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A mechanical model is developed of a tapered, filament-wound composite,
Timoshenko shaft which is rotating at constant speed about its axis. The model
represents an extended length cutting tool intended for use in high-speed
operations. The effects of shaft tapering and the use of composite materials on the
structure’s free response are studied. The spatial solutions to the equations of
motion are carried out using the general Galerkin method. It is found that by
tapering, bending natural frequencies and stiffness can be significantly increased
over those of uniform shafts having the same volume and made of the same
material. The potential for designing a taper function to meet a particular cutting
need is also discussed. Various composite laminate cases are treated and it is found
that improvements of performance are possible over equivalent steel shafts.
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1. INTRODUCTION

Vibration of the cutting tool in boring and milling operations can make it very
difficult to meet surface finish and dimensional accuracy requirements of the
workpiece, can generate excessive amounts of noise and can lead to premature tool
failure. The vibration is mainly induced and maintained by forces generated by the
cutting process itself and can be a problem of dynamic instability. So, the influence
of the cutting tool structure on the dynamic response in the cutting process is of
great importance.

Increasing the static bending stiffness of the cutting tool can be desirable because
insufficient static bending stiffness is responsible for poor machining accuracy
[1, 2]. Also, higher natural frequencies of the cutting tool are beneficial [3] when
one is operating at cutting frequencies less than the fundamental frequency. Thus,
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increases in the structural static bending stiffness and first bending natural
frequency can have beneficial effects.

One of the possible methods of reducing vibration is structural redesign. By
tapering the rotating shaft of the machine tool, the static bending stiffness and the
first bending natural frequency can be higher than those of a non-tapered
cylindrical shaft which has the same volume. Also, different materials can be used.
Fiber-reinforced composite materials have recently received great interest in the
machine tool industry [4, 5] because of low weight, high stiffness-to-weight ratio
and damping characteristics.

The free and forced vibration of rotating, uniform, isotropic shafts has been
widely studied in detail in the field of rotor dynamics for various shaft models and
boundary conditions (see, for example, reference [6]). Vibration of rotating,
tapered, isotropic material shafts has also been studied. See, for example, the
development of finite element methods by Rouch and Kao [7] and Genta and
Gugliotta [8]. The work of Maday [9] on the design of minimum weight rotating
shafts, using a minimum principle, should also be noted. Fewer works are available
for rotating composite material shafts. Uniform cases have recently been treated in
references [10-12]. In these studies, coupling effects due to anisotropic properties
of composite materials were investigated. Regarding non-uniform rotating
composite structures, one available work is that of Bauchau [13] on hollow shafts
in which optimization of the wall-thickness tapering is treated using Rayleigh
quotient ideas. In the present work, a mechanical model is developed of a tapered,
filament-wound composite, Timoshenko shaft which rotates at constant speed
about its axis. The spatial solutions are obtained using the general Galerkin
method. Numerical results are presented for steel and high modulus graphite/epoxy
shafts. The model includes bending, torsional and extensional vibrations.

2. DERIVATION OF THE EQUATIONS OF MOTION

The use of layered composite materials and tapering leads to considerable
complications in the derivation of the equations of motion. Here, the main
modelling issues are highlighted and specific lengthy manipulations are omitted in
the interest of space.

Figure 1 shows a portion of a tapered shaft rotating at a constant angular speed
2 about its axis, z (in the undeformed state). The shaft is taken to be transmitting an
axial force P, a torque T, shear forces V; and V; and bending moments M, and M,,.
These stress resultants can be determined once the stress distribution is known.
For example

M. = j Vo, dA, (1)
A

Figure 2 shows a single lamina (layer) wrapped around a tapered cylinder of
taper angle o (which could be a function of z). The axes 1’ and 3’ are along and
perpendicular to the cylinder surface, respectively. Material principal directions are
denoted by 1, 2, 3, the fiber angle f being the angle between the 1 and 1’ axes.
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Figure 1. Portion of a tapered shaft rotating at a constant speed Q about the z-axis.

The stress—strain relations with respect to the cylindrical co-ordinate system
r, 0, z are required and are found by a sequence of transformations. For the
material co-ordinate system one has (superscript T denotes transpose)

[011 022033723 T31 T12]T = [Cij] [e11 €22 €33 V23 V31 V12:|T’ (2)

where the C;; are known functions of the layer material parameters (see Jones [14]).
The 1, 2, 3 axes are related to the 1', 2, 3" axes by a rotation matrix [ T,] and using
this the primed and unprimed stresses and strains can be related. Then the primed
components are transformed to r, 6, z components by means of a rotation matrix
[T,]. The end product is a result of the form

[O-r 090z Toz Tz Tr0:|T = [Kij] [Sr €0 €270z Vzr ’yr()] T> (3)

where the K;; are complicated functions of «, f and layer material properties and
are given in Appendix A.

