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In this paper, a method is presented for predicting the three-dimensional dynamic
response, shear stresses and structural intensity of torsional vibration in a finite shaft with
stepped cross-sections. The series expansion techniques is employed to express the dynamic
responses and shear stresses in terms of the eigenfunctions of torsional vibration in uniform
cylindrical rods. The coefficients of the series are determined by enforcing the boundary
conditions through the least-squares fitting. The effectiveness of this proposed method is
assessed and illustrated by numerical results. The numerical results also revealed the
characteristics of dynamic response, shear stresses and intensity vector fields in a finite
stepped shaft and showed that the application of the one-dimensional torsional vibration
theory to a finite stepped shaft not only misses out radial modal responses, but also results in
alarge error for the prediction of responses of axial modes when the resonance frequencies of
all the segments (in free-free end conditions) do not coincide.

© 2000 Academic Press

1. INTRODUCTION

Shafts including stepped shafts are elements of many practical engineering struct-
ures. Torsional vibration problems often arise in these elements and they are usually
analyzed based on one-dimensional mathematical models [1]. However, one-dimensional
mathematical models can only give approximate results [2, 3] and the approximation error
increases with increasing frequency. At low frequencies where the velocities of elements in
a given cross-section of a shaft are all in the same (tangential) direction and their
magnitudes are proportional to the radius, the one-dimensional model is a good
approximation. At medium and high frequencies where the torsional wavelengths are
comparable with or smaller than the radius of a shaft, radial vibrational modes are present
and the accurate analysis of torsional vibration in a shaft should be made based on
three-dimensional mathematical models because the tangential displacement in any
cross-section of the shaft may not be a linear function of radius, and one or more radial
layers may rotate in opposite direction to that of the core of the shaft.

A number of researchers have used three-dimensional methods to study the torsion
vibration in shaft [2-8]. Leissa and So [2] used the three-dimensional Ritz analysis to

0022-460X/00/360115 + 14 $35.00/0 © 2000 Academic Press



116 J. Q. PAN ET AL.

estimate the resonance frequencies of finite shafts and concluded that a three-dimensional
mathematical model is required to obtain an accurate estimation of natural frequencies.
Pan and Pan [ 3] studied the structural intensity of torsional vibration in uniform shafts and
demonstrated the torsional energy flow features at medium and high frequencies where
an one-dimensional mathematical model is in error. Johnson et al. [4] used
a three-dimensional mathematical model to look at the trapped torsional modes in
a stepped shaft of three segments. Tsuji and Kim [5-8] utilized three-dimensional methods
to analyze the stress field of infinite stepped shafts and showed stress singularity phenomena
cannot be explained by using the one-dimensional torsional vibration theory. In reference
[8], the tangential displacement and shear stresses of a stepped shaft with two semi-infinite
solid cylindrical rods are expressed in terms of Dini series [9]. The Dini-series coefficients
are then determined using the boundary conditions at the stepped joint. The advantage of
this approach manifests itself in concise formulation and in actual numerical calculation
efficiency because it involves no numerical integration.

Practical shafts are all finite and could be of a large cross-section or consists of several
segments with different radii. The study of torsional vibration in such stepped shaft may
provide a understanding of the characteristics of torsional modes in complex structures
and an information for machinery vibration and noise control. In this paper, a
three-dimensional method is proposed for obtaining numerical solutions of torsional
response, shear stresses and structural intensity in a stepped shaft with two segments for the
excitation of a pure torsional moment due to axial symmetrical surface forces. The
similarity of this proposed method and the method developed in reference [8] is that in both
methods the expressions of tangential displacement and shear stresses are analytic (in terms
of Dini series, the exact eigenfunctions of torsion vibration in uniform cylindrical rods) and
have no integration terms. The difference is that in this proposed method the Dini
coefficients are obtained by directly applying the method of least squares [10] to fit the
boundary conditions at the stepped joint. This proposed method is readily extended to the
case where a stepped shaft consists of several segments of different radii and has different
boundary conditions.

