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GENERALIZED TORSIONAL WAVES AND THE
NON-AXISYMMETRIC END PROBLEM IN A
SOLID CIRCULAR CYLINDER
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Abstract—The dispersion relations obtained from the approximate dynamical theory of torsion developed in [1]
for the problem of plane waves propagating in an infinite circular cylinder are compared with the corresponding
relations of the exact three-dimensional theory and are found to be in close agreement. End effects in static torsion
are investigated and the solution to a problem of the non-axisymmetric torsion of a circular rod is obtained.
It is found that the rate of decay of non-axisymmetric end effects is slower than that of the analogous axisymmetric
end effects.

1. INTRODUCTION

IN A previous paper [1] a dynamical theory of torsion was derived which included the effects
of the warping and in-plane shearing motions that, in general, accompany torsional defor-
mationsin cylindrical rods. This approximate theory is governed by a system of coupled one-
dimensional equations in three displacement functions, two of which combine to describe
the torsional and in-plane shearing motion (which we call contour-shear motion) while
the third describes the warping motion. In [1] the problem of plane waves propagating in
an infinite rod was solved within the context of this theory. The details of the solution
depend upon the material properties of the rod, the geometry of the cross section and the
so-called “correction factors”. In [1] these correction factors were chosen so that the values
of the contour-shear and warping cut-off frequencies together with the torsional rigidity
and the asymptotic phase and group velocity obtained from the approximate theory were
identical to those obtained from the exact three-dimensional theory of elasticity. For a rod
of circular cross section the correction factors were evaluated explicitly and dispersion
relations were obtained.

In the present paper a detailed comparison is made between the dispersion relations
of this approximate solution and the dispersion relations of the exact three-dimensional
solution. This comparison establishes the range of applicability of the approximate theory.
It is found that the two sets of dispersion relations are in good qualitative and quantitative
agreement up to relatively high frequencies. At these higher frequencies, as might be
expected, modes of the exact solution not included in the present theory become of impor-
tance and the coupling of these modes to the modes which have been included causes
portions of the two sets of curves to diverge.

Near zero frequency the two sets of curves (which do not coincide exactly) yield wave-
numbers which correspond to displacements confined near the ends of a rod. Problems
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involving these types of displacements have been treated within the framework of the
exact theory where they are referred to as “end problems”. Some information concerning
this class of problems has recently been obtained through a renewed interest in the “Saint-
Venant principle of equipollent loads™ with particular emphasis on energy considerations
(see e.g. [2]). Explicit solutions of these problems on the other hand have proven quite
difficult to obtain, even for the case of a circular cylinder. For example, the Saint-Venant
solution for static torsion of a circular cylinder was amended by Purser [3] to account for
end effects in the general case of axisymmetric torsion, however the more general problem
of non-axisymmetric torsion has apparently not been solved in the three-dimensional
theory.

To indicate how these problems may be handled in the context of the approximate
theory, a problem of the non-axisymmetric torsion of a circular rod is solved and for
comparative purposes, the problem of axisymmetric torsion is also solved. As mentioned
previously, the two sets of dispersion relations do not coincide at zero frequency, but in
order to obtain more accurate numerical results with the approximate theory for this
class of problems exact matching is desirable. This match is obtained by an appropriate
alternate choice of correction factors. Employing the new set of correction factors it is
found that the solution of the non-axisymmetric problem consists of the solution of the
axisymmetric problem plus solutions which decay exponentially from the ends of the rod.
Thus, with distance from either end the solution of the non-axisymmetric problem
approaches that of the axisymmetric problem. The crucial feature of these solutions is the
exponential decay, which is determined by the imaginary part of the wavenumbers at
zero frequency. The smaller this imaginary part is, the more slowly the solutions decay.
Though the non-axisymmetric problem has not been solved in the exact theory, the type
and character of the solutions involved have been obtained by Dougall [4] (see also [5])
and are available for comparison. It is shown that the minimum decay which might be
expected from these solutions of the exact theory corresponds precisely to the decay as
predicted from the approximate theory.

2. PLANE WAVES IN AN INFINITE CIRCULAR CYLINDER

The coupling between torsional, contour-shear and warping modes of motion is taken
into account in the one-dimensional equations governing the torsional motions of an
elastic rod derived in Ref. [1]. Referred to a rectangular cartesian coordinate system with
x5 denoting the axis of the rod, x, and x, denoting axes in the plane of the cross section
and employing the notations of a superposed dot indicating differentiation with respect
to time, ¢, and a comma followed by an index indicating differentiation with respect to
the corresponding spatial coordinate these equations consist of the stress-moment equations
of motion:

1,0 0,0} _ (1,0
T(az 3)'“T(12 b= P@oufv_ ), (1)
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and the constitutive equations:
TEO = ulfolud ) +u),
TN = Wl ud +ild D),
TY5O = ul3(ush 9 +ug ),
Tgls,l) = EI% u(313”,

where E = [u(34+2))/(A+ p) is Young’s modulus, 4 and u are the Lamé constants and
p is the density of the rod. In equations (1) and (2) T%?, T$;Y, T$;® and T43" are stress-
moments, uV), ui!'® and u$? are generalized torsional dlsplacements and I¥,(= kooloo)s
I8, (= Kool o2), I%o(= ka0l 20) and I%,(= k,,1,,) are corrected moments of the area of the
cross section where Iy, 145, 150 and I,, are moments of the area and kg, Kg2, K20 and k5,
are the correction factors. All of these quantities are defined as in Ref. [1].

In [1] a solution of equations (1) and (2) was found for the problem of plane waves
propagating in an infinite circular rod of radius a. Employing the dimensionless frequency
Q = wa/v, and dimensionless wavenumber ¢ = £a where w is the angular frequency,
v, = (u/p)''? is the shear wave velocity and ¢ is the wavenumber, the dispersion relations
of this solution can be written in the form

Qz_¢2 =0, (3)
[QZ —8kgo _¢2] [QZK22/12—(1 + V)K22¢2/6— 1] —d’z =0, 4

where v is Poisson’s ratio. Equation (3) represents the axisymmetric torsional branch and
equation (4) represents the non-axisymmetric contour-shear and warping branches of the
approximate theory. The correction factors xqo and x,, were chosen in [1] so that the
contour-shear and warping cut-off frequencies as determined by (4) are identical to those
obtained from the exact three-dimensional theory. In order to assess the region of ap-
plicability of the solutions (3) and (4) we now compare these results with solutions of the
exact theory.

Within the framework of the exact three-dimensional theory the frequency equation
for plane waves propagating in an infinite circular rod was obtained by Hudson [6]. This
frequency equation depends upon the number of nodal diameters n in the plane of the
cross section and in the present notation can be written,

aiy a2 a3
Fn(st $*) = az dzz a3|=0 (5)

a3 asz ass
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where
ayy = 2n(xJ(x) = J,(x)),
ay; = 2~ xJ(x)~x2J (x)+n2J (X)),
aps = =290+ 202, (0~ x 1)+ ¢ (y),
ay; = 2xJy(x)+x2J (x)—2n%J (),
a3y = 2n(J,(x) = xJ ), (6)
ayz = 2n(J (y)— »J (),
azy = ng>J(x),
asy = X{¢* = xA)(x),
asz = 2¢*yJ,y),
where
=Pyt = h A = 2}(1——2:) 7

and J, is the Bessel function of the first kind of order n and the prime indicates differentiation
with respect to the argument.

For each n > 1 a distinct frequency equation results from (5) and for n = 0 two distinct
frequency equations result. The frequency equation for the family of flexural modes is
determined by takingn = 1 and the frequency equations for the so-called “flexural branches
of higher circumferential order” are determined by taking n > 2 [7]. For the special case
n = 0 equation (5) yields the two independent frequency equations,

a3y =0 and a,,a33—a,383, =0, ®)

which govern the axisymmetric families of torsional and extensional modes, respectively.
With the aid of recurrence relations for Bessel functions the frequency equation for
the family of torsional modes a,,; = 0 can be written in the simple form,

Jo(x) = 0. 9)

These modes are characterized by a single angular displacement which is axisymmetric.
The lowest torsional branch is given by x = 0, the smallest root of (9) and in view of the
definition of x? [see equation (7)], this branch is identical to that of the approximate theory
[see equation (3)]. The next higher root of (9) is x = 5-1356 and the frequency equation
for this branch is (5-1356)* = Q? —¢2. This branch has a cut-off frequency Q, = 5:1356
and zero frequency intercepts given by ¢ = +j(5-1356) where j = (- )%

The contour-shear and warping branches of the exact solution are the two lowest
branches of the frequency equation (5) obtained by taking n = 2. For this case the deter-
minantal equation (5) is a transcendental equation in ¢? and Q. For a given Q the wave-
numbers satisfying (5) may be real, imaginary or complex. Moreover, if for a given Q,
¢ is a solution of (5) then — ¢ and the complex conjugates of ¢ and — ¢ are also solutions.
Zemanek [8] has investigated several of the branches of (5) for various values of n. For
n = 2he has investigated roots of (5) for real and imaginary wavenumbers and he indicated
the existence of complex wavenumbers. Zemanek’s two lowest branches for the case n = 2
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and the contour-shear and warping branches of the approximate theory together with
the lowest torsional branch are plotted in Fig. 1. Only the portions of the frequency spectra
for which the wavenumber has positive real and imaginary parts have been plotted in
Fig. L.t

=wa(f)t

Im$¢  —— Approximate Theory
—-—Exact Theory Red=Refa

Fi16. 1. The three branches of the frequency spectra according to the exact and approximate theories
for a circular rod with Poisson’s ratio v = 0-3.