A goal of the work is the development of a beam type theory for the problem at
hand, rather than the pursuit of elasticity solutions (which are unlikely to exist) or
shell theories. In this spirit, some approximations have to be made. Since 7,3 is
zero on the lateral surface and the shaft is taken to be slender, it is assumed that
7,3 = 0. Using transformation equations, this condition gives

T,0 = — Ty, tan o. 4)

In beam theories, g, and g, are typically set to zero. In this work, it is expected that
the high rotational speeds may produce significant values of these stress
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Figure 2. Single lamina of a tapered, filament-wound composite shaft.

components and so they are retained in the formulation. For the moment, their
specific forms are left unspecified but they are assumed to be axisymmetric.
Substituting the fourth and sixth equations of equations (3) into equation (4) gives
a relationship between the six strains. Using this relationship and the first and
second equations of equations (3), ¢,, & and y,, may be expressed in terms of ¢, 7.,
Y., 0, and ag,. Using the resulting expressions, the third, fourth and fifth equations
of equations (3) lead to expressions of the form (a superscript k has been added to
denote that the expressions are for the kth layer)

k k k i (k k k k ~(k k k
[G(Z ) Téz) T;r)]T = [Kl(_])] [82 ) y(ﬂz) y(zr)]T + [Cl(_]):l [O-;(' : 0-;) )]Ta (5)

where [Kff)] and [Cﬁf)] are known matrices (details are not given).

A Timoshenko model is adopted for the transverse vibrations. It is assumed that
the entire cross-section perpendicular to the z-axis remains a plane after
deformation. Figure 3 shows a projection of a deformed element onto the xz-plane
(a prime denotes a derivative with respect to z). From this figure and a similar one

for the yz-plane, it follows that

& = u, — X + Y,y = uL — ir cos 0 + rsin 0, (6)
Var = Pzx €OS 0 + 7., sin 0 = (uy, — ) cos 0 + (uy, + ) sin 0, (7)
Yor = — Pex SIN O +7,, €080 +1¢" = — (ux — ) sin 0 + (uy, + ) cos 0 +r¢’.  (8)

Here u,, u,,u, are displacements of the neutral axis in the x, y, z directions,
respectively, ¥, and y, denote rotation angles about the y- and x-axis, respectively,
and ¢ is the angle of twist. Note that it has been assumed that warping of the
cross-section, if it exists, is negligibly small.
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Figure 3. Projection of a deformed element onto the xz-plane.

In Timoshenko beam theory, so-called shear coefficients are frequently
introduced as “adjustment factors”. The choice of their values is problematical,
particularly for problems such as the one at hand involving composite materials
and tapering. Here shear coefficients are incorporated into the theory as follows.
Equations (7) and (8) may be written as

Vzr = VzrB> Yoz = VozB + YozT> (93 10)

where
YoT =T (11)

The subscripts B and T refer to bending and torsional contributions, respectively.
With this notation, equation (5) may be written as

k k k o (k k k k o (k k
[o® o <817 = [RW s 90 751" + [KY1r [0 562 01"

+ [CO] [6® 61T, (12)
where
KY kK xKY 0 K¥% 0
[K¥]p=| kY xKY xKY |, [K¥lr=|0 K¥ 0|, (13,14
KY) xK$ xKY 0 K% 0

and x is a Timoshenko shear coefficient (taken to be the same for both bending
planes). It is a function of z and its value will be discussed later.
For the general case of an N-layered laminate (see Figure 4), one has

N

M,=Y L yo dA.

k=1
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Figure 4. N-layered laminate.
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Using equations (6)—(14) and noting the assumed axisymmetry of o,, gy, integration
leads to

M, = Ky + Ky (uy + ry) — kKGpp (1 — ), (15)

where

N
K, (bending coefficient) = Y K {% (r¢ —ri 1)}, (16)
k=1
K3y (bending—shear (in the same direction) coupling coefficient)

- 3 RY {§<rs —r,?l)}, (17)

k=1

K3y (bending—shear (in the other direction) coupling coefficient)

N (m
= Y K {— (i — r,?l)} (18)

k=1 3

Similarly, one finds

M, = Ky — kK e — ) — 1Koy () + W), (19)
T =Kr¢" + Kppu, + Ko, (20)
Ve =kKyus — ) + kKy(uy + ¥,) — Kyanths — Kymhy, 21
Vy = kKy(uy + ) — €Ky (ue — ¥.) + Kvmyy — Kvmys, (22)

P = Kpu, + Kpr¢p' + Kpo, (23)
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where

N /RW 4R
Ky (shear coefficient) = )’ <%> (n(rf —rE_ ) (24)

N K(k) K(k)
Ky (shear-shear coupling coefficient) = Y <M> (i —ri_)} (29
k=1

K5y (shear-bending (in the same direction) coupling coefficient)