2. TORSIONAL VIBRATION IN A STEPPED SHAFT

We consider a stepped shaft which consists of two uniform solid cylindrical rods
(segments) of different finite lengths and diameters. The axis of the stepped shaft is lying
along the z-axis of a cylindrical co-ordinate system (r, 0, z), as shown in Figure 1. The radii
and lengths of the two segments are denoted by Ry, R,(R; > R,), Ly and L, respectively.
The stepped shaft is assumed to have free—free end conditions. An axial-symmetrically
distributed surface force, @, &, is assumed to act on the left end of the shaft (z = 0) in the
tangential direction resulting in a harmonic torque M, &*":

21 MR,

M, = J J rOy(r)ds, (1)
0 0

where ds = rdr d0. For this type of excitation, only torsional waves are present in the shaft

[3]. Due to the circular cross-sections, the tangential displacements in segments 1 and 2 of

the shaft should be independent of # and can be expressed respectively as [2, 3]

vilr, z, 1) = {r [AQe™” + Bfe™“] + 3 Ty (B r)[4) ™" + Be _"k:)zj}ejwﬁ i=12 (2

n=1
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Figure 1. A shaft with two cross-sections and the corresponding co-ordinates.

where

. . - 2 .
K=o [a K= [o—00n n=12. ()

B and B are the eigenvalues in the radial direction satisfying the eigenequations:
J2 (ﬁ(” Rl) = 05 i = 1’2 (4)

J, and J, are, respectively, the first and second order Bessel functions of the first kind, p; is
the material density, G; = G¥ (1 + jn;) is the complex shear modulus and #; is the dissipation
loss factor of segment i. The coefficients AY, AP, ... and BY, BY, ... in equation (2) are
determined by the boundary conditions at the two ends of each segment. For the stepped
shaft shown in Figure 1, the boundary conditions can be written as the following four
equations:

A

ov

G, — = —0Oy(r)e”, atz=0, (5)
0z
8’171 .

Gl —_ = @1(}’)6’“”, atZ=L1, (6)

0z
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5 _

G, 2= —0,(e”, atz=L,, (7)
0z

G206”2=0; atz=L=1L,+L,, ®)
yA

where @ (r) and @, (r) are the internal shear forces at the stepped joint in the tangential
direction. The force equilibrium at the stepped joint requires @, = — @, (r < R,) and
0, =0(R, <r<Ry).

Substituting equation (2) into equations (5)—(8) gives

vl (rz Z, [) =
r
leﬁ)l)NE)”sin (kgl)Ll) [Hﬁ)“cos(kf)l)z) + H(oo) COS(k(ol)(Z — Ly))]
- o0 J (ﬂ(l) ) ejwtr (9)
wor
+ ) G k(l)]\;(l)sin KDL, + [HV cos(ki"z) + HY cos(ki(z — Ly))]
n=1 1% n n 1
ba(rzt) = — rH@ cos(k{ (z — L)) N i J1(BPr)HP cos(k? (z — L)) &, (10)
25 GRPNPsin(kF L) 2 GkPNDsin (kP L) ’
where
4 4 2 72 /n(1) 2 72,0(2)
N — %, N® — %’ N — R1J1(§n R1)’ N® — R2J1(§n Rz), (1)

HY), HP, HY and H?, H", H? (n = 1,2,3, ... ) are the modal moments and given by the
following integrals:

R 'R

R,y 2
HY = J Oor?dr, HY = [ O,r*dr, (12)

0

O,r*dr, HP = J

0 0

R

R, 1
1Y = | s pinrdn = [ 0u. (i

0 0

R,
HP =f 0,1, (P r)rdr. (13)

0

The internal shear forces @ (r) and @,(r) can be expanded in Fourier-Bessel series:

Oir)=c'r + Y T (BYr), i=1,2 (14)
n=1

where ¢, ¢, ¢, ... are the Fourier-Bessel coefficients of the internal shear force @;(r).
Substituting the above equation into equations (12) and (13) and using the orthogonal
property of the functions {r, J; (8" r)} over interval [0, R;] and that of {r, J,;(8?r)} over
interval [0, R,] five the following relationships:

HY = IN§,  HY =cPNY, i=1,2 (15)
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By using the above relationships, equations (9) and (10) can be simplified as
Ul(ra Z, t) =
r
Gk sin (kD L1) [cf cos(klz) + ¢ cos(ky’ (z — Ly))]
1 .
_ e_]wt, (16)

5 Ju(Bir)
* L GikDsin Ly L costki’2) + @l cos iz — L))

,Z, 1) = — - -
v2(r21) G k@ sin (kP L) T GkPsin (KDL,

{rcﬁf) cos (k" (z — L) - § e <2>cos(k£f’<z)— L»} e, (1)
where @o(r) = ct’r + 3 ci” Ji(Br) and ¢ = HY /NP (n = 1,23, ...).