Qualitatively the exact and approximate solutions are similar throughout the region
illustrated in Fig. 1 and at the cut-off frequencies the two solutions coincide due to the
choice of ko and x,,. The warping cut-off frequency, Q,, = 30542 in Fig. 1, is independent
of Poisson’s ratio whereas the contour-shear cut-off frequency £2, decreases with increasing
v and lies in the range 2-3362 < Q, < 23525 for v in the range 0 < v < 045. For v = 03
the contour-shear cut-off frequency has the value Q, = 2-3479. The variation with v for
other portions of the curves of Fig. 1 is also quite small.

Both sets of curves possess a minimum in the real Q-¢ plane from which emanate two
complex branches that extend to zero frequency. The zero frequency intercepts of the two
sets of curves are of special interest since in the solutions of static problems of finite rods
these complex wavenumbers correspond to displacements confined near the ends. The
zero frequency intercepts of (4) are obtained by setting Q = 0 with the result

3 k3
2 = —dKget K| 1 -
¢ Koo £ 4Kgo [1 Kookaall +v)] (10

1 The entire spectra of the three modes being considered is obtained by a mirror reflection of the curves of
Fig. 1 in the plane Im ¢ = 0 followed by another mirror reflection of the resulting curves in the plane Re ¢ = 0.
For a discussion of the ordering of the curves according to the sign of the slope see [7].
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There are four roots of this equation which we designate as ¢, — ¢y, ¢o and — P, where
@, is the complex conjugate of ¢.

The zero frequency intercepts of equation (5) are obtained by considering (5) as an
implicit function F,(Q? ¢?) = 0 and expanding F, in a Taylor’s series in Q2 about the
plane Q® = 0. Retaining only the first term in Q? in the expansion the requirement that
(0F/0Q*)]q2-¢ = O is obtained. This requirement yields after some manipulation the
equation,

by, by, bya
Gn(d’) = b21 bzz b23 = (11)
bay b3, by

where
by = =2k 1)1, —2j¢p*J,,
by = —2¢°J,,
by3y = 2jndJ,—2nJ,,
by = ng*J,,

b22 = —2]7!(}5];,+2an,

(12)
bys = ¢*Jy+jpJ,—n*J

2

2h
by, = 2¢%J, +h2 joJ,+n?l,,
b32 = —2]¢J;u
b33 = —an,

and where the argument of the Bessel functions is now j¢. For each n > 1 a distinct char-
acteristic equation results from (11) and for n = 0 equation (11) factors into two
characteristic equations, one governing the axisymmetric torsional displacements and the
other governing the axisymmetric extensional displacements. The characteristic equation
for the axisymmetric torsional displacements can be written in the form

Jaid) = 0. (13)

This equation is discussed later in connection with the problem of static axisymmetric
torsion. For future reference we denote for a given n the mth eigenvalue of equation (11)
as @,,, = U,y + jBnm Where o, and B,,, are positive [if ®,,, is a root of (11) then so also are
~®,.., @,,,,, and —®,, and thus we can always find such an eigenvalue with positive real
and imaginary parts]. Also if for n = 0 it is necessary to distinguish between the roots for
torsional and extensional displacement, we do so by designating these roots ®J,, and
®f,. respectively. Furthermore, we arbitrarily order the eigenvalues so that f,,,, 1 = B.m
and thus for a given n, ®, is the eigenvalue with the smallest imaginary part. The variations
with v of the root ¢, of (10) with positive real and imaginary parts together with the root
®@,, of (11) are sketched in Fig. 2.

Returning to the discussion of the frequency spectra above the plane Q = 0 we note
that above the warping cut-off frequency the exact and approximate solutions begin to
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F1G. 2. Zero frequency intercepts of the exact and approximate theories as functions of Poisson’s ratio.

diverge due to the proximity of branches of the exact theory which have not been included
in the present approximate theory. The next higher branch of equation (5) for n = 2 not
included in the approximate theory has a cut-off frequency 0, = 4-3884 for v = 0-3 which
has been indicated in Fig. 1. This branch and the higher branches of (5) for n = 2 are
coupled to the warping and contour-shear modes in the exact solution, the coupling
becoming stronger the higher the frequency. Thus the present approximate theory is
limited in application to frequencies less than Q, . Since the axisymmetric torsional modes
of the exact theory are uncoupled from the non-axisymmetric modes n = 2 in an infinite
rod and since the lowest axisymmetric mode has been reproduced in the approximate
theory, the higher axisymmetric torsional modes do not affect the frequency spectra of
Fig. 1. However these modes are of interest in the discussion of the end problem and are
considered in Section 5.