= i K {g (rd —rd_ 1)}, (26)

K7y (shear-bending (in the other direction) coupling coefficient)

Z KY { (e —ri- 1)} 27

N
K (torsion coefficient) = Y K% {g (e — 1 1)}, (28)

k=1

N
K rp(torsion-extension coupling coefficient) = Z {{— rd — r,fl)}, 29)

N Iy
K rq(torsion-rotation () coefficient) = 27 Y J r2(CH e® +CHa?)dr, (30)
k=1Jr_,
N .
Kp (extension coefficient) = Y K} {n(rf —rZ_,)}, (31)
k=1

N
Kpr(extension-torsion coupling coefficient) = Z {— (rp — r,f_l)}, (32)

N ri _
K pq (extension-rotation () coefficient) = 21 ) J r(CH a® + CY o) dr.

k=1Jr_,
33)
In Timoshenko beam theory, rotatory inertia is accounted for by treating
a differential element (length dz) as if it were a thin rigid disk rotating with  (about
the z-axis) and the derivatives of the bending slopes /., lﬂy. Using the small-angle
approximations cos ¥/,, cos ¥, & 1, siny, & ¥, sinyy, = y, it can be shown that
the moment M about the center of the disk is given by (i, j and k denote unit vector
along the x-, y- and z- axis, respectively)

M = {(L}, + L.QY)I + (L — L)} + (I §)k} dz. (34)
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The inertia force F of the center of disk is given by
F = {(mii,)i + (mit,)j + (mii,)k} dz. (35)

In these expressions, I, I, and I, denote mass moments of inertia per unit length
and m is the mass per unit length. Allowing the inclusion of a discrete mass, m., and
mass moment of inertia, I, at z = z., these quantities are given by

Ileyz%lzzlo_}_lcé(z_ZC): m=m0+m05(z—zc), (367 37)

- % ""{ (rf = ri- 1)} = Y oW {nE — 1) (38.39)

where p® is the layerwise mass density (as given by the rule of mixtures) and
o0 denotes the Dirac delta function. Using equations (15), (19)-(23), (34) and (35), the
equilibrium of a differential element can be shown to lead to

Ly (s, ty, Yo, Yy) = mile — {kKy (U + )} + KKy (uy + )} + (Kimpl}

+{Kvmly} —fi =0, (40)
Lo (v, thy, Y, ) = mity, — (kK (uy + )} + (kK7 (ul — )} — {Kiay )’

+ {Kvmpi) — £, =0, (41)
Ls(tty, uy, ¥ Y1) = L — LYy — {(Knri}” + {kKigw (s — ¥}

+ (kK (uy, + ¥,)} — kK (ue — ) — kKy(uy + ¥,)

Kyms + Kympy =0, (42)

La(tte, ty, Yoo ) = Ly + LY — (Kaghy} — (kK (uy + )}

+ KKy (i — )} + €Ky (uy + ¥y) — kK (u — )

+ Ky, — K = 0, (43)
Ls(u., §) = mii, — (Kpul) — (Kpr¢') — (Kpo) —f. =0, (44)
Lo(u., §) = L.¢ — (Kr¢') — (Kppul) — (Kgo) — 1. =0, (45)

where f,, f, and f; are applied forces per unit length and ¢, is an applied torque per
unit length. Note that the bending motions are coupled through gyroscopic effects
and material effects, but are not coupled to extensional and torsional motions,
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whereas the latter two are coupled only by material effects. Note also that ¢, and g,
have not, as yet, been specified. However, due to their assumed axisymmetry they
influence only K7, and Kp, [see equations (30) and (33)], which, as equations (44)
and (45) show, in turn influence only the forced extensional and torsional responses.
This issue will be addressed in a subsequent paper [15].

The shaft is taken to be clamped-free, the boundary conditions for which are

ux(0) = uy(0) = ¥:(0) = ,(0) = 0, u.(0) = $(0) = 0, (46, 47)
By (ux, ty, Yy ) = k(L) Ky (L) {u(L) — (L)} + (L) Ky (L) {uy(L) + Yy (L)
— Ky (D)Yi(L) — Ky L)y (L) = O, (48)

BZ(”xa ”ya lpxa Wy)

k(L) Ky (L){uy(L) + (L)} — (L) Ky (L){ui(L) — ¥x(L)}

+ Kya(L)Yy(L) — Kya(L)Yi(L) = 0, (49)
Bi(ux, ty, Y, ) = Kpr(L)Wi(L) — 1 (L) Ky (L) {ux(L) — (L)}

— k(L) K3y (L) {uy (L) + ¢y (L)} = 0, (50)