The Fourier-Bessel coefficients can be determined from the boundary conditions at the
stepped joint (z = L;) where the displacement continuity and force equilibrium must be
satisfied. That is

Ul(rz L17 t) = UZ(ra Lla t)a 0 < r < R27 (18)
0 L
M_O R, <r <Ry, (19)
0z
ovy (r, Ly, t O0v, (r, Ly, t
G, ”1(’621 ) _q, 1’2(’621 ) 0<r<r, (20)

Substituting equations (16) and (17) into the above equations gives

rcos(ki L) NI Z JL (B r)cos(kiV Ly )c‘”— rcos(k L) &
G kD sin(k Ly) L Gk sin(kD Ly " Gok@sin(kP Ly) °

_ B ncoskP L) o re)
Sy GokPsin(kPLy) Gkt sin (k) L)
© J (B(l) (0)
- —, 0<r<R,. 21
Z1 G kD sin(KS L) rste 1)
reg? + Y 3BV =0, R,<r<R,, (22)
reg? + Y TP + e + Y 1 (PP =0, 0<r<R,, (23)
n=1 n=1

where the coefficients ¢{’ (i = 1,2;n = 1,2, 3, ... ) can be approximately estimated using the
method of least squares. By using the method of least squares, equations (21)—(23) are
satisfied only at a limit number of locations. If (P 4+ Q + 2) coefficients, ¢ (n =0, 1,2, ...,
P)and ¢/ (n=0,12, ..., Q), are used to describe the internal shear forces at the stepped
joint, and equations (21)-(23) are satisfied at (M + N) locations (r =7y, 7y, ..., 'ap, Frar41s
Far+2 --- » Far+n) ON the right end of segment 1 and at M locations (r = ry, 5, ..., ) on left
end of segment 2, the following matrix equation can be obtained:

[4][c] = [d], (24)
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where [¢] = [c{" ¢ - ) ) P -+ '] is the Fourier-Bessel coefficient vector;
[d] =1[d; dy -+ dyp+n]" is the external moment vector, of which the element are given by

B rel® B i T (B rg) el (5= 12.....M)
G kPsin(kVLy) 2, Gk sin (K L)
dy = (25)
0 s=M+1,M+2,...,2M + N),

where S is the maximum number of base functions used in the calculation of tangential
displacement in segment I. The coefficient matrix [4] in equation (24) has an order of
(2M + N)x (P + Q + 2) and its elements are given by

ricos(kP L)
=12, ...,M; j=1
G kD sin (P L) t=12...Mj=1,
ﬁﬁ”lr)COS(k‘” Ly) i=12,....M
G, kP sin (kY Ly) =23 ..,P+1/)
dij= (26a)

r;cos(k L)
G, k§ sin (k) L)
Jl(ﬁ(Z)P ZV)COS(k(z)P 2 L) i=12,....M

G kgjp,ZSIH(kS,p,ZLZ) ]=P+3,,P+Q+2 ’

(i=12...,M; j=P+2),

>

i=M+1,...,M+N
j=1

i=M+1,...., M+ N
A= (1) ! > 2
9] (ﬁ 1r l) <J:2’ 3,,P+1 >’ (6b)
0 i=M+1,...., M+ N
j=P+2,...,P+Q+2)
r; i=M+N+1,....,2M + N; j=1),
i=M+N+1,....,.2M + N
J (1) 5 5
1(ﬁ1 11’) <j=2,3,...,P+1 >3
Ay = (26¢)
T i=M+N+1,....,2M + N; j=P + 2),
i=M+N+1,...,2M + N
J(ﬁ P1V) - .
j=P+3,...,P+Q+2

If the coefficient matrix [A4] is singular, the least-squares solution of equation (24) can be
expressed as

[c] = (417 [4]) " [4]" [d]. (27)
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Substituting the above solution into equations (16) and (17) gives the torsional response of
the stepped shaft. Then the internal shear stresses can also be calculated [3].