3. CORRECTION FACTORS FOR STATIC OR LOW FREQUENCY PROBLEMS

In Section 5 the roots of equation (10) of the approximate theory are employed in the
solution of time independent problems. Although the variation between the zero frequency
wavenumbers, ¢, and ®,,, is not great it is desirable to have the roots of (10) match
exactly the appropriate roots of (11) in order to obtain more accurate results with the
approximate theory for time independent problems or for problems at low frequencies.
Thus we alter the choice of ko, and x,, so that the two sets of dispersion curves coincide
at zero frequency. As Fig. 2 indicates @, is complex and since kg, and x,, are yet to be
determined we must assume that 1 —{3/[kqok25(1+ )]} < 0 in order for the roots of (10)
to be complex. For convenience we define &, = @,,, a = a,, and = 8,, and equating
@3 to the right hand side of (10) [either the + or — sign may be used for the second term
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in (10)] we obtain

Koo = —(@*—f%)/4 and Ky, = 8 [1‘*”( x )ZJ_I (14)

Kooll +v) K40

For this choice of static correction factors, the notation ®,, —®,, ®, and —®,, (originally
reserved for the zero frequency intercepts of the exact theory) can now be used to indicate
the zero frequency intercepts of the approximate theory as determined by equation (10).
In Table 1 values of k4, and k., are tabulated for several values of Poisson’s ratio.

TaBLE 1. THE CORRECTION FACTORS Kqq AND &, FOR STATIC OR
LOW FREQUENCY PROBLEMS OF THE TORSION OF A CIRCULAR ROD

v Dy = Oy = a2 +jp Koo K22
0-00 10327 421859 0-9279 1-3040
005 10163 4+ j2-1681 0-9170 1-2751
0-10 {-0009 +2:1512 0-9064 1-2482
QO-15 0-9863 +j2-1349 0-8962 1-2230
0-20 09724 +2-1193 0-8865 1-1994
0-25 09592 +2-1044 0-8771 11774
0-30 0-9466 + j2-0900 0-8680 11566
0-35 0-9345+j2:0762 0-8594 1-1370
0-40 0-9228 +j2:0630 0-8511 1-1186
043 09116 +42:0502 0-8431 {1012
0-50 0.9007 +j2:0380 0-8355 1-0847

4. UNIQUENESS OF SOLUTION

Before proceeding to the discussion of end effects in static torsion a uniqueness theorem
is now established which indicates the proper formulation of boundary value problems
for the present approximate theory. We consider two solutions of the stress-moment
equations (1) and the constitutive equations (2), with each solution consisting of the four
stress-moments and the three generalized torsional displacements. A solution is constructed
consisting of the differences between the two sets of stress-moments and generalized
torsional displacements. Utilizing the stress-moment equations (1) we form the integral,

0.1 0,0 (0, 11,240, 1
0= f dr f (Y~ TES — pIg,a® il
T 1203) T(O 0)_p1* u(l 0))u(1 ) (15)
(1,1) 0.1 1,0 (1, 1))5(1,1
F(T§3R =TV —T§3% — pl %,y V] dx;
where TGO, TOD, T, TP are now stress-moments of the difference solution and
w® Y, 0 -1 are now the generalized torsional displacements of the difference solution.

Employing integration by parts and the definitions for kinetic energy density and potential
energy density given, respectively, by

k= f oty dxy dx, = 3p[I5ul V" + Boust 0" + I5,u8 D% (16)
A

and
U = J‘ -é'TuSU dxl de = Z[T(O 0}(1{(0 1}‘*‘““ 0))
4 (17)
0,1 0,1 1,1 1,0 1,0 1.1 W1 1,1
+ T WP +ul )+ T 0wl P +ul )+ T8 Vull ]
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where u;, T; and §;; are components of the displacement, stress tensor and strain tensor,
respectively, we can write (15) in the form

i i
f W)+ K] dxs = f [U©0)+ K(0)] dxs
-1 -1
, (18)
+ [ LT T L TV
1]

For positive definite U and K a solution unique to within a rigid body rotation about
the xy-axis will exist if {*, [U(t)+ K(t)] dx, = 0. Sufficient conditions for this integral to
vanish are that in the initial two systems of solutions

x , 0, (1, (1,1
WPD, O W e, g, gy (19
are specified at t = Qfor every x; and at x; = + 1 one member of each of the three products
1,0, 0,01, RIWR
T.(fﬁoli)ﬁ{ic 1}’ ’}’(313 }u(zl O}’ Tglsl)ugl 1} {2{}}

is specified for all time ¢. A uniqueness theorem for time independent problems can be
established in an analogous manner with the result that if at x4 = +{ one member of each
of the three products

0,1}, (0.1 1.0 (1.0 1,1), 61,1}
TS D, T4 Mu8 9, T4 ugt 2n

is specified then the solution will be unique to within a rigid body rotation about the
xs-axis. If in fulfilling either of the conditions (20) or (21) the generalized displacements
u®1 and " are prescribed at xy = -+, then the possibility of this superposed rigid
body rotation is eliminated.