By(ux, uy, Y, ) = Kpr(L)W3(L) + (L) Ky (L) {uy (L) + b, (L)}

— k(L) K3y (L) {ui(L) — (L)} =0, (51)
Bs(uz, ¢) = Kp(L)uz(L) + Kpr(L)¢'(L) + Kpo(L) =0, (52)
Bg(uz, ¢) = Kr(L)9'(L) + Krp(L)uz(L) + Kro(L) = 0. (33)

3. GENERAL GALERKIN METHOD

Analytic solutions to equations (40)—(45) are not feasible and here recourse is
made to Galerkin’s method. One takes

Uy = NZ AP E2),  uy = NE AV(1)E,(2), (54, 55
Vo= NZ BY(u(z), Y, = NZ BY (t) o, (2), (56, 57)
u, = z COmG. = z D,(t) 9. (2). (58, 59)
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The Galerkin functions, &,, for the bending variables u, and u, are taken to be the
mode shapes of a uniform, non-rotating, isotropic, fixed-free Euler-Bernoulli beam,
namely

(cos p,L + cosh 8, L)

&, = (sin B,z — sinh B,z) + (sin B,L — sinh f3,L)

(cos B,z — cosh 8,z), (60)

where f3, is obtained from
cos fi,Lcosh §,L + 1 =0. (61)

The Galerkin functions, «,, for the angular deformations y, and , are taken
to be
(2n — nz

7L (62)

o, = Sin

Note that &, and a, satisfy the geometric boundary conditions of the problem, as
given by equation (46).
The extensional and torsional Galerkin functions are taken as

2n — )=z
2L ’

2n — 1)nz

57 (63, 64)

N, = sin @, = sin

which satisfy the geometric boundary conditions given by equation (47).

The Galerkin functions chosen do not satisfy the boundary conditions given by
equations (48)-(53) and so the general Galerkin method is employed here (see
Leipholz [16]). In this method, boundary residuals as well as differential equation
residuals are treated as follows.

Substituting equations (54)—(57) into equation (40) gives an expression of the
form

Ng Ng Ng Ng
Ll < Z A;X) ina Z A;Y) éna Z BLX) Uy, Z Bity)an> = 0 (65)
n=1 n=1 n=1 n=1
Multiplying this by &,, and integrating from O to L gives

Ry, = JLgle dz. (66)

0

The associated boundary condition (48) is handled by substituting equations
(54)-(57) in equation (48) and then multiplying by ¢&,(L), giving the boundary
residual

NG

Rle = im(L)Bl< Z A1(1X) én(L)v % ASly) én(L)a % B;X)O(n(L)a % BS,”OC,,(L)). (67)

n=1 n= n=1 n=1
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In the general Galerkin method, one takes
Riw+Ripn=0, m=1,2,..., Ng. (68)

Similarly, the remaining equations give
Roym+ Rogn =0, Rz, + R3pn=0, Ryn+ Rypn=0,

Rs, + Rspn =0, Ry + Repm =0,

where

L L L
R2m = J\ émLZ dZ, R3m = J‘ OCng, dZ, R4m = J O(mL4 dZ, (74—76)
0 0 0

L L
Rs, = J NmLs dz, Rg, = j @mLg dz, (77, 78)
0

RZBm —ém L)B < Nz (X) én(L)v % Agzy)én(L% % Bﬁ,x)O{n(L), % BL”O(,,(L)), (79)

R3Bm = Uy < Z A(X) én Z A(y)én Z B(x) )s % BL”OC,,(L)), (80)

R4Bm = Oy L)B4< Z A(X) én L) z A(y)én z B(x) (L)s % Bily)(xn(L)>’ (81)

R = L (z Cum(L), X Duul L)) (82
Ropm = qom(uBs( Y, Gl X an)n(L)) (83)

The end product of the procedure is a set of equations of the form

(A7) (A} {47
A'ily) Aily) Aily)
[Ml:l }ngé + [G1] :{{B’axé + [K1] iB;x)i = {Fl}a (84)
() (8 (87

{5 cea 52}t
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where
[M, [0] [0] [0] [0] [0] [0] [O]
0 M, 0 0 0 0 0 0
(ML — [0] [M, [0] [0] ’[Gd:[][] [0] [0] |
[0] [0] [Mj] [0] [0] [0] [0] [—Ggl
[0] [0] [0] [Mj] [0] [0] [Gs] [O]
D [KS] [KY] [— K] [K%s]
[- K3l [Ki] [Kis] [Kis] [[MC] [0] }
K1 = 5 MZ = 5
= k0 ea ky kg | M 07 o)
| (KR [Kpad [—K3] [K3]
[ [Kc] [Ken] .
LR =1 K ped [KD]}' (86-50)

The elements of the matrices in equations (86)—(90) are given in Appendix B. The
force-like terms in equations (84) and (85) are given by

()
) (2)
{Fi} = {{"O}} : {Fz}z{{{{zz)}}}. (91, 92)
{0}

where

L L L
7= [ s 1= [ hedn 7= [ (o~ Koy d

L
o = f (0w — Ko@) dz. (93-96)

