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THE TORSION AND STRETCHING OF SPIRAL RODS (I)*

By H. OKUBO
(Institute of High Speed Mechanics,
Tohoku University, Sendat, Japan)

SyNoPSIS

In this paper the torsion or the stretching problem for a spiral rod is treated theo-
retically. The equations of equilibrium expressed in terms of displacements are reduced
to forms which are independent of one co-ordinate. They are readily integrated for the
particular case where the helix angle is small, and the corresponding displacements and
stresses can be expressed in forms which contain three arbitrary plane harmonic func-
tions, determination of which is dependent upon the shape of the section. As an appli-
cation of the general solution, the problem for an elliptic section is solved explicitly.

Two-dimensional problems in elasticity have been studied extensively from early
times on account of their simplicity in stress analysis and their useful applications in
many engineering problems. For a similar reason, various problems of axially sym-
metrical stress distribution have been investigated by many writers.

In this paper we shall treat the torsion or the stretching problem for a spiral rod.
The stress distribution for this case is neither two-dimensional nor axially symmetrical,
and each stress does not vanish in general and consequently the analysis becomes some-
what complicated. But the problem is not a three dimensional one without any re-
striction, since if we rotate the co-ordinate axes about the axis of the helix so as to co-
incide with the fixed directions with respect to a section which is perpendicular to the
axis of helix, then the stress distribution referred to the rotating axes is the same in any
section.

Starting from the equations of equilibrium expressed in terms of displacements, we
shall introduce equations which are independent of the position of the section. The
differential equations of displacements are readily integrated for the particular case
where the helix angle is small. The corresponding displacements and stresses are ex-
pressed in forms which contain three arbitrary plane harmonic functions, determination
of which is dependent upon the shape of the section, and thus we can considerably
simplify the problem.

We shall take the axis of the helix as the z-axis, and shall denote the displacements
in the z, y, z directions by u, v and w, respectively. Then the equations of equilibrium
can be expressed in the forms'

(>\+#)37A+uvzu =0,
O+ % +uV% =0, (1)

O+ ) 52 + wvw = 0,

where A\, u are Lamé constants and A is the cubical dilatation.
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We shall make the following transformation
' 4w =M@+ @), @

where k is a constant which is related to the obliquity of the helix.
Let «/, v’ be the displacements in the 2’ and 3’ directions respectively. It follows that

u 4w = e (u + w). 3
Let us put the displacements in the form

u' = w2, y) — ay’z,
v = v, y) + azx'’z, 4

w = wl(xlr y') + Bz,

where «, 8 are constants. Using the expressions for the displacements in Eq. (4), we
obtain the cubical dilatation

ou, 61)1

du o ow
_8x+6y+¥_ /+ kD2(wl)+B7
and
d0A 6A
Se =7 sk 'Sm’“z

Remembering the relation in Eq. (3), we have

Vzu = {Vful + kle(ul) - 2k2D2(7)1)} [0 ] kz

+ {val + k2Dl(vl) + 2k2D2(u1)} sin kz,

where the operators D, , D, and V, are

92 ’# 8 )
— 12 — 2_______ 'z
D =y 72" 22"y’ P ay,+:zc P z’ aw YV ey 1,
ad a2 & 9
D2=’y'a—x/—w"a7, Vf=m+3yfz°

To satisfy the first equation in (1), we have

A\ + n) + w{Viu, + k*Dy(w,) — 2k°D,(v,)} =
(5)
o+ ,u) + w{Viy + K*Di(vy) + 2k°Dy(w))} = 0
The displacements which satisfy the above conditions, also satisfy the second equation
in (1). From the third equation in (1) we have the relation

—kM\ 4+ p)D(8) + p{Viw, + ¥*D;(w,) + Kw,} = 0. (6)
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Accordingly, Egs. (5) and (6) are the equations of equilibrium for this case. Inte-
grating these differential equations, we obtain u, , »; and w, , which are independent
of z. Substituting them in the following equations
Ju,

AN+ 20—

Xz py

i
Y, = )\A-l-2ua—y},

Z, = NA + 2u(B — kD,(w)),

(7
r _6ul @l)
X, = ”(ay' + %)
= = M5 2\Uy V1 ay |,
r=4m—uw)—m+m)
z ayr 2(V1 1 ’

we obtain the stresses, which are independent of z.
If we express the equation representing the bounding curve of the section by

F(@',y) =0, ®)

the condition that the bounding surface of the rod is free from traction is satisfied if
the equations

x4 xy, % — kDJ(P)X! = 0,
x. 8 4 v, % — kDY = 0, ©
X! 55+ YL 20— kDR, =0,

hold at all points of the bounding curve of the section.