5. STATIC TORSION OF A CIRCULAR ROD

The problem to be considered consists of a cylindrical rod of length 21 that is subjected
to a twisting moment T applied at each end. It is assumed that cross sections at x; = +/
are free to deform axially and that the cylindrical surfaces are stress free.

The formulation and solution of this problem in the exact three-dimensional theory
of elasticity for rods of arbitrary cross section is generally based upon the so-called “semi-
inverse method of solution™ which was developed by Saint-Venant (see, e.g. [9-11]). In
this approach certain assumptions are made concerning the form of the displacements
and/or the stresses. Then the equations of equilibrium and the boundary conditions
(together with the compatibility equations if the form of stresses is specified) are employed
in order to fully determine the unknown variables. For torsion the following displacement
field is assumed

- to _ Y fo
Uy = —Txﬁxz, Uy = szxxa Uy == T!//(xl’ X3) (22)
where #,/1 is the constant twist per unif length and ¥, a function of x, and x; only, is called
the warping function.

From the equations of equilibrium and the boundary conditions on the c¢ylindrical
surfaces, it can be shown that i is specified by the solution of a problem in potential theory
of the Neumann type {see e.g. [10, pp. 109-114}}. The twist per unit length can be determined
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from the solution for ¥ together with the total torque T applied at the ends. Once 6,/!
and i have been determined the specific distribution of stresses on the bounding surfaces
of the rod can be calculated using the solutions (22). Then, according to the uniqueness
theorem of the three-dimensional theory of linear elasticity, the solution given by equa-
tions (22) is the unique solution corresponding to this particular distribution of stresses
at the boundaries.

In a real physical problem it may occur that the total torque T does not arise from
this particular distribution of stresses and certainly alternate distributions of stresses can
be conceived of which would give rise to the same total torque. When this is the case
equation (22) can no longer be assumed to be the unique solution of the torsion problem.
In order to handle cases of this nature recourse has been made to the “Saint-Venant
principle of equipollent loads™ (see [2, 10, 11]}. In the present problem this principle states
that if the rod is sufficiently long compared to its diameter the solution (22) remains valid
in the interior of the rod, no matter how the torque T is applied. That is, the only effects
of different distributions of stresses at the ends is to add solutions which are confined
near the ends.

The exact determination of these end displacements involves the solutions of boundary
value problems in the three-dimensional theory of much greater complexity than the
Saint-Venant problem defined above. Explicit solutions of these problems have proven
quite difficult to obtain even for the case of a circular cylindrical rod. For example, Purser [3]
has solved the problem of static torsion of a circular rod for the case in which the total
torque T arises from a general axisymmetric distribution of stresses at the ends [this
solution contains the Saint-Venant solution for a circular rod, y{x,, x,) = 0, as a special
case]. However, the more general problem for the case in which T arises from a distribution
of stresses which is not axisymmetric has apparently not been solved in the three-dimen-
sional theory.

It is now shown that solutions readily available from the approximate theory developed
in [1] provide information about these end effects (in particular the end effects in non-
axisymmetric torsion) that is not available from the Saint-Venant approach to the torsion
problem. In the approximate theory two components of the total torque, namely T4;
and TV, may be specified at the ends. This allows for a more detailed specification of
the applied torque than is possible in the Saint-Venant approach in which only the resultant
torque T is specified.

Considerations here are limited to the case of a circular rod although solutions for
other cross sections can be determined in a similar manner once the correction factors are
determined. Two distributions of the torques T;® and T4 at x5 = +/ are to be con-
sidered, one which is axisymmetric and one Wthh is not, with the requirement that in
both cases T = T4;¥ — T Y. The additional requirement that the ends are free to deform
axially leads to the condmon that TV = 0at x; = +1

First as in Ref. [1] we transform the equations (1) and (2) in variables u{®V, 19
and 1" to equations in the variables ¥/, , ¥, and ; where for a circular cylinder the two
sets of variables are related by

Uy = YO+
Vs = Hul O —uh), (23)

1,1}
§1’3 rsug »

i

il



Generalized torsional waves and the non-axisymmetric end problem in a solid circular cylinder 817

where r, = a(8x4,) % For the static torsion of a circular cylinder equations (1) become
rYa— Y +rdss =0,
Y233 =0, 24
21 +9ripsss—Ys—rd 3 =0,
and the constitutive equations (2) become

ZpJ +

T(O 0 —

Y1

J
T¢" = ﬁ“i(rs‘l’hs —ry3+¥s),

2r
] (25)
u
TS = *‘““t("s% atr¥astys),
EriJ
THY = =520 Ws.),
where r? = a%/2Kqo, r2 = K,,a*/12 and J . = na*/2.