0

4. NUMERICAL RESULTS

At this stage, a choice has to be made on how the Timoshenko shear coefficients
are to be determined. There are numerous schemes in the literature for their
determination. The approach adopted here is based on that of Dharmarajan and
McCutchen [17] who, generalizing Cowper’s method [18], showed that for an
orthotropic, hollow circular beam (inner radius a, outer radius b), k is given by

6E..(1 —m*) (1 + m?)
Gy Vo (2m° + 18m* — 18m? — 2) — E,.(Tm®+27m* — 27m? — 7)’

©7)

K =



ROTATING COMPOSITE SHAFT 137

1.0

09

0-8

0-6

TT I [T I T T[T I T T[T I T[T T TTIT

05 © 0656558 TD
04 1 | | | | 1 | | 1
0-0 01 02 03 0-4 05 06 07 08 09 1.0
ab
Figure 5. Timoshenko shear coefficient versus a/b ratio: 0, Kyeer; O Keomposite; — Kaverage-
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Figure 6. Linearly tapered hollow shafts: « = 1-7°, by — a; = 54 mm, a, = 1 mm, b, = D,/2 =
6-4 mm; rotational speed = 400 rad/s.

where m = a/b. (The bold-faced sign in equation (97) is minus in reference [17]
which we believe to be a typographical error. Also, to be consistent with our
notation, we have replaced their v,, by v...) For composite material (0° high
modulus graphite/epoxy) and steel, a plot of k, as given by equation (97), versus a/b
is given in Figure 5. In this figure, the solid line is the average Timoshenko shear
coefficient, Kuperages Of Keomposite aNd Kgeer. The properties of the composite are
(obtained from reference [19]): E.. = 192 GPa, G., = 407 GPa, v,, = 0-24.
Consider numerical examples involving a linear taper as illustrated in Figure 6.
The bending natural frequencies are obtained from the homogeneous version of
equation (84). When a beam rotates, each non-rotating bending frequency branches
into two. In the sequel, “lowest bending frequency” refers to the smaller of these two
frequencies. The lowest bending frequency, as determined by both Timoshenko and
Rayleigh beam theories, of the composite (0°) shaft as a function of the L/D, ratio is
shown in Table 1. Three Galerkin functions were used and found to be sufficient for
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TABLE 1

The lowest bending frequency (Hz) of the composite (0°) shaft

L/DZ ratio K = Kaverage K = Kcomposite K = Ksteel Raylelgh
5 4900-5 48706 (—0-61%) 49290 (0:58%) 70093 (43:0%)
10 19839 19763 (—038%) 19912 (037%) 23405 (18:0%)
20 8245 822:5 (—0-24%) 8264 (0-23%) 8982 (8:9%)
TABLE 2

The lowest bending frequency (Hz) of the composite (20°) shaft

L/DZ ratio K = Kaverage K = Kcomposite K = Ksteel Raylelgh
5 33928 33829 (—029%) 34023 (028%) 53600 (58:0%)
10 11982 11962 (—0-17%) 12001 (0-16%) 17897 (49-4%)
20 462-5 4619 (—0-13%) 4630 (0-11%) 686-8 (48:5%)
TABLE 3

The lowest bending frequency (Hz) of the steel shaft

L/DZ ratio K = Kaperage K = Kcomposite K = Ksteel Raylelgh
5 31994 31972 (—007%) 32015 (007%) 33314 (41%)
10 10936 10933 (—0:03%) 10940 (004%) 11123 (1-7%)
20 4234 423-3 (—0:02%) 423-5 (0-02%) 4269 (0-8%)

convergence. To assess sensitivity of the frequency to the choice of «, the three
values of k seen in Figure 5 were used, namely Kcomposites Ksteet AN Kgperage fOT all
cases. Note that « is a function of z because the a/b ratio is varying along the z-axis.
As shown in Table 1, the natural frequency values are to a large degree insensitive
to the choice of k. At L/D, =5, the frequencies differ by —0:61% (k = Kcomposite)
and 0-58% (k = Kgeer) compared to the K = Kyperage case. These drop to —0-24%
(K = Keomposite) a0d 0-23% (K = Kgeer) at L/D, = 20. Similar results for the composite
(20°) shaft and the steel shaft are shown in Tables 2 and 3 respectively.

Some comments should be made about Table 2 since it contains results for
generally orthotropic shafts. To the authors’ knowledge no result like equation (97)
valid for more general anisotropy is available. Teh and Huang [20] considered
general rectilinear orthotropy. They showed that the difference in k between 0° and
90° was less than 1% for graphite/epoxy. In Table 2, the anisotropy is curvilinear
but it is still assumed that x as given by the 0° case [equation (97)] holds for all
configurations.