3. STRUCTURAL INTENSITY OF TORSIONAL VIBRATION

Structural intensity vector I = [I,, I, I,]" in an elastic structure is defined as [11, 12]

7%
Ir 1 g, Tro Tyz u
I = 19 = — E Re Tor Op Tor U* . (28)
Iz Tz Tz O: W*
where o,, ..., T, are the stress components in the structure and superscript * denotes

complex conjugate. For the case of pure moment excitation, the radial and axial
displacement components are equal to zero (u = w = 0) [3].

eo=G[(Z-%) s=0. w,=¢% (29)
o r 0z

Combining equations (28) and (29) gives
Ir= —%Re{frgﬁ*}, 1020, Iz= —% Re{fzgl}} (30)

The shear stresses in segments 1 and 2 of the stepped shaft can be calculated using equations
(16), (17) and (29):

AT
(1)(r Z, t)_ Zlm

B I (B ) P cos (kP (z — L))
(r, 2, 1) Z @ @
- kv sin (k) L)

[V cos(k(V z) + ¢! cos (K (z — Ly)] &;  (31)

(2)

& (32)

r .
Spr et sin(kE2) + e sin (K — L)
0 1 .
(1)(;,. z, t) e]wl,’ (33)

(1)
+ Z sin ( k(l)L)) [c(l)sln(k(l) )+C§0)Sin(k§“(z—L1))]

=1

@sin(kP (z — L) & T, (BPncPsin(k® (z — L)) .
2 N = rcg sin (kg 1 Pn 2 " oot 34
2 0= { Ly .5 sin (K1) - 89

Substituting equations (16), (17) and (31)~(34) into equation (30) gives the structural
intensities in segments 1 and 2 of the stepped shaft.

4. NUMERICAL RESULTS AND DISCUSSIONS

A numerical example is presented in this section to assess the feasibility of the method
described and also to illustrate the characteristics of dynamical response, shear stress and
structural intensity fields of torsional vibration in a stepped shaft. The stepped shaft is
assumed to be made of mild steel and has free—free end conditions. R; =0-5m,

=025m, L; =1:0m, L, = 0-5m. The dissipation loss factors of both segments are
assumed to be the same of 0-001. The left end of the stepped shaft (z = 0) is excited by an
external torque of unit magnitude (M, = 1 Nm) which resulted from a distributive surface
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Figure 2. Magnitudes of the tangential displacements calculated at position of (r, z) = (0:2 m, 0-2 m): (a) using
three-dimensional torsional vibration theory for the stepped shaft ( ) and for uniform shafts (-----:
(L,R) =(1-0m, 0-5m); ——-: (L, R) =(0-5m, 0-25m)); (b) using three-dimensional torsional vibration theory
( ) and one-dimensional torsional vibration theory (---) respectively in the stepped shaft.

force. Numerical results showed that in a stepped shaft both the shear stresses and velocity
fields are independent of the external excitation force function (that is, the expression of
O, (r) which may be proportional to r or " (n > 1)). This is different from the case of uniform
shafts [3]. The reason is that the internal forces at the stepped joint are always non-uniform
regardless of the type of external excitation force. In our calculations, a cubically distributed
external surface force (@, (r) = 3r3/nR¢) was assumed.

Figure 2 shows the magnitudes of tangential displacements v; at position of (r, z) =
(0-2m, 0-2m) in the stepped shaft and uniform shafts (L, R) = (1:0 m, 0-5 m) and (0-5 m,
0-25 m)) respectively. Figure 2(a) is used to illustrate the relationship between the coupled
system (stepped shaft) and the uncoupled systems (the segments) in terms of their resonance
frequencies. It was found that when the resonance frequencies of the axial modes of the
two-segments coincide, the stepped shaft finds its resonance. If the resonance e frequencies
of the two segments do not coincide, the resonance frequency of the stepped shaft shifts
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Figure 3. Magnitudes of the tangential displacement at position of (r, z) = (0-:2 m, 0-2 m) in the stepped shaft
calculated using the three-dimensional torsional vibration theory ( ) and using the finite element methods