Let us consider the equilibrium of a portion of the rod cut by two parallel planes
perpendicular to the axis of the helix. Since the stresses in Eq. (7) are independent of
2, the resultant of the shearing stress on each plane is the same in magnitude but gener-
ally different in direction; and from the condition of equilibrium of tractions, the resultant
of the shearing stress vanishes. The effect of the normal traction on each plane is static-
ally equivalent to a single force and a couple. The former can be cancelled by taking
the constant 8 so as to satisfy the condition

fzwwem (10)

and by a similar consideration, we see that the latter vanishes. Accordingly, the effect
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of all tractions acting on each plane is equivalent to a couple due to the shearing force,
and the solution which satisfies Egs. (5) and (6) with the boundary conditions (9) and
(10) is the one for the torsion problem of the rod. If we determine « so as to satisfy the
condition that the moment of the couple due to the shearing force vanishes on each
plane, instead of employing condition (10), then we have a solution for the problem of
the stretching of a rod.

First, we shall consider the torsion problem. When % is small, %, , v; and A are small
quantities since they all vanish for a straight rod, and so if we neglect the smaller quan-
tities of the second order, the equations of equilibrium (5) and (6) can be written in
simpler forms as

I + _lli v?ul = 0)

I + ?7)1 = 0) (11)
iwl = O)
and the third equation of the boundary condition (9) becomes

: 333, + Y’E = 0 (12)

and the stresses X! and Y’ become
X! = ,,(%% - ay'), Y! = (aw, + ax) (13)

Accordingly, when k is small, the shearing stresses X! and Y| and hence the torque
acting on the rod are the same as those for a straight cylinder, but the other stresses
do not vanish as in the latter case.

Let us put

w, = i(fs — f»), (14)
where f, is an arbitrary function and f; = f5(¢), fo= fg(?), f=x 4+ and { = 2’ — 4y,
w, satisfies the third equation in (11). Substituting this expression for w, into the first
and second equations in (11), we have

A+ 2u 0%, %, U ey T oy ST
x + M axlz ax/ ay’ + + ay/2 - k[f3 + f3 + g.f3 + g‘fs ]’
(15)
w0 8u, )\+2u3201 e T " _ T
__)\ -+ u_ax'z oz é)y' + N+ o ’—“a 73 = 1k[f3 fs+ ¢fs Sl

The particular solution of Eq. (15) is
w=k [ firds+k [ FEdE,  w=o0

Setting the right sides of Eqs. (15) equal to zero, we obtain the relations
v:ul = O, or val = O, (16)
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from which we can put
w = fi+ fi + 2+ f),

where f, and f; are arbitrary functions of {. Inserting this expression for u, into (15),
we have

weith =T+t - B+ 5T [ pa - [T

Accordingly, the displacements which satisfy the equations of equilibrium (11) can be
expressed in the forms

W= fit+ fi+ o+ ) +k[f f;rdr+f'f;‘rds:] — ay'’,
v =ilfy = f) + @w(fa = )+ + 1)[ [ra-[% d?] +aaz, (17)

w = i(fs — f5) + B2,

and the corresponding expressions for the stresses are given in the forms

XL=2ulfl + fl+o(fa + 7) + &+ Fa) + kG + T} + A8,
Yo = =2u{fl+ fil+ @+ 22 + f) + (L + 1)} + M8,

Z, = =2u{(0 — p)(fo + f) + K& + T} 4+ O + 208, -
18

X; = 2iu{f1’ — RSB - B+ @+ D - B+ G - EE)},

X! = plilfi — f2) — o'},
Y! = —u{fi+ fi — o'},
where

- kB
P=X¥u

As an example, we shall consider an elliptic spiral rod whose section is given by

a2 + Zz =1L 9
Let us put
2fl = Ao+ A8°,  2f: = B, + Bit’,  2f} = kg, (20)
where
- a@ =0

e
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Substituting the expressiors in (20) into (18), we obtain

X! = 2u{Ao + pB, + 2Ba”* + (A, + pB, + kW)@”® — y'°)} + M8,

Y, = —2u{Ad; + (p + 2)B, + 2B,x”* + [4, + (p + 2)B.)@&” — y'*)} + M8,

Z, = —=2u{(1 — PB, + [(1 — p)B, + kh]@z” — ¥} + (A + 2u)8,
i (21)
X! = —2u{24, + 2(p + 2)B, + kh}z'y’

X, = —uh + oy,
Y, = —u(h — a)2'.

From the boundary conditions (9) and (10) we obtain a system of simultaneous equa-
tions for the determination of the unknown constants A, , B, , A, , B; and B as

Ao .Y

+ 5B+ A+ 0+ 2B+ 505 + bh =

2‘4-_'230—141 (p+2)Bl_ﬁ'_O’

b2 + 2ﬂb2 -

o Bas o rfrthume

(s o (2042590,

AN+ 2u
o B =0.