In the light of the foregoing results, it is felt that the results are insensitive to the
choice of xk within an acceptable level of accuracy. With this in mind the strategy
used is as follows. Figure 5 shows that the dependence of k¥ on material values plays
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a secondary role to the geometry, so the same value of x, namely, K4yerage» 15 Used for
all layers even though different materials and fibre angles are used.

A point to be noted from these tables is that the differences between the
Timoshenko and Rayleigh beam theories for L/D, = 5 are 43% for 0° composite,
58% for 20° composite and 4:1% for steel. These drop to 8:9% (0° composite),
48:5% (20° composite) and 0-8% (steel) at L/D, = 20. The large shear effect that
occurs in the 20° composite case even for the large (L/D, = 20) slenderness ratio
is due to coupling between bending in the xz-plane and shearing in the yz-plane
(ie., 7,.) that exists for this shaft.

Some results regarding the lowest natural frequencies and the static stiffnesses for
bending and torsion will now be presented for various taper versions of the three
equivolume shafts described in Figure 7. All shafts have the same length and
thickness. The tapers are linear and L/(b; + b,) = 12. The lowest non-dimensional
bending frequency (w,) is shown in Figure §(a) as a function of the taper
ratio [TR = 100(b; — b,)/L]. Non-dimensionalization (bending, torsional as
appropriate) is achieved by dividing by the lowest value for the zero taper ratio
case. The rotational speed is 400 rad/s. It is seen that the frequencies can be
increased by the use of composite materials. This increase would be beneficial for
rotational speeds operating below the lowest natural frequency. Another way to
view this benefit is as follows. Consider a non-tapered shaft operating at a certain
frequency. By the use of composite materials, a shaft can be made with the same
frequency and diameter, but with a greater length. This increase in length is
beneficial in that it allows a wider range of applications. Figure 8 also shows that
tapering increases the frequencies. Thus, tapered shafts having the same frequency
but smaller diameter (over a portion of their length) than non-tapered shafts can be
designed. This also results in a wider range of applications. In all four cases, the
frequencies at a taper ratio of 3 are increased by approximately 70% compared
with the uniform (TR = 0) case. Also, all shafts containing composite materials
show increased bending frequency and reduced mass compared to the steel shaft.
For example, at taper ratio 2, the steel/0° composite shaft results in a 41% higher
frequency than the pure steel shaft, while reducing the mass by 50%. Similar trends
are seen in Figure §(b) for cases having L/(b; + b,) = 6 (inner and outer radii are
doubled, keeping the same length).

In Figures 8§(a, b), dotted lines indicate results obtained from the Rayleigh beam
theory for the hollow composite shaft. The differences between the Timoshenko
and Rayleigh theories are approximately 5% for L/(b; + b,) = 12. This is increased
to 16% for L/(b; + b,) = 6.

Some results on the effect of rotational speed will now be presented in the form of
Campbell diagrams. Figures 9(a, b) show the first-mode bending frequency pairs as
functions of rotational speed for a variety of cases. The composite layering
and material properties are taken from Figure 7 and two length cases are
treated: L/(b; + b,) = 12—Figure 9(a) and L/(b; + b,) = 6—Figure 9(b).
Non-dimensionalization is achieved using the value (w,) of the steel shaft at Q =0
[ws = 1735rad/s for L/(by + b,) =12 and 3406 rad/s for L/(b; + b;) =6]. In
general, if Q2 is increased from 0, two natural frequencies occur for each mode. The
higher value usually corresponds to a mode in which the shaft precesses in the same
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(a) (b) (c)

Figure 7. Simulation cases (L/(b; + b,) =12, m,=1.=0): (a) hollow steel shaft (here shown
non-tapered), mass = 458 g, length L = 240 mm, t, = 54 mm, b; = b, = 10 mm, material properties
(p = 7700 kg/m?, E = 207 GPa, G = 80 GPa); (b) hollow composite shaft [here shown having linear
taper ratio (TR) = 100(b; — b,)/L = 2-0], 36 layers (05/903/ + 203/06/ F 203/903/04), mass = 96 g,
L=240mm, ¢ =54mm, b;=124mm, b,=76mm, high modulus graphite/epoxy
(p = 1610kg/m3, E, =192 GPa, E, =724 GPa, G, = 407 GPa, G,; = 3-:0GPa, v;, = 0-24);
(c) composite shaft with steel core (here shown having TR = 3-0), two 20 layer cases treated [(0),0 and
(+20);0], mass =224 g, L = 240 mm, t, = 3 mm, t, = 2:4 mm, by = 13-6 mm, b, = 6:4 mm.

