully provides the exact analytical solution of forced torsional
vibration for the shaft with multiple inertias and elastic supports. It can provide a reliable
theoretical base not only for analysis and fault diagnosis of a shaft system in engineering signal
testing projects but also for the verification of other numerical and analytical methods. Future
study will pay attention to extend the developed method to solve other types of vibration problems.

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 789



EXACT FORCED TORSIONAL VIBRATION SOLUTION OF A SHAFT WITH MULTIPLE DISCONTINUITIES AND ARBITRARY BOUNDARY CONDITIONS.
MEILONG CHEN, SHUYING LI, HONGLIANG LI, SIYUAN L1U

Acknowledgements

This research work was funded by the National Natural Science Foundation of China (Grant
No. 51375104), the Heilongjiang Province Funds for Distinguished Young Scientists (Grant
No. JC201405), China Postdoctoral Science Foundation (Grant No.2015M581433), and
Postdoctoral Science Foundation of Heilongjiang Province (Grant No. LBH-Z15038).

References

[1] Qi W. Torsional Vibration of Engine Crankshaft. Qiguang Ying, Shanghai, 2000.

[2] Den Hartog J. P., Li J. P. Forced torsional vibrations with damping: an extension of Holzer’s method.
Journal of Applied Mechanics, Transactions of ASME, Vol. 68, 1946, p. 276-280.

[3] Jong-Shyong W., Wen-Hsiang C. Computer method for forced torsional vibration of propulsive
shafting system of marine engine with or without damping. Journal of Ship Research, Vol. 26, Issue 3,
1982, p. 176-189.

[4] Doughty S., Vafaee G. Transfer matrix eigensolutions for damped torsional systems. Journal of
Vibration, Acoustics, Stress and Reliability in Design, Vol. 107, Issue 1, 1985, p. 128-132.

[S] Nengqi X., Ruiping Z., Xiang X., et al. Study on vibration of marine diesel-electric hybrid propulsion
system. Mathematical Problems in Engineering, Vol. 2016, 2016, p. 8130246.

[6] LingX., Shixi Y., Chunbiao G. Torsional vibration of a shafting system under electrical disturbances.
Shock and Vibration, Vol. 19, Issue 6, 2012, p. 1223-1233.

[71 Koibin A. V. Torsional vibration in an elastic rod with external dry friction. Journal of Applied
Mathematics and Mechanics, Vol. 58, Issue 5, 1994, p. 941-944.

[8] Zhenguo Z., Feng C., Zhiyi Z., Hongxing H. Vibration analysis of non-uniform Timoshenko beams
coupled with flexible attachments and multiple discontinuities. International Journal of Mechanical
Sciences, Vol. 80, 2014, p. 131-143.

[91 Ewing M. S., Mirsafian S. Forced vibration of two beams joined with a non-linear rotational joint:
clamped and simply supported end conditions. Journal of Sound and Vibration, Vol. 193, Issue 2,
1996, p. 483-496.

[10] Wei J., Tonlo W., W.Kinzy J. The forced vibration of helical springs. International Journal of
Mechanical Sciences, Vol. 34, Issue 7, 1992, p. 549-562.

[11] Dongying H., Peiming S., Kewei X. Nonlinear torsional vibration dynamics behaviors of rolling
Mill’s Multi-DOF main drive system under parametric excitation. Journal of Applied Mathematics,
Vol. 2014, 2014, p. 202686.

[12] Beytullah T., Faruk Firat C., Naki T. Forced vibration of composite cylindrical helical rods. Journal
of Mechanical Sciences, Vol. 47, 2005, p. 998-1022.

[13] Bapat C. N., Bhutani N. General Approach for free and forced vibrations of stepped systems governed
by the one-dimensional wave equation with non-classical boundary conditions. Journal of Sound and
Vibration, Vol. 172, Issue 1, 1994, p. 1-22.

[14] Wang H. M., Liu C. B., Ding H. J. Exact solution for forced torsional vibration of finite piezoelectric
hollow cylinder. Structural Engineering and Mechanics, Vol. 32, Issue 1, 2009, p. 663-678.

[15] Hui L., Zhongchang C., Changle X. Dynamic analysis and multi-object optimization of the forced
torsional vibration for vehicular multi-stage planetary gears. Applied Mechanics and Materials,
Vol. 86, 2011, p. 263-267.

[16] Jaehoon K. Hysterically damped free and forced vibrations of axial and torsional bars by a closed
form exact method. Journal of Sound and Vibration, Vol. 378, 2016, p. 144-156.

[17] Rudavskii Yu K., Vikovich 1. A. Forced flexural-and-torsional vibrations of a cantilever beam of
constant cross section. International Applied Mechanics, Vol. 43, Issue 8, 2007, p. 912-923.

[18] Sapountzakis E. J. Torsional vibrations of composite bars of variable cross-section by BEM.
Computer Methods in Applied Mechanics and Engineering, Vol. 194, Issues 18-20, 2005,
p. 2127-2145.

[19] Bingen Y. Exact transient vibration of stepped bars, shafts and strings carrying lumped masses. Journal
of Sound and Vibration, Vol. 329, 2010, p. 1191-1207.

[20] Yuesheng L., Guofeng F., Tao C., et al. Methods of Mathematical Physics. First Edition, National
Defense Industry Press, Beijing, 2013.

790 JOURNAL OF VIBROENGINEERING. JUNE 2020, VOLUME 22, ISSUE 4



EXACT FORCED TORSIONAL VIBRATION SOLUTION OF A SHAFT WITH MULTIPLE DISCONTINUITIES AND ARBITRARY BOUNDARY CONDITIONS.
MEILONG CHEN, SHUYING LI, HONGLIANG LI, SIYUAN L1U

Meilong Chen is a Doctor candidate at Harbin Engineering University. Her current
research interests are mechanical dynamic and vibration control.
$ =

Shuying Li received Ph.D. degree in College of Power and Energy Engineering from
Harbin Engineering University, Harbin, China, in 2000. Now she works at Harbin
Engineering University. Her current research interests include simulation and experimental
research of the overall performance and control strategy of the power plant.

Hongliang Li received Ph.D. degree in College of Aerospace and Civil Engineering from
Harbin Engineering University, Harbin, China, in 2005. Currently he is a Professor at
Harbin Engineering University. His current research interests include active vibration
control, parametric identification and coupling vibration of diesel engine shaft system.

Siyuan Liu studies for a Doctor degree at Harbin Engineering University. His current
research interests are vibration test, mechanical dynamic and vibration control.

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 79 1