2 — b2
(1 - B+ & [0 — p)B, + k] -
As a numerical example, we shall take the dimensions of the section as a = 2cm,
b = 1 cm and shall assume the values of the elastic constants as A\ = 8.66 X 10,° p =
8.20 X 10° (unit Kg weight per em®). Substituting these values into (22) and solving
the simultaneous equations, we find (unit kea)

A, = —0.5786, A, = —1.6793, B, = 0.1156, B, = 0.4627,
B = 0.4500.

In our calculation, the constant 8 does not vanish. Hence we see that when a spiral
rod is twisted, an axial elongation (or contraction) takes place. Substituting these
numerical values of constants into Eq. (21), we calculate the stresses on the 2’ and
' axes, which are plotted in Figs. 1 and 2. In this case, the predominating stress which
is concerned in torque is X’ and its maximum amount is 1.6 pe. While the predomi-
nating stress among the other stresses is the normal stress Z, , which attains its maximum
amount of 5.44 kua at the points 2’ = +2, ¢’ = 0, as is shown in the figures. Accordingly,
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the latter can not be ignored compared with the former except in cases when k is ex-
tremely small.
The shape of the cross section is not deformed by twist in a straight rod, but in the

Jtresses

Jtresses

~ OO NN

W

V 714/4

Fig. 1. Stresses on z’ axis.

F1a. 2. Stresses on y’ axis.

case of a spiral rod the distortion of the section, as shown in Fig. 3, is caused by twist.
Next, we shall treat the stretching problem. For convenience of calculations, let us
put the displacements in the forms
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u' = w2, y) — vz’ — ay'z,
o =u(',y) — vy + az'z (23)

w = w', y’) + B
where

=51~ pp.

When k is small, neglecting the smaller quantities of the order of %¥°, the further
calculations become quite similar to those of the previous case, viz., Eq. (11) is equally

F1a. 3. Distortion of the section.

valid for this case and the stresses are represented in the same forms as in Eq. (18),
except the following stresses

XL o= 2u{fl+ fl +pfs + 1) + &L+ 1) + kG + )}
—2u{fl + f1 + @+ 2 + f) + 2'(fi + D}, (29

3
I

R ry: 1
Z, = —2,.:,{(1 —o(fo+ f2) +EEf: + $f2) — 2 @ - p)ﬁ}
For an elliptic section, we shall put

2fl = Ao + Ait°,  2fi =By + Bif’,  2fi = Cyt. (25)

The corresponding stresses become

= Zﬂ{Ao + pB, + 231113'2 + (4, + pB, + kCo)(x ”— yﬂ)}:

Y, = —2u{do + (p + 2)B, + 2B:z” + [4; + (p + 2)B,)@="” — v},

Z,

-44a—mm+4a—m&+¢QM”—y6—é@—m@,
(26)
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X;l = —2ﬂ{2A1 + 2(p + 2)Bl "I_ kCo}x’y’,
X! = —u(C + @)y,

Y! = —u(Co — a)z’.

From the boundary condition (9) with the condition that the moment of couple due
to the shearing stresses vanishes, we have a system of simultaneous equations for the
determination of the unknown constants 4,, 4, , By, B, , C, and a, as

(@ — v)Co = (a® + b)a,

(@® 4+ v)Co = (@® — b){a + (3 — P)kB},

22+ BB, + A, + (p + DB, + £Co = 0,

(%+%§)Al+( + +) +kCo( +22)+%a(%§_1_2)=0’ @7)

a
Loy 2E2p 4, - p+2B =0,
1 1_) (3p+6 g+4) kco( 1)_k_a(1__1_)_
(a2+b2Al+ + Bl+2 +b2 b2 a2 _0°

If ¢ is the mean value of the axial normal stress over the section, then

l ’ ’
(28)
E 1
= 3—:—5{(3, — P8 — 201 —pPBy — 5@ — V)1 —pB, + kCo]}»
where E is Young’s modulus. From Eq. (28), 8 can be expressed as a multiple of g.

We shall consider an elliptic section of the same dimensions as in the previous
example. From Egs. (27) and (28) we have

Cy = 2.3565k83, a = 1.4139k8, A, = —1.8851%%8,
B

B, =0, A, = —4.8148K8, = 1.1783%°8,

and

8 = g .
E{1 — 1.7673K")

Accordingly a twist arises when a spiral rod is pulled axially, since « does not vanish
in our calculations. The normal stresses X.. , Y. attain their maximum value of 1.5
kK’EB at the center of the section, and so they are very small quantities compared with
Z, . The normal stress Z, is distributed almost uniformly over the section and it attains
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its maximum and minimum values of (1 + 2.356k*)EB and (1 — 9.425 k*)ES at both
ends of the minor and major axes of the ellipse respectively. The predominating stress
among the shearing stresses is X, and it attains its maximum value of 1.5 kEB at both
ends of the minor axis.

In conclusion, the writer wishes to express his thanks to Miss E. Itagaki, his assistant,
for her earnest help in this study.