3.5 35
(a) (b)
30 & 30
2.5 25
g g
05 05 '
3 3
TR TR

Figure 8. The lowest non-dimensional bending frequency versus taper ratio when
(a) L/(b; + b,) = 12 and (b) L/(by + b,) = 6: —, Timoshenko beam; - - - --, Rayleigh beam; @, hollow
composite: B, steel/0° composite; A, steel/ + 20° composite; X, steel.

direction as the shaft’s spin and so is called the forward precession. Likewise, the
lower value usually represents a backward precessing mode. Note that the
difference between forward and backward modes of the Timoshenko beam is
slightly larger than that of Rayleigh beam. The differences at Q = 15000 rad/s
[Q/w, = 86 in Figure 9(a)] are 2% (Timoshenko) and 0-4% (Rayleigh) for the
non-tapered hollow composite shaft having L/(b; + b,) = 12. These [at Q/w, = 4-4
in Figure 9(b)] are increased to 3% (Timoshenko) and 0-9% (Rayleigh) for
L/(by + b,) = 6. For all Q2 in the range 0—15000 rad/s, the forward and backward
modes of the shafts containing the composite are higher than the steel shaft modes.
Also, it is seen that the tapered shaft (TR = 3) frequencies are higher than those of
the uniform shaft (TR = 0) for the steel/ + 20° composite case.
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Figure 9. Campbell diagram when (a) L/(b; + b,) = 12 and (b) L/(b; + b,) = 6; —, Timoshenko

beam; - - - --, Rayleigh beam; @, hollow composite; B, steel/0° composite; A, steel/ + 20° composite;
x , steel.
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Figure 10. The non-dimensional static bending stiffness versus taper ratio when L/(b; + b,) = 12;
@, hollow composite; B, steel/0° composite; A, steel/ + 20° composite; x, steel.

The non-dimensional static bending stiffnesses (K,), defined by the quotient of
a point force at z = L and the resulting static tip deflection, are shown in Figure 10.
Another beneficial feature noted is that, the static bending stiffnesses are increased
by shaft tapering in all cases. Bollinger [ 1] recorded that this trend can be beneficial
for machining accuracy. The stiffness of the steel/0° composite shaft is slightly lower
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Figure 11. The lowest non-dimensional torsional frequency versus taper ratio when L/(b; + b,) =
12; @, hollow composite; B, steel/0° composite; A, steel/ + 20° composite; x, steel.
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Figure 12. The non-dimensional static torsional stiffness versus taper ratio when L/(b; + b,) = 12;
@, hollow composite; B, steel/0° composite; A, steel/ + 20° composite; x, steel.

than that of the steel shaft; however, the mass of the steel/composite shaft is only
one-half that of the steel shaft, as already noted.

Torsional natural frequencies can be obtained from the homogeneous version of
equation (85). The lowest non-dimensional torsional frequency (w,) as a function of
taper ratio is shown in Figure 11 for a rotational speed of 400 rad/s. Taper tends to
increase the frequencies in all cases. The cases containing steel have higher natural
frequencies than the pure composite case due to the high torsional modulus of steel;
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Figure 13. Outer radii of the non-tapered shaft A, the exponentially tapered shafts B and C, and the
linearly tapered shaft D as functions of z.

however, the steel/ + 20° composite case has the highest natural frequencies for all
taper ratios. The non-dimensional static torsional stiffness (K,), defined by
the quotient of a point torque at z = L and the resulting tip rotation, is shown in
Figure 12. The torsional stiffness is decreased compared to steel by using composite
material and also decreased by tapering. Whether such trends are detrimental or
beneficial, and the overall roles of torsional stiffness and response on cutting
accuracy are not clear from the literature (see references [21, 22], for example) and
warrant further investigation.

Effects of exponential tapering were also studied. In Figure 13, comparisons are
made between a non-tapered shaft A, a linearly tapered shaft D (TR = 3) and
exponentially tapered shafts B and C. All four shafts are hollow composite
(06/903/ & 203/0¢/ F 203/903/0¢) having the same length (240 mm), thickness
(5+4 m), and volume (59 cm?). The outer radii of shafts B and C are given by
(by — by)e™%* + b,, where by = 13-6 mm, b, = 9-52 mm and s = 40 for shaft B, and
b; = 13:6 mm, b, = 899 mm and s = 20 for shaft C. The non-dimensional static
stiffnesses for bending (K,) and torsion (K,), the lowest non-dimensional bending
frequency (w;), and the lowest non-dimensional torsional frequency (w,) are shown
in Table 4. Non-dimensionalizations are achieved by dividing by the shaft A values.
Convergence of the lowest natural frequencies necessitates five Galerkin functions
for the exponentially tapered cases compared with three for the linearly tapered
case. The frequencies and stiffness are seen to vary with the degree of tapering and
lie between the non-tapered and linearly tapered values. A potential benefit to the
use of exponential tapering lies in their inherent design flexibility. For example, in
Figure 13, the portion of the shaft having a diameter smaller than the non-tapered
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TABLE 4