away from that of the uncoupled segments. Figure 2(b) shows that the one-dimensional
torsional vibration theory not only misses out the resonance frequencies of radial modes,
but also results in a large error for the prediction of resonance frequencies of axial modes in
a stepped shaft when the resonance frequencies of the two segments (in free—free end
conditions) do not coincide. This is different from the case of uniform shafts where the
prediction error for using one-dimensional torsional vibration theory is negligible [2].
To assess the accuracy of the present method, the finite element method (FEM)
(MSC/Nastran 7-07) was used to calculate the displacement response of the stepped shaft in
the low-frequency range (the high-frequency calculation has been prevented by the required
mesh size and number of elements). The results from FEM and the present method are
compared in Figure 3. The comparison shows a reasonable accuracy of the present method.
It is shown in equations (16), (17) and (31)—(34) that both shear stresses and tangential
displacement are the sum of infinite terms. The numerical calculation, however, can only
include a finite number of terms. Also the use of the method of least squares can only make
the boundary conditions be exactly satisfied at a finite number of locations. Therefore, this
proposed method is theoretically an approximate numerical method. The approximate
error is a function of the base function and fitting location numbers. Figures 4 and 5 show
the magnitude values of tangential displacements and shear stresses 7., at different
resonance frequencies for different base function and fitting location numbers (S and M)
respectively. During the calculations, P = Q = Sand M = N (because R; = 2R,) were used.
The frequency of f'= 3218 Hz is the third resonance frequency of the stepped shaft and it
coincides with the second symmetric axial modal frequency of segment 1 and the first
antisymmetric axial modal frequency of segment 2. The frequency of f = 5310 and 5652 Hz
are the fifth and sixth resonance frequencies of the stepped shaft and at which the symmetric
and antisymmetric radial modes are respectively present in segment 1. It can be seen that
the approximation error depends on frequency. If the resonance frequency of stepped shaft
coincides with the resonance frequencies of both segments, an accurate calculation can be
made by using small numbers of base functions and fitting locations (both S and M are
small). Otherwise (even for axial modes), more base functions and fitting locations are
required. The required numbers of base functions and fitting location are different at
different resonance frequencies. The numerical results also showed that at non-resonance
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Figure 4. Magnitudes of tangential displacements (a) and shear stresses 74 (b) at the resonance frequencies of
f=3218 Hz (x), 5310 Hz (O), 5652 Hz (*) on the position of (r, z) = (0-2m, 0-2m) in the stepped shaft.

frequencies accurate results can be obtained by using small numbers of base functions and
fitting locations.

Figures 6 and 7 shows the contour plots of two-dimensional displacements and shear
stresses 7,y at the resonance frequencies of f= 3218 and 8876 Hz respectively. Since the
displacement and shear stress distribution are independent of 6, these contour plots give the
vibration patterns for any lateral cross-section of the stepped shaft. At f= 3218 Hz, the
stepped shaft vibrates in an axial mode and the vibration pattern can be predicted with
a negligible error using one-dimensional torsional vibration theory. At f = 8876 Hzz, the
vibration pattern is complicated and its analyses must be made using three-dimensional
torsional vibration theory.

Figures 8 and 9 show the structure intensity vector fields at resonance frequencies of
f=3218 and 8876 Hz. It can be seen that the structural intensity is not uniformly
distributed in the radial direction. Most input power is dissipated in segment 1. This is
because the stepped shalft is in free-free end conditions and the two segments have the same
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Figure 5. Magnitudes of tangential displacements (a) and shear stresses 7.4 (b) at the resonance frequencies of
f=3218 Hz (x), 5310 Hz (O), 5652 Hz (*) on the position of (r, z) = (0-2m, 0-2m) in the stepped shaft.

dissipation loss factors. For an axial vibration mode (f = 3218 Hz), the radial intensity
component is very smaller than the axial one at the all the locations and the structural
intensity vector is in a simple distribute pattern. For a radial vibration mode ( f'= 8876 Hz),
intensity vortices are present in the intensity vector field. These two figures indicate that the
prediction of structural intensity distribution at any frequency in a stepped shaft must be
made based on a three-dimensional mathematical model.

5. CONCLUSIONS

In this paper, a method is outlined for calculating the dynamic response and shear
stresses of torsional vibration in three-dimensional stepped shafts. By using the
eigenfunctions of torsional vibration in uniform cylindrical rods as the base functions and
applying the method of least squares to the boundary conditions, this method is able to
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Figure 6. Magnitude contours of the displacements (a, dB re 1 x 10~ '? m) and shear stresses 7.4 (b, dB re 1 N)in
the stepped shaft at the resonance frequency of /'= 3218 Hz.

provide detail and accurate information of the dynamic response, shear stresses and
structural intensity in three-dimensional finite stepped shafts. Although in this paper only
a stepped shaft of two finite cylindrical rods with free-free end conditions is taken as an
example, this proposed method can be easily applied to the stepped shafts consisting of
many finite cylindrical rods or having other boundary conditions.

Work in progress includes the study of stress concentration near the stepped joint [13]
and experimental verification.
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