The second of equations (24) is independent of the remaining two equations and can
be integrated directly. Furthermore, subtracting the second of equations (25) from the
third provides the resultant torque

T(agz’l)‘“ T(slim =ut s (26)

at a point x5 in the rod. Thus, whenever the total torque T is specified at the ends of a rod
the integral of the second of equations (24) together with (26) yields

Tx
ﬂJ+3

Y= @7

to within a rigid body rotation.

Axisymmetric torsion

The first case to be considered is the case in which the total torque is distributed
equally between T and — T{? so that the boundary conditions at x; = +1/ are
TEY = —THY = T/2and TS A = (). The solution is obtained by taking ¥, to be given
by (27) and ¥, = yr; = 0. The stress-moments as functions of x are then calculated to be

TGO = THY =0 and THY = —THY = 1772 (28)

The solution of this problem in terms of the variables ¢, ¥, W ; may be transformed to
the variables u{®", u{"® and u§" by employing .the transformation equations (23).
Furthermore, the quantity T/uJ . can be interpreted as the twist per unit length 8,/! and
the displacement functions corresponding to the above solutions can then be written
using the power series expansion of Ref. [1]. The resulting displacements u, = —(6,/l)x3x,.
u, = (0y/Dx3x; and u; = 0 correspond to the Saint-Venant solution in the three-dimen-
sional theory for the problem of static torsion of a circular rod obtained from (22) by

setting Y(x,x;) = 0
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Non-axisymmetric torsion

The second problem to be considered is the non-axisymmetric one in which the total
torque is applied only through T4, In this case the boundary conditions are at x5 = +1,
T$9 = Tand TGV = TY3Y = 0. The solution for i, is again given by (27). We assume
¥, and 5 to be of the form i, = A, &*** and Y5 = jA4; ¢’**, and upon substituting into
the first and third of equations (24) obtain

3 +
2 = _4 +4 1_ b 29
oj Koo T KooI: ——_—A’Coo’czz(l""’)] (29)
and
rigp?+a?
ra¢ '
where ¢ = £a. Equation (29) is identical to the equation for the zero frequency intercepts
of the approximate theory [equation (10)] and thus, employmg the correction factors of

Section 3 we can write the roots of (29) as ®,, —®,, ®, and —®, where ®, = a+jp.
The general solutions for ¥, and v, take the form

l/,] - A1 ej@gx;/a+B1 ej@gx;/a+cl e—j¢DX3/a+D1 e—jtf)gx;/a’

Ay = — A, (30)

202 1 2 282 4 2
ri®s+a . rs®g+a &
Y, = _( . 2([) )A1 eﬂ’ox;/a__( Sr a‘)&) )B1 e/Poxafa (31)

s o] § 0

22 4 A2 282 1 42

rs (I)O +a — j®oxs/a T's (DO +a — jdox3/a

+ C,e + Die ,

ra®d, rad,

where A4,, B, C,, D, are to be determined from the boundary conditions T4;® = T and
T'5Y = 0at x5 = +1 By evaluating the third and fourth of the constitutive equations (25)
at the boundaries we obtain four simultaneous algebraic equations which can be solved
for the constants 4,, B,, C,, D, in terms of T, u, I, a, k¢g, ¥3,, « and . When these four
constants are evaluated in this manner and when the exponential terms are written in
terms of sines and cosines and hyperbolic sines and cosines the solutions (31) become

2

T
W, = s A[Zaﬂ cos g(l+x3) coshg(l—x3)
ualJ a a

+(B? —a?) sin a(l—xs) sinh ﬂ(l+x3)
x i

—2af cos —(I— x3) cosh — (1 + x3)
a a

(B — o) sin X1+ x,) sinh Pt — x3)],
a a

™ ., ., o .. B
= s —_ - l—
/8 ua2J+(a +p )A[a cos a(l+x3) smha( X3)

+ B sin — (l—x3) cosh B(l+x3)
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od .
+a cos —(I—x4) sinh E(H— X3)
a a

+ Bsin (I+x5) cosh ﬁ(z—xg] ,
a a

where 4 = [f sin 2(a/a)l — o sinh 2(8/a)l]~*. The stress moments can be calculated from
(25) using the solutions (27) and (32) with the result,

T o B
79 = %A[ 2af cos E(H— x,) cosh —(;(f« X3)