Effects of exponential tapering

Bending Torsion
Shaft Frequency, w, Stiffness, K, Frequency, w,  Stiffness, K,
A 1-00 1-00 1-00 1-00
B 1-14 1-14 112 0-94
C 126 1-23 1-23 0-89
D 1-66 1-58 1-63 0-63

case is extended in the exponentially tapered cases compared to the linearly tapered
case. Taper functions can be designed to extend this length to achieve specific
internal cutting operations.
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APPENDIX A: MATRIX COEFFICIENTS, K;;
Kyy = Qyy sin*o 4+ 2(Q13 + 205s) sin®a cos?a + Q33 cos*a,
Ky, = 0y, sin’0 + Q,3 cos?a,
K3 = Q;s(sin*o + cos* o) + (Q1; + Q33 — 4Q0ss) sin® o cos? o,
K14 = 036c08°x + (016 — 2Q4s5) sina cos o,
Kis=—(Q13 — Q33 +205s)sina cos’a — (@11 — Q13 — 2Q5s) sin®u cos a,
Kis=— Q16 sin’a — (036 + 2045) sinx cos’o,
K3z =033, Ki3=01;c08%a + 0y3sin’e, Kyy = Qs6c050,
K5 = (023 — O1z)sinacosa, Kie = — Qs6sina,
Ki3 = 01, cos*a 4+ 2(Q5 + 2055) sin?o cos®o + Q53 sin*a,
K34 = Q16c08°c + (036 + 2Q45) sin®a cos o,
K3s = —(Q13 — Q33 + 20ss)sin*ucosa — (Q11 — Q13 — 2Qss) sin a cosa,
K36 = — Q36 5in°a — (Q16 — 2Q4s) sina cos’a,
K44 = Q44 sin’o + Qg cos?a,

Kys = — Q4ssin’a — (016 — Q36 — Qas) sina cos’e,



146 W. KIM ET AL.

Kue = (04a — Qg6) sino cosa,

Kss = (011 + 033 — 2015 — 2055) sin®a cos?o + Qss(sin*o + cos*a),

Kse = Quscos’o + (016 — 036 — Q4s)sinacosa,

Kee = Q44 cos?a 4+ Qe sin’a,

Ky=K; ij=1,...6
where

Q11 = Cy1co8*B + 2(Cy5 + 2Cg6) sin?B cos? B + C,, sin*p,

012 =(Ci1 + Cyy — 4Cg) sin?P cos?p + Cy,(sin*B + cos*p),

Q13 = Cy3c08?B + C,3sin’p,

016 =(Cy1 — Cy3 — 2Cg6) sin fcos®f + (Cy5 — Cas + 2Cs6) sinf cos B,

0,5, = Cyysin*f + 2(Cy, + 2Ce6) sin?f cos?p + C,, cos*p,

0,3 = Cy38in*f + Cy3 cos?f,

026 =(Cy1 — C13 — 2Cq6)sin®Bcos B+ (C1; — Cuy + 2C46) sin S cos® B,

033 = C33, Q36 =(Cy3 — C,3)sinfcosf,

Q44 = Caqco8?p + Csssin’p,

Qus = (Css — Cyg)sinfcos B, Qss = Cyuysin?p + Csscos?p,

Qo6 = (C11 + Cay — 2C15 — 2Ce6) sin?f cos®f + Cee(sin*B + cos*p).

APPENDIX B: MATRIX COEFFICIENTS IN EQUATIONS (86)-(90)

Given here are the coefficients of the matrices in equations (86)—(90):

L

L
MAmn = f m, éném dZ + mcén(zc)ém(zc)a Man = J Io(xn(xm dZ + Ican(zc)am(zc)s

0 0

L

L
G = 20Mpms K = f KK EEndzs, Ko = j KKy dz,
0 0

L

L
K = f (Kol + Kinrao)dz, Kl = f (Kt — KipngahEh) dz,
0 0

L

L
K sf Ky Ety + 1K Eyom)dz, Ky = f (1K Sy Exty —1K L) i,
0 0

L
Kgmn = J (K v 0 0y 4+ 6Ky 00 Oy + K ag 000 + KKy 0,01,) dz,
0
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Kgun EJ (— 1K 3y 0, 0y + Kag0tn 0t — KK5-00,00,,) dz,

MCmn

L
J‘ My Ny Nim dZ +mc77n(z )nm(zc) MDmn EJY 210(Pn(pm dZ +2Ic(pn(zc)(pm(zc)>
0
KCmn j

L
KPnnnm KCDmn = J‘ KPT(p;tn;n dZa
0

L
KDCmn = J KTPnn(Pm dZ, KDmn = J KT(PLQD;n dZ-
0 0

For the numerical results presented, these coefficients are evaluated numerically
using MAPLE.
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