+(B%—a?)sin g(l—— X3) sinh g(H— X3)

- 2afl cos g(l ~ X3} cosh g(l + x5}

— (B2 —a?)sin :—:(1+x3) sinh g(l—x3)] ,

TEY = TOD + T= gA[ﬁ sin %(l+x3) cosh g(l—~x3)
(33)
.o B
+ f sin —(I — x3) cosh ~(I + x3)
a a

— 0 COS g(H— X,) sinh E(l—x;,)
a [4]

— 0 COos g(l—x3) sinh é(14—363)] +E,
a a 2

2.2
T(313’1) e E %T(a2+B2)2A|:Sin g(l_xa) Slnhé(l+X3)
Hoa a a

—sin ;(!+x3) sinh g(!—xz,}].

The solutions (32) and (33) are sketched in Figs. 3 and 4 between the end and a distance
of four radii from the end for v = 0-3 and l/a = 10. The displacements , and ¥; of
equations (32) approach zero and the stress-moments of equations (33) approach the
values given by equations (28) with distance from either end. The solutions of the axi-
symmetric and non-axisymmetric problems are indistinguishable on this scale within a
distance of about x; = 0-3] from the end.

The strain energy densities of the non-axisymmetric problem U(x;) and of the axi-
symmetric problem U y(x,) are calculated using equations (17) and (23) together with the
respective solutions. To illustrate the dependence of the rate of decay in the non-axisymmet-
ric problem on the ratio of the length to the radius of the rod, the quantity U(x;)— Uy{x;)
has been sketched in Fig. 5 for several ratios of //a. It can be seen from Fig. S that the rate
of decay increases as the ratio of //a increases. The difference in strain energy densities goes
to zero relatively faster for larger values of I/a. For shorter rods when l/a is less than or
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4q 3a

F1G. 3. Displacement solutions for the problem of non-axisymmetric torsion of a circular rod with
I/a = 10 and v = 0-3.

F1G. 4. Stress-moment solutions for the problem of non-axisymmetric torsion of a circular rod with
l/a =10and v = 0.3,



Generalized torsional waves and the non-axisymmetric end problem in a solid circular cylinder 821

4
pra
(U-U,) T

6 N4 8 9 1.0

FiG. 5. The difference in strain energy density between the axisymmetric and non-axisymmetric torsion
problems for several ratios of //a and with v = 0:3.

equal to 2, the difference in strain energy densities extends quite far into the interior of the
rod before nearing the zero. In fact for l/a = 2, this difference does not go to zero, on the
scale of Fig. 5, until x, is approximately zero. For these values of //a the effects due to the
non-axisymmetric loading can no longer be thought of merely as end effects and the
inclusion of them in the solution is essential.

The behavior of the strain energy density, stress-moments and displacements is
governed in the solutions (32) and (33) by the exponential terms, sinh and cosh, which decay
with distance from either end of the rod. This exponential decay is determined by f, the
imaginary part of @, (we recall that due to the choice of correction factors @, is the zero
frequency wavenumber of the exact solution for the contour-shear and warping modes and,
as such, corresponds to a static solution of the exact theory). The smaller f§ is, the further the
“end solutions™ extend into the interior of the rod before becoming negligible. It is now
shown that the decay of solutions of the approximate theory, as determined by f, actually
serves as a minimum for the decay of solutions of the exact three-dimensional theory. Of all
the solutions which are available in the three-dimensional theory (this includes, not only
higher order axisymmetric and non-axisymmetric torsion solutions, but also end effects
due to spurious longitudinal loadings and so forth) the most crucial ones, the ones which
decay the slowest, are the ones corresponding to the contour-shear and warping
deformations.

Within the framework of the exact three-dimensional theory of linear elasticity exponen-
tial solutions which satisfy the condition that the cylindrical surface of the rod is stress free
have been found by Dougall [4] (see also [5]). The displacement functions of this solution
can be written symbolically in the form

W™ = exp(jDpmxs) (X1, X2) 34



822 RicHARD M. StanpLEYy and JErrREY L. BLEUSTEIN

where the eigenvalues @, are determined by a determinantal equation which is identical
to (11). For each eigenvalue @, a solution of the form (34) exists. The decay of the solutions
(34) is governed by f,,, the imaginary part of ®,,,, and we refer to these quantities B, as
decay constants. According to Dougall the solutions (34) together with the non-exponential
flexure, extension, torsion and bending solutions of Saint-Venant form a complete set of
solutions satisfying the homogeneous boundary conditions on the cylindrical surface, It
is expected that in the case of a finite rod with a given end loading, the solution should
consist of some linear combination of these homogeneous solutions. In practice however,
such a linear combination is not easily obtained and the end conditions can be satisfied
only approximately in most cases (see, e.g. Lur’e [12]).

One case in which such a linear combination has been obtained is in the problem of
axisymmetric torsion which was solved by Purser [3]. Purser considered the problem of a
circular rod subject to a general axisymmetric distribution of shearing stresses which
givesrise toa resultant torque at the ends. His solution consists of the Saint-Venant solution
for torsion plus the axisymmetric solutions of the form (34) corresponding to the eigen-
values ®f, as determined by equation (13). The smallest root of (13) @], = j{5-1356) serves
as a minimum for the decay of the axisymmetric solutions. Support for the use of this value
as a minimum for the decay of axisymmetric solutions is found in a paper by Knowles and
Sternberg [2]. In their paper Knowles and Sternberg considered the problem of the torsion
of a cylinder subject to an axisymmetric self-equilibrating load applied at one end. They
proceeded to show that the total strain energy contained between an interior point of the
rod and the unloaded end and the stresses decay exponentially away from the loaded end.
They established an exponential decay law for the energy and for a circular cylinder deter-
mined a decay coustant explicitly. This decay constant which serves as a lower bound for
the actnal decay constant was found by Knowles and Sternberg to be given by the lowest
root of equation (13).

TABLE 2. THE ZERO FREQUENCY WAVENUMBERS @, AS DETERMINED FROM THE
CHARACTERISTIC EQUATION (11} OF THE EXACT THEORY FOR THE FIRST ELEVEN

VALUES OF
v = 08 v =03 ¥y =G5

@E, 1:3890 +j2-5568 13622 +2-7222 1-3399 + j2-8106
o}, 81356 51356 Jj5-1356
D, 126482 j2-8173 729016
@,y 10327 + 21859 0.9466 + 20900 09007 + j2-0380
Dy 1.2520+ 33921 1-1414+ /32668 10817 +j3-1967
{1 1-4136 + j4-5289 1-2849 4 j4-3822 12151 + j4-2986
@, 1.5458 -+ 56341 1-4025 + j5-4703 1.3242+j5.3756
Dy 1-6594 + j6.7210 1-5036 + j6-5427 1-4181 +j6-4385
@ 17397 4§7-7955 15930 4+ j7-6045 150124 j7-4920
a0 18502 +/8-8611 6737+ J8-6590 15762+ /85388
9N 1-9328 +j9-9201 17475 +97077 16448 + /93809
@0 200927109738 1.8157 +10-7520 1-7082 + j10-6189

The problem of non-axisymmetric torsion of a circular rod has apparently not been
solved within the framework of the three-dimensional theory. Indeed this problem is of
much greater complexity than that of axisymmetric torsion since in general, depending on
the exact distribution of stresses at the ends, any of the solutions (34} for valuesof nand m
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may be necessary to satisfy the boundary conditions. However, an examination of the
eigenvalues associated with equation (34) does provide information about the relative
importance of the individual solutions u}™. As stated previously the rate of decay is
governed by the decay constant §,,,, the imaginary part of ®@,,,. The first root @,, for the
first eleven values of n has been given in Table 2 for v = 0-3 and also for the limiting cases
v = 0-0 and v = 0-5. Throughout this range of v the decay constant f,, is the minimum
over the values f,,. For n > 2 the values f,,, increase with increasing n. Recalling that by
definition 8 = f,, it can be seen that the contour-shear and warping deformations cor-
respond to the solutions of the exact theory with the smallest decay constant. These
deformations are of special importance in an end problem, especially one involving tor-
sional loading where they may be excited directly, since they are the ones which decay
slowest into the interior.
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AbcTpakT—CpaBHUBAIOTCH 3ABUCHMOCTH JMCTIEPCHH, TIOJYyHYEHHbIE M3 OPUOINKEHHON OMHAMKYECKOH
TEOPHUU KPYYEHUA, NMpeajiokeHHoi B [l] Ans 3amaud pacnpocrpaHeHus MIOCKMX BOJIH B GeCKOHEYHOM
KpPYTJIOM LUM/IMHAPE, C COOTBETCTBYIOLIMMM 3ABUCHMOCTAMH TOYHON TPEXMEPHOH Teopum M HaXomATcst
UX Hamexaw@as cxoaumocTb. Uccaeayrtotes kpaesble >ddekTbl CTaTUdeckoro kKpyuenus. [lonydaercs
peleHHe 3a4a4u HECHMMETPHUYECKOTO KPYUYEHUSI KPYI/I0ro cTepxHs. OKa3blBAETCH, YTO CKOPOCTb YMEHb-
LUEHHS] HECHMMETPHYECKUX KPAEBbIX IPHEKTOB MEHBILA TAKOW E B AHASOTHYECKHUX OCECHMMETPUYECKUX
KpaesbiX pdexrax.



